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Abstract

The objective of the research is utilization of solar energy to generate renewable energy in the
form of solar hydrogen for supply of energy demand for sustainable growth. This research is
focused on the improvement of hydrogen evolution reaction and oxygen evolution reaction.
Latter one limits overall water splitting efficiency because of sluggish kinetics. The Fundamental
study of water splitting has been done to understand the mechanism of the process. Considering
the objectives of the present research, the thesis has been divided into two parts. In the first part,
graphene and three-dimensional graphene (3D-G) have been synthesized. The major
accomplishment here is the synthesis of highly porous and spongy graphene via environmental
friendly freeze drying method. Noble metal/3D-G nanocomposite materials have been
synthesized by low cost and environmental friendly freeze drying method. Then, MoS> and
graphene based cathodic materials have been synthesized to replace the noble metals. The
thermodynamic and kinetic studies have been extensively carried out for the investigation of the
mechanism of the HER. The Effect of enthalpy and entropy on the mechanism of HER have
been studied and correlated with the kinetics of the process. The internal energy and potential of
zero charge (PZC) have been used to explain the HER mechanism. Further, the kinetic
investigations (rate constant and the number of electrons transferred) of the HER has been
investigated using the Koutechy-Levich analysis. The interfacial charge transfer kinetics and

localized electrocatalytic activity have been investigated by using SECM technique.

In the second part, the developments of the BiVO4 photoanodes have been carried out for
the oxygen evolution reaction (OER). The major challenges of the BiVO4 photoanodes have

been taken as research motivation. Mo doping and SnO> heterojunction formation enhance the

17



charge transfer efficiency, charge transport efficiency and suppress the charge recombination
process. Further, the PEC efficiency is improved by the incorporation of the oxygen evolution
catalyst (OEC) as Co-Bi on the BiVO4 surface. The details kinetic study of the Co-Bi modified
BiVO4 have been investigated. The improved photoelectrochemical (PEC) performance of the
photoanodes has been correlated with the improvements of the surface and bulk properties of the
photoanodes. The decrease of the charge transfer resistance (Rc) upon Co-B; incorporation
shows improvements of the conductivity of the photoanodes. The Warburg impedance in the Co-
Bi modified BiVO4 suggests the diffusion control OER process. Mott-Schottky analysis shows
the improvements in the donor density and the flat band potential upon cocatalyst incorporation.
The photocharging technique as a tool is used to enhance the PEC efficiency of BiVO4 and the
CoB; modified BiVO4, Photocharging leads to enhance the redox active state and conductivity of
the photoanodes. Scanning electrochemical microscopy (SECM) technique study reveals the
improvement of the interfacial hole transfer kinetics of the photoanodes upon the photocharging.
Plasma treatment and gamma irradiation have been used as tool for further improvements in the
photocurrent and efficiency of the photoanodes. The crystallinity of the photoanodes has been
improved upon the gamma irradiation. SEM images suggest the incorporation of the micro-

porosity in the photoanodes.
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Thesis highlights

Three-dimensional graphene (3D-G) has been synthesized by green, cost effective and
one pot synthesis.

Pt/3D-G shows the better HER catalytic activity than Pt/C catalyst.

HER catalytic activity on Pt/3D-G and Pd/3D-G are enthalpy dependent and on
Au/3D-G and Ag//3D-G are entropy dependent

1T phase of MoS; is more HER active than 2H phase.

MoS,/GO composite shows better HER catalytic activity than MoS2/rGO due to better
mass transfer.

Mo doping improves bulk and surface charge separation efficiency.

SnO2/BiVOs heterojunction improves charge separation and suppress charge
recombination

Cobalt borate (Co-Bi) improves surface catalytic activity of BiVO4 and improves PEC
efficiency

Photocharging improves the stability of BiVO4 and Co-Bi modified BiVO4

Gamma irradiation decreases the particle size of BiVO4 and Co-Bi modified BiVO4

Gamma treatment improves PEC efficiency of BiVO4 and BiVO4/Co-Bi.



Chapter 1:Introduction of the thesis

1.1 Introduction

The solar energy reaching to the earth surface an hourly is more than the annual global
energy consumption [1, 2]. Therefore, solar energy is one of the most promising alternatives to
nonrenewable energy. An efficient utilization of solar energy requires conversion and storage of
solar energy in the cost-effective and environmentally friendly fashion for the fulfillment of
energy demand for sustainable development of mankind [3-5]. Hydrogen is the potential energy
carrier due to high energy density [5]. The production of solar hydrogen is the most sought
research to store solar energy in the form of chemical energy. The challenge however is the
production of solar hydrogen in a cost-effective and efficient manner as compared to the current
industrial hydrogen generation [5, 6]. The development of efficient and cost-effective
electrocatalysts and photo-electrocatalysts enable the cost-effective solar hydrogen generation.
Solar to hydrogen (STH) energy conversion efficiency in the range of 5-10% enables the
production of hydrogen on a commercial scale [6]. However, for overall water splitting the STH
is in the range of 1% on laboratory scale [5]. For scalability of the hydrogen production based on
STH efficiency, development of the efficient electrocatalysts and photo-electrocatalysts are vital.
For efficient photo-electrocatalysts, materials must have suitable bandgap and band position,
sufficient separation of photogenerated electrons and holes, less photo-corrosion and fast

catalytic activity of the materials.
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1.2 Principle of water splitting reaction

Water splitting reaction is a thermodynamically unfavorable chemical reaction requires

the energy input to overcome the energy barrier as follows
Hy0 — Hy+ 50, AG°=237.13kjmol™  (L.1)

Electrochemical splitting of water consists of the anode, cathode and electrolytes. When an
external potential is applied greater than the thermodynamic potential, hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) takes place at cathode and anode

respectively. Water splitting reaction depends on the nature of the electrolyte used as follows [7]
In acidic solution

Cathode: 2H* + 2¢~ - H, (1.2)

Anode: H,0 — 2H* + 0, + 2~ (1.3)

In alkaline solution or neutral solution

Cathode: 2H,0 + 2e~ — H, + 20H™ (1.4)

Anode :20H™ = Hy0 + 20, + 2e” (1.5)

The thermodynamic voltage 1.23 V is required for the water-splitting irrespective of the
electrolyte is used [8]. For practical application of water splitting, an extra potential is applied to
overcome the different polarization. The overall operation voltage for water splitting can be

described as follows [9]
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Vop = 1.23V + 5+ iR (1.6)

Where 7, overpotential, is required to overcome the intrinsic energy barrier. The intrinsic energy
barrier can be minimized by using highly active HER or OER catalysts. iR is the ohmic potential

drop due to solution resistance.
1.3 Hydrogen evolution reaction

The kinetics of hydrogen evolution reaction is complex and strongly dependent on the

electrochemical potential as given by Butler-Volmer equation [10]
j = jole~emFn/ 4 e(-@mFu/RT] - (17)

Where j is current density, j, is exchange current density, o is charge transfer coefficient, n is the
number of electrons transferred, F is the Faraday constant, R is the ideal gas constant and T is the
absolute temperature. The exchange current density is the measurement of current density at
equilibrium potential. When the overpotential is high (77 > 50 mV), the Butler-Volmer equation

is simplified in the form as

—2.3RT
anF

. . 23R .
n=a+blogj= log;O—Wlog] (1.8)

There is a linear relationship between 1 and log j with Tafel slope, b = %. Tafel slope is used

to determine the mechanism associated with the HER. The Tafel analysis gives kinetic

information such as exchange current density and rate constant.

For efficient electrocatalysis, electrocatalyst should have low overpotential, low Tafel slope and
high exchange current density. Overpotential is required to achieve 10 mAcm™, which is used as

benchmark to measure the performance of catalysts. The HER kinetics is strongly influenced by
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the reaction pathway, which is catalyst dependent and potential dependent. In acidic medium,
HER kinetics consists of two steps [11]. The first step is proton discharge at the electrode surface

is called Volmer reaction or discharge reaction
Hip + e = Hags (1.9)

Hydrogen desorption process may follow two pathways. The adsorbed hydrogen reacts with the
proton of the solution followed by the desorption process. This process is called electrochemical

desorption or Heyrovsky mechanism.
Hags + Higgy + €~ = Hy(g) (1.10)

Hydrogen desorption process can proceed with the combination of two adsorbed hydrogen. This

step is called recombination process or Tafel mechanism.
Hads + Hads - HZ(g) (1-11)

Tafel slope gives the insight of the rate-determining step and plausible reaction pathway for the
hydrogen evolution reaction [10, 11]. The Tafel slope of discharge reaction, electrochemical
desorption reaction and recombination reaction are 120 mV per decade, 40 mV per decade and
30 mV per decade respectively. The fast discharging step is followed by either electrochemical
desorption step or combination step. If the fast discharging step is followed by slow
electrochemical desorption step, Tafel slope will be ~40 mV/decade and HER mechanism would
be Volmer-Heyrovsky mechanism. If the fast discharging step is followed by the rate-limiting
combination step, Tafel slope will be ~30 mV/decade and the overall mechanism of the process
would be Volmer-Tafel mechanism. When the electrochemical discharging step is the rate-

limiting step, the Tafel plot will be ~120 mV/decade, and rate-determining follows the Volmer
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reaction [12]. It is observed that at low overpotential for Pt in acidic solution, the Tafel slope is ~
30 mV/decade suggesting that the recombination reaction is the rate-determining step. When
overpotential is increased, the coverage of the adsorbed hydrogen atoms approaches the
saturation as a result of that, recombination step becomes very fast. Therefore, the discharge step
becomes the rate determining step and hence Tafel slope is increased from 30 mV per decade to

the ~120 mV per decade [13].

The hydrogen adsorption and desorption processes are successive however; they compete for the
overall reaction. When the bonding of hydrogen with the catalyst is too weak, it is very difficult
to absorb the hydrogen atom to initiates the HER. When bonding of catalysts with hydrogen is
too strong, desorption of hydrogen after completion of reaction will difficult. For ideal
electrocatalyst of HER, hydrogen binding energy and releasing should be balanced. Sabatier
principle states that ‘in heterogeneous catalysis and electrocatalysis, the optimal catalytic activity
can be achieved on the catalytic surface having intermediate energies with reactive intermediates
[14]. The maximum current density is obtained when hydrogen adsorption free energy is close to
the zero (i.e. AGy~ 0) [15]. The hydrogen adsorption free energy is intrinsic property of

electrocatalyst.

The temperature-dependent HER kinetics is used to calculate the activation energy of the process
and investigate the process as enthalpy or entropy controlled [16]. The improvement of the onset
potential of all the catalysts with the increase in temperature can be due to the (1) temperature
coefficient of variation of the solution, (2) increased in the mobility of charge in solution, and (3)
the endothermic process of water splitting. Quantitative investigation of the dependency of

temperature on the electrocatalytic activity can be measured using Arrhenius analysis of the
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catalysis process. The apparent energy of activation (E.*") can be calculated [17, 18] using the

following equation.

alni _ EXP

ohH K

(1.12)

Where T is absolute temperature, R is Universal gas constant, and i is measured current. The
activation energy can be calculated from the slope of Ini vs. 1/T plot. In HER kinetics, it is
assumed that the proton containing complex to be discharged at the outer Helmholtz layer and
discharged transition state is close to the electrode surface. During the discharge step, hydrated
protons move from the outer Helmholtz layer to the electrode surface and get discharged closer
to the electrode surface and replace the adsorbed water molecule from the electrode surface and

get adsorbed as Haq [19-23].
M—-OH,+ H - M-—H,; + H,0 (1.13)

E."" depends on the binding energy of M — OH, and M — H,. If binding energy of M — OH, is
greater than the M — H,4, activation energy will be more and if the reverse is there, there is very
little activation energy is needed. E5°" depends on internal energy, transfer coefficient and

overpotential.
EPP = U*— UR+ pFn  (1.14)

There is a decrease in activation energy for applying electrode potential in the negative direction.
Therefore, an increase in the value of U*-UR overcompensates the decrease in activation energy

induced by the potential energy of the electron.
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Temperature-dependency HER can be further explained based on temperature-dependent

variation of transfer coefficients. The catalytic HER would follow the Arrhenius equation as,
) Ea
kgs = A exp[—E (1.15)

The transition state theory as a function of applied potentials can be written as,

U"—UR+[)’F77]

kras = Aexp [_ RT

(1.16)

The rate constant thus has the dependency on the energy of the transition state as noted by the
transition state theory; it has also got the dependency on the applied potentials. Contribution
from both two factors leads to the temperature dependence of the observed current. The
contribution of the transfer coefficient plays an import role in determining the observed current
with varying temperatures. Further, the temperature dependent Tafel analysis is used to calculate
the transfer coefficient. Conway et al. have correlated the transfer coefficient with temperature

by the relation [24]

Where Sy and [fs are enthalpy and entropy dependent transfer coefficient, [ is total transfer
coefficient and T is the absolute temperature. From the linear correlation of the 1/b vs. 1/T plot,

By and fs can be calculated from the slope and intercept of the following equation

L= Iy FBs o (148)
b 2.3RT 2.3R

Where b is Tafel slope for HER. The dependency of By and fs with temperature can be
measured and hence the overall process of HER can be identified as enthalpy or entropy

dependent process.
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Koutechy-Levich Analysis

The reaction at the static electrode depends on the various factors such as; mass transfer,
electron transfer, chemical reaction and adsorption and desorption. Typically, in the
hydrodynamic method, the rate of mass transfer at the electrode is larger than the rate of
diffusion. Therefore, mass transfer is no longer the limiting parameter to the electron-transfer
kinetics [10]. Using hydrodynamic effect, double layer charging is avoided, and hence only
kinetic limiting current is measured as the function of the rotation rate. The steady-state current
is used to determine the diffusion coefficient. A rotating disk electrode is rotated in the solution
under study and the current depends on the solution flow rate. The rate of mass transport at the
rotating disk electrode is varied by altering the disk rotation speed. The rotating electrode is
mounted vertically to a controllable-speed motor and rotated with constant angular velocity. The
components of the fluid velocity depend on this angular velocity of the disk, which is given by ®
= 2nf, where f is the rotation speed in revolutions per minutes (rpm) or rotation frequency in
hertz. It depends on other factors such as the radial distance from the center of the disk (r), the
coefficient of kinematic viscosity of the fluid (y) and on the axial distance from the surface of the
disk. The kinetic investigation about the contribution from the charge transfer and mass transfer

kinetics can be investigated by the Koutechy-Levich analysis using the following equation [25]

1 1 1

i + I (1.19)

1 1 1

ri " + BallZ (1.20)

Where i, = nFAkC, and B = 0.2nFC,D?/3v='¢_ i, i, and i, are measured current, kinetic
current and limiting current, respectively. w is the rotation rate of the electrode in rpm. £ is
electron-transfer rate constant, n is number of electron transfer, F = 96500 C mol™!, A is surface
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area of rotating disk electrode in cm?, Cy is concentration of H' in bulk solution in mol cm=, D is
diffusion coefficient of proton in 0.5 M H>SO4 and value corresponds to 9.3x107 cm?s™!, v is the
kinematic viscosity of 0.5 M H>SO4 and value is 0.01 cm?s! [26]. The kinetic parameters as the
number of electrons transferred, transfer coefficient, rate constant and exchange current density

1/2 plot is inversely proportional to the kinetic

can be determined. The intercept of i™1 vs. w~
limiting current. The rate constant is determined by using the kinetic current measurements. The
slope of the plot is inversely proportional to the diffusion limiting current and the number of
electrons transferred can be calculated. Koutechy-Levich analysis method has limitation for
multi-electron transferred reaction. For multi-step reaction, Koutechy-Levich analysis is applied
to one step at a time. For multi-step reaction, rate constant determination is for the rate-

determining step of the overall multi-step reaction. Tafel slope is used for rate constant

calculation for the rate-determining step of multi-step reaction.
1.4 Oxygen evolution reaction

Oxygen evolution reaction (OER) mechanism and pathways are more complex as
compared to HER mechanism. In the overall water splitting reaction, OER is the rate limiting
because of sluggish kinetics as compared to the HER. The OER catalysts are mainly of metal
oxide-based catalysts and mechanism associated with the different catalysts are different. The
different electro-kinetic of the catalysts is due to the various factors such as morphology,
conductivity, thickness, preparation method. The general mechanism of OER in alkaline medium

is proposed as, [27]
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M+ OH™ & MOH + e~ (1.21)

MOH+ OH™ & MO + H,0+ e~ (1.22)

MO + OH™ & MOOH + e~ (1.23)

MOOH + OH™ & MOO™ + H,0 (1.24)

MO0~ & M+0,+e” (1.25)

M +40H™ & 0, + M + 2H,0 + 4e~ (1.26)

The performance of OER is compared in terms of overpotential, Tafel slop, exchange current

density, Faradaic efficiency, and turnover frequency.

Overpotential (1)

For the real system, the extra driving force is required than the thermodynamic potential
for the water splitting is called overpotential. For both the HER and OER, overpotential is
needed to compensate for the activation polarization, concentration polarization and iR loss. The
activation polarization is the intrinsic property of the material and can be minimized by choosing
the efficient catalysts. The concentration polarization is due to concentration drop near the
interface and can be minimized by stirring the solution. Potential drop due to iR loss can be
subtracted from the experimental potential. The onset potential is calculated from the plot of
polarization vs. current density. Calculation of overpotential for OER is more complex than the
HER. The OER mechanism as given above proceed through the first elementary step of water
coordination in an acidic solution or hydroxide ion coordination in alkaline solution is followed

by other elementary steps. The activation energy associated with each of these steps will
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contribute to the overall activation overpotential of the OER catalyst. The theoretical OER

overpotential (nogr) for ideal conditions i.e. U= 0 vs. RHE, can vs. calculated as follows [28]

Noer = (AGmax/e) —1.23V (1.27)

The kinetic hindrance is not considered in the thermodynamic consideration of the onset
potential. The overpotential at 10 mA c¢cm™ is widely used to compare the performance of the

electrocatalysts [29].

Tafel slope and exchange current density

The Tafel slope is inversely proportional to the charge transfer coefficient as given in

equation 1.28.

dlogj  23RT

dn anF (1.28)

The number of electrons transferred (n) is equal to 2 for HER and 4 for the OER. This shows that
catalysts having high charge transferability will show small Tafel slope. Therefore, Tafel slope is

used as the primary parameter in determining the catalytic activity.

The exchange current density is another important parameter to characterize the performance of
electrocatalysts. The exchange current density is directly correlated to the onset potential for
HER and OER. Therefore, Tafel slope, onset potential and exchange current density are as

activity parameters.

1.5 Photoelectrochemical water splitting

In photoelectrochemical (PEC) water splitting, there is formation of electron and holes in

the presence of illumination. Photo-excited electrons are moved from valance band to the
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conduction band and the photogenerated holes are in the valence band of the semiconductor. The
photogenerated electrons and holes reduce water to hydrogen and oxidize water to oxygen

respectively depending on the band position of the semiconductor as shown in Figure 1.1.
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Figure 1.1 Schematic of the photoelectrochemical splitting of water for (A) photoanode, (B)

photocathode and (C) Z-scheme for the complete cell.

When the bottom of the conduction band is more negative to the proton reduction potential,
reduction of proton takes place. When the top of the valence band is more positive to the water

oxidation potential, oxidation of water takes place. The semiconductor having bandgap larger
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than the thermodynamic required energy 1.23 eV and suitable band position is the prerequisite of
PEC water splitting. The narrow bandgap of semiconductor improves the STH efficiency;
however, narrowing the bandgap decreases the driving force to compensate the activation energy
barrier. Water is oxidized to oxygen by the photogenerated holes in the valence band and
oxidized redox mediator is reduced by photogenerated electrons in the conduction band. The
overall water splitting reaction is completed with the redox mediator [5]. In Z-scheme, the
application of a wide range of narrow bandgap semiconductor can have conduction band
negative to the hydrogen evolution potential or valence band is positive to the water oxidation

potential. Therefore, the maximum solar energy can be harvested using the Z-scheme cell setup.

In two-step excitation steps, hydrogen evolution photocatalyst and oxygen evolution
photoelectrocatalyst mediated with the redox mediator as shown in Figure 1.1 (C). In a typical
method, proton reduction takes place by the photogenerated electrons of the conduction band and
the redox mediator is oxidized by the photogenerated holes in the valence band on the In pure
BiVO4 photoanode, photogenerated electrons get transferred to the conduction band and the
photogenerated holes are in the valence band, which are transferred to the water molecule for the
oxidation process of water. The trapped holes at the interface of the photoanode may get
transferred to the defect state of the FTO/ITO. The photogenerated holes and electrons get
recombine to the interface or at the defect state. The heterojunction of SnO2/BiVOs is used to
suppress the recombination process of the photogenerated electrons and holes as illustrated in
Figure 1.2. The back electron-hole recombination process can be completely blocked by
heterojunction modification. The interfacial kinetics of water oxidation reaction (WOR) can be
improved by incorporation of electrocatalysts as Co-Bi on the BiVOas. Co-B; collects hole at

interface and facilitates the efficient hole transfer to the water molecule for WOR. Therefore,
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photogenerated charge recombination suppress and as a result of overall PEC efficiency

increased.
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Figure 1.2 Schematic representation of photogenerated electrons and holes in the (A) BiVO4
photoanode, (B) effect of heterojunction of SnO2 on BiVOy electron-hole mobility and (C) effect

of the cocatalyst on the hole transfer of BiVO4 photoanode.

1.6 Scanning Electron Microscopy (SECM)

Scanning electrochemical microscopy (SECM) is a scanning probe microscopy
technique, capable of imaging substrate (insulating, semi-conductive or conductive) topography
and local activity with high temporal and spatial resolution [10]. An ultra-microelectrode of
diameter 10 um or less is used as the tip/probe in the close proximity to a surface of interest. The
electrochemical response of the tip of the substrate in the response of tip provides the qualitative

and quantitative information of the interfacial region. This technique is widely used in the variety

43



of research area as kinetics, research on energy materials, corrosion, biology (i.e. molecular
transport across the membrane, adsorption/desorption process, the activity of living biological
cells), instrumental development and surface modification. SECM technique is mainly applied in
the different mode of operation such as feedback mode, generation/collection mode and redox
completion mode. In the feedback mode, the tip current is measured as the function of the

approaching distance to the substrate.

R -0 +ne” (1.29)

The faradaic current of the tip depends on the topography and electrochemical activity of the
substrate. For probe of disk geometry, the steady-state current is defined as iy o, = 4nFDCaf
where n is the number of electrons transferred, F is Faraday constant, D is diffusion coefficient
of the redox mediator, C is the concentration of redox mediator, a is the tip area and P is the
geometric co-efficient [30]. When the tip approaches the substrate, the tip current is perturbed by
the presence of the substrate either by regeneration of R at the substrate (positive feedback, (i; >
i1.) or by blockage of the diffusion of redox mediator R to the tip (negative feedback, iy <
ir «)- The tip to substrate distance can be calculated using the feedback approach curve. The
topographical information of the substrate can be obtained from the feedback current
measurements as the feedback response is highly depended on the tip to substrate distance. The
approach curve is used to determine the heterogeneous rate constant at the interface [10, 31]. For

the disk-shaped tip, the normalized approach curve can be fitted using the following equations;

[10]
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For the insulator substrate

Ir(L) = 0292 + == 4 0.6553 exp (<o) (1.30)
For the conductive substrate
Ir(L) = 0.68 + “27 4+ 0.3315 exp (—°2)  (131)

Cornut et.al have given the more comprehensive theoretical mode for the fitting of the approach

curve [32]
I5(L, RG)
2.08 0.145
- _2.08 InRG . 2 7RG :
reoass (L+0.0023RG) + 157+ =7 —+ —o=Ln (1+ o )
I£°"(L + k™1, RG)
T

= a(RG) +

4B(RG)arctan(L + k~1)

+ (1 —a(RG) — ) 2 arctan(L + k1) (1.33)

Zﬁ(RG)

1
Ir(L,x,RG) = [£omd (L + ;,RG)

Ins(L,RG) — 1
(1 + 2 47RGO 31LK)(1 + LO 006RGH+O0. 113K_0 023RG+0.91

(1.34)

ins

Ip = I < 1- Ij;nd> + Iins (1.35)
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B 2 1 2 11\
a(RG) = Ln2 + Ln2 (1 — ;arcCos (ED —In2| 1- <; arcCos (ﬁ)) (1.36)

B(RG) = 14 0.639 l—zarc605<i> — 0.186| 1— EarcCos(i> 2 (1.37)
' s RG ' s RG '

Where RG = rglass/ 17 1S the ratio of the radius of glass sheath (rguss) to the radius of the active
area of Pt UME (rr), I°™ is diffusion control current for conducting substrate i.e. positive

feedback, IF** is diffusion control current for insulating substrate i.e. negative feedback.

The details reaction mechanism of PEC regeneration has been developed under the steady-state

SECM using [Fe(CN)s]* / [Fe(CN)s]* redox probe on the photoanode [33, 34].

Solar simulator

Figure 1.3 Schematic representation of the measurements of interfacial charge transfer of BiVO4

photoanode in illumination.
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The mechanism of the hole transfer at the interface

FTO/BiVO, + hv — FTO/BiVO; (1.38)

FTO/BiVO; — FTO/BiVO} + e (FTO) (1.39)

FTO/BiVO} + [Fe(CN)g]*~ — FTO/BiVO, + [Fe(CN)¢]*~  (1.40)
[Fe(CN)¢]3~ + e — [Fe(CN)g]*~ atthetip (1.41)

For steady-state approximation, the above equations can be solved as

l _ 1 + 4Ddiff1fsior;[Fe3+]* + 4Ddi1.‘fus(i)on, (1.42)
Is IT,cond anl [BLV04- ] (phv]hv rr l [BLV04 ]kox

For the first-order reaction, the following expression is in correlation with the feedback approach

curve [30, 35].

1_ 1,11

Z - IT cond + T K (143)
__Dairrusion

keff = KT—T (144)

Normalized probe approach curves are fitted using the above equations at different k and the

interfacial effective rate constant (k.sy) is calculated using equation 1.44.

1.7 Hydrogen evolution catalysis

In acidic solution, Pt group metals are the most effective catalyst for the hydrogen
generation [36-41]. The recent advancement in the noble metal-based catalysis has been
achieved by the bimetallic and trimetallic materials such as PtPd, PtCu, AuPd@Pd, and PtRhCo

for the HER, oxygen reduction reaction (ORR) and alcohol oxidation reaction [42-45], but due to
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the high cost of the Pt group metal elements, large scale application using these elements is not
economically viable [46-49]. Thus, there is a trust for the development of multifunctional
materials in the scientific community. It was demonstrated that three-dimensional graphene (3D-
G) composites with PtPdCu and Pd./PtFe show good catalytic activity for alcohol oxidation
reaction [50, 51]. Feng and coworkers have synthesized AuPd@Pd and 3D-G composite for the
alcohol oxidation reaction [44]. Noble metal (3D-G) composite materials have been synthesized
by freeze casting method for the applications such as catalysis, supercapacitor, antibacterial
activity and electromagnetic interference shielding [52-54]. However, the HER kinetics of the
noble metal (Pt, Pd, Au and Ag) and 3D-G composite is not much investigated. For the
development of knowledge in the field, the kinetic and thermodynamic investigation needs to be
done.

Different transition metal alloys, carbides, polymeric carbon nitride, and transition metal
chalcogenides are a better choice as HER catalyst, due to their earth abundant nature and
comparable efficiency [55-61]. Thus, there is a trust for the development of multifunctional
materials for this research. Among the electrocatalyst, molybdenum disulfide (MoS,) has
attracted much attention due to the low cost and high catalytic activity, high chemical stability,
large in-plane carrier mobility and good mechanical properties [57, 58, 62, 63]. It has been
reported that the monolayer MoS» has higher electrocatalytic activity for HER; however, there
are some shortcoming as lower intrinsic catalytic activity, poor interlayer conductivity and the
limited number of active sites. The catalytic activity of 2H phase is mostly through the edges of
the catalytic system [64, 65] and is improved by the increase in the percentage of active edge
sites [66-73]. The basal plane of the 1T-MoS: is electrochemically active for the HER catalytic

activity [74-76] which improves the electrical conductivity as compared to the 2H-MoS,. 1T-
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MoS, with highly conducting basal plane and graphene composites will improve the HER

catalytic activity [77].

It has been focused on the synthesis of three-dimensional graphene (3D-G) by the
environmentally friendly freeze-drying method and utilize the high porosity and surface area for
the HER kinetics. Noble metal —3D-G composites have been synthesized to reduce the loading of
the noble metal. These composite materials have been used for the understanding of the
molecular level kinetics of the HER on noble metal/(3D-G) composite materials. Then, transition
metal-based catalysts MoS> has been investigated to reduce the loading of the noble metal in
HER. The electrochemical investigation has been carried out to determine the forward rate
constant, the number of electrons transferred, exchange current density and transferred
coefficient. The Tafel analysis has been performed to compare the performance of the
electrocatalyst. To understand the kinetics of the HER, temperature dependent Tafel analysis has

been performed and enthalpy and entropy dependency of HER is evaluated.
1.8 Oxygen evolution catalysts

The photoanode materials such as TiOa, a-Fe2O3, WO3 and BiVO4.have been used for the
OER [78-86] Among these materials, BiVO4 is the most researched photoanode due to its
suitable band position, bandgap and high theoretical efficiency (~ 7.5 mAcm2) and high solar to
hydrogen (STH) conversion efficiency (~9%) [87-90]. However, the slow surface catalytic
activity, short hole diffusion length, fast electron-hole recombination are major challenges with
the BiVO4 [78, 91-94]. To overcome these challenges, a number of the strategies have been
widely investigated such as; nanostructure control [95-98], band engineering [89, 99-106],

heteroatom doping [107-113], generation of oxygen vacancy [94, 114-116] and the oxygen
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evolution catalyst (OEC) incorporation [90, 117-125]. SnO> has been used for the heterojunction
formation in the BiVO4 system which suppresses the back electron-hole recombination process
[89]. Additionally, the SnO> underneath of BiVO4 blocks the surface state of the ITO/FTO.
These modifications improve the injection of the photogenerated holes to the electrode-
electrolyte interface; however, the sluggish kinetics of BiVOy interface limits the performance.
Therefore, oxygen evolution co-catalyst (OEC) is used for the surface modification to accelerate
the OER kinetics and suppress the surface charge recombination. A number of the OEC such as
CoPi [90, 94, 108, 110, 117, 120, 126], Co-B; [83, 127-129], Ni-Bi [130], NiOOH/Ni-borate
[130, 131], FeOOH [132, 133], Ni(Fe)OOH [134] and FeOOH/NiOOH [87] have been
investigated to improve the onset potential and suppress the charge recombination for the PEC
water oxidation. Among all, Co-based cocatalyst, especially CoPi has been extensively
investigated because of low cost and excellent catalytic activity in PEC water oxidation [90, 94,
108, 110, 117, 119-121, 126]. CoPi is stabilized in the phosphate buffer, but the phosphate buffer
solution is corrosive to the BiVO4 photoanode [135]. The borate buffer solution is recently found
relatively less corrosive to the BiVO4 for the PEC water oxidation reaction [83, 134, 136].
Therefore, Co-B; would be the promising materials for the PEC water oxidation reaction.

Previous reports shown the improved catalytic activity of the Co-B; modified BiVO4 [129].

The gamma radiation has been used to alter the physical and chemical properties of materials
such as optical, electrical, electronic and structural properties of the materials [137, 138]. The
alteration of chemical bonds due to the irradiation may improve the performance of materials.
Gamma radiation strongly affects the metal-based oxide materials for the biosensor and gas
sensor application [139-141]. The grain size and bandgap of the ZnO thin film have been

decreased upon the gamma irradiation [137]. The electron mobility of the In-ZnO based
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transistor has been improved upon exposure to the radiation [142]. The enhancement of the gas
sensing sensitivity is due to the defect generation of the nanoparticles. The sensitivity of the
SnO> based gas sensor for CO is improved upon the gamma irradiation [143]. There is red-shift
of absorption of the InVO4 with the increase in the dose of gamma irradiation [144]. The
sensitivity of InVOj4 based sensor for ammonia is improved significantly and is due to the defect
introduction. The performance of TeO» has been linearly improved with the increase of vy
radiation dose. The gamma effect on the absorption spectra and energy bandgap of SeO, were
reported to significantly increase the optical absorption due to the change of chemical structure.
The structural and optical properties of CdS, PbS, Fe;«Oas thin film, were also reported to
improve the bandgap [145]. Gamma radiation has changed the bonding structure of g-C3Ns
which reduces the optical bandgap energy. The PEC efficiency of irradiated g-C3N4 is enhanced
two folds as compared to the non-irradiated g-C3N4. The performance of irradiated g-C3N4 in the

g-C3N4/BiVOy4 heterojunction has been improved by two folds [146].

Considering the shortcoming of BiVOa, our focus of work is to improve the catalytic efficiency
of the BiVO4 photoanodes with SnO> as the interlayer. BiVO4 was doped with Mo to further
improvement of the catalytic activity. The SnO» coating over the ITO plate was carried out for
suppressing the charge recombination process through the generation of heterojunction of SnO>
and BiVOq. Further, the PEC efficiency of the BiVOj4 is improved by the incorporation of the Co-
Bi as a cocatalyst for the OER. We have investigated the PEC, optical, structural, chemical, and
electronic properties of the Co-B; modified BiVO4 upon the photocharging for further insight
into the physical and chemical mechanism behind the photocharging. In this study, first, we have
optimized the thickness of the Co-Bi loading on the BiVO4 photoanode and studied the PEC,

optical, structural, and electronic properties of the catalysts. After that, photocharging of the
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photoanodes under the applied bias has been performed. Secondly, we have used the impedance
spectroscopy technique and Mott-Schottky analysis to investigate the effect of photocharging on
the electronic properties of the photoanodes. Finally, scanning electrochemical microscopy
(SECM) study has been employed to study the interfacial charge transfer kinetics at the interface
before and after the photocharging [147]. We have demonstrated the photocharging as a noble
approach to improve the PEC efficiency of the Co-B; modified BiVO4 photoanodes. Gamma
irradiation and plasma treatment as a tool are used for the improvements of the PEC efficiency of

BiVOa.
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Chapter 2: Experimental Procedures

In this chapter the brief description of the electrochemical and photoelectrochemical
techniques have been discussed. Among different techniques the frequently used techniques like;
Cyclic voltammetry (CV), Linear sweep voltammetry (LSV), Chronoamperometry (CA),
Chronopotentiometry (CP), Rotatory disk electrode (RDE), UV-Vis Spectroscopy, Incident
photon to current efficiency (IPCE) , Absorbance photon to current efficiency (APCE), Faradic
efficiency, Solar to hydrogen efficiency (STH), Charge transfer efficiency, Charge transport
efficiency, Mott-Schottky plot, Transient time Electrochemical impedance spectroscopy (EIS),
Scanning electrochemical microscopy (SECM), X-ray diffraction (XRD), FTIR Raman
spectroscopy), Scanning electron microscopy (SEM), Atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), High resolution transmission electron microscopy (HR-

TEM), energy dispersive spectroscopy (EDS) are briefly in this chapter.

2.1 Electrochemical and photoelectrochemical techniques

2.1.1 Cyclic Voltammetry (CV)

The cyclic voltammetry technique is the most widely used voltammetry technique for the
ability to provide thermodynamics and kinetics information of the electroactive species [10,
148]. The potential of the working electrode (WE) is ramped in the triangular V-t wave form for
the excitation signal as shown in Figure 1 (A). Typically, the potential of working electrode is
linearly varied from the initial potential (let say Vi) to the terminal potential (Vr) and the

direction of the potential is reversed to the initial potential (Ei). The rate at which the potential of
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the working electrode is varied with time is called scan rate. The current of the working electrode
is plotted against the applied potential is called the cyclic voltammogram. Figure 1 (A) shows the

typical cyclic voltammogram of the reversible redox system for the heterogeneous catalysis

system.
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Figure 2.1 (A) Potential time functions for the excitation signal in cyclic voltammetry and (B)

typical cyclic voltammogram for the reversible electrochemical reaction.

Reversible process

A reversible process is one in which the electron transfer process is rapid and the
electroactive oxidized (or reduced) species in the forward scan is in equilibrium with the
electroactive reduced (or oxidized) species in the reverse scan as shown below:

O+ne <R (2.1)

In reversible reactions, the magnitudes of I,. and I,, are equal and proportional to the
concentrations of active species. In reversible reactions, AE, (Epa - Epc) is independent of the

scan rate (v) but in practice AE, slightly increases with increase in v value. This is due to the
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solution resistance (Rs) between the reference and working electrodes [10]. Theoretically, for
reversible electrochemical reactions, the potential difference, AE, between the oxidation and
reduction peaks is ~59 mV. However, in practice, AE, is sometimes found to vary slightly.
Reversibility is a direct and straight forward means of probing the stability of an electroactive
species. An unstable species reacts as it is formed and hence produces no current wave in the
reverse scan whereas a stable species remains in the vicinity of the electrodes surface and
produces a current wave that is opposite to the forward scan. Larger differences or asymmetric
reduction and oxidation peaks are an indication of quasi reversible or irreversible reactions. The
peak current for reversible process is given by the Randle-Sevcik equation as shown below [10]

I, = (2.69 x 10°)n3/2AD*/2Cy1/? (2.2)

where Ip is the peak current (A), n is the number of electrons transferred, A is the electrode area
(cm?), C is the concentration of electroactive species (mol cm™), D is the diffusion coefficient
(cm? s!') and v is the scan rate (V s?'). These parameters make CV suitable for the
characterization and mechanistic studies of redox reactions at electrodes.
Irreversible process

In an irreversible process, the reaction occurs only in one direction-either oxidation or
reduction. In this, E, changes with v because the current takes more time to respond to the
applied voltage than in reversible case. The Randle-Sevcik equation for the irreversible process
is as follows [10]

I, = (2.99 x 10°) a n3/24 DY/2C v*/? (2.3)

Where o is charge transfer coefficient. The irreversible systems are characterized using the

equation shown below [10]
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B, =E% + 2L [In &1 _ gy (2.4)

anF anF

The values of kg and an are deduced from the intercept and slope of the linear plot of Ey, vs. Inv,
when the value of E° is known. The value of E°” is obtained from the intercept of the plot of E,
VS. V.
Quasi-reversible system

In this system, both the electron transfer and mass transport control the current. The
shape of the cyclic voltammogram is a function of the ratio, ko/[mynFD /RT]*/?. As the ratio
increases, the process approaches the reversible case. Overall, the voltammogram of quasi-
reversible system exhibits a larger separation in peak potentials compared to that for a reversible

system. For small values (i.e., at very fast v), the system exhibits an irreversible behavior [10].

2.1.2 Linear sweep voltammetry

LSV is a method where current at working electrode is measured with the linear sweep of
electrode potential with time as shown in Figure 1.2 (A). Figure 1.2 (B) shows the measurement
of the working electrode current with respect of potential applied. In LSV, only the first half-
cycle of a cyclic voltammogram is executed. LSV is used to identify unknown species and
determine the concentration of solution. E1 is used for the identifying unknown species and
limiting current is used to determine the concentration. LSV is used to compare the performance

of catalysts for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
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Figure 2.2 (A) Potential time functions for the excitation signal in linear sweep voltammetry and

(B) typical linear sweep voltammogram for electrochemical reaction

2.1.3 Chronoamperometry

In chronoamperometry, current of the electrolytic cell is measured with respect to the
time at constant applied potential. In this measurement, a stationary working electrode and
unstirred solution are being usually used. Under these conditions, the mass transport is solely by
diffusion, current-time curve reflects the change in the concentration gradient in the vicinity of
the electrode surface. This involves gradual expansion of the diffusion layer associated with the
depletion of analyte species and hence decreased the slope of the concentration profile as time
progress [10]. Accordingly, the current decays with time, as given by the Cottrell equation
indicated below:

I,(t) = nFACDY?g~1/2¢1/2 (2.5)

where n, F, A, C, D and t are the number of electrons, Faraday’s constant, the surface area of
electrode, the concentration of the analyte, the diffusion coefficient and time, respectively. This
technique is often used for measuring the diffusion coefficient of electroactive species and

surface area of the working electrode. In addition, some analytical applications of this method
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rely on pulsing of the potential of the working electrode repetitively at fixed time intervals. This
technique is being used for the determination of a wide range of bioactive compounds at bare and
modified electrodes [10] and stability test of the electrocatalysts and photo-electrocatalysts. The
double layer potential step method is used to measure the rate constant of chemical reaction and
adsorption process. Chronoamperometry measurements under the hydrodynamic condition
enhance the mass transport of electroactive species and hence the sensitivity of the detection

enhanced.

2.1.4 Chronopotentiometry

Chronopotentiometry is widely used technique, where current is applied to the electrode
and the potential changes are monitored as the function of time. At certain interval of time, the
flux of redox species to the surface cannot sustain this current and the potential changes rapidly
to a new value at which another species is reduced or oxidized. This time interval is termed as
transition time t, follows the Sand equation

/2 = g 2nFDY2C* /2i, (2.6)

where i, is the current density (i/A). Diffusion coefficients can be calculated using above
equation. The advantage of chronopotentiometry is that the t value is directly proportional to D,

and that 7 is the same regardless of heterogeneous electrode kinetics.

2.1.5 Rotating disk electrode (RDE)

The reaction at the static electrode depends on the various factors as mass transfer,
electron transfer, chemical reaction and adsorption and desorption. Typically, in hydrodynamic
method, the rate of mass transfer at the electrode is larger than the rate of diffusion. Therefore,

mass transfer is no longer the limiting parameter to the electron-transfer kinetics. Using
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hydrodynamics effect, double layer charging is avoided, and hence only kinetic limiting current
is measured as the function of the rotation rate. The steady state current is used to determine the
diffusion coefficient. A rotating disk electrode is rotated in the solution under study and the
current depends on the solution flow rate. The rate of mass transport at the rotating disk electrode
is varied by altering the disk rotation speed. The rotating electrode is mounted vertically to a
controllable-speed motor and rotated with constant angular velocity. The components of the fluid
velocity depend on this angular velocity of the disk, which is given by @ = 2xf, where f is the
rotation speed in revolutions per minutes (rpm) or rotation frequency in hertz. It depends on
other factors such as the radial distance from the center of the disk (r), the coefficient of
kinematic viscosity of the fluid (y) and on the axial distance from the surface of the disk.

In RDE experiment, linear sweep voltammetry is recorded at the different rotation at low scan
rate. The detail kinetic investigation about the contribution from the charge transfer and mass

transfer knetics can be investigated by the Koutechy-Levich analysis using following equation

1 1
- = ; + ; (2.7)

2= 24— (2.8)
173

Bwl/2

Where i, = nFAkCy and B = 0.2nFCoD?/3v=1/°_ i, i, and i, are measured current, kinetic
current and limiting current, respectively. w is rotation rate of electrode in rpm. k is electron-
transfer rate constant, n is number of electron transfer, F = 96500 C/mol, A is surface area of
RDE in cm?, Cy is concentration of H* in bulk solution in mol cm=, D is diffusion coefficient of
proton in 0.5 M H,SOs and value corresponds to 9.3x10”° cm?s™!, v is the kinematic viscosity of
0.5 M H2SO4 and value is 0.01 cm? s™' [26]. The kinetic parameters as number of electrons

transferred, transfer coefficient, rate constant and exchange current density can be determined.
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1/2 plot is inversely proportional to the kinetic limiting current. The

The intercept of i~ vs. w~
rate constant is determined by using the kinetic current measurements. The slope of the plot is
inversely proportional to the diffusion limiting current and number of electrons transferred can
be calculated. Koutechy-Levich analysis method has limitation for multi-electron transferred

reaction. For multi-step reaction, Koutechy-Levich analysis is applied to one step at a time. For

multi-step reaction, rate constant determination is calculated for the rate determining step (RDE).

2.1.6  Ultraviolet-visible (UV-Vis) Spectroscopy

In UV-Vis spectroscopy, absorption of light as the function of wavelength provides the
electronic transition in the material. Beer-Lambert law states that the fraction of light
(transmittance or reflected) measured after interaction with the sample is function of the path
length (/) of light through the sample, the absorption cross-section (o) of the transition, and the
deference in the population in the initial state (N;) and final state (N>) of initial (£;) and final (E>)

electronic energy levels.

= = gmo (MMl (2.9)
0

In the simple format the Beer’s law can be written as
A= ecl= —logio(:) (2.10)
0

Where A is absorbance, € is the molar absorptivity coefficient of the material, ¢ is the

concentration of the absorbing species, and / is the path length of the light.

The absorption coefficient a can be determined by using following equation
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-1y = In (10)xA

a(cm =S

(2.11)

The optical Bandgap of the semiconductor is determined by using UV-Vis spectroscopy as it
measures the electronic transition from the valance band (VB) to the conduction band (CB). The
exciton binding energies, phonon absorptions and emission, d-d transitions, and excitations to or
from defect bands and color centre can complicate the interpretation of the UV-Vis spectra
[149]. UV-Vis spectroscopy allows the characterization of the electronic transition as either
direct or indirect. It further characterizes the allowed or forbidden transition. The direct transition
is modeled as the two particles interaction between an electron and a proton and indirect
transition is modeled as three particles interaction among photon, electron and phonon to ensure
momentum conservation [149]. A transition is allowed or forbidden depending on the dipole
selection rules associated with the system. The shape of the UV-Vis spectra can reveal the types

of the transitions by analyzing the Tauc plots.

The photon absorption efficiency can be written as the following

A= Me-ppr =1—==1-107 (2.12)

0

Where Ay, is the absorptance, defined as the fraction of photons absorbed per photons impinging

of the sample.

The UV-Vis spectroscopy experiments can be performed in the following modes (a)

Transmission UV-Vis (b) Diffuse reflectance UV-Vis and (¢) Absorption UV-Vis

Analysis of the Bandgap
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The bandgap in the absorption spectrum corresponds to the point at which absorbance
begins to increase from the baseline, as this indicates the minimum amount of energy required
for a photon to excite an electron across the Bandgap. In real spectra, absorption is nonlinear,
which reflects the local density of states at the valance band maxima and conduction band

minima and defects states as well.

The detail analysis of Bandgap involves the plotting and fitting of the absorbance data to the
Tauc plot. Ideally, Absorbance (A) is normalized to the path length of the light (/) to produce the
absorbance coefficient (a) using above equation. For a > 10* cm™! the Tauc et al. have given

following relation for the calculation of the bandgap and nature of band transition [150, 151].
ahv = (hv — E)'/" (2.13)

Where n can be 3, 2, 3/2 or Y4 corresponding to the indirect (forbidden), indirect (allowed), direct
(forbidden), and direct (allowed) transitions respectively [149]. The bandgap is calculated from

the extrapolated to the baseline of the (ahv)™ vs. hv plot [152, 153].

2.1.7 Incident photon to current efficiency (IPCE)

Incident photon to the current efficiency (IPCE) is the measure of the ratio of
photocurrent to the incident photon as a function of the wavelength of the illumination [154,
155].

]ph(cmiz) 5¢ 1240
Puls) - A

IPCE % = ( ) X 100 % (2.14)

Where Pi, is power of incident monochromatic light measured with a power meter equipped with

the standard silicon photodiode, J,, is photocurrent obtained from the chronoamperometry
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experiment as steady state value over a period of time and A is wavelength of the monochromatic
light in nm. The number of photogenerated electrons can be calculated from photocurrent using

following equation
electron/s = j,p(mC/s) X 6.241506 X 1015 electons/mC (2.15)
Where jpp, is the steady state photocurrent (in mA or mC/s).

The energy of photon is given by following equation

_ hc _ 1.988x107' (mj xnm)
E (/1) o A(nm)

per photon (2.16)

The number of photons at each wavelength is determined by measuring the power of the

monochromatic light using following equation

1.988x10713 (mJ xnm)
A(nm)

Priono(MmW) = & (photos/s) X (2.17)

® (photos/s) = 5.03 X 1012(mj~1 x nm™1) X A(nm) X Ppono(mMW)  (2.18)

The analysis of the IPCE plot can reveal the most important fundamental properties that limit the
performance of the photo-electrode. IPCE is determined by the efficiencies of the three
fundamental processes in the PEC water splitting reaction: light absorption efficiency, charge
transport efficiency from electrode to the electrode-electrolyte interface and the charge transport

efficiency at the electrode-electrolyte interface [156].

IPCE (7\') = Tle-/h+ X ntransfer X 77transport (2-19)

[PCE measurements give combined information to all efficiencies. These efficiencies can be

calculated from the strategic experimental plan. Light absorption efficiency can be calculated
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from the UV-Vis measurements. When the IPCE and charge generation efficiency are known,
charge transfer and transport efficiency can be calculated. If IPCE is low and charge generation

efficiency is high, N¢ransfer ad Neranspore Will be the limiting parameters.

The IPCE (A) value measured for the monochromatic illumination can be used for the calculation

of the total photocurrent density, by integrating them over the AM 1.5 G Solar spectrums [155].
Jon = JIPCE (1) X E(1)/ % X ed2 (2.20)

Where J,p, is the total photocurrent density, E(A) is spectral irradiation of light source used.
Generally, integrated /,, value should be consistent with the photocurrent measured under AM

1.5 G illumination.

Light Source Monochromator Filters
. PEC Cell or
Potentiostat Power Meter Shutter

Figure 2.3 Schematic diagram of the experimental set up for IPCE measurement.

Bandgap of the semiconductor as measured from the IPCE may be higher than that of the optical
absorption techniques because onset potential of the photocurrent may be limited by slow
transfer and transport kinetics. The IPCE measured at the constant bias often increase the
photocurrent which is due to either a shift of the Fermi level of the counter electrode or the

increase in the carrier collection at the working electrode.
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2.1.8 Absorption photon to current efficiency (APCE)
Absorption photon to current efficiency (APCE) is measurement of the percentage of the
absorbed incident photon that is converted into the electrons by the PEC cell as a function of the

wavelength of illuminated light [154, 155].

APCE () = Z£D

(2.21)

T)e—/h+
Where 7,-/,+ is the light absorption (charge generation) efficiency, which is defined as the
percentage of the incident light absorbed to generate the electron-hole pair e~ /h* [156].

IPCE (})
= MNtransfer X Ntransport (2-22)

APCE (1) =

Ne=/n+

2.1.9 Faradaic efficiency
In the PEC cell, faradaic efficiency is the ratio of the charged used for the

hydrogen/oxygen evolution and overall charge flow in the cell.
np = %x 100 % (2.23)
T

Where Nr is the charge used for the Faradaic process i.e. HER or OER and Nr is the total charge
flow in the cell. Nt can be calculated by the measuring the photocurrent as function of time in
time At. Then total current is calculated by integration the photocurrent over the time from 0 to
At. The number of electrons used for the hydrogen or oxygen generation can be calculated by
measuring amount of the hydrogen or oxygen by gas chromatography (GC). The faradaic
efficiency less than the 100% in the practical cell is due to the side reaction occurring at the

working electrode and inhibition of the proton reduction.
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2.1.10 Solar to hydrogen efficiency (STH)
Solar to hydrogen efficiency (STH) is defined as the ratio of chemical energy stored to
hydrogen gas to the solar energy input [155]. The mathematical expression for the STH

calculation is given as follows

(mmol Hy s™1) x (237000 jmol™1)
Protai(mwWem=2) x area (cm?2)

STH = | (2.24)

The chemical energy stored in the form of hydrogen can be calculated by the multiplication of
the rate of the hydrogen production and the change of Gibbs free energy per mole of H» for the
generation from water splitting. The solar energy input can be calculated from the multiplication
of the power of the incident illumination and illuminated electrode area. The above equation is

only valid for the STH calculation without any bias potential.

The alternative method for the calculation of the STH is as follows [155]

mAcm~2) x 1.229(V) x np]
Protal (MWem=2)

sTH = [2! (2.25)

Where J,.(mAcm™2) is short circuit photocurrent density measured in the two electrodes
configurations, 1.229 V is the thermodynamic reversible potential for the water splitting reaction,
nr s the faradaic efficiency for the hydrogen evolution and Pr,;4; is the incident power density.

In actual experiment, an external bias is applied for working PEC cell. In this case, applied bias
photon to current efficiency (ABPE) is defined as the analogous to the STH efficiency with no

bias [155]. ABPE is calculated by the following equation [157]
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J(mAcm™2) x(1.229—|Vapp ) (V) x nF]
Protal (MWcem™2)

ABPE = [

(2.26)

Where J is the photocurrent obtained at the applied bias, Vapp is the applied bias between WE and

CE in two electrode configurations.

2.1.11 Charge transport efficiency (Nuwansport)

The charge transport efficiency (N¢ransport) is the percentage of the charge carriers
among the photogenerated electrons and holes that can be separated and transported to the
photoelectrode/electrolyte interface without charge recombination [158]. The efficient photo-
induced charge generation should be followed by efficient charge transport process. The charge
transport process is influenced by the physical properties of the photoelectrode materials such as
Fermi energy level, carrier diffusion length, charge career concentration, doping concentration,
film thickness, morphology. The measurement of the charge transport efficiency is based on the
assumption that the oxidation kinetics of the hole scavenge such H2O; or Na,SOs is fast and
charge transfer efficiency is considered as 100% [126]. The charge transport efficiency

(Ntransport) 18 calculated by the dividing the photocurrent density for hole scavenger, Jscqvanger

by photon absorption rate, /s as

Ntransport = ]scavanger/]abs (2-27)

The value of ], is obtained from the measurements of light absorption and integration of light
absorption over the AM 1.5 G solar spectrum. Analysis of charge transport efficiency provides
the information about performance loss due to the bulk recombination within the photoelectrodes

[126].
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2.1.12 Charge transfer efficiency

Charge transfer efficiency (Wtransfer) 1S the measurement of the interfacial charge
transfer from the photoelectrode surface to the water molecule at the photoelectrode-electrolyte
interface. The measurement of the charge transfer efficiency is based on the assumption that the
oxidation kinetics of the hole scavenger such H>O» or NaxSOs is very fast and 100% efficient.
The charge transfer efficiency (9¢rqnsport) 18 calculated by the dividing the photocurrent density

for water oxidation, Jy, by hole scavenger Jscqpanger as follows [126]

Ntransfer = ]Hzo/jscavanger (2-28)

Analysis of charge transfer efficiency insights the performance loss due to the surface

recombination or slow kinetics at the photoelectrode/electrolyte interface [126].

2.1.13 Transient time

Transient time is the ability of the photogenerated charge to transport before
recombination. When photoelectrode is illuminated, there is initial photocurrent (I;) is observed
and then there is decay of photocurrent is due to the photogenerated holes recombine at the
electrode surface with the photogenerated electrons from the conduction band [159] as shown in

the Figure 2.4
The transient time is calculated from the following equation

InD = —1/t (2.29)

_ (It_ls)
D= =5 (2.30)
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Where t is the time, T is the transient time constant at which InD = —1, It is current at time t, ;
and I, are the initial and steady state photocurrent respectively. The time at which InD = —1 in
the InD vs. t plot gives the T value [160]. The typical values of t varies from the several tenths of

second to the several seconds depending on the nature of the materials.
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Figure 2.4 Typical transient photocurrent.

2.1.14 Mott-Schottky analysis

Mott-Schottky analysis is the qualitative investigation of the charge transport properties
and the band bending of the semiconductor at semiconductor-electrolyte interface [161, 162]. It
provides the insight the donor density and flat band potential of the semiconductor. The flat band
potential is the potential at which potential drops across the bulk of the electrode and the surface
is zero. It provides the qualitative information of the semiconductor energy bands with respect to
the redox potentials of the electroactive species in the electrolyte. The flat band potential and

donor density can be obtained from the Mott-Schottky plot [162].

kgT

1 2
&= Gy (Ve =) @3
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Where C is the interfacial capacitance; q is electronic charge; ¢ is the dielectric constant of
semiconductor; &, is permittivity of free space; A is the area of electrode exposed to the
electrolyte; Np is the charge-carrier density/donor density; V is applied potential; V5 is flat band
potential of the semiconductor; kg is Boltzmann constant; T is absolute temperature.

The charge carrier density (Np) can be calculated by taking derivative of equation 1.32 as

-1

2 d(1/c%)
Np = qssoAz( dE ) (2.32)

2
Where % is the slope of the straight line of tangent of Mott-Schottky plot. N, can be

calculated by measuring the slope of tangent line during the fitting of the plot. Vyz can be
calculated by intercept on the X-axis of the Mott-Schottky plot. The type of semiconductor (n or
p-type) can be determined from the slope of straight tangent line. The positive slope indicates n-

type and negative slope indicates p-type nature of the semiconductor [162].

2.1.15 Electrochemical Impedance Spectroscopy (EILS)

The electrochemistry of faradaic process involves (a) double-layer rearrangement at the
interface, (b) diffusion of analyte from bulk to the interface, (c) charge transfer resistance across
the interface and (d) movements of the ions in solution. These processes are strongly coupled and
occur at different time scales. The individual contribution to the overall faradaic process is not
identified in the voltammetry, chronopotentiometry and chronoamperometry technique because
of large current/potential perturbation is applied to drive the reaction on the working electrode.
The contribution of individual four processes can be determined by monitoring the relaxation
frequency of all these processes using the electrochemical impedance spectroscopy (EIS)
technique. Oliver Heaviside defined the impedance as the complex ratio of voltage and current in

an ac circuit as [163]

70



. _ E(jw)
Z(jw) = 152 (2.33)

Where Z is the impedance, E is the potential, and I is the current, j is the imaginary component
and o is the angular frequency of the alternating potential. The impedance Z is measured by
applying a sinusoidal potential of small perturbation (5-10 mV) in the variable frequency range

(i.e. 100 kHz to 0.01 Hz). The sinusoidal potential (E;) can be represented as

Where E|, is the amplitude of sinusoidal potential, ® is the angular frequency (w = 2xf,f is
frequency in Hz). The resultant sinusoidal current (I;) is in same frequency and different phase is

obtained as
I; = I, Sin(wt + ¢) (2.35)

Where [, is amplitude of sinusoidal current and ¢ is the phase angle of the current. The

impedance is calculated as

_ E(jw) _  EpSin(wt) __ Sin(wt)
Z(w) = LGw) ~ Io Sin(wt+p) Zo Sin(wt+¢) (2.36)
Z(w) = Zy(Cos B — j Sin 6) (2.37)
Z((‘)) = Zreal~ J Zim (2'38)

Where Z,qq and Z;,, are the real and imaginary components of the impedance. The magnitude

of Z can be obtained as Z = \/Zreal *+ Zn? and phase angle ¢ can be written as tan ¢ =

Zim/Zreal .
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The impedance measurement is represented in the two ways as the Nyquist plot and the Bode
plot. In Nyquist plot, Z,.,; is plotted against Z;,,, for different value of . Each point of the
Nyquist plot is at frequency. Frequency dependent Z reveals the interfacial phenomenon. In the
Bode plot, In (frequency) vs. In (Z) and In (frequency) vs. phase angle are plotted. The
electrochemical reaction is fitted using the equivalent electrical circuit using resistor, capacitor,

inductor etc.

2.1.16 Scanning Electrochemical Microscopy (SECM)

Scanning electrochemical microscopy (SECM) is a scanning probe microscopy
technique, capable of imaging substrate (insulating, semi-conductive or conductive) topography
and local activity with high temporal and spatial resolution. An ultra-microelectrode of diameter
10 um or less is used as the tip/probe in the close proximity to a surface of interest. The
electrochemical response of the tip or the substrate in the response of tip provides the qualitative
and quantitative information of the interfacial region. The SECM technique was reported by
concurrently Allen J. Bard and Engstrom in 1989 [31, 164]. Since the inception of SECM in
1989, it has been utilized in the wide variety of research area as kinetics, energy, corrosion,
biology (i.e. molecular transport across membrane, adsorption/desorption process, the activity of

living biological cells), instrumental development and surface modification.

2.1.16.1 Instrumentation

Scanning electrochemical microscope consists of four components as bipotentiostat,
three-dimensional positing systems, tip/probe, and data acquisition system. The low current
bipotentiostat is used for the precise measure and control of potential and current at probe and
substrate simultaneous. A high-resolution three-dimensional positioning system is used for the
accurate movements of the probe over the substrate using X, Y and Z stage using stepper and
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piezoelectric motors for finer movements. The tip/probe is a small-scale probe with dimension
micrometer (um) to nanometer (nm) which defines the resolution of the SECM measurement.
The fourth is data acquisition system i.e. computer which synchronize and coordinate each
component to perform each of the measurements. The additional components can be added such
as inverted optical microscope for biological measurements consists of live cells detection,
fluorescence detection system. The careful considerations are needed for the designing of the
SECM experiments such as redox mediator, substrate being investigated, solvent in which the
electrochemical reaction will occur and the tip/probe. The right combination of all these

parameters is required for the designing of the experiment.

2.1.16.2 Modes of SECM operation
The following are the modes of operation of SECM such as feedback mode,
generation/collection mode, redox competition mode, direct mode, potentiostat mode and

transient mode etc.

Feedback mode: Feedback mode consists of the measuring the tip current of a potentially biased
tip. The tip current is generated due to the oxidation of the redox mediator (i.e. R as reduced

species) as the following equation

R -0 +ne” (2.39)

The faradaic current of the tip is the electrochemical reaction of redox mediator and depends on
the topography and electrochemical activity of the substrate. When a probe is positioned at tip to
substrate distance (d) greater than 10 times the radius of the tip, the measured current is the
diffusion limited current (steady state current). For probe of disk geometry, the steady state

current is defined as iy, = 4nFDC where n is the number of electron transferred, F is
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Faraday constant, D is diffusion coefficient of redox mediator, C is the concentration of redox
mediator, a is the tip area and B is the geometric co-efficient [30]. When tip approaches the
substrate, the tip current is perturbed by the presence of the substrate either by regeneration of R
at the substrate (positive feedback, (iy > ir ) or by blockage of the diffusion of redox mediator

R to the tip (negative feedback, it < ir )

Tip
Reference Bipotentiostatand
Auxiliary Potential programmer
3-axis
positioner
Position -
Controller
Electrolyte Substrate
solution
PC

Figure 2.5. Schematic of scanning electrochemical microscopy system

The tip current-distance curve as shown in Figure 2.6 are known as positive and negative
feedback approach curve where I is the normalized current is the ratio of the tip current (i) and
tip current in the bulk (ir o). The tip to substrate distance can be calculated using the feedback
approach curve. This mode is used to determine the heterogeneous rate constant at the interface
[10, 31]. The topographical information of the substrate can be obtained from the feedback
current measurements as the feedback response is significantly depended on the tip to substrate

distance.
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Figure 2.6 Schematic of feedback mode of approach of the tip to the substrate. (A) diffusion
hindrance process, (B) feedback of electroactive species on the conductive substrate and (C)

blockage of regeneration of electroactive species on the insulating substrate.

Generation/collection mode: In the generation (G) /collection (C) modes of SECM, the tip is
generally located at distance of the order of ten tip radii or less from the substrate and tip and
substrate current are monitored. There two types of G/C modes in which SECM operates. First is
tip generation/substrate collection (TG/SC) mode and second is the substrate generation/tip
collection (SG/TC) mode [10, 31, 165]. In TG/SC mode, tip is used to generate the reactant and
substrate is used for the collection of generated reactants. For example, oxidation of the reactant
at the tip occurs such that R — O + ne™ and the potential at the substrate is held such that the
product O of the tip will react and collected according to the O + ne™ — R reaction. Generally
the substrate area is considerably larger than the tip, therefore the collection efficiency (is/ir) is

100 % for stable tip generated species, O, if tip is close to the substrate (order of two tip radii). If
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O reacts in the transient from tip to the substrate, is/ir becomes smaller and it changes with the
separation distance d and hence it is used to determine the rate constant of the homogeneous
reaction [10]. TG/SC mode is used for the measurements of reaction kinetics and study the
modification of the substrate. In the substrate generation/tip collection (SG/TC) mode, substrate
acts as the generator and the tip is the collector of the collector. Therefore, SG/TC mode is used
for the measurements of concentration profiles or chemical flux from a substrate. The tip
scanned at constant height mode to the substrate surface can probe the concentration profile and
can identify the active spots where reaction occurs at a higher rate. The SG/TC suffers from
several flaws such as low collection efficiency, lack of steady state at large substrate and
interference between substrate and tip reaction. This mode of SECM is useful for the corrosion

and enzymatic measurement.

Redox completion mode: The redox competition (RC) mode is first reported by Schuhmann and
co-workers [166]. This mode of operation is used in the field of the surface catalytic activity and
corrosion [166, 167]. In this typical mode, the SECM tip and the substrate are in close proximity
to each other and compete for the same redox species. The potential is applied to the tip and the
substrate for the oxidation of R as R — O + ne™ and measured the current at the tip only. To
avoid the complete depletion of the concentration in the vicinity of the tip and substrate, the
substrate is biased at the oxidation potential and oxidative potential pulse is applied to the SECM
tip. The tip current is monitored throughout the imaging of the substrate interface; the oxidative
current of tip is constant for the inactive substrate. Over the active region of the substrate where
the oxidation reaction occurs, the redox species is consumed at substrate and tip which leads to

the decrease the oxidation current of the SECM tip. The decrease in the tip current can be
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correlated with the activity of the substrate. In addition to these normally used modes of

operation of SECM there are some more modes of operation, which are mentioned as below.

Direct mode: Direct mode is the specific mode in which the electrochemical cell configuration is
reversed such that the microelectrode tip is used as the counter electrode and the substrate
electrode as the working electrode. When potential is applied, the electric field is localized
between the substrate and the tip. This mode has been used for the surface modification such as

semiconductor etching, micro-patterning and enzyme deposition.

Transient mode: In this mode, the tip current is measured with respect to time. This mode is
used in the measurement of homogeneous kinetics, for systems that are changing with time and
for the determining the diffusion coefficient of the species without knowing the solution

concentration or the number of electrons transferred in the electrode reaction [168, 169].

Potentiometric mode: In this mode, potential of tip is measured. The advantages of this mode
are high selectivity and measurement of non-electroactive species or electroactive species with
standard reduction potential outside of the solvent window. The concentration and oxidation
state of the analyte species is unchanged during the measurement. Ultramicroelectrode are used
as potentiometric probe for the selective recognition of local concentration of ions/species. The
different mediators are used for the different modes of operation depending upon the solvent
used for the experiment and the nature of the study. The common mediators are used in aqueous
medium are ferrocenemethanol, ascorbic acid/dehydroascorbic acid, hydroquinone,
dopamine/dopamine-o-quinone, ferrocenecarboxylic acid, hexacyanoferrate (III), hydrogen

peroxide, dihydrogen orthophosphate.
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2.2 Material Characterization

2.2.1 X-ray diffraction (XRD)

Max Von Laue in 1912 discovered that the crystalline substance acts as the three-
dimensional diffraction grating for X-ray wavelength. The XRD is used to characterize the
crystallographic properties of the material. The beam of X-ray emitted from the X-ray tube
interacts with electron density of the atoms of the crystal plan of the sample. The X-ray is
diffracted by the crystal plan in the various directions resulting of constructive and destructive
diffraction pattern. The constructive interference obtained thus follows the Bragg’ diffraction as

the follows

nl=2dSiné (2.40)

Where n presents the number of planes in the lattice, 0 is the angle between the lattice planes and
the incident beam and d is the distance of the lattice planes for which the constructive
interference occurs. The diffraction patterns consist of the different peaks, each of the peak
corresponds to the different interplanar spacing, d. X-ray diffraction is widely used for the
identification of unknown crystalline materials. Figure 2.7 shows the schematic of typical
diffractometer. It consists of source of X-ray beam, usually copper as anode, nickel filter for the
monochromatic X-ray beam, called CuKa- 1.54 A°, sample holder and X-ray detector. Source of
X-ray and detector both move around the sample for the different angle of measurements

(usually 10-90°) [170].
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Figure 2.7 Schematic of typical X-ray powder diffractometer

Samples in the form of power, thin films etc. are used to measure the diffracted X-ray beam and
intensity of the diffracted beam is plotted as a function of angle 26 to get diffraction pattern. The
X-ray detector such as Geiger-Muller, proportional counter, scintillation counters etc. is used to
measure the diffracted X-ray beam. For small angle diffraction measurement, different

diffractometer is used, and that technique is called small-angle X-ray scattering (SAXS).

XRD is used for characterization of crystalline materials, determination of unit cell dimensions,
measurement of the sample purity, determination of the lattice mismatch between film and
substrate and to inferring stress and strain, determination of the dislocation density and quality of
the film by rocking curve measurements, measurements of the super lattice in the multilayered
epitaxial structures, determination of the thickness, roughness and density of the film using
glancing incident X-ray reflectivity measurements, determination of the orientation of the grains

in the polycrystalline samples.
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2.2.2 Fourier Transform Infrared Spectroscopy (FT-IR)

Fixed mirror

__—— = = -

Beam 1
splitter |
|

Movable mirror

Detector

Figure 2.8 Schematic of a typical FT-IR spectrometer

Fourier-transform infrared spectroscopy (FTIR) is used to measure the infrared spectrum of
absorption or emission of samples used for measurements. FT-IR spectrometer uses the
Michelson interferometer for recording spectra. The source of IR is tungsten lamp, nichrome coil
and high-pressure mercury-arc lamp depending upon NIR, mid IR or far IR region measurement.
The IR detector as photoconductive cell, thermopiles, thermistors, Golay or pyroelectric is used
depending on the interest of wavelength is to be detected. Figure 2.8 shows the schematic of FT-
IR spectrometer [171]. The parallel beam of IR rays falls on the beam splitter and part of the
beam falls on the fixed and movable mirror. The reflected beam from both of mirror falls on the
sample and detector. The constructive and destructive interference occur depending on the path
length of the beam. The recombined beam passing through sample produces characteristic

absorption frequency of the molecules present in the sample. The detector records the signals
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every millisecond and then Fourier transformed the collected signals and transformed into the

output spectrum.

2.2.3 Raman spectroscopy

Raman spectroscopy is the non-destructive mode of analysis technique which provides
the information about phase, crystallinity, chemical structure, and molecular interactions [172].
Raman spectroscopy is a light scattering technique in which high intensity incident laser light

interacts with the samples and produces the Rayleigh and Raman scattering as shown in Figure

2.9.
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Figure 2.9 Energy level diagram of the Raman scattering

Raman spectrum consists of several peaks showing the intensity and wavelength position of the
Raman scattering which corresponds to the molecular bond vibration. Raman spectrum is a
chemical fingerprint for a molecule or material and used for the identification of the materials.

The intensity of a spectrum is directly proportional to the concentration of the material. The
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relative peak intensity provides the relative concentration of the components and the absolute
intensity provides the absolute concentration of the components. Raman spectroscopy provides
the information about chemical structures and identity, phase and polymorphism, intrinsic

stress/strain, contamination and impurity of the samples.

Figure 2.10 shows the schematic of the typical Raman spectrometer in which Laser light is used
as the source. Laser light interacts with the molecular vibrations, phonons or other excitation.
The scattered light from the sample typically Raman scattered light can pass from the filter. The
Raman scattered light falls on the detector and produces the spectrum which is utilized in the

characterization of the materials.

Sample
Laser

\ 4

¢ Scattered light

A 4

Filter

¢ Filtered light

Detector

Figure 2.10 Schematic of a typical Raman spectrometer
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2.2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy is the electron microscopy in which a high energy beam of
electron is used to scanning of the surface. The high energy electron interacts with the atom of
the sample produces the different signals containing the information of sample topography and
the composition of the sample. The secondary electrons emitted by the excited atoms by high
energy beam electron mostly contain the topographic information of the sample. The resolution
obtained in SEM depends on multiple factors such as size of the electron spot, wavelength of the
electrons and the electron-optical system. The resolution of the SEM is 1-20 nm, SEM is used in
characterization materials in various fields such as medical, biological, metals, semiconductors

and ceramics, is broadening its application frontier.

2.2.5 Energy dispersive spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS), sometimes called energy dispersive X-ray
analysis (EDXA), is an analytical technique used for the elemental analysis or chemical
characterization of a sample. The EDS analysis is used to determine the elemental composition
of individual points or the lateral distribution of elements from the imaged area. It can also be
used to obtain compositional information on quasi-bulk specimens. The EDS works mainly on
Moseley’s law. The EDS detector measures the relative abundance of emitted X-rays versus their
energy. The detector is typically lithium-drifted silicon, solid-state device. When an incident X-
ray strikes the detector, it creates a charge pulse that is proportional to the energy of the X-ray.
The charge pulse is then converted to a voltage pulse by a charge-sensitive preamplifier. The
signal is then sent to a multichannel analyzer where the pulses are sorted by voltage. The energy,

as determined from the voltage measurement for each incident X-ray, is sent to a computer for
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display and further data evaluation. The spectrum of X-ray energy versus counts is evaluated to

determine the elemental composition of the sampled volume.

2.2.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a highly sensitive scanning probe microscopy (SPM)
with resolution of 1000 times of the optical diffraction limit. AFM is used to measure the force
constant, topographic and manipulation of the sample properties by AFM tip. The force
measurement is used to perform the force spectroscopy to measure the mechanical properties
such as Young’s Modulus and stiffness. For topographical measurements, the force acts on the
probe by the sample is used for the three-dimensional measurements. In the manipulation, the
force between the probe and sample is used to modify the sample properties. The schematic

diagram of AFM is shown in Figure 2.11

Laser beam

Detector

Sample

Figure 2.11 Schematic of atomic force microscopy (AFM)

The cantilever with a very sharp tip is used to scan over the sample. When tip approaches to the
sample surface, the force between surface and tip deflects the tip towards the surface. When tip is

too close to the surface, there is repulsive force acts on the tip and hence deflection of tip away
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from the surface occurs. The incident beam of laser light falls on the backside of the cantilever.
When cantilever deflects, reflected laser light also shifted, this shifting in the reflected laser light

is the measure of topographical images of the samples.

2.2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), is a surface sensitive spectroscopy technique
which determines elemental, chemical and electronic state information. The sample is irradiated
with monochromatic X-rays of Al Ka or Mg Ka and kinetic energy and number of electrons
emitted from the element from 1-10 nm depth are determined. The kinetic energy of these
emitted electrons is characteristic of the element from which the photoelectron originated. The
position and intensity of the peaks in an energy spectrum provide the desired chemical state and
quantitative information. The chemical state of an atom alters the binding energy (BE) of a
photoelectron which results in a change in the measured kinetic energy (KE). The BE is related
to the measured photoelectron KE by the simple equation; BE = hv - KE where hv is the photon
(X-ray) energy. The chemical or bonding information of the element is derived from these

chemical shifts.

2.2.8 High resolution transmission electron microscopy (HR-TEM)

High resolution transmission electron microscopy (HRTEM) is a powerful tool to study
the properties of material at atomic scale [173]. HR-TEM provides direct images of the atomic
structure of the samples; hence, it is possible to have direct information about the
crystallographic structure of materials from images. Electrons of high energy (~ 200 keV) are
used to pass through the series of magnetic lenses as shown in the Figure 2.12. Electron source,
condenser lens, specimen, objective lens, and fluorescence screen are main component of the
HR-TEM. The high vacuum chamber (~107 torr) is needed for the proper functioning of the HR-
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TEM. The electromagnetic lenses, whose focal length is variable, are used. The high-resolution
diffraction pattern obtained detailed crystal analysis of the sample. This technique is widely used
in advanced characterization of materials, allowing the acquisition of information about punctual

defects, stacking faults, precipitates, and grain boundaries.
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Figure 2.12 Schematic of high-resolution transmission electron microscope.
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Chapter 3: Development of the noble metal and
three dimensional graphene (3D-G) composite

materials for the hydrogen evolution reaction

3.1 Introduction

The emission of carbon dioxide associated with the generation of energy from fossil fuel
has been the issue of environmental pollution, most importantly, its detrimental role in global
warming. In order to overcome the detrimental effect of carbon dioxide and to meet the energy
demand, the scientific proposition is to generate hydrogen and oxygen from water using solar
energy. The scientific and technologic challenge, however, to generate hydrogen and oxygen
from water is gigantic. Two significant steps associated with the generation of hydrogen and
oxygen from water are the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) [174-178]. Though the chemical reaction of the generation of hydrogen and oxygen from
water looks simple, the processes are highly non-spontaneous and associated with complicated
intermediate pathways, thus involves high overpotential to sustain the process. Various catalytic
systems have been reported in the sustainable generation of hydrogen and oxygen from water;
however, the issue remains unresolved; thus, keeping it one of the most important recent research
topics.

The generation of hydrogen through the electrochemical and photo-electrochemical splitting of
water is being considered as the favored route for the generation of hydrogen using solar energy.
The primary requirements for suitable catalysts are efficiency, cost-effectiveness, environment
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friendliness, and sustainability in long-time operation. In terms of the improvement of efficiency,
the most important technical parameter is to decrease the overpotential of the splitting of water
molecules [179].

In acidic solution, Pt group metals are the most effective catalyst for the generation of hydrogen
[36-41]. The recent advancement in the noble metal based catalysis has been achieved by the
bimetallic and trimetallic materials such as PtPd, PtCu, AuPd@Pd, and PtRhCo for the HER,
oxygen reduction reaction (ORR) and alcohol oxidation reaction [42-45], but due to the high cost
of the Pt group metal elements, large scale application using these elements is not economically
viable [46-49]. Different transition metal alloys, carbides, polymeric carbon nitride, and
transition metal chalcogenides are a better choice as HER catalyst, due to their earth abundant
nature and comparable efficiency [55-61]. Thus, there is trust for the development of
multifunctional materials in the scientific community. Graphene is a potential material because
of its unique properties such as; electrical, mechanical and thermal characteristics, which have
found its application in energy conversion, storage, sensor, and medicine. Among various
graphene-based materials, 3D-G has attracted considerable research interest due to its unique
structural advantage with connected pores in addition to properties like lightweight, high surface
area, and suitable mechanical and excellent electrical properties [180-183]. Thus it is used in
diverse fields such as energy storage and conversion, catalysis, sensors, adsorbents and
antibacterial agents [184-194].

Performance of 3D-G is further improved via the formation of the nanocomposite materials and
decorating with metal nanoparticles, metal oxide, and doping. This synergic effect of dopant in
the 3D-G improves performances in diverse applications such as catalysis, water splitting,

supercapacitor, Li-ion batteries, fuel cell, and sensors. Hu’s group have demonstrated that 3D-G
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composites with PtPdCu and Pd,/PtFe show good catalytic activity for alcohol oxidation reaction
[50, 51]. Feng and his coworkers have synthesized AuPd@Pd and 3D-G composite for the
alcohol oxidation reaction [44]. Several methods of synthesis of 3D-G have also been reported
[183-186, 195-197]. These methods of synthesis, however, are expensive and involve toxic,
hazardous chemicals, which limit the synthesis in terms of economic viability, efficiency, and
environmental friendliness. For the first time, Zhang H. F. et al. have synthesized three
dimensional nanocomposites of graphene using the freeze casting method [198]. Afterward Ling
Qiu et al. have exploited the freeze casting method further and cost-effective, efficient, and
environmentally friendly method for the synthesis of 3D-G monoliths, which shows good
electrical conductivity, super-elasticity, ultralow density and high energy absorption efficiency
[199]. Noble metal 3D-G composite materials have been synthesized by freeze casting method
for the applications such as catalysis, supercapacitor, antibacterial activity and electromagnetic
interference shielding [52-54].

In the present investigation, 3D-G is synthesized through the state-of-the-art synthesis procedure
by freeze casting method. The nanocomposites of 3D-G and noble metals Pt, Pd, Au, and Ag
were synthesized and are named as Pt/3D-G, Pd/3D-G, Au/3D-G, and Ag/3D-G respectively.
The motivation is to improve the catalytic performance of noble metal ions by incorporating
them along with the 3D-G matrix, which eventually should lead to the decrease in the
requirements of noble metals in the catalytic system. It is also aimed at improving the catalytic
activity through the incorporation of 3D-G and application of noble metals down the order from
Pt to Ag without significantly affecting the catalytic activity. The catalytic performances of the
noble metal 3D-G composite for HER are investigated and compared across the four catalysts.

Performance of the noble metal catalysts is observed to be increased significantly on the
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incorporation of 3D-G matrices. The mechanism of the HER catalytic process has been evaluated
by measurements through Tafel analysis, hydrodynamic conditions, the variation of
temperatures, and carrying out detailed analysis of the results to describe the mechanism of the
catalytic process. The role of the activation barrier on the overall catalytic current has been
discussed. The use of catalytic system in the hydrogen evolution process involves the
improvements of mass flow, the suitable orientation of water molecules, better kinetics of the
discharge step, and efficient recombination and removal of hydrogen [19-23, 200-209]. In the
present investigation, the variation of the performance of the four catalytic systems is explained
through the evaluations of the electro-kinetics and thermodynamics parameters for a better
understanding of the hydrogen evolution process.

3.2 Experimental Section

3.2.1 Chemicals

Graphite powder (particle size 45 um, 99.99%), AgNOs, HAuCls-3H>0, Na>PdCls, and
H,PtCls.6H2O were supplied from Sigma-Aldrich. All other chemicals were of analytical grade
and were obtained from Merck Specialties Private Limited, India. All the compounds were used
as received without any further purification. Ultrapure water from the Mill-Q system was used

throughout the experiments for the solution preparation.

3.2.2  Preparation of noble metals (Ag, Au, Pd and Pt)/3D-G nanocomposites

Noble metals (NM)/3D-G nanocomposites were prepared according to the method
reported previously from our group [52]. In a typical procedure for the preparation of NM/3D-G
nanocomposites, different noble metal precursors (AgNO3 = 7.9 mg; HAuCl4.3H>O = 10 mg;
Na,PdCls = 13.8 mg; H,PtCle.6H,O = 13.2 mg) were mixed with GO solution (5mg mL™")
separately in a reaction glass vials of 4 mL capacity. Afterward, 15 mg of ascorbic acid was
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added to each vial and heated to 100 °C for 30 min. After 30 min of heating, each vial was put in
a dry ice bath for 30 min. After being thawed, each vial was heated for 4 h at 100 °C. Then, the
un-reacted species present in the as-prepared samples were removed by dialysis followed by
freeze-drying for 48 h. After freeze-drying, the as-prepared samples were dried for 24 h at 50 °C.
The mechanism of preparation of noble metals (Ag, Au, Pd and Pt)/3D-G nanocomposites by the

freeze-casting method has been discussed in our previous work [210].

3.2.3 Instrumentation

X-ray powder diffraction (XRD) measurements were performed on a Philips powder
diffractometer (PW 3040/60) with a Cu Ko radiation (A = 1.541 A) source. The Raman spectra
were collected on a Lab RAM HR 800 Micro laser Raman system with a 519 nm Ar" laser. The
morphology was characterized by FEG-SEM (JEOL Model JSM-7600F) and HRTEM (Phillips-
CM 200 electron microscope, operated at 200 kV). XPS measurements were conducted on
MULTILAB (Thermo VG Scientific) using Al Ka radiation as a monochromator. The
compositional analysis of the as-prepared samples was carried out with an ICP-OES instrument
(Prodigy, Teledyne Leeman Labs). The Brunauer-Emmett-Teller (BET) surface area was
measured by using ASAP 2020 Micromeritics instrument. Electrochemical studies were
performed by using the CH Instrument, model no. 920 D. Effect of hydrodynamics was studied
by rotatory disk electrode (RDE) by using custom cell made by Pine Instruments in combination

with the Autolab 100 potentiostat.

3.2.4 Procedure for Electrochemical Measurements

1 mg of each catalyst was put into 0.5 mL of ethanol-water solution (1:4 ratios) and
sonicated for 10 minutes to homogeneously dispersing in the solution. Then 50 uL of 5% Nafion
was added and again sonicated for another 10 minutes. An aliquot of 5 pL (0.01 mg)
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homogeneously mixed catalyst ink thus prepared was drop casted on glassy carbon electrode
(GCE, 3 mm diameter) and dried under an IR lamp. Electrochemical investigation for hydrogen
evolution reaction was carried out in 0.5 M H>SO4 solution as electrolyte using three electrode
systems. The catalyst modified GCE was used as a working electrode, glassy carbon rod as
counter electrode and Ag/AgCl electrode was used as a reference electrode. Standard Pt/C
catalyst (20 % Pt loading) was used for the comparative study of HER activity of catalysts. Prior
to the electrochemical investigation, H>SO4 solution was pursed with pure Ar gas to remove
dissolved oxygen. Glassy carbon electrode was polished with 0.05 pm size alumina powder and
ultrasonically cleaned in distilled water for 10 minutes. Prior to electrochemical measurements,
catalysts were refreshed and activated using cyclic voltammetry (CV) for 50 cycles using a scan
rate of 10 mVs!. All electrochemical measurements are reported with respect to the reference
hydrogen electrode (RHE). For conversion of potential to RHE, 0.5 M H2SO4 solutions were
saturated with Ar gas, Pt electrode was used as working electrode, glassy carbon rod as counter
electrode and Ag/AgCl electrode was used as a reference electrode. Linear Sweep Voltammetry
(LSV) was recorded at a scan rate of 1 mVs™ and potential was measured where the current was
zero and reported as a reference potential for hydro gen electrode. The measured potential was -
0.225 V. All electrochemical studies were carried out using reference Ag/AgCl electrode
potential and potentials were converted and reported to the RHE potentials using following

equation
ERHE = EAg/AgCl + 0.225 V (3.1)
Where, Eag/agcl is electrode potential of reference Ag/AgCl electrode, -0.225 V is corrected

potential. All electrochemical measurements were carried out at room temperature (25 + 1°C).
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The overpotential 7 for hydrogen evolution reaction was measured by using the following eq.

(3.2).

77 = ERHE_ OV_ 0.0591 pH (3.2)
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Figure 3.1 Linear sweep voltammetry at a rate of 1 mVs™ for calibration of the Ag/AgCl

reference electrode with RHE potential
3.3 Results and discussion

3.3.1 Characterization of materials

Figure 3.2 (i) represents the powder X-ray diffraction (XRD) pattern of GO, bare 3D-G,
and 3D-G metal particle nanocomposites. XRD pattern of graphene oxide (GO) in Figure 3.2
(i)(a) shows peaks at 10.8 and 43°, which corresponds to the (001) plane of GO and the (100)
plane of hcp structure of carbon [211]. On the other hand (Figure 3.2 (i) (b-f)), there is a
reduction of (002) peak intensity in the XRD patterns of bare 3D-G and 3D-G metal particle
nanocomposites, which indicates that GO is reduced in the reduction process. The sharp

diffraction peaks at 40.1, 39.7, 38.3 and 38.2° in case of four different 3D-G metal particle
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nanocomposites (Figure 3.2 (i) (c-f)) correspond to the (111) plane of cubic Ag (JCPDS no. 87-
0720), Au (JCPDS no. 89-3697), Pd (JCPDS no. 89-4897) and Pt (JCPDS no. 87-0642)
respectively. Using the Scherrer equation, the average crystallite size of Ag, Au, Pd, and Pt

nanoparticles are obtained as 20, 17.5, 10.5, and 7 nm, respectively.
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Figure 3.2 (i) XRD patterns of (a) GO, (b) bare 3D-G, (¢) Ag/3D-G, (d) Au/3D-G, (e) Pd/3D-G,
and (f) Pt/3D-G nanocomposites; (ii) Raman spectra of (a) GO, (b) bare 3D-G, (¢) Ag/3D-G, (d)

Au/3D-G, (e) Pd/3D-G, and (f) Pt/3D-G nanocomposites.

Raman spectroscopy was used to differentiate the surface and electronic structures of GO, bare
3D-G, and 3D-G metal particle nanocomposites. Figure 3.2 (ii) (a-f) shows the comparative
Raman spectra of GO, bare 3D-G, and 3D-G metal particle nanocomposites. The two
characteristic bands (D and G) corresponding to the defects in the curved graphene sheets and
the stretching mode of crystal graphite are present at approximately 1345 and 1580 cm™ in both
the GO and 3D-G metal particle nanocomposites [212]. The intensity ratio (Ip/Ig) of the D band
to the G band is the well-known signature of the average size of sp? domains [213]. Here, the
In/IG ratio increased from 0.82 (GO) to 1.1 (bare 3D-G), 1.14 (Ag/3D-G), 1.13 (Au/3D-G), 1.11

(Pd/3D-G) and 1.12 (Pt/3D-G) in bare 3D-G and different 3D-G metal particle nanocomposites
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indicates reduction of GO and formation of new and isolated smaller graphitic domain in bare

3D-G and different 3D-G metal particle nanocomposites [213].
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Figure 3.3 Cls XPS spectra of (a) GO, (b) Pt/3D-G nanocomposite; (c) Ag 3d (d) Au 4f (e) Pd
3d and (f) Pt 4f XPS peaks of Ag/3D-G, Au/3D-G, Pd/3D-G, and Pt/3D-G nanocomposites

respectively.

X-ray photoelectron spectroscopy (XPS) is an important technique to investigate the surface
chemistry of GO and 3D-G metal particle nanocomposites. Figure 3.3 (a, b) presents the C 1s
XPS spectra of GO and 3D-G metal nanocomposites. The Cls spectrum of GO contains
oxygenic functional groups (-COO at 288.4 eV, -C=0 at 286.9 ¢V, and -C-O at 286.6 V) in the
range of 286-289 eV, which indicates that there is considerable oxidation of graphite in the
oxidation process. In Cls XPS spectra of Pt/3D-G nanocomposites (Figure 3.3 (b)), a significant
decrease of the peak intensities of various oxygenic functional groups indicated a high degree of
reduction of GO to graphene in the reduction process [210]. Figure 3.3 (c-f) shows the high-

resolution XPS spectra of different metal nanoparticles in 3D-G metal nanocomposites. The
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peaks assigned at 374.4 and 368.1 eV are due to Ag3ds» and Ag3ds» while the peaks at 87.3 and
83.6 eV correspond to Audfs, and Au4dfy, respectively. The peaks located at 340.0 and 335.4 eV
are from Pd3d;» and Pd3ds, while the peaks at 74.6 and 71.1eV are from Pt4fs, and 4f7..
respectively. These observations clearly indicate from Figure 3.3 (c-f) that different noble metal

nanoparticles (Ag, Au, Pd, and Pt) are successfully incorporated all over the 3D-G sheets.

Figure 3.4 FEG-SEM images of (a) Ag/3D-G, (b) Au/3D-G, (c) Pd/3D-G, and (d) Pt/3D-G

nanocomposites.

The morphology of the as-prepared metal/3D-G nanocomposites was examined by field emission
scanning electron microscopy (FEG-SEM) and high-resolution transmission electron microscopy
(HRTEM) measurements. Figure 3.4 (a-d) shows a well-defined and interconnected 3D porous
arrangement of graphene framework with continuous open pores of an average size of 10-50 um.

Figure 3.5 (a-d) shows the HRTEM images of different metal/3D-G nanocomposites. The
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Figure 3.5 HRTEM images of (a) Ag/3D-G, (b) Au/3D-G, (c¢) Pd/3D-G, and (d) Pt/3D-G

nanocomposites.

particle size distribution plots are shown in the inset of the Figure 3.5. The average particles size
of Ag, Au, Pd, and Pt metal nanoparticles have been obtained as 18, 13, 7, and 5 nm
respectively, were homogeneously distributed throughout the surface of 3D-G sheets and no free
metal nanoparticles from the 3D-G sheet supports can be found. These results effectively
demonstrate that graphene sheets effectively prevent the agglomeration of metal nanoparticles

and strong anchoring of different metal nanoparticles over the surface of graphene sheets.
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Present study focused on using nanoparticles synthesized through similar routes, though the
particle sizes of the metal nanoparticles generated using similar synthesis routes are different. It
is expected that a similar synthesis procedure would result in nanoparticles of different metals
sizes based on their work function .It is essential to know that the metal loading due to the
presence of different metal nanoparticles in the corresponding metal/3D-G nanocomposites,
which has a direct influence on the morphology as well as the catalytic activity. Inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis was carried out for this
purpose, and the metal loading of Ag, Au, Pd, and Pt metals on the corresponding metal/3D-G
nanocomposites are 16, 19, 20, and 21 %, respectively. The Brunauer-Emmett-Teller (BET)
surface area of Pt, Pd, Au and Ag containing catalytic systems obtained as 155, 160, 150, 165

m?/g respectively.

3.3.2 Electrochemical investigation and evaluation of the performance of the catalysts
Electrochemical investigations were carried out in 0.5 M H2SO4 solution using three
electrodes system as previously described. For the measurements of hydrogen evolution
reactions, linear sweep voltammetry (LSV) was carried out at the scan rate of 5 mVs™! as shown
in Figure 3.6 (A). In acidic medium, concentration of H" is very high, thus H' can easily go to
the surface of electrode, once it is reduced on the surface of electrode and generates hydrogen
gas, its transfer rate from electrode surface to the bulk limits the kinetics of HER; thus, hydrogen
evolution reaction in acidic medium is diffusion-controlled process. Before gas evolution, the
supersaturation of H> near the electrode surface may be as high as 300 times relative to the
saturation concentration of hydrogen at room temperature and pressure [214, 215]. The
supersaturation of hydrogen leads to the increase in the resistance of the solution near the

electrode surface; to overcome this issue, iR correction is carried out. The polarization curves of
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different catalysts were compared with the iR corrected polarization curve to get the idea about
the accurate kinetic current as shown in Figure 3.6 (A). At -0.05 V, the kinetic currents, ix were
found as -10.44 mAcm™, -28.41 mAcm™?, -4.32 mAcm™?, -0.192 mAcm™? and -0.131 mAcm™ for
Pt/C, Pt/3D-G, Pd/3D-G, Au/3D-G and Ag/3D-G respectively. The kinetic current of Pt/3D-G
catalyst was found to be almost three times better than the standard Pt/C catalyst. The onset
potentials obtained for HER process were found to be the same for Pt/C and Pt/3D-G. However,
the catalytic current was found to be significantly higher than the standard Pt/C catalyst. At 10
mAcm™ current density, Pt/3D-G catalyst required 23 mV less potential than that of Pt/C
catalyst, which shows superior catalytic activity for HER in Pt/3D-G catalyst. The Pd/3D-G
catalyst (onset potential is -0.024 V) is less reactive towards HER than Pt/C as Pd has a very
high affinity for the hydrogen adsorption. However, for the HER process, hydrogen desorption is
the rate-determining step. Thus, high hydrogen adsorption hinders the catalytic activity for HER
in the case of Pd/3D-G. For the hydrogen adsorption process; the onset potential of 0.055 V is
obtained in the case of Pd/3D-G, which is more positive than Pt/C (0.050 V) and Pt/3D-G (0.029
V). In the case of Au/3D-G and Ag/3D-G, the hydrogen adsorption process is not strong, and the
catalytic currents are significantly lower compared to the Pt and Pd based catalytic systems. The
onset potentials for HER in Au/3D-G and Ag/3D-G were found as 0.031 V and 0.035 V,
respectively. The catalytic activity of pure Au and Ag deposited glassy carbon electrode is
applied for the HER catalytic process, and the plots are shown as an inset of Figure 3.6 (A). Itis
observed that with the incorporation of 3D-G, the catalytic activity of both Au and Ag is

improved significantly.
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Figure 3.6 (A) Polarization curve of different catalysts at a scan rate of S mVs™! for comparison
on HER catalytic activity. Potential due to iR loss was compensated for each catalyst and
compared with the measured current. (B) Current vs scan rate plot of different catalysts for
double-layer capacitance (Ca) measurements. (C) Tafel plots for catalysts in comparison with
Pt/C catalyst Potential due to iR loss were compensated for correct measurement of Tafel plot for
each catalyst. Extra lines were drawn for measurements of the Tafel slope. (D) Effect of

hydrodynamic study of different catalysts on HER activity.

Double-layer capacitance (Ca) was measured from cyclic voltammetry (CV) experiment

in the non-faradic region, in the potential range of 0.164 V to 0.044 V for Pd/3D-G, Au/3D-G
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and Ag/3D-G and from 0.22 V to 0.07 V for Pt/3D-G catalysts. At 0.125 V, the charging and
discharging currents were measured for all the catalysts, and the average of these two currents is
plotted against the scan rate to get double-layer capacitance, as shown in Figure 3.6 (B). Ca
calculated by this method contains contributions from double-layer charging and also the pseudo
capacity of electrolyte ion adsorption process [216]. The Car values are summarized in Table 3.1.
Cai value of Pt/3D-G (9.07x10™ F, 90.7 F/g) is significantly higher than the corresponding values
in the case of Pd/3D-G (3.54x10* F, 35.4 F/g), Au/3D-G (2.22x10* F, 22.2 F/g) and Ag/3D-G
(2.43x10* F, 24.3 F/g) catalysts. The electrochemical active surface area (ECSA) provides
important information about the active surface site during the electrochemical process. ECSA
accounts for the availability of active surface sites of catalyst for charge transfer and access of
conducting path to transfer the electron to and from the electrode surface [217]. ECSA is
calculated from the double layer capacitance measurements using the following equation

Cdl

cm?
ECSA = g (3.3)
amountofcatalyst inm X Cs

Where, Cai is double layer capacitance per unit geometrical surface area (0.07065 cm?),
amount of active catalyst per unit geometrical surface area (calculation is shown in
supporting information), (amount of Pt, Pd, Au, and Ag only), Cs is the standard capacitance
in acidic medium. Cs value for Pt and Pd was reported as 34 pF cm? and specific
capacitance for Au and Ag was considered as 30 uF cm2in 0.5 M H2S04 solution [218-221].
The ECSA results are reported in Table 3.1; the ECSA of Pt/3D-G catalyst was found to be
over 2 times higher than Pd, Au and Ag based catalysts. Double-layer capacitance for the

Pd/3D-G catalyst is 1.5 times higher than the Ag/3D-G catalyst, but ECSA is found to be
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almost the same, which suggests that both catalysts are equally active for HER process.
However, polarization curve Figure 3.6 (A)) suggested that Pd/3D-G catalyst is much
better compared to the Ag/3D-G catalyst in the given potential window, observation thus
indicates that Ag/3D-G catalyst is a potential material to function as an efficient catalytic
system; however, its catalytic activity is not reflected well from the linear polarization

measurements.

Table 3.1 Electrochemical parameters are obtained from CV and LSV measurements

Exchange TOF
ECSA ( in
Name of Tafelslope current Ca (F) at , R( m from iR n at gk (cms'l) at
cm /g)
catalysts mV/decade density(mA/cm (.125V IOS/g) corrected OV oV
from DLC
2 at -0.05V
Pt/C 42 -1.05 - - - -
Pt/3D-G 31 -1.63 9.07x10"  105.5x10°  1493.30 0.807 2.82 19.00
Pd/3D-G 122 -1.31 3.54x10°  47.4x10°  670.90 0.075 2.78 17.08
Au/3D-G 84 -0.06 220x10%  369x10° 52230  6.9x10°  1.60 7.90
Ag/3D-G 105 -0.04 2.44x10°  49.8x10° 70480  3.18x10°  1.74 9.63

Further, the roughness factor (Rf), which is an important parameter in the electrochemical
process, is calculated by ECSA data and Tabulated in Table 3.1. Rf= ECSA/ geometrical surface
area. Ry values are consistent with the polarization plots, which supports the activity order
observed from LSV. Turnover frequency (TOF) is used for explaining the reaction mechanism of
heterogeneous catalysis. Michel Boudart et al. insighted the importance of TOF in heterogeneous

catalysis [222]. Turnover frequency is calculated by using the following equation
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Current density (iz) X geometry surface area
TOF = cm

3.4
2 X F X no.of moles of active catalyst G.D

Current density was sampled at -0.05 V from Figure 3.6 (A) of the polarization curve, which was
iR corrected. Geometrical surface area of 3 mm diameter of GEC is 0.07065 cm?. The number of
moles of active catalysts was calculated from the drop casted sample. The TOF values thus
obtained are tabulated in Table 3.1. The TOF value of Pt/3D-G catalyst was found as 0.807 s™!,
which is almost ten times higher than that of the Pd/3D-G catalyst. For industrial application,
TOF value for heterogeneous catalysis are generally obtained in the range of 10 to 10? s’!;

therefore, TOF for Pt/3D-G catalyst is reasonably high for consideration in the industrial process.

Tafel plot was used to evaluate the reaction mechanism of HER for catalytic systems
investigated [208, 209, 223]. For linear fitting of the Tafel plot, LSV was recorded at scan the
rate of 5 mVs™! and fitted in Tafel equation n = a + b logj, where, j is current density in mAcm-
2 and b is Tafel slope as shown in Figure 3.6 (C). Tafel slope is used to elucidate reaction
mechanism of HER process. The possible reaction mechanism of HER in acidic medium consists

of three steps [224]. The first step is the discharge step (Volmer reaction): H3O" + e — H ags +
H>O, for the discharge step the Tafel slope, b = 2.3 RT/aF = 120 mV/decade, where, R is
Universal gas constant, T is absolute temperature, o (symmetry coefficient) = 0.5 and F is
Faraday constant. The second step is re-combination step (Tafel reaction): H ags + H a¢s — Ho.
The Tafel slope, b for this step, is 30 mVdecade™'. The third step is electrochemical desorption
step (Heyrovsky reaction): H a5 + H3O™ + e -~ — H, + H,O. The Tafel slope b, for this reaction, is
2.3RT/ (1+a) F ~ 40 mVdecade! The Tafel slope which has inherent properties of the reaction
mechanism determines rate-determining step of reaction and hence the mechanism of the

reaction. In acidic medium, HER process occurred by either two processes. One is the fast
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discharge step, which is followed by rate-determining combination step, and hence Tafel slope
for this process will be 30 mVdecade and overall, this process is called Volmer-Tafel
mechanism. Another possible mechanism would be the fast discharge step is followed by rate-
determining electrochemical desorption step, and hence Tafel slope for this process will be 40

mVdecade ™ and the overall reaction will be called Volmer-Heyrovsky mechanism.

Presently the standard Pt/C catalyst has generated 42 mVdecade™ as the Tafel slope, and the
Pt/3D-G catalyst has generated 31 mVdecade™!; thus the Tafel slope measurement indicates
better catalytic activity of HER over Pt/3D-G catalyst compared to the commercially available
Pt/C catalyst. The observed value of the Tafel slope thus indicates the HER to follow the
Volmer-Tafel mechanism on Pt/3D-G catalyst. The Tafel slope of the Pd/3D-G catalyst is found
to be 122 mVdecade™!, which is closer to the required value of the Volmer reaction step. Pd has a
very high hydrogen adsorption capacity, which limits the efficiency of HER reaction during the
dynamic process like LSV. The Tafel slopes for Au/3D-G and Ag/3D-G catalysts are observed
as 84 mV/decade and 105 mV/decade respectively, which indicates that the HER process over

these two catalysts substrate follows the near Volmer reaction mechanism.

The exchange current density is an important parameter in evaluating the performance of
the electrochemical process. It is a measure of the intrinsic electron transfer rate. It provides
information about the structure and bonding of analyte and electrode, which are essential for
heterogeneous catalysis. The exchange current densities are calculated and tabulated in Table
3.1. The exchange current density for Pt-based catalyst (-1.63 mAcm™) is found to be
significantly higher than Pd based catalyst (-1.31 mAcm), as shown in Figure 3.6 (C). These
values show that there is a fast electron transfer process between the analyte and the electrode in

the case of Pt-based catalyst. Exchange current density of Pt/3D-G catalyst is found to be higher
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than that of Pt/C catalyst, which suggests a better electron transfer rate in Pt/3D-G catalyst
compared to the commercially available Pt/C catalysts. The exchange current density of the
catalytic system followed the order Pt/3D-G > Pd/3D-G > Au/3D-G > Ag/3D-G. This result is

consistent with the results obtained from LSV and Tafel analysis.

3.3.3 Hydrogen evolution kinetics study under hydrodynamic conditions

Effects of hydrodynamics on HER catalysis were investigated; rotating disk electrode
from Pine instruments was modified by the catalyst and used as the working electrode. LSV was
recorded at 1500 rpm and compared with the stationary conditions, and the results are shown in
Figure 3.6 (D). Applied potential is compared to achieve 1 mAcm™ of current density across
different catalytic systems investigated. It is observed that potentials are shifted to anodic
direction by 27 mV, 32 mV, 29 mV, and 1 13 mV for Pt/3D-G, Pd/3D-G, Au/3D-G, and Ag/3D-
G catalysts respectively when hydrodynamics is applied as compared to the static conditions.
The improvement in the potentials at 1 mAcm™ is similar for Pt/3D-G, Pd/3D-G, Au/3D-G
catalysts upon hydrodynamics application. However, a significant improvement in overpotential
is observed in the case of Ag/3D-G catalysts under hydrodynamic conditions. The significant
improvements in the onset potential in the Ag/3D-G catalytic system under hydrodynamic
condition implies that the catalysts are inherently very good at generating hydrogen and has high
charge transfer efficiency. However, under static conditions, there might be the influence of
concentration polarization which, leads to the retardation of the catalytic process. Removal of the
concentration polarization under hydrodynamic conditions releases the overpotential
significantly, which brings down the onset potential significantly in Ag/3D-G catalytic system to

generate the current density of ImAcm™.
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Hydrodynamic study was further investigated for the measurement of kinetics
parameters. Koutechy-Levich analysis was used to investigate mass flow and charge transfer to
the HER process in the present conditions [200, 202-204, 206, 225, 226]. The Koutechy-Levich

equation [25] was used to measure kinetics parameter as follows:

= — + - (3.5)

- = - 4+ — 3.6
i i Bw1l/2 (3-6)

Where, i, = nFkCy and B = 0.2nFCyD?/3v=1/% j, i, and i are kinetic current, limiting current
and measured current density respectively, n is the number of electron transfer, F = 96500 C mol
'is Faraday constant, C, is the concentration of H* in bulk solution in mol cm™. D is the
diffusion coefficient of proton in 0.5 M H2SO4, and the value corresponds to 9.3x107 cm?s™> and
v is the kinematic viscosity of 0.5 M H2SO4 and value is 0.01 cm?s™! [26]. A is the surface area of

RDE in cm? and o is the rotation rate of the electrode in rpm.

LSV plots of different catalysts at different rpm values have been recorded. The current is
sampled at 0 V for all the catalysts in measuring the kinetic parameters. Inverse of current
densities were plotted against the inverse of the square root of rpm using the above equation, as
shown in Figure 3.7. Linear portions of the plot were used to obtain the slope of the plot, and the

kinetic parameters were determined and tabulated in Table 3.1.
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Figure 3.7 Koutechy-Levich plots for (A) Pt/3D-G, (B) Pd/3D-G, (C) Au/3D-G and (D) Ag/3D-
G catalysts. Extended lines were used to measure the linear portion of plots having maximum no.

of points.

The Pt/3D-G catalyst has shown the highest rate constant of the HER followed by the Pd/3D-G
catalyst, the Au/3D-G, and Ag/3D-G based catalyst materials have similar rate constant values,
and the absolute value of the rate constants in Au/3D-G and Ag/3D-G are around half as that for
Pt/3D-G and Pd/3D-G catalysts. The number of electrons transferred in the process as obtained
at the applied potential of 0 V and the values is obtained around 2.8 in the case of Pt and Pd
based catalysts, and in the case of Au and Ag based catalysts, the values are around 1.7. The
expected electron transfer number for the hydrogen evolution process is 2, the Au/3D-G and

Ag/3D-G catalysts are showing the results as expected. The considerably higher value in the
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electron transfer number in the case of Pt/3D-G and Pd/3D-G catalysts is due to the complication

from the strong adsorption process.

3.3.4 Investigation of Hydrogen evolution reaction kinetics with varying temperature
Kinetics of HER process is further investigated at different temperatures. The

polarization curves at different temperatures for the catalysts were measured using Ag/AgCl

reference electrode and corrected to RHE reference electrode, as shown in Figure 3.8 The

variation in the reference electrode potentials is measured using the following equation [227]
EO(V)Ag/AgCl = 0.23695 — 4.8564 x 107*t — 3.4205 x 107° ¢2 (3.7)

Where t is the temperature in °C. Ag/AgCl reference electrode potential was corrected using the
above equation so that accurate potential could be measured. The onset potential of all catalysts
is improved while the temperature of the measurement is increased, which shows good
temperature dependency of HER process. For Pt/3D-G catalyst, onset potential is improved by
31 mV when the temperature is increased from 23°C to 70°C, as shown in Figure 3.8. Similar
observations are obtained for other catalysts. The improvement of the onset potential of all the
catalysts with the increase in temperature can be due to the (1) temperature coefficient of
variation of the solution, (2) increased in the mobility of charge in solution, and (3) the

endothermic process of water splitting.

In order to quantitatively investigate the dependency of temperature on the electrocatalytic
activity, Arrhenius analysis of the catalysis process was carried out, and the apparent energy of

activation (E.*P) is calculated [17, 18] using the following equation.
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olni  EZ

o0 R

(3.8)

Where T is absolute temperature, R is Universal gas constant, and i is measured current. Currents
were sampled at six different potential ranges from Figure 3.8 and plotted the /ni against //T at
six different applied potentials, as shown in Figure 3.9. The slops of Pt/3D-G and Pd/3D-G
catalysts are found to decrease when more cathodic potentials are applied, which indicates the
strong positive dependency of the overall reaction rate on the apparent activation energy.

However, the reverse trend is observed for Au/3D-G and Ag/3D-G catalysts. From Figure 3.9,
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Figure 3.8 Effect of temperature on HER process was studied for catalyst (A) Pt/3D-G, (B)
Pd/3D-G, (C) Au/3D-G and (D) Ag/3D-G. Temperatures were varied from room temperature to

70°C to 75°C.
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slopes at different potentials of all catalysts are measured, and apparent activation energy is
calculated and tabulated in Table 3.2. It is observed that the apparent activation energy is lower
in the case of Pt/3D-G and Pd/3D-G catalysts compared to the Au/3D-G and Ag/3D-G catalysts.
With the application of more cathodic potentials, the activation energy in case Pt/3d-G and
Pd/3D-G decreased significantly, whereas in the case of Au/3D-G and Ag/3D-G catalytic
systems increase in the activation energy is observed. This interesting observation is discussed in
the following subsection while further analyzing the effect of temperature on the catalytic

activity of the systems.

Table 3.2 Activation energy of HER of catalysts is compared at the different applied potential.

Potential, V Apparent activation energy, E ,* in kJ/mol
Pt/3D-G Pd/3D-G Au/3D-G Ag/3D-G

0.03 25.37 32.36 16.14 24.82
0.01 29.10 28.18 17.08 26.87

0 41.57 21.29 19.37 29.03
-0.01 22.59 26.68 21.94 31.27
-0.027 13.91 27.47 26.14 34.85
-0.04 12.38 22.10 28.43 37.67

It is reported that the proton containing complex to be discharged at the outer Helmholtz layer
and discharged transition state is close to the electrode surface. During the discharge step,
hydrated protons move from the outer Helmholtz layer to the electrode surface and get
discharged closer to the electrode surface and replace the adsorbed water molecule from the

electrode surface and get adsorbed as Haq [19-23].
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Figure 3.9 Plots of In (i) vs 1/T for HER process for different catalysts (A) Pt/3D-G, (B) Pd/3D-

G, (C) Au/3D-G and (D) Ag/3D-G at six different potentials in 0.5 M H2SO4 solution.

M—-0OH,+ H - M —Hyy + H,0 (Where,M = Pt,Pd,Ag, Au) (3.9

Since, overpotential 7 is negative for HER, the negative shift in electrode potential should lead

to a decrease in activation energy
EP? = U* - UR+ BFp (3.10)

In our investigation, E.® varies with temperature differently for different catalysts. E.*P of

Ag/3D-G and Au/3D-G catalysts increases with potential in a negative direction, which implies
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an increase in the value of U*-UR should overcompensate the decrease in activation energy
induced by the potential energy of the electron. The comparison of binding energies between the

adsorption of hydrogen and water over the catalytic surface are as below [228].

Ag-Had < Ag-OH2; Au-Had < Au-OH2; Pd-Had > Pd-OH2; Pt-Haq > Pt-OH2

Since binding energy of Ag-Had and Au-Ha.q are lower than that for Ag-OH, and Au-OH>, a
significant amount of activation energy is required to desorb water molecules from Au/3D-G and

Ag/3D-G electrode surface to have the orientation required for the electron transfer process.

The potential of zero charges (PZC) of the catalyst modified electrode surface was
measured from the potential dependent impedance measurements, and the plots are shown in
Figure 3.10. The PZC values are obtained in four catalytic systems Pt/3D-G, Pd/3D-G, Au/3D-G,
and Ag/3D-G are 0.075 V, 0.025V, -0.155V and -0.195 V, respectively. The PZC values can be
utilized to explain the interaction of the water molecules and the catalyst surface across different
applied potentials of the experiments. Since the PZC for Pt/3D-G catalyst is positive, the water
molecule would adsorb through hydrogen atom even at the applied potential of 0.03 V, as the
difference between the applied potential and PZC (0.03 V-0.075 V=-0.045 V) is negative, near
similar observation is observed in case of Pd/3D-G catalyst. However, in the case of Au/3D-G
and Ag/3D-G catalytic system due to the large negative PZC values, at the applied experimental
potentials, water molecule will tend to adsorb over the catalysts surface through the negatively
polarized oxygen atom. Since the binding energy of Ag-OH:2 and Au-OH: are higher compared to
their corresponding binding with hydrogen atoms, the observed apparent activation energy of the

HER is expected to be higher in the case of Au/3D-G and Ag/3D-G catalysts.
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Temperature dependent HER can be further explained based on temperature dependent variation

of transfer coefficients. The catalytic HER would follow the Arrhenius equation as,
) Ea
kras = A’ exp [ ~RT (3.11)

The transition state theory as a function of applied potentials can be written as,

U* — UR + BFn] (3.12)

kras = Aexp [_ RT

The rate constant thus has the dependency on the energy of the transition state as noted by the

transition state theory; it has also got the dependency on the applied potentials. Contribution

Table 3.3 Temperature dependent Tafel slopes are measured for the further insight of the HER

for the catalysts.

Tafel slope, mV/decade
Temperature  Pt/3D-G Pd/3D-G Au/3D-G  Ag/3D-G

23°C 31.25 122 84.33 105.26
30°C 39.47 129 83.33 103.09
40°C 43.45 137 82.70 98.02
50°C 46.86 134 75.75 92.47
60°C 52.63 147 76.92 90.23
70°C 61.72 144 76.92 91.60
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Figure 3.10 Capacitance measurements for catalysts throughout potential windows. The

potential of zero charges is calculated from the potential of corresponding minimum capacitance.

from both two factors leads to the temperature dependence of the observed current. The
contribution of the transfer coefficient plays an import role in determining the observed current
with varying temperatures. In order to evaluate the process further, Tafel analysis was carried out

at different temperatures and tabulated in Table 3.3.

Conway et al. have correlated the transfer coefficient with temperature by the relation f =

Bu + TPBs [24]. From the linear correlation of the 1/b vs. 1/T plot, Sy and B are calculated

from the slope and intercept of the following equation and reported in Table 3.4.
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1 _ FBu  Fbs
b 2.3RT+ 2.3R (3.13)

The correlation satisfying the total value of § using the values of Sy and S is shown in Table
3.5. Figure 3.11 has shown the positive slope in the case of Pt/3D-G and Pd/3D-G catalysts
compared to the negative slope in case Au/3D-G and Ag/3D-G. The results indicate the HER
kinetics decreases with an increase in temperature in the case of Pt/3D-G and Pd/3D-G, whereas
in the case of Au/3D-G and Ag/3D-G, the HER kinetics improved with an increase in
temperature of the solution. It would, therefore, be interesting to understand the relative
contribution of By and fs to the overall HER process in all the catalytic system. As seen from
Table 3.4, 5 is very high in case of Pt/3D-G catalyst, indicates very high catalytic performance
at room temperature; however it has got the negative temperature dependence, thus the catalytic
performance should decrease slowly with increase in temperature due to the minor negative
contribution of fBs. In the case of Pt/3D-G, the [ value is significantly high even at room
temperature, and its value decreases with an increase in temperature of the test solution. Pd/3D-G
has By low positive and [s is negative but its contribution is marginal therefore, with an
increase in temperature the overall S remained positive and Pd/3D-G showed positive catalytic
activity towards HER even at higher temperatures. In case of Au/3D-G and Ag/3D-G catalysts
By is observed to be negative and have strong positive temperature dependency as [ values are
large positive, due to which the overall £ is positive even at room temperature, and its magnitude

increases with an increase in temperature of the measurements.

The parameter S is related to the change in enthalpy of the HER and as fs is related to the
change in entropy of the HER. The measurement of Sy and Bs and their temperature

dependency in the investigated catalytic system thus indicates that HER on Pt/3D-G containing
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catalysts is an enthalpy driven process. Pd/3D-G containing catalyst also driven by enthalpy
change in the process; however, it has got weak dependency on temperature. Results indicate that
the HER on Au/3D-G and Ag/3D-G containing the catalytic system are entropy driven process.
At this juncture, it will be interesting to discuss the temperature dependency of the transfer
coefficient to explain the variation of the activation energy at different applied potentials, as
reported in the previous section. It is observed that with an increase in temperature, the transfer
coefficients in the case of Au/3D-G and Ag/3D-G catalytic systems are increased, indicating

better utilization of the applied potentials at higher temperatures.
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Figure 3.11 The temperature dependent symmetry coefficient is measured by the plot of 1/b vs

1T for (A) Pt3D-G, (B) Pd/3D-G, (C) Au/3D-G and (D) Ag/3D-G.
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Table 3.4 Enthalpy and entropy dependent transfer coefficient are calculated and equation for
Temperature dependent transfer coefficient was tabulated.

Catalyst Slope Intercept Bu Bs Equation of
temperature
dependency of
Pt/3D-G  29925.69 -71.39 5.93 -14.14x10°3  5.93 - 14.14x10°T
Pd/3D-  2723.22 -1.16 0.54 2.31x10%  0.54 - 4.76x10°°T
G
Au/3D-  -2995.54  21.95 -0.60 435x10°  -0.60+4.35x10°T
G
Ag/3D-  -3605.79 21.72 -0.71 430x10°  -0.71+4.30x10°T
G

Table 3.5 Temperature dependent transfer coefficient is calculated for understanding of the

thermodynamics of HER.

Temp., K Pt, B Pd, B Au, B Ag, B
296 1.74 0.47 0.69 0.56
303 1.64 0.47 0.72 0.59
313 1.50 0.46 0.76 0.64
323 1.36 0.46 0.81 0.68
333 1.22 0.46 0.85 0.72
343 1.08 0.46 0.89 0.76

Therefore, when the current is measured at higher temperatures, the catalytic current will be
increased more significantly in the case of Au/3D-G and Ag/3D-G catalytic system compared to
the Pt/3D-G and Pd/3D-G catalytic system, which will result in the higher apparent activation
energy in Au/3D-G and Ag/3D-G. When the temperature dependent experiments are carried out

at less negative applied potentials, where the overall electrochemical process occurs at slower
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rates as the available energy to drive the reaction is low, the increment of transfer coefficient at a
higher temperature will not make any significant change in the measured current. However,
when temperature dependent experiments are carried out at more negative applied potentials,
increment in the transfer coefficient will drive the HER at the forward direction significantly,
which results in a considerable increase in the measured current. Thus, the apparent activation
energy would increase at higher applied cathodic potentials in the case of Au/3D-G and Ag/3D-

G catalytic systems.

The temperature dependent transfer coefficient measurements and the PZC measurements could
through a light in the molecular-level understanding of the HER over different catalytic systems
investigated. PZC values indicated the binding of the water molecule is through hydrogen atom
in Pt/3D-G and Pd/3D-G catalysts since the enthalpy of such adsorption process is strong, the
overall HER proceeds drive through enthalpy driven mechanism. Whereas in the case of Au/3D-
G and Ag/3D-G catalysts, the binding is through an oxygen atom, thus during the electron
transfer process, reorganization of the water molecule is required for efficient transfer of an
electron from catalyst surface to the proton of water molecules. Such reorganization in the
reaction system would increase the entropy of the process, which resulted in the entropy driven

reaction kinetics in the case of Aw/3D-G and Ag/3D-G catalytic systems.

3.3.5 Electrochemical Impedance Measurements

Further, the charge transfer efficiency of various electrocatalyst was characterized by
Electrochemical Impedance spectroscopy (EIS) measurements using CH Instrument 920 D at -25
mV potential from 103 Hz to 10"! Hz frequency range with 10 mV amplitude. EIS measurements
were reported as Nyquist plot, Bode plot and corresponding equivalent Randle- Sevik circuit was
drawn as shown in Figure 3.12 and observations are tabulated in Table 3.6. In the equivalent
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circuit, Rs is solution resistance, R is charge transfer resistance, Raq is adsorption resistance, Ca
is double layer resistance, CPE is a constant phase element. Rs is found in the range of 10 to 15
Q. R values of Pt/3D-G and Pd/3D-G catalysts are found to be 210 Q and 2681 Q respectively,
however; Re values of Au/3D-G and Ag/3D-G catalysts are 23x10° Q and 20.91x10° Q as shown

in Table 3.6.
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Figure 3.12 (A) Nyquist plot, (B) Bode plot and (C) equivalent circuit of fitted impedance data

Significantly lower charge transfer resistance values indicated a fast charge transfer process in
the case of Pt/3D-G catalyst. The charge transfer resistance in the case of Pd/3D-G catalysts is
also found to be lower, which is suitable for the fast charge transfer process. The higher charge
transfer resistances in the case of Au/3D-G and Ag/3D-G catalysts indicate the lower catalytic

current, which was discussed in previous sections.

The impedance characteristics of the catalysts were characterized by the Bode plot, and
the results are shown in Figure 3.12 (B). The relaxation process of the electrical double layer was

calculated from the phase angle maxima of the Bode plot. Relaxation frequency and relaxation

119



time constant are two measuring parameters of the relaxation process. Higher relaxation
frequency and lower relaxation time constant lead to the faster charge transfer kinetics. The
relaxation frequency of Pt/3D-G, Pd/3D-G, Au/3D-G and Ag/3D-G catalysts is 91.20 Hz, 5.66
Hz, 1.05 Hz, and 1.05 Hz respectively. The higher frequency of Pt/D-G suggests the faster
charge transfer process. These results are consistent with the LSV measurements. The relaxation
time constants were calculated from equationt = 1/2mf, where t is the relaxation time
constant, and f'is relaxation frequency, which is measured from the Bode plot. The relaxation
time constants are obtained as 1.7 ms, 28 ms, 151 ms, and 151 ms for Pt/3D-G, Pd/3D-G,
Au/3D-G, and Ag/3D-G respectively. Faster relaxation time indicates a fast-electrochemical
process, which has resulted in the higher catalytic current as revealed from the linear polarization
measurements. Capacitance was also calculated from EIS, supports the data obtained from CV as

shown in Table 3.6.

Table 3.6 Randle-Sevik equivalent circuit parameters calculated from simulation of EIS data to

this equivalent circuit

Catalyst R, R, C . (inF) Relaxation Relaxation
(in Q) frequency (Hz) time constant
(ms)
Pt/3D-G 10 Q 210 224x%10"* 91 1.8
Pd/3D-G 10Q 2681 2.10x10 " 5.7 28
Au/3D-G 10 Q 23><103 3.33><10_4 1.05 151
Ag/3D-G 10 Q 21x10° 33410 1.05 151
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After electrochemical measurements, stability tests of 3D-G based catalysts were
performed by chronopotentiometry and chronoamperometry methods, as shown in Figure 3.13.
Prior to the stability test, dissolved oxygen gas was removed by purging Ar gas for 30 minutes
and maintained an inert atmosphere in the electrochemical cell. Figure 3.13 (A) shows that all
catalysts are quite stable for 10000 s. For Pt/3D-G catalyst, potential is found to be quite stable at
the measurement current density of 10 mAcm™. In the case of Pd/3D-G catalyst, after initial
fluctuations, the potential is gradually stabilized towards more anodic potential. On
chronopotentiometry measurements, Ag/3D-G catalyst showed better characteristics than
Au/3D-G catalyst. Further, the stability test was conducted by the chronoamperometry method,
as shown in Figure 3.13 (B). The scans were recorded by application of potential stabilized after
10000 s of chronopotentiometry measurements; the observed current response was recorded for
further 10000 s. Thus, the combination of both the measurements resulted in stability testing of
the catalysts for 20000 s. Pt/3D-G and Au/3D-G catalysts have shown a stable current of 10
mAcm, as expected from their respective applied potentials. However, Pd/3D-G catalyst
behaved differently; its current density is improved significantly with time; the current density in
Ag/3D-G system also improved. This is indeed an interesting observation; the required bias
potential of the Pd/3D-G catalyst is higher compared to the Pt/3D-G catalyst, which can be seen
from LSV and chronopotentiometry measurements. However, when a relatively higher biased
potential is applied to the Pd/3D-G catalyst (-0.075V) than in Pt/3D-G catalyst (-0.035 V), the

chronoamperometric current improved significantly in Pd/3D-G catalyst.

The Pt/3D-G catalyst has shown the best catalytic performance as the highest catalytic current is
obtained during the linear polarization measurements. The Pd/3D-G catalyst, however, has

shown significant improvements in the catalytic activity with the electrolysis time while testing
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the stability of the catalytic system. In a dynamic potential scan, as seen in the linear sweep
measurement, the Pd/3D-G catalyst has shown inferior performance compared to the Pt/3D-G
catalyst, owing to the slower dynamics in the Pd/3D-G catalysts. Under the stability test, the
experiments are carried out at a constant potential, and the catalytic interface gets enough time
for activation of the surface, which has resulted in the improvement of the catalytic activity in
Pd/3D-G catalysts at the application of sufficient applied potential. The significant increase in
the catalytic current in the case of Pd/3D-G catalyst and the improvement in the catalytic activity
than Pt/3D-G catalyst is an interesting observation. The improvement in the catalytic activity in
the case of Ag/3D-G catalysts is also an important observation, indicating the possibility of
sustainable production of hydrogen through the evolution of hydrogen from water using the

catalyst. The performance is expected to improve further in hydrodynamic conditions.
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Figure 3.13 Stability test of various catalysts by chronopotentiometry and Chronoamperometry.
(A) Chronopotentiometry at 10 mAcm™ current density for 10,000 s, (B) Chronoamperometry

after performing chronopotentiometry for 10,000 s.
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3.4 Conclusion

We have synthesized 3D-G and noble metal 3D-G nanocomposite materials by exploiting
one step freeze casting method. High conducting and porous network of graphene sponge
provides the excellent charge transfer and diffusion of ions through highly porous materials and
improves the HER catalytic activity and stability as well. Pt/3D-G shows the better catalytic
activity of HER than the commercially available Pt/C catalysts. Koutechy-Levich analysis was
performed to calculate the kinetic parameters such as the number of electron transfer and rate
constant of HER process. The activation energy and temperature dependent transfer coefficient
were calculated for HER process. Temperature dependent transfer coefficient has explained the
dominance of enthalpy and entropy on the overall mechanism of the catalytic process. It was
found that HER on Pt/3D-G and Pd/3D-G catalysts are enthalpy driven process and on Au/3D-G
and Ag/3D-G is entropy driven process at the given potential window. The fast relaxation
process as revealed from the electrochemical impedance measurements, explains the highest
catalytic activity in Pt/3D-G and Pd/3D-G catalysts. Significant improvement in the catalytic
performance has been observed with the incorporation of 3D-G. Such improvements are
expected to decrease in the use of expensive noble metals in the HER catalysis. Improvement in
the catalytic activity through the incorporation of 3D-G generated positive indication in the
utilization of less expensive Ag based catalysts without sacrificing the catalytic performance.
Insight into the catalytic activity of the catalysts has been evaluated in the line to explain the

variation in the performance across the catalysts and under experimental conditions.
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Chapter 4: Development of the MoS: graphene
composite as cathode materials for the hydrogen

evolution reaction

4.1 Introduction

Traditional ways of production of hydrogen involves release of greenhouse gas, CO> and
high temperature reaction and the production of hydrogen through such processes are being
phased out [229]. As an electrocatalyst its most important aspect is to decrease the overpotential
of splitting water [179]. In acidic solution Pt group metals are most effective catalyst for the
generation of hydrogen but due to the high cost of the Pt group metal elements large scale
application using these elements is not feasible [46-49]. After discussion about the noble metal-
based hydrogen evolution catalysts in chapter 3, present chapter has focused on the non-noble
metal-based catalyst systems for the generation of hydrogen. Due to the earth abundant nature,
different transition metal alloys, carbides, polymeric carbon nitride and transition metal
chalcogenides have been investigated for the HER catalysis [55, 230, 231]. Molybdenum di-
sulfide has been preferred as catalyst for HER due to the low cost and high chemical stability
[57, 58, 62, 63]. HER catalytic activity of MoS» has been discussed comparing its activity of the
IT and 2H phases. The catalytic activity of 2H phase is mostly through the edges of the catalytic
system and this has been supported using experimental and theoretical studies [64, 65] and the

basal plane was found to have no significant catalytic activity. Therefore, to improve the
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catalytic activity using 2H-MoS; it is essential to have higher percentage of active edge sites and
there have been some report about the catalytic HER reaction using 2H-MoS: phase [66-73]. The
activity of the MoS> has also been investigated to improve the catalytic activity by making nano
phase-based materials. Electrical conductivity of the material has been improved by
incorporating Co, Ni or Fe to nano scaled MoS; [232]. Incorporation of Au [233], activated
carbon [234], carbon paper [235] or graphite [236] has also been reported to have improved

catalytic activity.

There has been tremendous improvement in the electrical conductivity of 1T-MoS»
compared to 2H-MoS; and this has been reflected in the improvement of the HER activity [74-
76]. Even the basal plane of the 1T-MoS: is quite electrochemically active for the HER catalytic
activity [74-76]. Therefore, if 1T phase of MoS; is formed there should not have any limitation
of its use only through the edge planes. Conductivity of graphene is well understood and
accepted for the fabrication nano phase composite materials of high conductivity [237, 238]. The
growth of the catalyst nano phases all over the graphene substrate has further improved the

charge transport property of the catalysts and hence enhanced the HER activity [230].

In previous report good charge transfer property between the adjacent layers of MoS> and
graphene has been reported [77] which has been the key point in making MoS> graphene
composites as HER catalysts. Therefore, 1T-MoS, with highly conducting basal plane when
make composite with graphene would have the favorable combination for the effective
transformation into HER catalyst. In this chapter 1T phase of MoS> has been synthesized through
hydrothermal route and the improvement in the catalytic activity of the 1T phase when in
composite with GO and rGO has been investigated. Since the entanglement of MoS» between

GO and rGO substrate would have some differences, it would be interesting to observe the
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possible differences in their catalytic activities. Scanning probe electrochemical technique and
scanning electrochemical microscopy experiments have been employed to map the catalysts
substrate using redox completion mode and this has reflected the difference in the catalytic
behavior between the two composite materials. Probe approach plots at different applied
potentials and their transformation from the positive feedback to the negative feedback due to the

introduction of redox competition mode between the tip and the substrate has been investigated.

4.2 Experimental procedures

4.2.1 Preparation of MoS: nanoparticle:

MoS, was synthesized by hydrothermal method. Ammonium molybdate
((NH4)6M07024.4H20, 0.44 gm) was dissolved in 5 mL of deionized water and then hydrazine
hydrate (N2H4.H20, 86%, 4 mL) as reducing agent was added drop wise under stirring condition.
Reaction mixture was stirred for 0.5 h and then sodium sulfide (Na>S, 1.32g) dissolved in 5 mL
de-ionized water was added into it, then the mixture was left for 10 minutes for incubation, SmL
of 2 M HCI was added drop wise to that mixture. Then the reaction mixture was left for 10
minutes again for incubation. After that the reaction mixture was transferred into a 50 mL Teflon
lined stainless steel autoclave and heated at 180°C for 24 hours. After 24 h, autoclave was
allowed to cool at room temperature, and then black product was washed with distilled water
several times and then with ethanol. The product as obtained was dried at 60°C for 12 h in the
vacuum oven. The mole ratio of the reactants was kept at Mo: N2Ha:NasS of 1:357:48 during the

synthesis process.
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4.2.2 Synthesis of graphene oxide

Graphene oxide was synthesized using the modified Hummer’s method [239, 240].
Concentrated H2SO4 (300ml) and H3PO4 (40 mL) were taken in a round bottomed (RB) flask of
1 L capacity. The RB flask was kept in an ice-bath at 0-5 °C. The whole setup was kept in
magnetic stirrer then graphite (2g) powder was placed into RB flask slowly and the mixture was
kept for stirring for 2 h. Then KMnOg4 (12g) was added slowly to this mixture under stirring
condition, this reaction mixture was stirred for 3 days at room temperature. After that the
reaction mixture was kept in ice-bath, H>O> (20 mL) was added slowly to terminate the reaction
followed by washing with HCI (10%) and then distilled water several times to achieve the
neutral pH. The graphene oxide thus obtained was dried in vacuum oven and used for further
experiments. Graphene oxide was reduced by treating GO suspended aqueous solution using
hydrazine monohydrate by stirring for 1 h and then the solution mixture was kept under
hydrothermal conditions at 180°C for 12 h. The rGO thus obtained was washed and dried for

further use.
4.2.3 Procedure of electrochemical Studies and instrumentation

MoS; and GO or rGO were mixed in mortar (in 1:4 ratios). Then 1 mg sample mixture
was suspended in ethanol and water solution (in 1:1 ratios) and kept in stirring conditions for 24
h. The suspension was sonicated for 1 h and then 100 puL nafion (5 wt %) was added and again
sonicated for 30 min. After sonication a homogeneous mixture was formed and then 5 pL
catalyst ink was drop casted onto the glassy carbon (GC) electrode which then dried under IR
lamp. Electrochemical measurement for hydrogen evolution catalysis process was carried out

using CH Instrument model 920d. Electrochemical studies were performed in 0.5 M H>SOg4
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solution using a typical three electrode setup using the catalyst modified electrode as the working
electrode, Pt wire as counter electrode and Ag/AgCl electrode as reference electrode. Linear
sweep Voltammetry (LSV) and cyclic Voltammetry (CV) were performed to evaluate HER
performance. The glassy carbon electrode was polished to mirror finish using alumina powder of
0.05 microns size and ultrasonically cleaned in distilled water for 10 minutes followed by drying
in IR lamp. Electrolyte solution was pursed with N> gas for 30 minutes prior to the
electrochemical measurements to remove dissolved oxygen. Before measurements, the samples
were cycled at a scan rate of 10 mVs™! for 50 times to refresh the catalytic surface. All the
electrochemical measurements are reported against the potential vs. reversible hydrogen
electrode (RHE) as the reference electrode. The Ag/AgCl reference electrode was calibrated in
three electrodes system using cleaned Pt electrode as working electrode and Pt wire as counter
electrode. 0.5M H>SO4 solution was used as electrolyte which is pursed using high purity H> gas
before and during measurements. LSVs were recorded at the scan rate of 1mVs™ and the
potential where the current was zero is taken as the reference potential of hydrogen electrode and
was found to be -0.2246V. All the electrochemical potentials applied and measured using
Ag/AgCl reference electrode were converted to RHE using following equation, in addition to

conversion of the potential with respect to RHE, potentials were also corrected for the iR drop.

Ecorrectea = EAg/AgCl +0.2246V — iR (4.1)

Where, Ejg/agc1 18 Ag/AgCl electrode potential, 0.2246 V is corrected potential, Rs is resistance

of solution, iRs is potential drop due to solution resistance which is measured using

electrochemical impedance measurements reported later section of this chapter.
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All the measurements were iRs compensates in the present study and value of Rs was found by
conducting impedance measurement in 0.5 M H>SO4 and values of Rs was in the range of 6 to 7
Q for both MoS,GO and MoS2/rfGO composite materails. The temperature during
electrochemical measurements was 25+1°C. The overpotential ‘7’ for hydrogen evolution was

calculated using following equation

77 = ERHE - 0 V - 0.0591 pH - lRS (4‘.2)

Atomic absorption spectrometry (AAS) was used for the chemical quantification of the catalyst,
the Mo content was determined using AAS instrument model Contra AA-300 from Analytic
Jena, Germany. The Mo content in both the samples were quantified at 20% (wt %). The
presence of GO and rGO in the composite was determined by measuring total carbon content in
the sample using carbon sulfur analyzer from Eltra. The GO and the rGO content of the sample
were kept the same and the percentage composition of GO and rGO in the catalyst samples were

determined at ~60%.

4.3 Results and discussion

4.3.1 Characterization of the materials

MoS2/GO and MoS»/rGO samples were characterized by X-ray diffraction (XRD) and the
diffraction patters are shown in Figure 4.1 (A) and (B) respectively. Three diffraction peaks 20 =
12°, 43° and 57.5° correspond to (002), (006) and (110) plane of MoS; respectively [powder
diffraction file (PDF no. 37-1492)], which are due to the metallic 1T structure of MoS» [241,
242]. XRD peak at (002) plane of MoS2/GO and MoS/rGO, are at higher 2 theta value than
pristine MoS, suggests that the lower stacking height along Z-axis and more exposure of its

active sites. The 1T phase of MoS; with trigonal crystal structure and octahedral orientation has
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shown to have significant difference in the electronic property compared to the hexagonal 2H
phase [243-245]. Raman spectroscopy was used for further characterization of phases of MoSo.
The three peaks at 283 cm™! 365 cm™ and 414 cm™! correspond to the hexagonal vibration modes

Eig, E'og and A1, 0f MoS; respectively.
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Figure 4.1 XRD pattern of (A) MoS2/GO and (B) MoS2/rGO. Raman spectra of different
vibrational modes of (C) MoS2/GO and MoS2/tGO. SEM images, TEM and SAED patterns of

(D,E, F) pristine MoS> and (G, H, I)).MoS2/GO.

The in-plane E'5; and out of plane Ajgvibrational mode resulted from the opposite vibration of S
atom with respect to Mo atom and out of plane vibration of only S atom to Mo atom [246],
suggests the formation of pure MoS» phase. Two bands at 1357 cm™! and 1577 em™ correspond

to D and G band are clear evidence of graphene sheets in the nanocomposite. As shown in
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Figure 4.1 (C), the Ip/Ig ratio of graphene oxide and reduced graphene oxide composite were
calculated as 0.92 and 1.07 respectively, which confirmed that GO is reduced to rGO [247]. No
significant change in the vibrational mode was observed with the MoS, phase during the
reduction of GO to rGO. The surface area measured using Brunauer—Emmett—Teller (BET)
method and the values for MoS2/GO and MoS2/fGO were obtained as 65 and 79 m%/g

respectively.

The morphology and lattice parameters were characterized by SEM and TEM images. Figure
4.1 (D) and (G) are showing the SEM micrograph of the pristine MoS> and the MoS»/rGO
composite materials. Grannual nature of the composite for the MoS» and sheet type composite
for the MoS»/rtGO composite were observed. TEM images of pristine MoS> andMoS»/rGO are
shown in Figure 4.1 (E) and (H) respectively and The TEM images of MoS>/GO are shown in
Figure 4.2 both the composite materials have shown the layer type of structure. The selected
area electron diffraction (SAED) of MoS; has shown the (002) plane and the (110) plane of
MoS>. Random interconnection between the GO or rGO to MoS» network and random stacking
of the (002) plane is vulnerable in MoS: for the decrease in the catalytic activity [248]. The clear
observation of the (002) plane from the XRD and TEM measuremnets rule out the random
stacking of the MoS; network. The TEM and SAED of the MoS2/GO nano composite materails
are shown in Figure 4.2; showed similar nano structural characteristics as that of the MoS2/rGO.
The SEM with EDS results of both the materials are shown in Figure 4.3. Presence of Mo, S
along with C and O are observed. The surface morphology of the catalysts modified substrate
was examined using AFM measurements using the MoS>/GO modified substrate. The
morphology has shown regular granular pattern of the catalyst embedded all over the GO

substrate. The average particle size (diameter) for MoS»/GO was obtained as 60 nm.
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Figure 4.2 (A), (B) and (C) are HRTEM images and (D) is SAED pattern of the MoS»/GO nano

composite materials.

Figure 4.3 AFM images of MoS>/GO (A) before electrochemical test using chronopotentiometry
and (D) after chronopotentiometry at 10mA/cm? current density for 4 hours. EDS images of (B,

C) pristine MoS; and (E, F) MoS»/1GO.
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4.3.2 Electrocatalytic HER activity

Electrochemical HER activity of the catalyst was investigated in 0.5 M H>SOj4 solution
by depositing catalyst ink on glassy carbon electrode using three electrode system as discussed in
the experimental section. In polarization curve, potential is corrected with iR drop and with the
potential with respect to the reversible hydrogen electrode (RHE). The LSV and CV plots for
both the catalysts along with the commertially available Pt/C catalyst are shown in Figure 4.4.
The LSV plot of both the composite materials have shown sharp increase in the catalytic
hydrogen evolution current after the onset potential. The onset potential for the MoS>/GO is
lower by ~ 0.13 V than MoS,/1GO, however when compared with the Pt/C catalyst, both the
materials have shown good electrocatalytic properties and the onset potential is not so inferior to
the commercially available Pt/C catalyst materials. As seen from Figure 4.4 (A) the catalytic
activity of the only GO and only rGO modified electrode has shown no reduction current due to
the reduction of proton. Therefore the GO and rGO played only a synergistic role in catalysing
the hydrogen evolution process along with MoS»>. The onset position of the LSV plots was
zoomed and shown as inset of Figure 4.4 (A) and (B), the reduction current in both the
composite materials started increasing at 0.2 V and seperated from the base line current of GO
and rGO composite modified substrate. A peak shape was generated at -0.027 V, just before the
onset potential for the hydrogen evolution process. This reduction peak is the partial reduction of

MoS: at the Mo*" centre, later it was oxidised back to its original oxidation state [249].

The LSV plots were further recorded under hydrodynamic conditions and corresponding
results in comparison with the data under static condition is shown in Figure 4.4 (B). At 1500
RPM, the onset potential was improved in both the composite materials compared to the static

condition. However, the catalytic current at higher applied potential, beyond -0.15 V remained
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the same at static and hydrodynamic conditions. Interestingly, the peak current for the peak
observed just before the onset potential was incerased under hydrodynamic conditions. LSVs
were also compared at two different rotation speeds, as shown in Figure 4.4 (C), the onset
potential of the hydrogen evolution process was improved in both the materials when the rotation
speed was increased from 500 rpm to 3000 rpm. The improvement in the catalytic activity at the
low current region due to the hydrodyamic conditions is due to the enhanced mass transfer

attained by the hydrodynamic mass flow.

From the LSV measurements as discussed in the previous section the MoS2/GO has shown better
catalytic activity for the hydrogen evolution process in terms of the better onset potential and the
high catalytic current density. To delineate the better catalytic activity of the MoS>/GO
composite, the electrochemical surface area of the catalyst surface was measured from the double
layer capacitance (Ca) measurements. CV experiments were carried out at different scan rates
and the current sampled at three potentials 0.1, 0.15 and 0.2 V, where no significant redox
process observed, was plotted with respect to the applied scan rates. The results are shown in
Figure 4.4 (C), from the slope of the linear plot the double layer capacitance was determined and
tabulated in Table 4.1. The “Cqa” value was calculated from the slope of the current density and

scan rate plot [250].
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Figure 4.4 (A)Polarization curve of various catalysts. Magnified image at lower current density

is shown as inset. (B) Polarization curve of catalysts with and without hydrodynamic effect.

Magnified image at lower current density is shown as inset. (C) Effects of scan rate on current

density. (D) Effect of hydrodynamic conditions on the catalytic activity.

The “Ca” values of MoS»/GO and MoS,/rGO are obtained as 0.34 mF (~ 75 F/g) and

0.72 mF (~ 158 F/g) respectively. Effect of hydrodynamics on Ca value shows that Cq value

increases for MoS,>/rGO from 0.72 to 0.87 mF (~ 158 to 192 F/g); however, Cq value decreases

for MoS2/GO from 0.34 to 0.27 mF (~ 75 to 60 F/g). The roughness factor was calculated from

the double layer capacitance using the following equation
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Where, the value ‘60’ represents the specific capacitance of a smooth surface in uF cm™ [251].

Table 4.1 . Electrochemical parameters as obtained from the cyclic voltammetry measurements

at different scan rates.

Name of catalysts Potentials Ca/F R¢= C a1/60uFem™
MoS>/GO 0.20V 2.53x10* 421
0.15V 2.55x10* 4.25
0.10V 2.27%10* 3.78
MoS2/GO-1500rpm 0.20V 1.85x10™ 3.08
0.15V 1.85x10* 3.08
0.10V 1.72x107* 2.87
MoS,/rfGO 0.20V 5.3x10* 8.83
0.15V 5.31x10* 8.85
0.10V 5.76x10* 9.6
MoS2/rGO- 0.20V 5.06x10* 8.43
1500mpm 0.15V 5.58x10 9.3
0.10V 6.81x10* 11.35

As seen from Table 4.1, the R¢ value for MoS2/rGO is higher than MoS2/GO, so it’s HER

activity should have been higher than MoS,/GO, however polarization curve shows that

MoS2/GO is having better catalytic activity. This contradicts the above observation. Therefore,

observation of higher catalytic activity in the case of MoS2/GO compared to MoS2/rGO indicates

that higher catalytic current in the case of MoS2/GO is not related to the surface area of the

materials and something to do with the inherent characteristics of the HER process over the

catalysts substrate.
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Improvement of the onset potential due to the introduction of the hydrodynamic conditions has
been mentioned while discussion with the results in Figure 4.4 (D). Hydrodynamic conditions
were further discussed by determining the kinetic parameters. As shown in Figure 4.4 (D) no
significant effect of rotation on catalytic activity was observed at higher overpotential range, but
at lower overpotential the catalytic current is modified significantly. At 2 mA/cm? current
density, the applied potential was improved by 13.1 mV in the case of MoS2/GO and improved
by 7.4 mV in the case of MoS2/rfGO when the rotation speed was increased from 500 pm to

3000 rpm. A detail kinetic information about the contribution from the mass flow and the charge

transfer
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Figure 4.5 Koutechy-Levich plot of (A) MoS»/GO and (B) MoS»/rGO.

Currents were sampled at different applied potentials of the LSV plot (Figure 4.5) during the
Koutechy-Levich analysis and corresponding kinetic parameters for both the composite materials
are shown in Table 4.2. At lower applied potential, below the onset potential the number of
electrons transferred was obtained close to one, at higher applied potential (at -0.21 V) the

number of electrons transferred was increased significantly. Such unreasonably high value of the
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number of electrons transferred for the HER process is accounted for the enhanced mass flow
which resulted in the increased surface concentration of the H' compared to its bulk
concentration. The electron transfer rate constant of the HER process in MoS»/rfGO catalyst was

marginally higher than that for MoS,/GO catalytic system.

Table 4.2 Analysis results from the hydrodynamic voltammetric measurements using the

Koutechy-Levich analysis. The final values of n and k are rounded off to 2 decimal places.

Name of Potential | Slope | Intercept l/intercept, ik in n k, cm/s

catalyst mA/cm?
MoS./GO 0.10V | 441 -3.57 -0.28 1.15 5.06x1073
MoS./GO -0.10V | -6.66 -0.55 -1.81 0.76 49.45x1073
MoS./GO -0.21V | -0.18 -0.10 -10.32 27.91 7.66x1073
MoS2/rGO 0.10V | -5.72 -2.08 -0.48 0.88 11.26x1073
MoS2/rGO -0.10V | -10.58 -0.71 -1.42 0.47 61.41x107°
MoS2/rGO -0.21V | -2.43 -0.41 -2.45 2.08 24.44x1073

Temperature dependent electrochemical measurments were carried out in a custom made cell in
which water can be filled in outer jacket for temperature control, corresponding result for the
MoS2/GO and MoS2/rGO materials are shown in Figure 4.6. Reference electrode was corrected

for temperature using the following equaion [227].

EO(V)ag/agc = 0.23695 — 4.8564 x 10™*t — 3.4205 x 10762 (4.4)

LSVs at different temperatures varying from 5°C to 70°C were recorded. The Ag/AgCl reference
electrode was calibrated for different temperatures using above equation. Figure 4.6 shows the
temperature dependent LSV for the MoS2/GO and MoS»/rGO catalyst and the results indicated

the improvement of the onset potential for the HER process with rise in temperature.
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Figure 4.6 Temperature dependent polarization curve for (A) MoS2/GO and (B) MoS2/rGO.

Inset Figure is Arrhenius plot for activation energy calculation.

In order to evaluate and extract the activity of the electro catalysts, apparent activation energy for

hydrogen evolution (E,*?) is estimated using the following equation [17, 18].

d Ini E%PP
T =g (4.5)
o(7)

Where, E.** is evaluated at different applied potentials, i is the current density at a given applied
potential, T is the absolute temperature and R is the universal gas constant. After recording the
LSVs at different temperatures the observed currents were sampled at three different applied
potentials and In (i) vs 1/T plots at three different applied potentials are shown in inset of Figure
4.6. It was observed that the slopes of the plots were decreased with the application of more
cathodic potential, indicating potential dependent apparent activation energy for the overall
process. The apparent activation energy for MoS»/GO composite material is relatively lower than

that of the MoS2/rGO at all applied potentials as given in Table 4.3. Since the activation energy
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is calculated from the change in the overall current with the change in temperature of the process
(mass transfer and charge transfer) affected by the change in temperature will be reflected in the
activation energy calculation. Therefore, the relatively low activation energy in MoS2/GO

material might be due to the enhanced mass transfer compared to MoS»/rGO.

Table 4.3 Activation energies obtained on two catalytic systems at different applied potentials

Ini=Ini,— E.®/RT

Overpotential, V Ea‘*Ipp of MoS,/GO, klJ/mol Eaapp of MoS2/1GO, kJ/mol
0.10V 17 20
0.15V 14 19
021V 6 10

Tafel treatment was applied to the LSV plot and the linear portion of the Tafel plot in
Figure 4.7 (A) was fitted using the Tafel equation, n = a + b log j, where j is the current density
and b is the Tafel slope. The Tafel slopes for the corresponding catalyst materials MoS»/GO and
MoS2/fGO are obtained as = 40.6 and = 71.8 mV/decade respectively. Overpotential is iRs
corrected and in the scale of RHE value. The Tafel slope is used to elucidate the mechanisms
involved in HER process. There are three possible reaction steps in acidic aqueous medium for
the HER process [224]. First, the discharge step (Volmer reaction):

Hi0" + e~ — Hyys + Hy0 (4.6)

Where the Tafel slope, b =2.3RT/a F = 120 mV/decade, R is the universal gas constant, T is the
absolute temperature, o = 0.5 is the symmetry coefficient and F is the Faraday constant. Second

step is the combination step (Tafel reaction):
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Hads + Hads - HZ (4'7)

b =2.3RT/2F = 30 mV /decade

Third step is the electrochemical desorption step (Heyrovsky reaction):

Huus + Hs0T + e~ > H, + H,0 (4.8)

b=23RT/(1+ a)F = 40 mV /decade

Tafel slop is an inherent property of the catalyst that is determined by the rate- limiting step of
HER process. Generally, fast discharging step (5) is followed by either combination step (6) or
electrochemical desorption step (7). If, fast discharging step (5) is followed by rate limiting
combination step (6), Tafel slope will be ~30mV/decade in this case the overall mechanism of
the process would be Volmer-Tafel mechanism. If, fast discharging step (5) is followed by slow
electrochemical desorption step (7), Tafel slope will be ~ 40mV/decade and in that case the HER
mechanism would be Volmer-Heyrovsky mechanism. When the electrochemical discharging
step is the rate limiting step Tafel plot will be ~120mV/decade and the mechanism will be
through the Volmer step as the rate determining step [224, 225, 252].

The observed Tafel slope of ~ 40.6 mV/decade in the present case as seen from Figure 4.7 (A)
for MoS»/GO hybrid catalyst suggests that electrochemical desorption step would be the rate
limiting step of the present system. In the case of MoS»/rGO hybrid catalyst the Tafel slope was
observed as 71.8 mV/decade. The mechanism of the hydrogen evolution process over the MoS»
catalytic system is such that the discharge step predominates over the Mo centre and S and
graphene centers are responsible for the adsorption and further recombination process to liberate
hydrogen gas out of the catalytic system. Mo centers are similar in both the catalytic systems and

the major difference would arise due to the difference in the GO and rGO in the catalysts. The
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significantly higher Tafel slope in the case of MoS2/rfGO hybrid catalyst system is indicative of
mixed mechanism operating across the catalysts substrate. Part of catalyst substrate having Mo
centers would have fast discharge process; whereas the rest of the surfaces are resulting in the
slow discharge kinetics making the overall Tafel slope high [68, 253-256]. In the case of
MoS2/GO hybrid catalyst system, there are plenty of exchangeable H' ions all over the matrix,
due to such exchange of H" ions between the solution and the -COOH and -OH groups present
over the catalytic substrate the discharge step would be quite fast [257-260]. The electrochemical
reduction of H" has been consolidated and presented in Figure 4.8.

Furthermore, the stability of the catalyst was tested by chronopotentiometry and
chronoamperometry method. Chronopotentiometry experiments were carried out at the current
density of 10 mA/cm? for 4 h. As seen from the results in Figure 4.7 (B) the MoS,/GO catalyst
is quite stable at the experimental time period and the applied potential remained below -0.25 V
for the chosen current density. Chronoamperometric experiments were carried out at applied
potential of -0.20 V and it was observed that after an initial drop in current it remained stable for
the experimental time period of 4 h. Even though the 1T phase of MoS: is said to be the
metastable phase, composites of 1T MoS; has been stable even after long term testing [74]. GO
and rGO might have important role in stabilizing the 1T MoS, phase on prolonged HER

catalysis.
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Figure 4.7 . (A) Tafel plot of two catalyst system in comparison with the standard Pt/C catalyst
(B) stability test using chronopotentiometry and (C) stability test using chronoamperometry of
MoS>/GO catalyst. (D) Nyquist plot of M0S2»/GO and MoS2/rGO Inset: zoomed portion of the

Nyquist plot at high frequency region and corresponding Bode plot at the entire frequency range.

The catalyst modified electrode was examined using AFM measurements after the stability test
i.e. the chronoamperometric experiments for 4 hrs. As seen from Figure 4.3 (D), the general
morphology of the materials remained similar as that of what was there before the
electrochemical test. From the histogram and AFM micrograph the average particles size was
decreased from 60 nm to 40 nm after the electrochemical test. The layer structure of the
composite materials is well appeared after the electrochemical test. Due to the energetic changes

during electrochemical test, the materials might have relaxed, which has resulted in the minor
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modification in the morphology of the composite materials. Similar observation was reported
previously on the Mo oxide materials where, on prolonged electrochemical cycles the size of the
Mo oxide nano particles were decreased, such decrease in the size of the nano particles and the
morphological change was described due to the redox activities at the catalytic centre on

prolonged electrochemical cycles [261].

H* H*

Exchange
of proton with
bulk solution

v H,

Figure 4.8 Proposed mechanism of the proton exchange in the HER kinetics.

4.3.3 Electrochemical impedance measurements

The charge transfer efficiency of the electrocatalyst was investigated using electrochemical
impedance spectroscopy using CH Instrument by applying an AC voltage of 10 mV amplitude in
a frequency range of 100000 Hz to 0.1 Hz. Corresponding results in the form of Nyquist plot and
the circuit used for fitting the Nyquist plot are shown in Figure 4.7 (D). The zoomed portion of

the high frequency region of the Nyquist plot is shown as the inset of Figure 4.7 (D). The
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Nyquist plot was characterised with two semi circular regions one at high frequency and the
other at the low frequency. The Nyquist plots were fitted with the equivalent circuit model as
shown in Figure 4.9. Here R; represents solution resistance, R is charge transfer resistance, R is
the resistance incorporated to account for the second semicircle [253, 262-264]. The total
resistance for faradaic process of HER is sum of R and Rz. From Figure 4.7 (D), R1 value for
MoS2/GO is 6 Q, which is lower than that value of MoS2/rGO of 8. The value of R in the case
of MoS2/GO is 32 Q which is sigificantly lower than the value for MoS>/rGO (120 Q).
Corresponding to the mechnaism of the overall process as discussed in Tafel analysis the
resistance R correspond to the Volmer step and the resistance at the low frequency region R»
corresponds to the desorptive charge tranfer process, the Heyrovsky step. Smaller value of R in
both the materials has suggested better charge transfer possibility. The semicircular loop at the
low frequency region corresponds to the desorptive charge transfer process and this process has

dominant role in the overall HER kinetics. Considerably low value of the this desorptive

Ry

Figure 4.9 Equivalent circuit of the impedance spectroscopy measurement

phase angle maxima suggests improved faradic process in the case of GO composite
materails compared to the rGO composte materials [266, 267]. Similar to the CV measuremnets
the roughness factor (Rf) was determined from the capacitance value obtained from the
impedance measuremnets and the values are obtained as 4.33 and 11.5 for MoS>/GO and

MoS2/fGO composite materails respectively.
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Additionally, the phase angle maxima for the relaxation process associated with surface
intermediates falls in the range of 10 to 100 Hz. Relaxation frquency for MoS»/GO and
MoS>/rGO composites are 100 Hz and 20.89 Hz respectively. This relaxation process is due to
the non-homogeneous charge transfer by the surface species. Above the onset potential of
hydrogen evolution, the relaxation due to non-homogeneous charge distribution dominates with
the minor contribution from double layer capacitance and the charge transfer components as
shown in Figure 4.7 (D). However, the phase angle maxima for GO composite is at higher
frequency than that of rGO suggests that there is significant masking due to the double layer
capacitance on the HER activity in the case of GO composite. This double layer masking effect
should limit the performance of MoS>/GO composite but performance of MoS»/GO is better than
that of rGO as shown on Figure 4.7 (D). This anamolous property can be explained through the
functionalised GO with hydroxyl and carboxylic acid groups which might incerase the double
layer masking at the same time incerase the mass flow of proton through exchange mechaism

form the acidic solution as shown in Figure 4.8.

4.3.4 Scanning electrochemical microscopy measurements

Scanning electrochemical microscopy (SECM) was employed to characterise the charge
transport processes and to obtain the local electrochemical activity of the substrates. Pt
ultramicro electrode (UME) of diameter 10um was used as working electrode (probe or tip
electrode), Pt wire was used as counter electrode, saturated Ag/AgCl electrode as reference
electrode and glassy carbon electrode (GCE) modified by the catalyst was used as the substrate
electrode. Approach of probe to the surface of the catalyst was performed by Probe Approach
Curve (PAC) technique, in which a constant potential of -0.075V vs RHE was applied to the
probe and different potentials in the rage from 0.225 V to -0.175V were applied to the substrate.

146



Electrochemical signals were measured by measuring the current at UME tip as the function of
pricise tip position over substrate at the approach distance and the SECM imaging was obtained.

The steady state probe current is given by [31, 268]

I, = 4nFDCa (4.9)

where, lq is diffusion limited current, number of electrons transferred at the electrode tip, F is
Faraday’s constant, C is concentration of H" ions in solution, D is diffusion coefficient and a is
radius of UME disc. In bulk solution, H" ions got reduced at UME tip and produced steady state
current limited by hemispherical diffusion. As tip approached the substrate the hydrogen atom
formed after reduction of the H" ions at the tip oxidised at subtrate when potential applied at
substrate is more positive than tip potential and a positive feedback response was observed [31],
though the catalyst substrate was not meant for the oxidation of hydrogen to proton, at an applied
positive potential it should oxidise hydrogen to proton. Feedback responses at different substrate
potentials are shown in Figure 4.10 where the normalized current, the tip current during approach
(ir) is divided by the steady state tip current when the tip was in the bulk solution (ir o) is
plotted with respect to the normalized distance L (d/a), where d is the tip to substrate distance
and ‘a’ is the radius of the tip electrode. Positive feedback response was obtained when substrate
potential was more positive or equal to the tip potential and negative feedback responses were
obtained when subtrate potentials were more negative than tip potential. This is due to the
enhanced mass flow of H' to the tip at a relatively positive applied potential at the substrate. The
negative feedback response was due to the redox competition between the tip and the substrate.
When potential at substrate was same or more negative, reduction of H' ions became prominent

at substrate hence negative feedback responses were obtained.

147



Therefore at the same applied potential to the tip and the substrate, the substrate could impose
negative feedback response to the tip due to the introduction of the redox competition mode into
the system. This is essentially due to the higher surface area of the substrate and also to the good
catalytic activity of the substrate. The feedback responses were fitted with standard models, as
seen form the Figure 4.10, where most of the positive feedback responses could be fitted
reasonably well, however the nagative feedback reponses could not be fitted due to the redox
competion mode operating between the tip and the substrate.

After the probe approached to the substrate the catalysts modified substrate was scanned for the
electrochemical imaging of the substrate using SECM using the steady state current response
from the tip [268]. The SECM scanning was carried out in constant height mode where the
distance between the probe and the substrate was kept constant at the approach distance of (1.1
um) and the probe was scanned in X-Y plane. The SECM scans for the MoS,/GO materials are
shown in Figure 4.11. It was observed that at the relatively positive substrate potential overall

porbe current was high all over the substrate, there are some high current regions spread across
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Figure 4.10 Probe approach curve (PAC) for MoS>/GO catalyst at different substrate potentials

keeping constant probe potential -0.075V.

the whole substrate. With shift in the applied potential towards more negative direction, the

spread of the high current regions were decreased and only a few high current inlands were

observed at the substrate potential of 0.025 V. At -0.075V, the transition potential between the

positive and the negative feedback response, the entire substrate was covered with low current

reponse. At further negative applied potential to the substrate the probe recorded very low

negative currents across the substrate with some inlands of positive current as seen in Figure 4.11

(E). The positive current response from the probe was further increased at even more negative
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applied potential to the substrate (cf.Figure 4.11 (F)). The probe approach plots and the SECM
scans for the MoS2/rGO materials are shown in FigureS7 of the supporting information. Near
similar observation as that for the MoS»/GO hybrid material was observed in the probe approach
plot and SECM scan at different potentials. When the corresponding figures of Figure 4.11 (E)
and (F) were compared with Figure 4.12 (E) & (F) is was observed that the positive current
response from the tip was higher in the case of MoS,/GO than MoS»/rGO. Thus the more
prominent positive current response at the substrate potentials of -0.125V and -0.175V in the
case of M0S2/GO hybrid material materials compared to the MoS2/rGO hybrid material indicates
better catalytic hydrogen evolution process over the MoS2/GO. SECM was used previously for
the investigation of HER processes and it was reported that the strained S vacancy of MoS; has
much higher HER activity than an unstrained one[269]. Present result on SECM revealed that
both the composite materials have imposed oxidation reaction at the Pt tip at the applied
substrate potential of -0.075 V, however the oxdiation process at the tip due to the redox
competition process is induced predominantly by the MoS2/GO composite materails than the
MoS»/fGO composite materails. Both the materials have shown good catalytic activity for the
HER process with relatively higher activity for MoS2/GO composite material has been revealed
from the LSV measurements and supported by the impedance and hydrodynamic measurements.
Previous investigation on SECM with surface interrogation has revealed the Mo-H bond
formation during HER catalysis process using MoS; catalyst[270]. This Mo-H bond formation
might be facilitated due to the presence of adjacent exchangeable proton in MoS»/GO composite

materials.
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Figure 4.11 Scanning electrochemical microscopy (SECM) images of MoS,/GO catalyst at
different substrate potentials (A) 0.225 V, ((B) 0.125V, (C) 0.025V, (D) -0.075V, (E) -0.125V

and (F) -0.175V.

The difference in the work function between graphene and MoS:> has been favorable for the
electron to flow from MoS, towards graphene sheet, good coupling between the MoS» and the
graphene sheet would always make this flow of electron fast for efficient HER process [77].

Present observation of the enhanced HER process in the case MoS2/GO composite materials is
explained from the direction of the electron flow from MoS: to the graphene sheets. Electron

would transfer from the electrode to MoS,, which will further be transferred to the graphene
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sheet from which the electron will be transferred to H' ions and the charge transfer reaction will
take place for the HER catalytic reaction. Since there are exchangeable proton already present in
the graphene sheet of GO, the overall charge transfer process would always be favored in the

case of MoS>/GO composite materials compared to MoS»/rGO [271, 272].
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Figure 4.12 Scanning electrochemical microscopy (SECM) images of MoS2/rGO catalyst at
different substrate potentials (A) 0.2246V, (B) 0.125V, (C) 0.025V, (D) -0.075V, (E) -0.175V

and (F) -0.225V
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4.4 Conclusion

The composites of GO ad rGO with the MoS> have been synthesized. Material
characterization has revealed the 1T phase of MoS:. Both the composite materials have shown
very good catalytic activity for HER process and their catalytic activities are not so inferior to the
to the commercially available Pt/C catalyst. Electrochemical investigations with Tafel analysis
has indicated the Volmer-Heyrovsky mechanism for the HER process in MoS2/GO catalytic
system. LSV experiments were carried out in hydrodynamic mode and the results shown to have
marginally higher electron transfer rate constant for MoS>/rGO composite materials, where the
current density and the onset potential for the HER process was comparatively favorable in the
case of MoS»/GO. Such anomaly in the observation has indicated the enhanced mass transfer
process for MoS»/GO; such enhanced mass transfer has been ascertained from the exchange of
proton at the functional group over the GO matrix and the bulk acidic solution. Electrochemical
impedance measurements have shown to have high desorptive charge transfer resistance for
MoS>/rfGO composite material responsible for the comparatively low HER. SECM experiments
were carried out using the catalyst modified substrate and the probe approach plot has shown the
transformation of the composite modified electrode as the substrate from oxidation of proton to
the efficient HER catalyst with the modulation of the applied potential. The SECM substrate
scan has shown enhanced oxidation current from the tip electrode at a cathodic applied potential
to the MoS2/GO composite modified substrate compared to the MoS2/rGO composite modified

substrate.
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Chapter 5: Development of BiVO4based photoanode

material for photoelectrochemical splitting of water

5.1 Introduction

Photoelectrochemical (PEC) splitting of the water is one of the most promising methods
for simultaneous conversion of hydrogen from water using solar energy as a sustainable and
clean energy source and zero carbon footprints; the process has inherently high power and
energy densities [179, 273-276]. PEC water splitting consists of photoanode and photocathode
on which oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) respectively
are taking place. After having the discussion about the cathode materials in two previous
chapters present chapter is focused on the development of anode materials, which important in
terms of overall water splitting processes as it is limited by the sluggish OER kinetics; therefore,
it is important to develop efficient photoanodes for the improvement in the overall water splitting
process. Some of the important materials continued to discuss as photoanode materials for the
OER are TiO2, a-Fe;03, WOs3 and BiVO4 [78-86]. Among these materials, BiVOy4 is the most
researched photoanode due to its suitable band position, bandgap and high theoretical efficiency
(~ 7.5 mAcm?) and high solar to hydrogen (STH) conversion efficiency (~9%) [87-90].
However, the slow surface catalytic activity, short hole diffusion length, fast electron-hole
recombination are major challenges with the BiVO4[78, 91-94]. To overcome these challenges, a
number of the strategies have been widely investigated such as; nanostructure control [95-98],
band engineering [89, 99-106], heteroatom doping [107-113], generation of oxygen vacancy [94,

114-116] and the oxygen evolution catalyst (OEC) incorporation [90, 117-125]. SnO; has been
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used for the heterojunction formation in the BiVOs system which suppresses the back electron-
hole recombination process [89]. Additionally, the SnO> underneath of BiVO4 blocks the surface
state of the ITO/FTO. These modifications improve the injection of the photogenerated holes to
the electrode-electrolyte interface. During OER at the photoanode surface, photogenerated holes
are expected to react with the OH™ to form OH”’ radical intermediate, which is converted to O2
and very small part of them dimerize to H2O2 or OH". Some of the OH" intermediate diffuse out
into the electrolyte. The charge transfer kinetics at the electrode-electrolyte interface is in the
range of nanosecond, which is very difficult to investigate by the conventional electrochemical
method. Electrochemical impedance spectroscopy (EIS) [277] and the transient absorption
spectroscopy (TAS) [93] are two important techniques implied to investigate the PEC processes

and generate important parameters like photo-induced carrier lifetime and diffusion length.

Scanning electrochemical microscopy (SECM) is a powerful technique to investigate the
charge transfer kinetics for in-situ measurements at the solid-liquid and liquid-liquid interfaces
[278-280]. SECM is decisively applied for the investigation of the mechanism of interfacial
charge transfer processes in OER, HER, oxygen reduction reaction (ORR) and hydrogen
oxidation reaction (HOR) on the Pt, Pd, Au Hg, and the other electrodes [279, 281, 282].
Interfacial charge transfer kinetics at the semiconductor-electrolyte interface has been
investigated for the photo-induced charge mediated reactions [283]. Bard group has
demonstrated the detection, quantification, and evolution of decay kinetics of the photogenerated
hydroxyl radicals in the PEC on the semiconductor interface [284, 285]. Surface interrogation
SECM (SI-SECM) technique has been utilized to quantify photogenerated hydroxyl radicals

(ads) and dimerization of the photogenerated radicals at the photoanode.
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Considering the shortcoming of BiVOs, this chapter is aimed to improve the catalytic
efficiency by developing the BiVO4 photoanodes with SnO»> as interlayer, BiVO4 was doped with
Mo to further improvement of the catalytic activity. The SnO> coating over the ITO plate was
carried out for suppressing the charge recombination process through the generation of
heterojunction of SnO2 and BiVOs. The optical, chemical, and electronic properties of the
materials have been investigated to understand the improvement in the PEC efficiency on Mo
doping. The improvements in the photocurrent on Mo doping are analyzed based on the relative
improvements in the bulk and surface properties as measured by the EIS and Mott-Schottky
analysis. The decrease in the charge transfer resistance (Rct) shows the improvements in the bulk
property of the BiVOs. The increase in the capacitance upon the Mo doping suggests better
activity at the electrode-electrolyte interface due to the enhancement of the active surface sites,
which leads to the enhancement in the PEC efficiency [92]. Strong correlation among the optical
property of the material, the open circuit photovoltage (OCPV), and onset potential was
discussed in relation with the improvement in the PEC efficiency on Mo doping. The increase in
the flat band potential and OCPV suggests the improvements in the charge separation upon the
Mo doping which resulted in the enhancement in PEC efficiency [162, 286-288]. SECM has
been applied to investigate the photo-induced interfacial charge transfer kinetics in-situ at the
electrode-electrolyte interface, the interfacial photo-generated hole transfer kinetics was

correlated with the efficiency of PEC process across different catalysts investigated.
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5.2 Experimental Section

5.2.1 Materials

Bismuth (IIT) Nitrate (Bi (NO3)3.5H20, 98%), Ammonium Vanadate (NH4VOa, > 99%),
Stannic Chloride (SnCls, 98%), and Sodium sulfite (Na2SO3, 98%) were purchased from Sigma
Aldrich. Ammonium tetrathiomolybdate ((NH4)2 M0S4, 99.95%) was purchased from Alfa Aesar.
Sodium Sulphate (Na»SOs), sodium monohydrogen phosphate (Na;HPO4), and sodium
dihydrogen phosphate (NaH>PO4) were obtained from Sarabhai M Chemicals. Ethylene glycol

and potassium ferricyanide were purchased from SDFCL and used as received.

5.2.2 Fabrication of Photoanode

SnO2/BiVO4 heterojunction was prepared by the spin coating technique. In this typical
synthesis procedure, SnCls (98%, 0.24 mL, 0.2 M) was dissolved in 10 mL of ethylene glycol
and sonicated for 20 min and kept for stirring overnight prior to the spin coating. An aliquot of
100 pL as prepared precursor solution of SnO2 was spin-coated on the ITO substrate at 2000 rpm
for 1 min, followed by annealing at 250°C on the hot plate for 5 min. This process was repeated
8 times to get the optimum thickness of SnO» [289]. After spin coating; the modified electrodes
were annealed at 450°C in a tube furnace for 2 h at 5°C per minute heating rate to form
crystalline SnO». After having the SnO> layer over the ITO substrate, the BiVO4 film was formed
on the ITO/SnO; substrate by metal-organic decomposition method. In this typical synthesis
method, Bi(NO3)3.5H20 (0.2 mmol) was dissolved in 5 mL of ethylene glycol-water mixture
(8:2, volume ratio) subsequently NH4VO3 (0.2 mmol) was added slowly, the mixture was
sonicated for 30 min and kept on stirring for overnight at room temperature. The above solution

was spin-coated over ITO (for control experiments) and ITO/SnO substrate at 2000 rpm for 1
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min and then annealed at 350°C for 5 min on the hot plate. The coating was carried out for
repeated 8 times to achieve the appropriate thickness for maximum efficiency [289], and after
completion of the coating, the samples were heated at 450°C for 3 h at the heating rate of 5°C
per minute in a tube furnace. Mo doping was achieved by adding ((NH4)2. M0S4, 99.95%) at 1, 3,
5 and 7 atom percentage, resulting in a mixture containing Bi/(V+Mo) = 1:1 to replace V
position in the crystal lattice of BiVOs. The photoanodes thus fabricated using without Mo and at
1, 3,5 and 7 atom percentage of Mo are designated as SBM0O, SBM1, SBM3, SBMS5, and SBM7

respectively.
5.2.3 Photoelectrochemical measurements

Photoelectrochemical measurements were performed using the CH Instrument (920 D
model) using a three-electrode cell with an Ag/AgCl (3.0 M KCIl) reference electrode, glassy
carbon rod as counter and modified ITO coated with the catalyst material as the working
electrode. 0.5 M Na>SOys solution in 0.1 M potassium phosphate buffer solution (PBS, pH= 7)
was used as electrolyte. All photoelectrochemical studies were carried out using Ag/AgCl (3 M
KClI) reference electrode and potentials were converted and reported to reference hydrogen

electrode (RHE) using the following
Ewrugy = Eagjager + 0.059pH + EQy/asci (5.1)

Where, Epg/agci 18 working potential and Egg Jagct 18 standard potential (i.e. 0.2243 V). To

measure the charge transfer efficiency and the charge transport efficiency, 0.1 M Na>SOs as hole
scavenger was added in the electrolyte. All samples were front illuminated because of
significantly higher photocurrent than that of back illumination. Solar Simulator having 1

sunlight fitted with AM 1.5 G filter was used as a light source. The xenon arc lamp is used as a
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monochromatic light source; power of the monochromatic light is measured by digital power
meter from Newport. The photocurrent was measured by linear sweep voltammetry (LSV)
technique with 5 mVs! scan rate and chopped light voltammetry was recorded.
Chronoamperometry was used for the stability test of the photoanode materials. Electrochemical
Impedance Spectroscopy (EIS) was used to measure interfacial charge transfer resistance (Rct) at
1.44 V by applying sinusoidal wave of amplitude 10 mV in the frequency range from 10° to 107!
Hz under 1 sun illumination. Further, the relaxation frequency and time constant of the
electrochemical process were measured from EIS data to quantify the efficiency of the
photoanode materials. Mott-Schottky experiments were carried out at 100 Hz frequency for the
measurements of donor density and flat band potential of photoanode material which inherently
affects the PEC activity. Incident photon to current efficiency (IPCE) was measured with the
setup similar to that of PEC measurement with monochromatic light from 350 to 650 nm with a
10 nm step. The incident light power was measurement at each wavelength with a calibrated
photodiode. SECM study was performed on 920 D bi-potentiostat (CH Instrument) using four
electrodes system. SECM Teflon cell was in-house fabricated for holding the substrate at the
base with O-ring, reference and counter electrodes. Photoanode materials were used as the
substrate, Ag/AgCl (3 M KCl) as a reference and glassy carbon rod as a counter electrode and
results are reported in terms of RHE potential. Commercial Pt ultra-microelectrode (UME)
having RG value of 5 and a diameter 10 um was used as the probe. Pt microelectrode was
polished with a micro polishing cloth with 0.05 um alumina powder successively and then
cleaned in 0.5 M H2SOj4 solution for 20 cycles of cyclic voltammetry scans in the potential
window of 1.44 V to 0.29 V vs RHE at the scan rate of 50 mVs™!. Ferricyanide solution of 2 mM

concentration was used as a redox couple in 0.1 M PBS of pH 7. The potential of the probe was
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chosen at 0.64 V in the region of steady diffusion current after recording the CV in 2 mM
ferricyanide solution with a scan rate of 50 mVs™'. Samples were illuminated from the front side
using the solar simulator as the light source. Probe Approach Curve (PAC) technique was used to
record the approach curve to the substrate in dark and also under the illumination of light to
measure the kinetic parameter using four electrodes system at different polarization potentials,
from the fitting of the probe approach plots the interfacial charge transfer kinetics were obtained.
The mapping of photoanodes was carried out by the SECM technique (constant height mode)

under the illumination condition to map the catalytic activity of the catalyst substrate.
5.2.4 Characterization of the materials

XRD analysis of the prepared samples was performed by using a Rigaku powder
diffractometer (9 kW Rotating Anode) with Cu Ko radiation (A= 1.5406A). Raman spectra of
photoanodes were recorded by using Lab RAM HR 800 Microlaser Raman system with an Ar+
laser of 516 nm. The morphology of the photoanodes was examined by field emission scanning
electron microscopy (FE-SEM, JEOL model JSM-7600F). X-ray photoelectron spectroscopy
(XPS, MULTILAB, VG Scientific, Al K¢ radiation as monochromator) was used to investigate

the binding energy of the components of Mo doped BiVO4 photoanodes.
5.3 Result and discussion
5.3.1 Structure analysis by XRD and Raman spectroscopy

SnO2/Mo-doped BiVO4 was as synthesized by sol-gel spin coating method [289] are
characterized by X-ray diffraction (XRD) technique, results are shown in Figure 5.1 (A). XRD

peaks at 20 values of 18.59°, 28.61°, 30.01° and 34.96° correspond to (101), (112), (004) and
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(020) planes respectively of monoclinic phase (JCPDS 75-1867) of BiVO4. XRD peaks at 26
values of 26.48° and 50.46° correspond to (110) and (211) plane confirm the presence of inner
layer tetragonal SnO> (JCPDS card 77-0450). The presence of these two layers indicates the
successful formation of heterojunction. Upon an increase in the atomic percentage doping of Mo,
a small shift of peak position towards the lower theta value indicates the expansion of crystal
lattice. It has been reported that Mo preferentially substitutes V sites, which is a
thermodynamically favorable process, as the impurity formation energy of Mo doping in V sites
and Bi sites is 0.53 eV and 2.79 eV, respectively [290, 291]. Moreover, Mo is 6-fold coordinated
in MoO3, and V and Bi are having 4 folds and 8 folds coordination, respectively. Thus, when Mo
atoms substitute V, all Mo-O bonds are expanded; however, Mo atoms keep the 4-folds
coordination of V atoms. It has been reported that Mo doping in BiVO4 causes deviation of the
dipole moment of VO4* tetrahedron from zero to non-zero dipole moment in the crystal lattice,
thus making the crystal more polar. This enhanced dipole moment due to the distorted
polyhedron are reported to promote the charge separation on photo-excitation, which would

enhance the overall photocatalytic activity [291].

Raman spectroscopy is used to investigate the crystallization, local structure and
electronic properties of the materials. Figure 5.1 (B) shows the characteristic Raman bands of the
photoanode materials and tabulated in Table 5.1. The typical Raman bands of BiVOj are
observed at 825.50, 713.80, 367.37 and 329.72 cm’!. The strongest band near 825 cm' is
assigned to the vs (VO4) (Ag) and weak shoulder like peak at 713.80 cm™! is assigned to the Vs

(VOs) (Bg) mode. The Raman band near 367.37 and 329.72 cm™! are assigned to the 8 (VO4) (Bg)

and Oas (VO4) (Ag) respectively. The external modes (rotational and translational) are at lower
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frequencies than the internal modes of VO4>" units because they involve the heavier VO4> unit

and having weaker coupling interactions.
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Figure 5.1 (A) XRD patterns of all BiVO4 and Mo doped photoanodes and (B) Raman spectra of

all BiVO4 based photoanodes.

The modes at 213.23 cm™! and 126.58 cm™' are assigned as rotational and translational
modes respectively [292-297]. The weak bands at 867.50 cm™' and 374.70 cm™ are assigned to
the vs (MoO4) and 6 (MoOg4) respectively. The band corresponds to the vis (M0oO4) might be
covered with 825.50 cm™ peak. All these Raman band assignments for the present materials
correspond well with the literature reports of similar materials [292-297]. It has been observed
that there is a blue shift in the most intense peak from 825.50 cm™ to 829.54 cm! in materials
from SBMO to SBM3 then red shifting is observed in SBMS5 to SBM7. The change of vibrational
frequency of V-O can be explained in terms of metal-oxygen bond length and strength. F. D.
Hardcastle et. al have determined the V-O bond length and bond order from Raman stretching
frequencies [297]. Calculations are made based on the correlation of diatomic approximation
which assumes that each metal-oxygen bond vibrates independently in the crystal lattice. The

empirical formula used for calculation of bond length is as follows [297]
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v(em™) = 21349 exp(—1.9176R (4°)) (5.2)

Where v is the Raman stretching frequency for V-O in cm™ and R is the bond length in A°. The
V-0 bond varies from 1.696 A° to 1.698 A° upon doping of Mo in BiVOy lattice; thus, a
marginal increase in the V-O bond length is observed at the 5% Mo content. The asymmetric
stretching also has shown similar behavior to that of the symmetric stretching vibrations, where
the V-O bond length is decreased initially on the addition of Mo, with further addition of Mo
resulted in the increase in V-O bond length. The increase of the V-O bond causes distortion in
the lattice, which has resulted in the shifting of XRD peaks towards lower theta values. However,

the shifting is not significant in the modification of the crystal structure.

Table 5.1 Analysis of Raman spectroscopy of all BiVO4 based photoanodes. All stretching and
bending modes of vibrational of BiVOg are listed here. The bond length of V-O is calculated

based on the symmetric stretching of V-O mode.

V-0
v (V- Vas (V- S ) . . \% )
y bond * s a Rotational Translational y
Catalysts 0 length 0) (VOy) (VOy) (MoO4)  (MoOy)
-1 -1 -1 -1 em’! em’! -1 -1
cm . cm cm cm cm cm
A

SBMO 825.50 1.696 713.80  367.37  329.72 213.23 126.58
SBM1 827.54 1.695 710.19  369.37  327.72 213.23 128.18
SBM3 829.54 1.694 708.19  369.37  327.72 213.23 129.12 867.50
SBM5 823.13 1.698 71580  366.16  330.92 212.30 125.04 867.50 374.70
SBM7 823.94 1.697 716.21 367.37 33092 212.90 125.64 867.50 374.70
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5.3.2 XPS analysis of the materials

XPS was used to investigate the surface electronic properties of photoanodes. As shown
in Figure 5.2, XPS spectra confirm the presence of elemental constituents of Bi, V, O, Mo and
Sn of deposited films on ITO. Figure 5.2 (A) shows the spectra of the Bi 4f core level region.
The Bi 4f region is characterized by the presence of the 4fs, and 4f7» components with a spin-
orbit splitting of 5.22 eV. Likewise, Vzp is characterized by the 2p12 and 2p3»2 components with

spin-orbit spitting of 7.64 eV as shown in Figure 5.2 (B).

Table 5.2 XPS analysis of Bi 4f, O 1s, V 2p and Mo 3d binding energy.

Bi 4f5/2 Bi 4f7/2 O Is A% 2p1/2 \Y 2p3/2 Mo 3d3/2 Mo 3d5/2

Catalysts
eV eV eV eV eV eV eV
SBMO 164.0 158.78 529.80 524.05 516.41 - -
SBM1 164.34 159.07 529.94 524.21 516.84 233.94 230.87

SBM3 164.70 159.37 530.83 525.10 517.60 233.99 230.92

SBM5 164.94 159.60 531.34 525.36 518.11 234.10 230.93

SBM7 165.27 159.96 531.96 524.21 516.71 234.10 230.90

There are peaks corresponds to the Sn 3d confirm the presence of the inner layer of SnO» of
BiVOs4. Doping of Mo with varying concentrations has been carried out in BiVOs, and
corresponding XPS spectra are shown in Figure 5.2 (C). Mo 3d is confirmed by the presence of
Mo 3d3» and Mo 3ds, spectra with spin-orbit splitting of 3.06 eV, which confirms the doping of
Mo in BiVOy lattice, which is in accordance with characterization by XRD and Raman

measurements. The surface atomic composition of each sample is calculated using Bi 4f7», V
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2p3p, Mo 3ds; spectral intensities, weighted by atomic sensitivity. The atomic composition is

found to be in good agreement with EDS analysis.
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Figure 5.2 XPS spectra of (A) Bi 4f, (B) O 1s, V 2p and Sn 3d and (C) Mo 3d in BiVOs.

Further, in addition to the chemical composition of constituent’s elements, chemical
states are determined from XPS measurements. Fitting of Bi 4f spectra reveals that each spin-
orbit split corresponds to the single oxidation state in all samples. The binding energy positions
of Bi 4f7, and Bi 4fs5» in BiVOs are observed at 158.78 eV and 164.0 eV respectively, and the
spin-orbit splitting energy of 5.22 eV suggests that Bi is in +3 oxidation state [298-301]. The
binding energies of V 2p3» and V 2pi are 516.41 eV and 524.05 eV, and spin-orbit split energy
is 7.64 eV suggests that V is in +5 oxidation state [298-301]. All samples exhibit peaks at ~530
eV for O 1s orbital, which is due to the lattice oxygen. Hydroxyl O 1s peak is also observed near
532 eV suggests the hydroxylated surface of photoanodes, which might enhance the photo-

electrocatalysis. Additionally, Mo dopant was characterized by Mo 3d peaks. The binding
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energies of Mo 3ds3» and Mo 3dsp are 233.94 eV and 230.88 eV, respectively having spin-orbit
split energy 3.06 eV confirming Mo is in +6 oxidation state [301, 302]. The increase of bindin
energy of all ions (Bi*", V', O%), in Mo doped BiVOy is the result of doping of higher

electronegative dopant (i.e. Mo®": 2.16 > V>*: 1.63) [303].

5.3.3 SEM and EDS analysis

Figure 5.3 FE-SEM images all porous BiVO4 based photoanodes thin films on ITO substrate.

(A) SBMO, (B) SBM1, (C) SBM3, (D) SBMS5 and (E) SBM?.
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Morphology of photoanode materials was characterized by scanning electron microscopy
(SEM). BiVO4 was uniformly coated on ITO/SnO2 as shown in Figure 5.3. The materials have
shown the granular type of morphology, and the grain size is observed to be increased marginally
with Mo doping. Similar observation has been reported in the literature [304-307]. On 7% Mo

doping, the sample has shown chains of grains with vacant spaces in the matrix.

2
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Figure 5.4 EDS analysis of different catalysts for calculation of Bi, V, O and Mo in the

photoanodes (A) SBMO, (B) SBM1, (C) SBM3, (D) SBMS5 and (E) SBM7.
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Table 5.3 Elemental analysis of Bi, V, O, Mo and Sn in BiVO4 photoanodes

Elements SBMO0 SBM1 SBM3 SBMS5 SBM?7
Atomic%  Atomic Atomic  Atomic  Atomic
% % % %

Bi M 11.20 10.51 11.14 11.34 10.47
VK 11.45 9.54 9.24 8.39 7.34
OK 72.06 71.31 69.63 64.49 66.02
Mo L - 0.78 3.18 443 6.37
Sn L 5.10 6.53 5.57 5.90 9.80

)
440nm  SnO/BiVOy J ‘ 440nm  SnO/BiVO;

e——
440nm Sn0./BiVO;

——n

Figure 5.5 Cross-sectional view of photoanodes for thickness measurements (A) SBMO, (B)

SBM3 and (C) SBM7. Total thickness of film is 440 nm.

Elemental analysis was carried out by Energy dispersive spectroscopy (EDS) as shown in Figure

5.4. In SBMO, the atomic ratio of Bi and V is 1:1 as shown in Table 5.3. The atomic percentage
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of Bi, V, O, and Mo was found as these materials were taken during the synthesis procedure. Sn
content corresponding to inner layer SnO2 was observed. Further, the thickness of the coating
was measured and shown in Figure 5.5. The thickness of the combined layers of SnO; and

BiVO4 was found to be around 440 nm.
5.3.4 UV-vis spectral measurements

The optical absorption property of a semiconductor reflecting the electronic property of
the material is a key factor for determining the photo-electrocatalytic activity. All photoanodes
materials are characterized by UV-vis diffuse reflectance spectra of as shown in Figure 5.6 (A).
All samples show strong absorption in the visible region, having bandgap absorption edge in the
region of 500-550 nm. The most intense absorption peak was observed at 447 nm for BiVOa.
The absorption bands correspond to the MoO3 and SnO; are also observed at 418 nm and 358 nm
respectively. A small red shift of absorption edge upon Mo doping is observed. Under the
assumption of parabolic band dispersion, the energy dependence of optical transition strength

can be explained by Tauc equation [152, 308].
(ahv)* = A(hv —Ey) (5.3)

Where a is optical absorption coefficient, hv is photon energy, E, is the bandgap and A is a
probability constant. The numerical values of n are 2 and 2 for indirect and direct transition,
respectively. Thus, the nature of the transition can be determined from the linearity of plots of
(ahv)*/? and (ahv)? vs. hv and bandgap can be determined from the X-axis intercept. Figure
5.6 (B) shows the Tauc plot for direct band transition. The bandgap of undoped BiVOys is
obtained as 2.54 eV. Upon Mo doping, the bandgap is found to decrease marginally from 2.54 to

2.50 eV. On Mo substitution on V site, the band structure remained nearly the same as that of
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Figure 5.6 (A) UV-vis diffuse reflectance spectra and (B) Tauc plot for direct band for
calculation of bandgap of all BiVO4 based photoanodes (C) Photoelectrochemical performances
of the all BiVO4 based photoanodes were measured by chopped light voltammetry in 0.5 M
NaSO4 in 0.1 M PBS buffer solution at scan rate 10 mVs! under the 1 Sun illuminations. (D)

IPCE spectra at 1.0V vs Ag/AgCl of all photoanodes.

undoped BiVOs. The marginal decrease in the bandgap, which means the optical absorption
threshold, will not be affected by Mo doping in BiVO4 [107, 290, 291, 309]. The Fermi level
increases with the reduction of V>* to V#* which is explained in the photocharging section. The
enhancement of the activity and modification of the band structure has significant role from the
oxygen vacancy created due to the incorporation of Mo®" into the V>* site. Every oxygen vacancy
pumps two electrons in the lattice and hence Fermi level and donor density of the photoanodes

increased.
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5.3.5 Photoelectrochemical investigation

All PEC experiments were carried out in 0.1 M PBS of pH 7 using 0.5 M Na»SO;4 as
supporting electrolyte using three electrodes systems in 1 Sunlight source using a Solar
simulator. Photo-response of photoanode materials was performed by chopped light voltammetry
technique, as shown in Figure 5.6 (C). At 1.64 V (vs RHE) the current densities of 0.65 mAcm™,
0.73 mAcm?, 0.84 mAcm™, 1.65 mAcm™ and 1.06 mAcm™ are obtained for SBM0, SBM1,
SBM3, SBM5 and SBM7 respectively. The BiVO4 without having the SnO: interlayer has
shown the photocurrent of 0.22 mAcm™. The results thus indicate significant improvement in the
photocurrent response due to the formation of the SnO; interlayer. The photocurrent is further
increased by doping Mo in BiVOs4. SBM5 has shown the highest photo-electrocatalytic activity.
There is ~154% improvement in the photocurrent from SBMO upon 5% Mo doping observed in

SBMS.

To understand the photo-electrocatalytic activity of BiVO4 and Mo doped BiVOs, further the
incident photon to current efficiency (IPCE) was measured at 1.64 V (vs RHE) in 0.1 M PBS
from 370 nm to 550 nm wavelength range, and the results are shown in Figure 5.6 (D). For IPCE
measurements, LSV was recorded for the wavelength ranging from 370 nm to 550 nm, and
photocurrents were sampled at 1.64 V, and then IPCE was measured by using the following
equation [155]

J (i) 1240

2
IPCE % = m7_
P (L) 2
cm

x 100 % (5.4)

Where J is the photocurrent density, Pi, is the power of incident photon (monochromatic light), A
is wavelength in nm. The onset wavelength of IPCE is 500 nm, which corresponds to the
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bandgap of 2.48 eV, supports the bandgap calculation from the Tauc plot. On Mo doping IPCE is
increased up to the Mo doping of 5%, thereafter on further doping of Mo, no increment is
observed. At 5% Mo doping in sample SBMS5, IPCE is observed to be at 17% which is about
166% improvements than that of SBMO at 400 nm. For further insight into the charge transfer
and separation process, Mott-Schottky analysis was carried out; the scans were recorded in the
potential window from 0.64 V to 1.64 V (vs RHE) with an increment of 0.025 V at 100 Hz

frequency as shown in Figure 5.7 (A).

1 2 kgT

== (Vv -Vy -2 5.5
C? queeoND< FB q) (5-5)

Where C (F) is space charge capacitance, q is elementary charge, A is electrode surface area, € is
relative permittivity of BiVO4 (68), [310] &y vacuum permittivity (8.854x10712 Fm™'), Np (cm™) is
donor density, V is applied potential, Vrgp is flat band potential and kg is Boltzmann constant
(1.38x102 JK!) and T is absolute temperature. From the slope of a plot of 1/C? vs V, donor
density is measured, which is the inherent property of photoanode materials. Donor density was
calculated from the slope of Figure 5.7 (A) and tabulated in Table 5.4. Np of SBMO is found as
5.23x10" cm™, the measured value is in accordance with the literature reports [290, 291, 309].
Upon doping of Mo, donor density is found to increase, and the values in samples SBM1, SBM3,
SBMS5, and SBM7 are obtained as 6.24x10', 9.66x10", 3.85x10%° and 8.82x10 cm™
respectively. This increase of donor density supports the increase of photocurrent with doping of

Mo observed in chopped light voltammetry measurements [290, 309].
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Figure 5.7 (A) Mott-Schottky analysis for calculation of donor density and flat band potential,
(B) OCPYV calculation by measuring the difference in potential in dark and illumination, (C)

Nyquist plot and (D) Bode plots of the BiVO4 based photoanodes.

Further, the flat band potential, which is also an important property of photoanode materials and
qualitative measurement of the degree of band bending at the -electrode-electrolyte
interface,[161, 162, 286] was calculated from Mott-Schottky plot as shown in Figure 5.7 (A). At
higher band bending, the electron-hole recombination will be difficult at the interface, which will
result in the improvements of PEC efficiency and stabilizes the photoanodes [161, 162, 286,
287]. The flat band potential of SBMO is found as 0.94V, on Mo doping, the flat band potential is
observed as, 1.09V, 1.16V, 1.20V and 1.05V for the samples SBM1, SBM3, SBMS5, and SBM7
respectively. This observation suggests that the band bending is improved upon Mo doping up to

the Mo doping of 5%, which resulted in the suppression of electron-hole recombination on the
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interface. The suppression of charge recombination facilitates higher charge transfer property at
the interface, and hence, overall PEC efficiency is improved. The increase in the flat band
potential thus supports the observed enhancement of current in chopped light voltammetry and

an increase in the IPCE values on Mo doping up to 5%.

Table 5.4 PEC activity of the photoanodes were characterized by the following parameters.

Band % increase Donor Flat band % of Charge % of charge
Catalysts  gap in dens i3ty potential, OCPV transfer transport

(eV)  photocurrent (cm ) v efficiency@1.64V  efficiency@1.64V
SBMO  2.54 - 523x10° 094  -0.053 46.62 63.73
SBMI 252 12.30 6.42x10° 109  -0.104 4724 7831
SBM3 2.54 29.23 9,66><1019 1.16 -0.117 53.90 79.66
SBM5  2.50 153.84  385x10° 120  -0.132 50.23 176.27
SBM7  2.53 63.08 210”105  -0.087 50.02 95.68

Band bending and charge separation efficiency were further investigated by open circuit
photovoltage (OCPV, Vpn) measurements under AM 1.5 illumination. The extent of band
bending is a qualitative measure of in-built potential and charge recombination [287, 288]. The
OCPV was calculated from the difference in open circuit potential in dark and illumination as
shown in Figure 5.7 and tabulated in Table 5.4 for different samples investigated. OCPV of
SBMO, SBM1, SBM3, SBM5 and SBM7 are obtained as -0.053 V, -0.104 V, -0.117 V, -0.132 V
and -0.087 V respectively. The shifting of OCPV towards more cathodic side suggests a strong
alternation of bands at the electrode-electrolyte interface with Mo doping. This change of OCPV,

sourced from the higher band bending under photo-illumination, improves the overall catalytic
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efficiency by suppressing of charge recombination and improvement of charge separation at the
interface. The OCPV is basically the difference between the Fermi levels of the semiconductor
when in dark and under illuminated conditions, which is improved on Mo doping. The Fermi
level of the semiconductor under illumination, bends to lower its energy, due to which the open
circuit voltage differs from that in the dark. The Fermi level bending and the enhancement of
OCPV have been schematically shown in Figure 5.8 [287]. On Mo doping the Fermi level
undergo enhanced bending, which enhances the OCPV up to the Mo content of 5%. The increase

in the OCPV resulted in the improvement of photocurrent on doping of Mo in BiVOg,

123V 4

vs. Vggg

Figure 5.8 Band diagram of BiVO4 and Mo doped BiVO4. The band diagram is constructed

using UV-vis spectroscopy, OCPV and flat band potential measurements (not on scale).

The interfacial charge transfer efficiency and charge transport efficiency are two limiting
parameters on which the overall efficiency of PEC depends. Charge transfer and transport

efficiency measurements were performed using a hole scavenger method [311, 312]. LSV was
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recorded in 0.1 M PBS for water splitting. Hole scavenger Na>SO3 (0.1 M solution) was used by
assuming complete and fast oxidation of sulfite; the LSV plots. Then, current densities were

sampled at 1.64 V and 1¢gnfer and Nirqspore Were calculated using following equations.

J
Neranfer = —2o— X 100 % (5.6)
]Na2503
]Na2503 0
Ntrasport = X 100 % (5.7)
max.

integrationoflightabsoption
Jmax. = (5.8)

integrationofsolarlightspectrum

Where, Jpqx Was calculated from the photocurrent obtained from the silicon diode detector. Jy, o
is the current density for water oxidation; Jyq,s0, 1 the current density for the oxidation of
sulfite. Since the water oxidation process is sluggish, sodium sulfite was used as a hole
scavenger. It is supposed that oxidation of sulfite is 100%; thus, the charge transfer efficiency
was calculated with respect to 100% Faradaic efficient, i.e. how fast charge gets transferred from
the electrode-electrolyte interface to water molecule for oxidation. The charge transfer efficiency
was calculated and tabulated in Table 5.4. For SBMO, the charge transfer efficiency is calculated
as 46.62 %. Doping of Mo in BiVOs resulted in the enhancement of charge transfer efficiency by
15 % from the SBMO sample. The improvement of charge transfer efficiency at the interface is
attributed from higher band bending upon Mo doping and increases in donor density as obtained
from Mott-Schottky analysis and OCPV measurements. Charge transport efficiency is another
factor that greatly affects the photocatalytic activity, it was calculated based on the charge
generated inside the photoanode material, and the fraction of it gets transferred at the interface.

The charge transport efficiency for SBMO is obtained as 63.73 %. The charge transport
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efficiency of other samples SBM1, SBM3, SBM5, and SBM?7 are 78.31 %, 79.66 %, 176.27 %,
and 95.27 %, respectively (cf. Table 5.4). These values suggest that band bending upon Mo
doping improves charge transport and suppressed the recombination process, as suggested by
Mott-Schottky analysis and OCPV values. Thus, the improvements of charge transfer and
transport efficiencies are the factors responsible for enhancement in the PEC efficiency and

support chopped light voltammetry results and IPCE measurements.

5.3.6 Electrochemical Impedance measurements

The conductivity and charge transfer resistance are measured from the analysis of
Nyquist plot; it also provides the qualitative insight of the charge transfer processes in bulk as
well as at the interface of the photoanode, corresponding results are shown in Figure 5.7 (C).
Impedance results are fitted with the equivalent circuit and the fitting parameters are tabulated in
Table 5.5. R value of SBMO is found as 16.8 kQ. When Mo is doped, R« values decreased
considerably. The decrease in Re value suggests faster charge transfer at the interface on Mo
doping. This variation in Ret values supports the PEC activity measurements. The photoanodes
were further characterized for their charge relaxation processes from Bode plot analysis as
shown in Figure 5.7 (D). Frequencies of phase maxima were sampled for different catalysts,
which correspond to the relaxation frequency of photogenerated charge and the results are
summarized in Table 5.5. The relaxation frequency of the SBMO sample is 6.88 Hz, and the
relaxation frequency is increased linearly with the Mo doping from SBMO to SBM7. Further, the
relaxation time constant (t) of the electrochemical process was calculated using 7 =1/
2nf where f is relaxation frequency. The decrease in 7 indicates the faster electrochemical

process on Mo doping, which supports the improvements in the PEC efficiency.
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Table 5.5 Impedance spectroscopy analysis of photoanodes for measurements of bulk and

surface characterization.

Catalysts R () Ciotal (F) Relaxation Relaxation time Lp (pm)
frequency (Hz) constant (ms)
SBMO 16820 8.33x10°° 6.88 23.12 340
SBM1 15060 4.43x10° 32.36 4.92 157
SBM3 12010 4.24x10° 32.36 4.92 157
SBMS5 3610 1.18x107° 44.36 3.56 134
SBM7 4832 1.16x10° 91.20 1.75 94

Diffusion length is an important parameter in characterizing the interfacial processes, and the
overall PEC efficiency depends heavily on the hole diffusion process. The measurement of the
diffusion length from impedance measurements, however, includes the assumption that the
relaxation time constant is the time taken by the hole to oxidize the water molecule, which
contains the diffusion of the hole inside the films and also its diffusion at the electrolyte interface
to oxide water molecule. Diffusion length of the photo-generated holes is calculated by using the
equation, Lp = (D x 7)2where L), is diffusion length, D is the diffusion coefficient of the
photogenerated hole, taken as 0.05 cm? s™' [313], and T is the relaxation time, the values as
obtained are tabulated in Table 5.5. L, of SBMO is found to be 340 um. The diffusion length
thus obtained from the impedance measurements is decreased with the Mo doping in BiVOs. The
measured diffusion process includes the diffusion inside the solid catalysts and at the interface
since the observed diffusion length is significantly higher compared to the thickness of the films,
the holes are expected to be transported outside the electrochemical interface. The thickness of

the films has a negligible contribution to the overall measured diffusion length of the material.
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The lower diffusion length at the electrochemical interface is associated with the fast charge
transfer process at the interface, which is expected to have a higher PEC current.

As seen from Table 5.5 the capacitance of the SBMO is significantly low (8.33x10° F)
compared to the materials containing Mo. The observed capacitance improvement on the
addition of Mo indicates the significant improvement in the surface charge density on the
incorporation of Mo in BiVOs. These results show that there are surface improvements as well
with the improvements in the bulk property of the photoanode upon Mo doping in the BiVOu,

which enhances the overall PEC efficiency.

5.3.7 Testing of stability of the photoanodes

Stability of photoanode materials is important for prolonged application of the catalyst; it
was performed using chronoamperometry technique at 1.44V vs RHE with chopped light
voltammetry method, as shown in Figure 5.9, the photocurrent of SBMO was decreased by 37%
after initial excitation. On Mo doping, the recombination step has been reduced drastically, and
in place of decay in current, growth in the photocurrent response is observed. The stability test
was further performed for continuous illumination of light for 900 s, as shown in Figure 5.10 for
two catalyst samples. In both, the samples SBM1 and SBMS5, the photocurrent is improved
initially and then stabilized. The improvement of photocurrent is observed previously and
explained on the basis of the charging effect of the photoanode [314, 315]. The photocharging
effect has been discussed based on both the surface and bulk modifications in the materials. The

redox reaction through the transformation of V (V) to V (IV) is discussed as one of the important
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Figure 5.9 All BiVO4 based photoanode was characterized for stability test by chopped light
voltammetry at 0.8V vs. Ag/AgCl for 1800sec (A) SBMO, (B) SBM1, (C) SBM3, (D) SBM5 and

(E) SBM7.

reasons behind the enhanced photocurrent due to photocharging. The photocharging effect is
observed to be enhanced in the present case on the incorporation of Mo in the catalyst. The
reduction potential of V (V) to V (IV) is more positive than the Mo (VI) to Mo (V) reduction;
however, the redox kinetics in the latter case is significantly faster [316]. In view of this, during
photocharging process, Mo (VI) will get reduced to Mo (V) first due to the kinetic effect;
afterward Mo (V) would transfer the electron to V (V) and facilitate the reduction of V (V) to V
(IV). As reported previously, this facilitated reduction of V(V) to V (IV) due to the presence of
Mo would enhance the catalytic activity on photocharging [314]. The photocharging effect is
also discussed to be due to the interfacial factor through the modification of band structure upon

photocharging. The OCPV is measured in all the materials; its value is increased with the Mo
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doping. The increase in the OCPV can be correlated with the relatively more significant bending
of the conduction band than the valance band under photo-illumination. The increase in the
OCPV indicates the lesser possibility of recombination and enhancement of the hole transfer
property through the interface, which eventually would increase the PEC catalytic process in the

material [287, 288].
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Figure 5.10 Stability test of (A) SBM1 and (B) SBMS5 in 0.5M NaySO4 in 0.1M PBS at 1.44V.

5.3.8 Interfacial charge transfer kinetics using SECM

The charger transfer at the semiconductor-electrolyte interface and quantification of the
active sites in in-situ measurements have been performed by the SECM technique [317-322].
Investigation of the interface has been carried out by the tip feedback mode. When a tip is far
from any surface, tip current, ir ., depends on the number of electrons transferred, concentration
of electroactive species, diffusion coefficient and radius of ultra-microelectrode [317]. When the
surface is an insulator, the tip current is iy < iy, which results negative feedback. When surface
is conducting, redox active species is generated at the surface, tip current, iy > ir, as a result,

positive feedback is observed.
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In PEC water oxidation reaction, photogenerated holes at the BiVOj4 interface oxidize water to
form oxygen. Since the direct investigation of the water oxidation intermediate or oxygen at the
BiVOs surface in the feedback mode is technically difficult, the redox probe [Fe(CN)e¢]*/
[Fe(CN)g]* is used rather than the water oxidation intermediate or molecular oxygen [323]. It
has been reported that redox mediator [Fe(CN)s]* and [Fe(CN)¢]* can be used as the acceptor of
the photogenerated holes and electrons to characterize the redox kinetics of the photo-catalyst for
the PEC water-splitting reaction [324]. Figure 5.11 (A) shows the schematics of the reaction at
the BiVO4 interface in the feedback approach. The photogenerated hole at the
photoanode/electrolyte interface oxidizes the [Fe(CN)¢]* to the [Fe(CN)e]. There is large
driving force (AG ~ -2.0eV) for transfer of the photogenerated hole from the valance band of
BiVOj4 to [Fe(CN)s]* for oxidation at the surface catalytic reaction. Therefore, the hole transfer
from a valance band of BiVO4 to [Fe(CN)s]* is kinetically more favorable by AG ~ -0.4 eV than
the water oxidation [33]. The cathodic potential at the probe is tuned to the reduction potential of
[Fe(CN)6]*" to [Fe(CN)s]* so that there is no side reaction such as oxygen reduction take place.
Therefore, feedback current can be assumed mainly from the reduction of [Fe(CN)s]*. The hole
transfer kinetics at BiVOu/interface is measured by the feedback current of the reduction of
[Fe(CN)e]* in dark and illumination conditions. In the dark, photoanode behaves as an insulator
because of the non-availability of the free electron or hole at the interface and hence negative
feedback is observed, however on illumination, it behaves as conducting substrate because of
photogenerated holes and electrons. The photogenerated holes at the interface oxidize
[Fe(CN)s]* to [Fe(CN)s]*, [Fe(CN)e]* species diffuses to the probe and increases the mass
transfer process, resulting in the positive feedback response. The normalized tip current (I7) is

calculated by using I = ir/ir Where, i is the real time tip current during the approach to the
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substrate electrode and ir o is steady current of the tip when the tip is far from the substrate.

Prior to the approach of the probe to the substrate, the CV of ultra microelectrode was performed

in 2 mM ferricyanide solution as shown in Figure 5.12 shows a good response from the probe.

The negative feedback response was fitted using equation 5.9 for the measurement of RG value.

The positive feedback response under illumination was used for the hole kinetics measurements.

The positive feedback response of all photoanodes are shown in Figure 5.11, the observation of

positive feedback indicates the transfer of a hole from the illuminated electrode surface. The

normalized apparent heterogeneous charge transfer rate constant (k) and effective heterogeneous

charge transfer rate constant kesr (in cm s'1) at BiVOu/electrolyte interface is obtained from the

fitting of experiment approach curve to the theoretical SECM kinetics model using equations
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Figure 5.11 (A)The proposed mechanism of feedback mode of analysis of BiVOa/electrolyte

interface by SECM analysis. In this technique, a 2mM ferricyanide solution was used as the
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redox mediator. In illumination, photo-generated holes oxidizes the [Fe(CN)¢]* to [Fe(CN)e]* at
the interface and the cathodic potential applied at Probe reduces the photo-oxidized [Fe(CN)s]*
to [Fe(CN)e]*. This redox close loop gives positive feedback in illumination and negative
feedback in dark conditions. SECM imaging of the surface is characterized by the measuring o
probe current to measure the hole transfer from the interface to the [Fe(CN)s]*. Normalized
SECM feedback approach curve of the BiVO4 based photoanodes (B) SBMO, (C) SBM1, (D)
SBM3, (E) SBMS5 and (F) SBM7 in 2mM [Fe(CN)e]*" solution at different applied bias potential

at substrate under illumination using Pt ultra-microelectrode having rr value 4.5um.
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Figure 5.12 (A) CV of Pt ultra-microelectrode (UME) in 2 mM [Fe(CN)s]* at 10mVs ! scan
rate and (B) probe approach curve (PAC ) of Pt UME in 2mM [Fe(CN)¢]* solution at SBMO

photoanode in dark.
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The normalized approach curves are fitted by using these equations [32]

' (L -27%) 1 1585
I%(L,RG) = —7g RG" RGLnRG i 59
rgosss (L +0.0023RG) + 157 + = —+ an( 1+ T)
15" (L + k™1, RG)
= a(RG) + T
- 4B(RG)arctan(L + k=1)
a 2B(RG) 7Tarc an K .
cond 1
IT(L) K;RG) = IT (L +;,RG>
IS(L,RG) — 1 510

+ (1 + 247RGO31LK)(1 + L0.006RG '113K_0'023RG+0'91

Iins ]
Ip = I < 1 —ﬁ) + Iins (5.12)
T

B 2 1 2 11\
a(RG) = Ln2 + Ln2 (1 — EarcCos (ﬁ)) —In2( 1- <; arcCos (ﬁ)) (5.13)

B(RG) = 1+ 0.639 < 1-— %arcCos (%))

2 1\’
- 0.186| 1- (; arcCos (ﬁ)) (5.14)

Where RG = rglass/ 17 1S the ratio of the radius of glass sheath (rguss) to the radius of the active
area of Pt UME (rr), 1£°™ is diffusion control current for conducting substrate i.e. positive

feedback, IF** is diffusion control current for insulating substrate i.e. negative feedback.
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The details reaction mechanism of PEC regeneration has been developed under the steady-state

SECM using [Fe(CN)s]* / [Fe(CN)s]* redox probe on the photoanode [33, 34].
FTO/BiV , + hv - FTO/BiVO; (5.15)

FTO/BiVO; - FTO/Bi } + e (FTO) (5.16)

FT /BiVO} + [Fe(CN)¢]*~ - FTO/BiVO, + [Fe(CN)]*~  (5.17)
[Fe(CN)¢]>~ + e~ — [Fe(CN)g]*™ (5.18) atthe tip

On solving the above equations using steady-state approximation, the following result has been

obtained as

1_ 1 4DgiffusionlFe3*1" 4D gif fusion (5.19)

Is IT cond ”TTl[BiVOE]‘phv]hv T“”Tl[BiVOE]k{Jx

For the first-order reaction at the BiVO4 electrode surface, the following expression is in

correlation with the feedback approach curve [30, 35].

1 1 11

Z B IT,cond + ;; (520)
__Dairrusion

keff = KT—T (521)

All approach curves have been numerically fitted using the equation 5.9 -5.14 and then kinetics
parameters are calculated. Some of the fittings of the approach plots are shown in Figure 5.13.

The effective heterogeneous charge transfer rate constant ks is calculated using the relation
kerr = KDgiffusion/Tr Where Dgjrfysion is the diffusion coefficient of the redox probe

[Fe(CN)s]* and tabulated in Table 5.6. The low value of k, s for SBMO shows sluggish hole
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Figure 5.13 Normalized SECM feedback approach curve of the SBM5 at (A) 0.94V, (B)1.04V,
(C) 1.14V, (D) 1.24V, (E) 1.34V and (F) 1.44V in 2mM [Fe(CN)e]* solution at different applied

potential at substrate under illumination using Pt ultra-microelectrode having ryvalue 4.8 pum.

Table 5.6 The kesr. of hole transfer from the BiVOu/electrolyte interface to [Fe(CN)e]*

ker(in10 2 cms ™)

Potential, V SBMO SBM1 SBM3 SBM5 SBM7
0.94 2.18 3.58 4.25 6.80 7.50
1.04 2.18 3.90 4.12 7.16 7.48
114 2.18 425 4.40 7.56 7.16
1.24 2.18 4.0 4.25 7.16 6.48
1.34 2.18 4.0 4.25 7.56 7.16
1.44 2.18 4.25 4.25 7.16 7.16
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transfer process at the interface. When Mo was doped in to the BiVO4 hole transfer rate constant
is found to improve significantly. This improvement suggests that interfacial charge transfer is
facilitated upon Mo doping. Further, the effect of applied bias on the hole transfer rate constant is
investigated by approaching the probe at different applied potentials. The rate constant for all the
materials remained unchanged with the applied potentials indicating its limiting value even at

lowest applied potential.
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Figure 5.14 Scanning electrochemical microscopy (SECM) imaging of photoanodes SBMO at
(A) 0.94V and (B) 1.14V and SBM1 at (C) 0.94V and (D) 1.14V substrate potential in 2mM

[Fe(CN)e]*" at constant height mode using Pt UME as probe and photoanodes as substrate.
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The localized PEC activity of the BiVO4 photoanodes was analyzed by imaging the surface in
the constant height mode at the applied potentials of 0.94 V and 1.14 V to the substrate. A
cathodic potential of 0.64 V was applied to the probe for the reduction of the [Fe(CN)s]* to
[Fe(CN)g]*. Therefore, during imaging of the substrate, feedback current at the probe was
monitored. The catalyst substrate is mapped with various current regions, and the current
response is increased marginally with more anodic applied potential to the substrate. The overall
current response of the tip scanned over the substrate is increased with Mo doping in BiVO4 up
to 5% doping level. The images are further characterized with bigger current region at doping
level up to 5%, originated from the overlapping diffusion layer across the catalyst substrate. At 7
% doping, in place of overlapping region, the catalytic currents are characterized by small
patches separated from each other. The observation can be correlated from the separated grains
at 7% doping compared to the overlapped diffusion layer structure in all other samples. Catalytic
current obtained from the overlapping diffusion layer is beneficial in catalyst design, as it
provides a similar catalytic activity to that of the continuous films requiring fewer amounts of
catalysts. The SECM imaging thus further indicates the betterment in the catalytic activity on Mo
doping and reveals the regional distribution of the catalytic current over the catalyst substrates.
Results thus indicate significant improvement in the catalytic activity of BiVOs through the
inclusion of SnO2 heterojunction and doping of Mo, which has been explained using some of the

important interfacial measurements.
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Figure 5.15 Scanning electrochemical microscopy (SECM) imaging of photoanodes SBM3 at
(A) 0.94V and (B) 1.14V and SBMS5 at (C) 0.94V and (D) 1.14V substrate potential in 2mM

[Fe(CN)6]* at constant height mode using Pt UME as probe and photoanodes as substrate.
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Figure 5.16 Scanning electrochemical microscopy (SECM) imaging of photoanodes SBM7 at

(A) 0.94V and (B) 1.14V substrate potential in 2mM [Fe(CN)g]*" at constant height mode using

Pt UME as probe and photoanodes as substrate.
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5.4 Conclusion

Present investigation was aimed to improve the photo-electrocatalytic efficiency of
BiVOy4 through the incorporation of SnO; interlayer and doping of Mo. The significant
improvement (~154%) in the photocurrent was observed upon 5% Mo doping in SnO2/BiVOs.
Strong correlation among the optical property of the material, the open circuit photovoltage
(OCPV), and onset potential was observed in relation to the improvement in the PEC efficiency
on Mo doping. The increase in the flat band potential and OCPV suggests the improvements in
the charge separation upon the Mo doping which resulted in the enhancement in PEC efficiency.
SECM investigation reveals significant improvement in effective hole transfer rate constant from
2.18 cm s to 7.56 cm s with the Mo doping in BiVOs4. The electrochemical impedance
investigation supports the improvements in the charge transfer and transport efficiency by
improvements in the bulk and surface properties of BiVO4. The facilitated reduction of V (V) to
V (IV) on Mo doping is also responsible for the improvement in the catalytic activity. The
improvement in the catalytic activity has been evaluated from the improvement in the
physicochemical at the bulk of the catalysts, its surface, and most importantly due to the
improvement in its interfacial charge transfer processes. Mild expansion in the crystal lattice is
also observed on replacement of V by Mo, the improvement in the catalytic activity however,

related primarily to the electronic nature compared to any morphological changes.
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Chapter 6. Insight into the PEC and interfacial
charge transfer Kkinetics at the Co-B; modified

BiVOq

6.1 Introduction

As has been mentioned in the previous chapters of the thesis hydrogen is the promising
step toward the sustainable energy and zero carbon footprints [179, 275, 276]. The water-
splitting reaction involves the oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER) at photoanodes and photocathode, respectively. However, the oxygen evolution reaction
limits the overall water splitting due to sluggish kinetics. The development of an efficient
photoanode is a key challenge in the PEC water splitting. A number of the photoanodes materials
have been investigated over the years such as TiOz, WO3, a-FexO3 and BiVO4 [78-85, 147].
Among the photoanodes, BiVOys is the promising photoanodes because of the narrow bandgap
2.4 eV, favorable band position, (photo) electrochemical stability in aqueous solution, earth-
abundant and non-toxic and high theoretical efficiency 7.5 mAcm? under AM 1.5 G
illuminations [87-89]. The experimental solar to the hydrogen conversion efficiency of the bare
BiVOs is 5.2 % [325, 326], which is much lower than the theoretical efficiency of ~ 9 % STH
[90] due to the slow surface kinetics, poor hole diffusion, fast charge recombination. To
overcome the limitations, a number of the strategies have been investigated, such as the
heteroatom doping [107-110, 147], oxygen vacancy [94, 114-116], band engineering [99-103,
327], crystal facet engineering [328, 329], and nanostructure control [95-97] which lead to the

improvements in the injection of the photogenerated holes to the interface. However, sluggish
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surface OER kinetics and trapped surface state cause the significant electron-hole recombination
[91, 118]. Surface modification of the BiVO4 has been performed by oxygen evolution catalysts
(OEC) to accelerate the OER kinetics and suppress the surface charge recombination. A number
of the OEC such as CoPi [90, 94, 108, 110, 117, 120, 126], Co-B; [83, 127-129], Ni-Bi [130],
NiOOH/Ni-borate [130, 131], FeOOH [132, 133], Ni(Fe)OOH [134] and FeOOH/NiOOH [87]
have been investigated to improve the onset potential and suppress the charge recombination for
the PEC water oxidation. Among all, Co-based cocatalyst, especially CoPi has been extensively
investigated because of low cost and excellent catalytic activity in PEC water oxidation [90, 94,
108, 110, 117, 119-121, 126]. CoPi is stabilized in the phosphate buffer, but the phosphate buffer
solution is corrosive to the BiVO4 photoanode [135]. The borate buffer solution is recently found
relatively less corrosive to the BiVO4 for the PEC water oxidation reaction [83, 134, 136].
Therefore, Co-Bi would be the promising materials for the PEC water oxidation reaction.
However, Ding C et al. and Surendranath et al. have shown that there is low PEC activity of Co-
Bi cocatalyst or insufficient charge transfer between Co-B; cocatalyst and BiVO4 photoanode
[127, 330]. Donggqi et al. have shown the improved catalytic activity of the Co-B; modified
BiVO4 [129]. In the previous chapter the Mo doped BiVOs4 anode material for the
photoelectrochemical (PEC) splitting of water using solar light has been presented. In order to
further improve the PEC efficiency, BiVO4 is modified with cobalt borate (Co-Bi) as the

electrocatalysts and presented in this chapter.

Photocharging (PC) effect is one of the unique techniques to improve the PEC of the
photoanodes [92, 314, 315]. Smith et al. have reported for the first time that there are dramatic
improvements in the photocurrent of the BiVO4 under AM 1.5G illumination [314]. Wilson

smith et al. have shown that the photocharging effect is a light-driven surface alteration and
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preferential to the alkaline condition [92]. They have proposed that under illumination, the
surface of the BiVOs is hydrogenated in the alkaline solution, and hence there is the formation of
oxygen vacancy, which leads to the reduction of the vanadium +5 to +4 oxidation state on the
surface of the photoanode which improves the surface charge transfer kinetics. The intensity-
modulated photocurrent spectroscopy (IMPS) study reveals that there are improvements in the
surface and bulk properties of the bare BiVO4 upon the photocharging [315]. The qualitative and
quantitative measurement of the photocharging effect has been reported; however, the in-situ
study of the semiconductor-electrolyte interface (SEI) is missing. The lack of information gives
the knowledge gap in understanding of the photocharging effect on the BiVO4 and Co-B;
modified BiVOs. Therefore, we aim to fill this knowledge gap by providing the quantitative

information of the Co-Bi modified BiVOsa.

We have the first time demonstrated the performance of the Co-Bi modified BiVO4 photoanode
could be further improved by the prolonged exposure of the AM 1.5 G illumination at the
applied potential under the aqueous solution. We have investigated the PEC, optical, structural,
chemical, and electronic properties of the Co-B; modified BiVO4 upon the photocharging for
further insight into the physical and chemical mechanism behind the photocharging. In this
study, we have optimized the thickness of the Co-B;i loading on the BiVO4 photoanode and
studied the PEC, optical, structural, and electronic properties of the catalysts. After that,
photocharging of the photoanodes under the applied bias has been performed. We observe that
photocharging leads to the improvements in the PEC many folds. Secondly, we have used the
impedance spectroscopy technique to investigate the effect of photocharging on the electronic
properties of the photoanodes. Results show that there is a considerable change in the bulk

electronic properties after and before the photocharging. Increase in the surface capacitance
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shows the alteration surface properties. We further investigate the Mott-Schottky analysis to
understand the electronic properties. These results suggest that there is a decrease in the donor
density and an increase in the flat band potential due to the trapped photogenerated holes at

surface.

Finally, scanning electrochemical microscopy (SECM) study has been employed to investigate
localized interfacial charge transfer kinetics at the interface before and after the photocharging to
quantify the effect of photocharging on photoanodes. In-situ interfacial photo-induced charge
transfer reaction has been studied by scanning electron microscopy (SECM) in solid/liquid and
liquid/liquid interface [35, 56, 283, 331-336]. Wittstock et.al have measured photogenerated
charge transfer kinetic using BiVO4 photoanode at interface between two immiscible electrolyte
solution (ITIES) [334-336]. Bard group has used surface interrogation SECM to quantify
photogenerated hydroxyl radical and dimerization rate constant of hydroxyl radical [284, 285].
Lopes group have investigated water splitting kinetics at SrTiOs [337, 338]. Markin and his
group have used nanoscale photo-SECM to measure the water oxidation kinetics at Nb:TiO>
[339]. The in-situ mapping in nanoscale resolution of photocatalytic activity of TiO» for
Rhodamine decomposition has been investigated by Chen group [340]. The interfacial hole
transfer kinetics at Mo:BiVO4 photoanodes has been studied using redox couple. [33]. Recently,
photocatalytic activity of BiVO4/ FeEOOH and CuWO4/BiVO4/FeOOH photoanode for water
splitting reaction have been investigated using SECM [341]. It has been observed that, there are
significant improvements in the hole transfer rates, indicating improvements in the interfacial
charge transfer kinetics on incorporation of Co-B; and by photocharging. In addition to the

improvement in the PEC activity through the incorporation of Co-Bi, present investigation
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demonstrates the photocharging as a noble approach to improve the PEC efficiency of the Co-B;

modified BiVOs photoanodes.

6.2 Experimental Section

6.2.1 Materials

Bismuth (IIT) Nitrate (Bi (NO3)3.5H20, 98%), Ammonium Vanadate (NH4VOas, >99%),
Cobalt (II) nitrate (Co(NO3)2. 6H20, 98%) and Sodium sulfite (Na>SOs3, 98%) were purchased
from Sigma Aldrich. Ammonium tetrathiomolybdate ((NH4)2 MoSs, 99.95%) was purchased
from Alfa Aesar. Sodium Sulphate (Na;SOs), sodium monohydrogen phosphate (Na,HPO4) and
sodium dihydrogen phosphate (NaH,PO4) were obtained from Sarabhai M Chemicals. Boric
acid, sodium hydroxide, ethylene glycol, and potassium ferricyanide were purchased from

SDFCL.

6.2.2 Fabrication of Photoanode

BiVO4 was prepared by the spin coating technique. In this typical synthesis procedure,
BiVO; film was coated on FTO by the metal-organic decomposition method [147]. Before the
deposition, the FTO glass was cleaned by ultrasonication in a soap solution, distilled water,
ethanol, and acetone successively and then dried in an IR lamp. In this typical synthesis method,
Bi(NO3)3.5H20 (0.2 mmol) was dissolved in 5 mL of ethylene glycol-water mixture (8:2), and
then NH4VO3 (0.2 mmol) was added slowly and then added 5 atom percentage of Mo using
precursor ((NH4)2.MoS4, 99.95%) and then sonicated for 30 minutes and kept on stirring for
overnight at room temperature. The above solution was spin-coated on FTO substrate at 2000

rpm for 1 minute and then annealed at 350°C for 5 minutes on a hot plate. These coating was
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repeated 10 times to achieve appropriate thickness for maximum efficiency and finally heated at

500°C for 3 h at a rate of 5°C per minute in the tube furnace.

After that, cobalt borate (Co-Bi) was deposited on the BiVOs4 by the photo-assisted
electrochemical method [121, 126, 129, 342]. In this typical method, 2 mM cobalt (II) nitrate
solution was prepared in 0.1 M borate buffer solution (BBS) of pH 8. The deposition was
performed in three electrodes systems using FTO/BiVO4 as a working electrode, Ag/AgCl (3 M
KCl) as a reference electrode, and Pt wire as a counter electrode. Before the deposition of Co-B;,
LSV was performed from OCP to 0.5 V in 1 Sun illumination. Then, Co-B; was photo -
electrochemically deposited on FTO/BiVO4 and the amount of deposition was varied by varying
the deposition time. Thus, photoanodes were named as BV, BV/Co-B;-1, BV/Co-B;-2, BV/Co-
Bi-3, and BV/Co-B;-4. The details of sample abbreviations are written in supporting information.
Prior to the deposition of Co-B;, BiVO4 surfaces were activated by performing LSV in 0.1 M
NazS0s solution for 20 cycles assuming that in the presence of the sacrificial agent, oxidation

kinetics would be very fast and hence photoanode would not be affected.

6.2.3 Photoelectrochemical (PE C) measurements

Photoelectrochemical measurements were carried out using CH Instrument (920 D
model) in three electrodes systems, Ag/AgCl (3.0 M KCI) as a reference electrode, Pt rod as a
counter, and BiVOs coated FTO as working electrode in 0.1 M BBS of pH 8 as an electrolyte.
All PEC experiments were performed in the back illumination of photoanodes under 1 sunlight
of Solar simulator fitted with AM 1.5G filter. The photocurrent was measured by linear sweep
voltammetry (LSV) technique at 10 mVs™! scan rate, and chopped light voltammetry was

recorded at a 5 mVs™! scan rate with the chopping of light at 5 s interval. Charge transfer and
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transport efficiencies of photoanodes were measured at 0.8 V (vs Ag/AgCl) in 0.1 M Na»SOs

solution in 0.1 M BBS using following equations [311, 312].

J
Ntranfer = 20 X 100 % (6.1)
]Na2503
]Na2503 0
Ntrasport = ] X 100 % (6.2)
max.

integrationoflightabsoption

= 6.3
Jmax. integrationofsolarlightspectrum (6.3)

Where, Jmqx was calculated from the photocurrent obtained from the silicon detector. Jy o is

photocurrent density of the water and Jyg,s0, i the photocurrent of the oxidation of the sulfite.

Incident photon to current efficiency (IPCE) was measured at 1 V (vs. Ag/AgCl) in

monochromatic light from 350 to 650 nm (xenon lamp) by using the following equation

(C::l ) 1240

0fy =
IPCE% P () * Am)

x 100 % (6.4)

Where J is the photocurrent density, Pin is the power of the incident monochromatic light

(measured by the silicon-based detector, Newport) and A is the wavelength in nm.

Mott-Schottky experiments were performed in space charge region from -0.4 V to the 0.8
V with potential step 0.025 V at 100 Hz for measurements of donor density and flat band
potential of photoanodes, which inherently affects PEC activity. The donor density and flat band

potential of the catalysts are calculated from the following equation
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= e (Vo Ve -2 (65)

C? qA%egyNp q

Where, C is the space charge capacitance, q is elementary charge, A is electrode surface area, €o
vacuum permittivity (8.854x107'? Fm™), ¢ is relative permittivity of BiVO4 (86) [310], Np (cm™)
is donor density, V is applied potential, Vs is flat band potential, kg is Boltzmann constant
(1.38x102 JK), and T is absolute temperature. From the above equation, N is calculated from

the slope of 1/C? vs. V plot.

Electrochemical Impedance Spectroscopy (EIS) was recorded at 0.8 V (vs. Ag/AgCl) by
applying a sinusoidal wave of amplitude 10 mV in the frequency range from 10° to 10"! Hz under
1 sun illumination. Further, Relaxation frequency and time constant of electron and hole were

measured from EIS data to quantify the efficiency of photoanode materials.

The transient time constant (1) is calculated as the time taken at InD = -1 where D is normalized
transient current

_1@®) = 1(sp)

~ I(in) — I(st) (6.6)

Where I (t) is current at time t, [ (st) is steady current, and I (in) is initial current at time t.

SECM study was performed on 920 D bipotentiostat (CH Instrument, Texas) using four
electrodes system. Photoanode materials were used as the substrate, Ag/AgCl (3 M KCl) as a
reference, Pt wire as a counter electrode, and Pt UME having RG value 5 and diameter 10pm
was used as a probe. Prior to the use of Pt UME, the electrode was polished with a micro
polishing cloth with 1.0, 0.3, and 0.05 um alumina powder successively and then cleaned in a 0.5

M H>SO4 solution by performing CV in the potential window from 0.8 V to -0.35 V for 20
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cycles. 2mM [Fe(CN)s]*" the solution was used as a redox probe in 0.1 M phosphate buffer
solution (PBS) of pH 7. The photoanodes were illuminated from the front side in the SECM
setup. The potential of the probe during probe approach was chosen -0.1V in the region of steady
diffusion current after recording CV in 2 mM [Fe(CN)]*" as redox probe in 0.1 M PBS of pH 7
at 50 mVs! scan rate. Probe Approach Curve (PAC) technique was used to approach the curve to
the substrate in dark and light to measure the kinetic parameter using four electrodes systems at
different polarization potential to measure interfacial charge transfer kinetics. The normalized
approach curves are fitted using following equations to calculate charge transfer rate constant at

the electrode-electrolyte interface [32].
6.3 Result and discussion

6.3.1 Material characterization

BiVO4 and Co-B; modified BiVO4 were characterized by the XRD technique, and results
are shown in Figure 6.1 (A). XRD peaks at 20 values of 18.46°, 28.48°, 30.10°, 34.95°, 39.80°,
42.17°, 46.45° and 52.93° correspond to (011), (121), (040), (002), (-112), (051), (042) and (161)
plane of monoclinic phase of BiVO4 (JCPDS 014-0688) respectively. The relatively strong peak
at 28.48° is attributed to the preferential growth of BiVO4 films along [121] direction. The
impurity level doping of Mo in BiVOy; is not detected in XRD. Upon Co-B; modification, no
change of XRD pattern shows the intact phase of BiVO4 [127, 330]. The XRD peaks at 26.37°,

34.58°,37.45°,61.37° and 65.45° shows underneath FTO (JCPDS card 41-1445) substrate.

Investigation of the crystallization, local structure, and electronic properties of
photoanodes was performed by Raman spectroscopy analysis. Figure 6.1 (B) shows the

characteristic Raman spectra of the BiVOs at 826.80, 713, 367.53, and 329.04 cm™. The
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relatively strong band at 826.80 cm™' and weak shoulder like a peak at 713 cm™! are assigned to
the vs (VO4) (Ag) and vas (VO4) (Bg) mode, respectively. The Raman band at 367.53 and 329.04
cm’! are attributed to the & (VO4) (Bg) and 8as (VO4) (Ag), respectively. The rotational and
translational modes (external modes) are observed at 213.23 cm™ and 126.58 cm™ respectively,
relatively at lower frequencies than the internal modes of VO4*" [292-297]. The weak band at
878.97 cm™! is assigned to the vs (MoO4). The Raman band at 516.30 cm™ is due to the Co-Bi; (
E,) mode of vibration and Raman band at 475.25 cm™ due to Co3O4 (F2g) mode. These results
show the mixed phase of Co-B;and Co304 are photo-electrodeposited on the BiVOa4. The redshift
in the most intense peak of vs (VOs) (Ag) from 826.80 cm™ to 824.79 cm™ upon Co-B;
modification suggests the interaction of V-O bond to B* and Co’®" of Co-Bi. Similarly, redshift

of bending vibrational modes 8s (VO4) (Bg) and 8.5 (VO4) (Ag) have also been observed. The V-O

bond length were calculated for vs (VO4) (Ag) vibration mode using the following equation [297].
v(em™1) = 21349 exp(—1.9176R(4°)) 6.7)

Where v is the Raman stretching frequency for V-O in cm™ and R is the bond length in A°. V-O
bond length has been increased from 169.55 pm to 169.67 pm after Co-B; modification of

BiVOa.

Morphology of BiVO4 and Co-Bi modified BiVO4 photoanodes were characterized by
scanning electron microscopy (SEM), as shown in Figure 6.1 (C-G). Figure 6.1 (C) shows the
uniform coating of BiVO4 on FTO and the inset Figure shows the granular shape of BiVOa. The
uniform and porous photo-electrodeposited Co-B; with spherical shape is observed as shown in
Figure 6.1 (D-G). The uniform deposition of spherical Co-Bi nanoparticles is obtained on the

BiVOs, which supports the SEM analysis. Elemental analysis of BV and Co-B; modified BV
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photoanodes shows the atomic ratio of Bi and V is 1:1 as shown in Figure 6.2. The atomic
percentage of Mo is 1.47%. This doping percentage Mo is decreased with the Co-B; deposition.
The atomic percentage of Co in BV/Co-Bi-1 is 2.33 % and is increased from 2.33% to 4.10% in
BV/Co-Bi-4. The decrease in the Bi and V atomic percentage is expected due to the top layer of
Co-Bi. The thickness of BiVO4 and Co-Bi modified BiVO4 are 750 nm and 775 nm, as shown in

Figure 6.3.
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Figure 6.1 (A) XRD pattern of BV and Co-B; modified BV, (B) Raman analysis of photoanodes.

SEM images of (C) BV, (D) BV/Co-Bi-1, (E) BV/Co-Bi-2, (F) BV/Co-Bi-3 and (G) BV/Co-Bj-4.

The surface electronic properties of the photoanodes were investigated by using XPS as shown in
Fig. 6.4. Fig. 6.4 (A) shows the spectra of 4f orbital of Bi, splits into the 4fs» and 4f;;
components. Similarly, XPS spectra of V 2p orbital and Mo 3d orbital confirms the formation of

the Mo doped BV. Upon Co-B; modification, XPS spectra of Co 2p and B Is orbital were

202



obtained which confirm the successful formation of heterojunction of BV and Co-Bi. The
chemical states of constituent elements were determined from XPS measurements. The binding
energy (BE) of Bi 4f5s» and Bi 4f7, are 164.22 eV and 158.81 eV respectively with spin-orbit
split energy of 5.41 eV reveals Bi in +3 oxidation state [110, 301, 343]. The BE of V 2pi2 and V
2p3p are at 524.22 eV and 516.53 eV with spin-orbit split energy 7.69 eV, suggests that V is in
+5 oxidation state. The BE of Mo 3ds2 and Mo 3ds» were obtained at 235.22 eV and 232 eV
respectively with spin-orbit energy 3.22 eV confirms the Mo is in +6 oxidation state [110, 301].
The BE at 780.30 eV and 795.27 eV are due to Co 2p3,» and Co 2pi2 which confirm the Co is in
+3 oxidation state in Co-B; [110, 343]. The BE at 191.80 eV further confirms the presence of B>*
in the photoanode matrix. The binding energy of Bi was increased upon the Co-Bi modification

due to incorporation of the more electronegative B> and Co>" as shown in Fig 6.4 (E & F).

Figure 6.2 EDS elemental analysis of photoanodes (A) BV, (B) BV/Co-Bi-1, (C) BV/Co-Bi-2,

(D) BV/Co-Bi-3 and (E) BV/Co-Bi-4.
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Figure 6.3 Cross-sectional thickness of photoanodes (A) BV, (B) BV/Co-Bi-1, (C) BV/Co-Bi-2

and (D) BV/Co-Bi-3.
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Figure 6.5. High resolution XPS analysis of O Is for BV and BV/Co-Bi-3 before and after

photocharging.

The BE of Bi 4f and V 2p in BV and BV/Co-Bi-3 photoanodes were decreased after
photocharging. The decrease in BE can be due to reduction of V°" to V*" [92]. The high-
resolution O 1s spectra of BV and BV/Co-B;i-3 were fitted into three components as lattice
oxygen (Or), oxygen vacancy region (Ov) and chemisorbed or dissociated oxidation species in
water (Oc) as shown in Fig 6.5. The BE at 529.50 eV and 529.91 eV ascribed to Or and Ov
respectively in BiVO4. Another BE at 531.68 eV is attributed to the chemisorbed oxygen or

hydroxyl group. After the photocharging, BE of Oy is shifted towards the lower BE from 529.50
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t0 5.29.18 eV due to oxygen vacancy [92]. The oxygen vacancy is increased upon photocharging

as Ovy/Or has been increase.

Upon Co-Bi incorporation in BiVOs4, BE of Or and Oc were observed at 529.72 eV and 532.62
eV respectively. The lattice oxygen peak is shifted to higher BE from 529.50 to 530.72 in the
presence of more electronegative B** and Co>" in Co-Bi. The oxygen vacancy has been increased
upon CoB;i modification as Ov/Or increased with respect to BV. It has been reported that Co
doping increase the oxygen vacancy in BiVO4 [344]. After photocharging of BV/Co-B;-3, BE of
Or is increased from 529.72 eV to 530.12 eV. The higher BE is expected due to photo-oxidation
of Co*" to Co*" at electrode surface. Increment in Ov/Oy, further suggests increase of oxygen
vacancy after photocharging The chemisorbed oxygen is also increased suggests that water

oxidation intermediates or hydroxide on the BV/Co-B;-3 surface as Co(IV)-OH.

6.3.2 UV-Vis spectroscopy

The optical absorption property and bandgap of the photoanodes have been characterized
by the UV-vis diffuse reflectance spectra, as shown in Figure. 6.6 (A). All photoanodes show
strong absorption in the range of 500-330 nm. The absorption peak at 472 nm corresponds to the
transition of the BiVOs from valence band to the conduction band. Improvement of light
absorption was observed upon incorporation of the Co-B; on the BiVOs. The enhancement of
photo-absorption efficiency of photoanodes after CoB; modification can be explained in terms of
light harvesting ability of Co-B; in range of 550-350 nm as shown in Fig. 6.6 (A). This
observation shows the synergic effect of Co-Bi electrocatalyst for light harvesting efficiency on
the BV. [345]. Nature of the transition of band and the bandgap of the semiconductor were
determined from the analysis of the plots of (ahv)? vs hv [152]. The bandgap of the BV is 2.0
eV, which is somewhat lower than the direct theoretical bandgap (~2.4 eV) of the BiVO4. Upon
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incorporation of the Co-B;j, the bandgap of the photoanodes is increased from 2.0 eV to the
2.45+0.12 eV. It has been reported that narrowing of the bandgap enhances the photon-
absorption efficiency which ultimately improves the PEC activity of photoanodes [346]. CoB;
modification enhances the light absorption efficiency and narrows the bandgap. Therefore, the

synergistic effect of CoB; for light harvesting efficiency on BV has been observed.
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Figure 6.6 (A) Absorption spectra and (B) Tauc plot of photoanodes BV and BV /Co-Bi-3.

6.3.3 Photoelectrochemical study

The electrochemical and photo-electrochemical experiments were performed in the 0.1 M
borate buffer solution (BBS, pH 8) using three electrodes systems under AM 1.5 G illuminations.
It has been reported elsewhere that phosphate buffer solution (PBS) is somewhat corrosive to the
BiVO4 photoanode, and hence relatively less corrosive BBS is the alternative electrolyte for the
water splitting [83]. The PEC activities of the photoanodes were performed by the chopped light
voltammetry method. Figure 6.7 (A) shows a relatively low performance of BV with the high
onset potential -0.30 V and low photocurrent density of 0.96 mAcm™ at 0.8 V (vs. Ag/AgCl).
The low photocurrent of BV could be caused by fast electron-hole recombination, low charge

separation, and poor surface catalytic activity of BiVO4 [87, 347]. The significant improvements
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in photocurrents have been obtained from 0.96 mAcm™? to 1.95 mAcm™> with 103 %
improvements in Co-Bi modified BiVOa4. These results show optimum loading of the Co-B; is 76
ug cm for BV/Co-Bi-3. The improvements of the photocurrent of the Co-B; modified BiVO4
can be correlated with the enhancement of the photon absorption efficiency of the photoanode
upon Co-Bi incorporation. The onset potential of Co-B; modified BiVOys is cathodically shifted
from -0.30 V to -0.40 V suggesting the thermodynamically favorable OER and improved surface
kinetics. It has been reported that OEC on BiV Oy significantly decrease the activation energy of
PEC OER by changing the hole transfer mechanism from bulk to BiVO4 to OEC and then OEC
to water molecule [348]. The significant improvement in the photocurrent and onset potential
suggest the synergistic effect of Co-B; in light absorption efficiency of BV as shown in Fig. S4
(A). Co-Bi on the BiVOs acts as the hole collector, which improves photogenerated charge
separation and bulk and surface charge transfer kinetics, therefore, overall interface OER kinetics
enhanced significantly [87, 117, 126]. The increase in oxygen vacancy in CoB; modified BV, as
shown in Figure 6.3, increased the bulk and surface charge separation efficiency and hence
overall PEC efficiency improved. There is no cathodic current transient observed in chopped
light voltammetry of BV suggests no interfacial trapped hole available for the reduction reaction.
However, chopped light voltammetry of Co-B; modified photoanodes shows the cathodic
transient current in the potential window from -0.15 V to 0.80 V when light was chopped off.
This cathodic current is expected due to the reduction of photo-oxidized Co (IV) to Co (III) in
the dark. It has been reported that photogenerated holes are stored in the form of Co (IV) in the
presence of Co-Bi on BiVOs, and when light is chopped off, Co (IV) gets reduced to Co (III)
[277]. Collection and storage of photogenerated holes by Co (III) increases the lifetime and

hence reduces the recombination process thus improving the catalytic activity. Photocharging
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effect is an excellent technique to suppress the charge recombination and improve photocatalytic
activity [92, 315, 346, 349, 350]. The details discussion of improvements in photocurrent upon

photocharging is discussed in the subsequent section.

The overall efficiency of the photoanode depends on the two limiting parameters, the
surface charge separation efficiency and the bulk charge separation efficiency. Therefore, these
charge separation efficiencies were investigated by the hole scavenger method to quantify the
catalytic activity of the photoanodes [312]. The surface charge separation efficiency of BV at 0.8
V (vs Ag/AgCl) was 57 % and increased to 81 % after incorporation of the Co-B;. This result
shows that co-catalyst facilitates the transfer kinetics of the hole at the interface, which supports
the chopped light voltammetry result and light absorption efficiency. The bulk charge separation
efficiency of BV was 30 % and increased to 47 % after modification of BV with Co-B;. Co-B;
facilitates hole collection centre as Co (IV) on the interface, which improves photogenerated
charge separation in the bulk. Increase in oxygen vacancy upon CoB;i modification, further
improves the bulk charge separation efficiency. Therefore, the overall improvements in the
photocurrents can be reason out from the improvements in the surface and bulk charge separation

efficiencies.

PEC efficiency was measured by evaluating the incident photon to current efficiency
(IPCE) as shown in Fig. 6.7 (B). The onset potential of the IPCE of photoanodes was observed at
500 nm, which is well supported by the absorption spectroscopy measurements. The onset
wavelength of IPCE is ~ 500 nm which corresponds to the band gap of 2.48 eV. BV exhibits
IPCE of 12 % at 400 nm. The IPCE value of Co-B; modified BV was increased from 12 % to 34
%, with subsequent increase in Co-B; thickness. The improvements in the IPCE of BV/Co-Bi-4
has been observed by ~ 183% increment with respect to BV. The improvements of the IPCE
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upon Co-B; modification are as accordance of the enhancement of the light absorption efficiency
of BV. Further, PEC efficiency improvement is supported by enhancement in bulk and surface

charge separation efficiency. The results also support the improvements of the photocurrent in

the chopped light voltammetry study.
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Figure 6.7 (A) Copped light voltammetry of photoanodes, (B) IPCE measurements, (C) Mott-

Schottky plot, (D) open-circuit photovoltage, (E) Nyquist plot and (F) Bode plot.

Further, the insight into the improvements in surface and bulk charge separation
efficiency of the photoanodes have been investigated by Mott-Schottky analysis. Donor density
is the inherent property of the photoanode, and PEC activity is increased with the donor density.
Donor density of the BV was (5.10 + 0.24) x10%° cm™. After incorporation of Co-Bi, donor
density was increased from 5.10 x10?° cm™ to 6.67 x10?° cm™. It has been reported that donor

density increased upon Co-Pi incorporation in SnO2@BiVO4 [351]. The donor density of
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BV/Co-B;-2 is higher than the BV but the transport efficiency was same as that of BV. The
photocurrent of BV/Co-Bi-2 is higher than BV is due to higher in surface charge separation
efficiency and cathodic shift of flat band potential. The cathodic shift of flat band potential gives
the favorable thermodynamics OER process. There is dramatic decrease of donor density in
BV/Co-Bi-4 but the bulk charge separation efficiency is higher than the BV. Co-B;i incorporation
on BV improves the photogenerated charge separation as OCPV (discussed in next section) of
BV/Co-Bi-4 is 0.53 V as compared to the 0.20 V of BV. and more negative onset potential for
OER. And, Co-B; acts as the hole collector at the interface and facilitates the more
thermodynamic favorable OER as onset potential is lower than that of BV. The enhancement in
light absorption efficiency and oxygen vacancy upon CoB; modification increase donor density.
The increment in donor density improves bulk charge separation efficiency and bulk
conductivity of photoanode. It is expected that OEC increase the quality of donor density as it

collects hole at interface and facilitates the oxygen evolution reaction.

Flat band potential of the photoanode is a qualitative measurement of the band bending at
the electrode-electrolyte interface, which mainly affects the photogenerated charge separation
and recombination process at the interface and hence affects the overall PEC efficiency of the
catalysts [161, 162, 286]. It has been reported that a high degree of band bending improves the
charge separation and suppresses the electron-hole recombination process. Flat band potential
was calculated from the Mott-Schottky plot (Fig. 6.7(C)) and tabulated in Table 6.1. The flat
band potential of the BV was -0.15 V and shifted towards the cathodic side from -0.15 V to the -
0.25 V with Co-B; incorporation on the BiVO4 surface. The increase in flat band potential
suggests an increase in the degree of band bending which is as accordance with the enhancement

of the donor density and hence, improvements in bulk charge separation efficiency observed.
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The cathodic shift of flat band potential is consistent with the cathodic shift of onset potential of
photocurrent. This result further supports the improvement in PEC efficiency of Co-B; modified

BV.

Table 6.1 Summary of characterization of PEC of photoanodes and impedance spectroscopy.

Photoanodes Bandgap Donor Flat band OCPV Charge Charge Ry (Q) C(F) Relaxation Relaxation Lp
(eV) density potential, (\%] transfer transport frequency time constant (nm)
(em3) W) efficiency efficiency (Hz) (ms)
20£0.10 | (510£0.24) 3042 2677+ | (5.22+0.26) x10° 54+3 295+0.15 | 576+
BV x10%° | -0.15+0.01 [0.20+0.01| 57+3 134 28
241+0.12 |(6.34+0.27) 35+2 980 + 50 (5.77 £029)x10° 134 £7 1.18 = 0.06 94+5
BV/Co-B;-1 x102° -0.2040.01 ]0.32+0.02 59+3
2.45+0.12 |(5.18+0.32) 30+1 610 +30 | (5.97 +0.30)x106 158 +8 1.00 +0.05 68 +3
BV/Co-B;-2 x10%° -0.194+0.02 0.40+0.02 70+3
220+0.11 |[(6.67£0.32) 47+2 354 +18 (4.58+0.23)x10¢ 229 +11 0.70 +0.04 33+2
BV/Co-B;-3 x10%° -0.25+0.01 ]0.57+0.03 73+4
24040.12 | (3254030 44+2 | 488+24 | (5.57:028)x10°¢ 123+6 1204006 | 112+
BV/Co-Bi-4 x10%° -0.22+0.01 0.53+0.03 81+4 6

The band position and the band bending are further investigated by the open circuit photovoltage
(OCPV). The change in the OCPV is due to the change in the band bending and the charge
recombination at the electrode-electrolyte interface. The extent of band bending at the electrode-
electrolyte interface depends on the in-built potential and the charge recombination [287, 288].
The OCPV was calculated from the OCP difference in the dark and under illumination, as shown
in Fig. 6.7(D). The OCPV of bare BV was 0.20 V and increased to 0.57 V with incorporation of
the Co-Bi. It is assumed that the Fermi level of the photoanode is in equilibrium with the water
oxidation band in the dark condition, and on illumination, the quasi-Fermi level of the hole is in
equilibrium with the water oxidation band, and quasi-Fermi level of electron rises towards the
conduction band [92, 314]. The Fermi level of BV is short of the water oxidation potential.
When water oxidation co-catalyst Co-B; is incorporated on the BiVOs, there is a shifting of the
Fermi level of photoanodes towards the water oxidation potential. These results show no surface

states are available upon Co-B; incorporation. This result supports the significant band bending
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and improved charge separation upon Co-Bi incorporation, as observed from the flat band

potential measurements.

6.3.4 Electrochemical Impedance Measurements

It is observed that the co-catalyst incorporation improves the overall PEC efficiency. This
improvement in efficiency is a combined contribution of the surface and bulk phenomenon as the
charge transfer is a surface phenomenon and charge transport is a bulk phenomenon. Further
investigation has been carried out for the measurements of the bulk and surface characteristics of
the materials. Electrochemical impedance spectroscopy (EIS) study has been performed to
investigate the bulk and surface contribution in the PEC efficiency, as shown in Fig. 6.7(E and
F). The Nyquist plot is used to investigate the charge transport and charge transfer resistance of
the BV and BV/Co-B; photoanodes. Two arcs at high and low frequency ascribed the bulk
charge transport and electrode/electrolyte interfacial charge transfer respectively [352]. The low
frequency resistance i.e. charge transfer resistance (Rct) of the BV is 2677 Q and is decreased to
354 Q upon the incorporation of the Co-Bi. These results indicate significant improvements in
the charge transfer kinetics. The increase in donor density due to oxygen vacancy improves the
bulk charge separation efficiency and hence R is decreased upon CoB; modification. The
incorporation of Warburg components in the Co-B; modified BiVO4 suggests the shift in the
charge transfer kinetics at the interface from kinetic control to the diffusion control process.
Jinhua Ye et. al. have reported that activation energy for PEC OER significantly decreased upon
OEC incorporation, which indicates surface charge transfer reaction is fast enough and reaction
transferred from kinetic control to diffusion control process [348]. The significant decrease in the
Ret value in Co-B;i modified BV in the present case suggests the fast charge transfer kinetics, and

overall kinetics is limited by the diffusion process. The kinetics of the OER reaction over BiVO4
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is significantly improved due to the incorporation of the OER cocatalyst by lowering the
activation energy of the process. This is achieved through the improvement in the hole capture
property of the Co-Bi; as supported from the significant decrease in the charge transfer resistance

from the impedance measurements.

Charge transfer kinetics is further investigated by the Bode plot format of the impedance
data and shown in Fig. 6.7 (F). The decrease in the phase angle upon the Co-B; modification of
BV as compared to BV shows improvements of the conductivity of the interface and hence
charge transfer kinetics is improved. This result suggests the improvements in the surface
catalytic activity as compared to the BV. Further, the kinetics is investigated in terms of the
relaxation frequency and relaxation time constant (t) of the photogenerated charge [147]. The
relaxation frequency of the photogenerated charge is 5443 Hz for BV and increased from 54 Hz
to 229 Hz upon Co-B; modification. The increase in the relaxation frequency suggests the faster
relaxation process of the photogenerated charge and hence, faster kinetics at the interface which
further supports decrease in Re. The lifetime 7 of photogenerated charge is calculated by using
the relation T = 1/2nf where f is the relaxation frequency. The 7 of BV is 2.92 ms, and Co-B;
modification of the BiVO4 leads to a decrease in the 7 to 0.70 ms. This decrease in 7 also
supports the faster charge transfer at the interface and supports the improvements in the kinetics

of water splitting upon the Co-B; incorporation.

The overall PEC water oxidation efficiency and interfacial charge transfer depend on the
diffusion of the hole in the BiVO4 photoanodes. We have assumed that relaxation time constant
is the time taken by the photogenerated hole to oxidize water molecules, including the diffusion
of the hole in the bulk and interface to oxidize water molecules. Therefore, the diffusion length

of holes is measured by using 7 of holes from the Bode plots and calculated by using equation,
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Lp = (D X 1) where Lp is diffusion length, D is the diffusion coefficient of the photogenerated
hole, taken as 2.60 cm?s™ [313] and T is the relaxation time of holes, the L, values thus obtained
are tabulated in Table 6.1. Lp of BV is 576 nm and is decreased with the Co-B; incorporation on
the BiVOas. The significant decrease in the Lp shows the faster transfer of holes at the interface
for water oxidation [147]. It is expected that holes are first stored in the Co-B; co-catalyst in the
form of Co (IV) and then transferred to the water molecules for oxidation. The drastic change of
Lp from 576 nm to 33 nm shows the synergistic role of Co-B; in PEC water oxidation. Since the
thickness of films is ~750 nm, the diffusion of the hole in BV is essentially from bulk to
electrochemical interface. However, in the presence of the Co-Bj, Lp is significantly lower
compared to the thickness of the film, which suggests that the Co center acts as the reservoir of
photogenerated holes and then transfers to the water molecules. This observation suggests the
mechanism of transfer of holes from bulk to water molecule via the Co center. Photogenerated
holes first collected by the Co (III) and then transferred to the water molecule for the oxidation

process.

The stability test of the photoanodes was performed by the chronoamperometry method
at the 0.8 V for the 2 h, the results are shown in Figure 6.8. BV and Co-B; modified BV is quite
stable for 2 h. The initial decrease in photocurrents is due to the capacitive loss, and then the
increase of photocurrent is observed because of improvements in surface kinetics. Co-B;
modification of the BV enhances the stability of the photoanodes. The increase in photocurrent
can be explained based on the photocharging effect. The photocharging of the BiVO4
photoanode improved the photocurrents many folds due to the improvements in the surface and
bulk properties of the photoanode materials. The detailed study of the photocharging effect on

the BV and Co-B;i modified photoanodes is in the next sub-section. Photocurrent of BV and
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BV/Co-B;-3 after 2 h stability has been improved by ~ 35 %. The details explanation of

improvement is discussed in next section.
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Figure 6.8 Stability test of the photoanodes (A) BV, (B) BV/Co-Bi-1, (C) BV/Co-B;-2, (D)

BV/Co-Bi-3 and (E) BV/Co-Bi-4 at 0.8V for 2 h.

6.3.5 Photocharging of the Photoanode

Phtotocharging of BiVO4 has been carried out by continuous illumination, all the
photoanodes have been exposed to 1 sun of solar simulator fitted with AM 1.5G filter for 2 h at
0.8 Vin 0.1 M BBS (pH 8) and then the PEC catalytic activity has been investigated. The I-V
characteristics of the treated and untreated photoanodes are shown in Figure 6.9. LSV and
chopped light voltammetry results show significant improvements in the photocurrents of all
photoanodes and tabulated in Table 6.2. The significant improvement in the photocurrent of BV
(~ 36+2%) from 0.96 mA cm™ to 1.31 mAcm™ is observed at 0.8 V (vs. Ag/AgCl, 3M KCl).
Similarly, 31%, 42%, 34% and 34% improvement of photocurrent of BV/Co-Bi-1, BV/Co-Bi-2,
BV/Co-Bi-3, and BV/Co-Bi-4 respectively have been obtained upon photocharging. The

significant improvement in photocurrents of BV and Co-B; modified BiVOy is resulted due to the
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improvement in the bulk and surface properties of the photoanodes upon photocharging. The
photocurrent in BV is limited by poor surface and bulk charge separation efficiency and fast
charge recombination process as given in Table 6.1. Improvement of surface and bulk charge
separation efficiency of BV from 57 % to 71 % and 30 % to 37 % respectively upon
photocharging result increase in photocurrent. BV/CoB; has high surface and bulk charge
separation efficiency with respect to the BV and as a result of that high photocurrent has been
obtained as given in Table 6.1. Photocharging further improves surface and bulk charge
separation efficiency. This improvement increases the photocurrent similar order of BV. The
onset potential is cathodically shifted for BV, and Co-B; modified BV from -0.30 V to -0.40 V
and -0.35V to -0.50V respectively upon photocharging, which suggests the OER process is

thermodynamically more favorable.

To find a correlation in improvements of photocurrents upon photocharging of BiVO4 and Co-B;
modified BiVOQs, cyclic voltammetry (CV) was performed for photocharged and untreated
photoanodes, as shown in Fig. 6.9. It has been reported that the presence of one or more cathodic
peaks can be due to surface state of the photoanodes. This cathodic peak is due to the filling of
the surface state from the transfer of an electron from the conduction band of the photoanodes
during cathodic scan [353-355]. In the dark, the irreversible peak is observed due to the absence
of photogenerated holes. This irreversible capacitive peak is attributed to the equilibration of the
conduction band and surface state [355]. The redox peak is observed for BV in the dark suggests
the absence of surface states. The reversible peak is due to reduction and re-oxidation of V(V) to
V(IV) redox system. [92]. The significant improvements in the redox peak after PC is observed.
Photogenerated charge contributes to the modification of the redox species which enhanced the

redox peak. The new cathodic peak at 0.45 V (vs Ag/AgCl) shows the reduction of the
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photogenerated surface state. The CV of BV/Co-B;-3 in dark shows improved redox peak with

the new cathodic peak similar to the photocharged BV suggests the surface state. The

improvements in the redox peak are due to the presence of redox process of Co (III) and Co (IV).

After photocharging, the redox peak of BV/Co-Bi-3 is further enhanced with significant

improvements in the cathodic peak due to the reduction of photocharged product V>*to V#* and

Co (IV) to Co (II). Improvements in the cathodic current suggests formation of more redox

active centre during PC, which facilitates the OER and hence improves the photocurrent and

PEC efficiency. The decrease in the cathodic peak in repeated CV cycles of BV/Co-Bi-3

photoanode after the PC has been observed as shown in Figure 6.9 (C). The decrease in cathodic

current can be visualized for reduction of redox active centre Co(IV) to Co(III).. The formation
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Figure 6.9 The effect of photocharging is characterized by chopped light voltammetry and LSV

of (A) BV, (B) BV/Co-Bi-1, (C) BV/Co-Bi-2, (D) BV/Co-Bi-3 and (E) BV/Co-Bi-4. Chopped

light voltammetry is shown in a solid line, and LSV is shown in the dotted line.
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Table 6.2 Summary of characterization of PEC of photoanodes after photocharging treatment.

Photoanodes | Photocurrent Charge Charge Rct (Q) CF) Relaxation Relaxation time Lp (nm)
increase (%) transfer transport frequency constant (ms)
efficiency efficiency (Hz)
36+2 71+3 37+2 2560 + (5.80 £0.29) x 10¢ 54+3 292 +0.15 576 +28
BV 120
31+2 74+3 43+ 845 +40 (5.67 £0.28)x 10¢ 134 +£7 1.18 £0.06 94 £5
BV/Co-B:-1
42+2 87+4 39+2 500 +25 | (5.91 £0.30) x 10¢ 158 +8 1.00 £0.05 68+3
BV/Co-B;-2
34+2 91 +4 59+2 325+16 (6.49 +0.32) x 106 263 +13 0.61 +0.03 25+1
BV/Co-B;-3
34+2 94 +5 5542 430 +£20 (6.39 +0.32) x10 151 +7 1.05 +0.05 74+4
BV/Co-B;-4
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Figure 6.10 (A, B) CV of BV and BV/Co-B;-3 before and after PC in the dark. (C) Multiple CV

cycles of BV/Co-Bi-3 in the dark after PC

of the intermediate active sites during the photocharging process leads to the improvement of
overall efficiency of the photoanodes. Photocharging, therefore enhances the number of low
oxidation states in the catalytic system, and the effect is observed with BV and more pronounced
in BV/Co-Bi catalysts. Under illumination, the holes are utilized for the oxidation of water and
the electrons are utilized in lowering of the oxidation state of redox active species of the catalytic
system. This reduction process significantly removes the electron and hole recombination

process, thus improves the catalytic efficiency. It may further be recalled that during the chopped
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light voltammetry experiments as shown in Figure 6.5(A), reduction current is observed at dark
and the reduction current reduces to zero before the next illumination. This reduction current
arises from the flow of charge from the lowered oxidation state of the catalytic system to the sink
of the potentiostat. Observation of the reduction current supports our postulate of the mechanism
of PEC process and its improvement due to Co-B; incorporation and by photocharging.
Photocharging is stable for the continuous process. It is reported that PEC activity of
photocharged photoanodes can be achieved again by photocharging treatment. The XPS peak
positions of Bi 4f, V 2p and Mo 3d shift ~ 0.20 eV towards the lower BE upon the photocharging
as shown in the Figure 6.2. This decrease in the BE suggests the lowering of the oxidation states,
which arises due to the partial reduction of the V°" to V*' oxidation state. After the
photocharging, BE of O is shifted towards the lower BE from 529.50 to 5.29.18 eV due to
partial reduction of the V°* to V**. The increment in Ov/Oyr, suggests increase in oxygen vacancy
in BV after photocharging. BE of Ot is increased from 529.72 eV to 530.12 eV for BV/Co-B;-3
after photocharging. The higher BE is expected due to photo-oxidation of Co*" to Co*" at
electrode surface. Increment in Ov/Or, with respect to untreated BV/Co-B;-3 attributed to
increase in oxygen vacancy after photocharging. The increase in oxygen vacancy after
photocharging improves the bulk charge separation efficiency and conductivity of photoanodes.
Therefore, photocurrent has been improved by ~ 35 % after photocharging. Increase in BE of
chemisorbed oxygen suggests that water oxidation intermediates or hydroxide as Co(IV) -OH on

BV/Co-Bi-3 surface

Further, the insight into the electronic properties of the photoanodes upon photocharging has
been investigated by the EIS technique. Figure 6.11 shows the comparative study of the Nyquist

plot before and after photocharging. It is reported that the conversion of V> to V* during
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photocharging does not alter the bulk property [92]. The decrease in the R value upon PC is
observed for all the photoanodes. This decrease in R from 2677 Q to 2560 Q for bare BV after
PC suggests the improved bulk and surface conductivity. The improvement of conductivity of
photoanodes can be attributed to the oxygen vacancy upon photocharging. Similarly, a
significant decrease in the R value of photocharged Co-B;i modified BiVOy is observed. These
results show Co-B; modification facilitates the fast charge transfer from bulk to the interface and

improves interfacial charge transfer. The increase in capacitive current, as shown in Figure 6.10,
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Figure 6.11 Electronic properties of the photoanodes are characterized by the measuring
impedance at 0.8V under illumination in the frequency range from 10° to 10"! Hz of (A) BV (B)

BV/Co-Bi-1, (C) BV/Co-Bi-2, (D) BV/Co-Bi-3 and (E) BV/Co-Bi-4.

suggests surface modification on PC treatment. This improvement in capacitance is due to the
formation of the surface layer of adsorption of oxy/hydroxyl intermediated rather than a
localized surface trap during photocharging [92]. The surface capacitance acts as the hole

reservoir, which improves interfacial charge transfer, and hence photocurrent is enhanced.
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Figure 6.12 Mott-Schottky analysis of photoanodes (A) BV, (B) BV/Co-Bi-1, (C) BV/Co-B;-2,

(D) BV/Co-Bi-3 and (E) BV/Co-Bi-4 at 100Hz.

Relaxation frequency of photogenerated electron-hole is further increased upon photocharging,
showing improvements in interfacial kinetics. The t vales is decreased after photocharging
suggests improvements in hole transfer kinetics. Photocharging leads to a decrease in the
diffusion length (Lp). It is previously stated that Lp calculation is based on the phase angle
maxima, and a decrease of Lp reveals a shorter path of photogenerated holes as compared to
untreated photoanodes. This observation is expected from the surface modification and storage
of holes during the photocharging in the form of intermediate. Among several other factors,
pining of the electronic Fermi levels are also reported on photocharging [92], However, the
enhancement of the redox intermediates at the BiVOs, which acts as a hole reservoir and
minimization of the charge recombination is the reason for the enhancement of the PEC activity.

It has also been reported that photocharged product V** induces the oxygen vacancy on the
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surface of BiVO4, and hence O* and OH" species strongly absorb on the photoanode surface,

which leads to the enhancement in the photocurrent [356].

6.3.6 Investigation of charge transfer by scanning electrochemical microscopy

Scanning electrochemical microscopy SECM has been employed to investigate localized
interfacial charge transfer kinetics at the interface before and after the photocharging to quantify
the effect of photocharging on photoanodes. Bingaman Zang et al. have demonstrated that
photogenerated holes transfer from the valance band of BiVO4 to the [Fe(CN)s]* (AG ~ -2.0 eV)
is thermodynamically more favorable than water oxidation (AG ~ -1.6 eV) [33]. Therefore, redox
probe [Fe(CN)s]*/ [Fe(CN)s]* is used instead of a water oxidation product to investigate the hole
transfer kinetics at the interface. Before SECM experiment, UME was characterized in 2 mM
ferricyanide solution as shown in Figure 6.13 (A). The UME of size 10 um and RG 5 has been
used for approach curve and SECM imaging. Negative approach curve has been obtained in the
dark as shown in Fig. 6.13(B) suggests the insulating behavior of BiVOas. Positive approach
curves have been obtained (Figure 6.14) at different applied substrate potential under
illumination, suggesting conducting behavior of BiVO4 due to photogenerated electron-holes
pairs. The photogenerated holes on the BiVOy4 interface oxidizes the ferrocyanide to ferricyanide
which gives feedback loop to the probe for reduction of ferricyanide. The kinetic parameter i.e.
normalized apparent heterogeneous charge transfer rate constant k has been obtained by fitting
approach curves based on theoretical model as discussed in introduction and experimental
chapter. The effective heterogeneous hole transfer rate constant (kes.) for oxidation of
ferrocyanide to ferricyanide at the interface is calculated on the basis of normalized apparent

heterogeneous charge transfer rate constant k with equation k.rr = K Dgjffysion/Tr Where

Dgif fusion 1s the diffusion coefficient of redox probe and 7 is radius of UME. The kcsf is
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tabulated in Table 6.3. The kefr. of BV at 0.4 V (vs Ag/AgCl) is 7.23x1073 cm s™!' and increased
with the applied potential at BiVOs substrate [147]. This result shows improvements in the
interfacial charge transfer and charge separation efficiency with increase in applied potential.
Shen et. al. have shown similar improvement in kefr. in BiVO4 and Mo doped BiVO4 with
increase in applied potential [33]. The increase in applied potential at BiVOs change the
activation energy by changing of fermi level of photoanodes. Sriram et. al observed similar trend
of increment of kesr. with different doping concentration of Mo in BiVO4 and at different applied
potential [147]. It has been reported that improvement in interfacial hole transfer kinetics
increases the charge separation and suppress the charge recombination process. Similarly,
Wittstock and group have found that photoinduced charge transfer rates for water oxidation
reaction (WOR) strongly depend on the polarization of BiVO4 suspended ITIES and has been
increased with increase in polarization, which ultimately improves the charge separation process
in WOR [334, 335]. There are 33 % improvements in Kesr at 0.4 V (vs Ag/AgCl) upon Co-B;
incorporation on the BiVO4 suggest the enhancement in the interfacial charge transfer. Co-B;
facilitates the hole transfer by capturing holes and transfer to the water molecule for oxidation.
The improvements in kefr are in good agreements with the surface charge separation efficiency
and bulk charge separation efficiency as given in Table 6.1. Improvement in ke, further, can be
supported by improvement in decrease in charge transfer resistance upon Co-B; incorporation.
The R value was decreased from 2677 Q to 354 Q in BV/Co-Bi-3 as compared to BV.
Enhancement in kefr after Co-Bi modification can be correlated with the increase in the relaxation
frequency of charge transfer from 54 Hz to 229 Hz. ke has been improved with increase in the
polarization at the BV/Co-Bi-3 similar to the BV. Interfacial charge transfer kinetics is, further,

investigated to quantify the improvements in the PEC efficiency in BV and Co-B; modified BV
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upon photocharging. The improvements in ke at 0.4 V (vs Ag/AgCl) have been observed from
7.23x107% t0 9.05x107 cm s! and 9.61x107 to 11.76x10 cm s™! after photocharging of BV and
BV/Co-Bi-3 respectively. The improvement in charge transfer kinetics can be attributed to the
improvement in surface charge transfer efficiency and bulk charge transfer efficiency upon
photocharging as tabulated in Table 6.2. The decrease in R¢t of BV and BV/Co-Bi-3 photoanodes
upon photocharging in further supports improvement in kes. The XPS results also support
improvement of bulk and surface properties of photoanodes upon photocharging due to oxygen
vacancy and hence ultimately improved Kes. Further, kerr. has been improved with increase in
substrate polarization after photocharging. Figure 6.14 shows the logarithm increase of kes. with
overpotential. According to Butler-Volmer equation, charge transfer rate constant is
exponentially depended on the overpotential. Therefore, apparent standard hole transfer rate
constant (k7. ) can be calculated using Butler-Volmer equation [332]. From the intercept of plot
of Fig. 10, kp, has been calculated. The kJ, of BV is found 6.30x10~ cm s™! and improved by
44 % upon Co-B; incorporation. These results show BV/Co-Bi-3 has much large hole transfer
rate as compared to BV. Further, k5, has been improved by 21 % and 13 % of BV and BV/Co-
Bi-3 respectively upon photocharging. Similarly, Wittstock and his group have shown increase in
apparent standard heterogeneous electron transfer rate constant (kJ_) with increase in
polarization of the BiVO4 dispersed ITIES [334, 335]. Shen et. al. have observed similar

improvement of k., in BiVO4 upon Mo doping [33].

The localized PEC activity of the photoanodes have been investigated by SECM imaging
in feedback mode [337-341, 357]. In-situ imaging of photocatalytic activity of BiVOs

photoanode and effect of Co-B; modification of BiVO4 have been monitored using redox couple
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Table 6.3 Interfacial charge transfer kinetics is measured by the SECM feedback approach curve

analysis
K. (103 cms?)
Potential, V BV BV after BV/Co-B;-3 BV/Co-B;-3 after
photocharging photocharging
04 7.23 £0.55 9.05 £0.45 9.61 +0.48 11.76 +0.82
0.6 7.61 £0.53 9.98 £0.50 12.04 £ 0.60 13.95 £ 0.97
0.8 8.02 £0.56 11.70 £ 0.58 13.16 + 0.66 21.85+1.53
1.0 9.63 +0.67 15.31 £ 0.76 14.55 £0.73 21.87 £1.53
1.2 11.14 £0.78 16.92 + 0.85 16.11 £ 0.81 25.50 £ 1.78
° BV - BV_after PC
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Figure 6.15 Plots of In(ker) vs. m of photoanodes (A) BV, (C) BV/Co-Bi-3 before

photocharging, and (B) and (D) are after photocharging.

227



in feedback mode. The feedback current response of BV has been increased with the increase in
applied substrate potential. The increase in photocurrent suggests improved interfacial hole
transfer rate constant. Since RMS height of photoanodes surface BV and BV/Co-B;-3 from AFM
analysis was calculated as 41+ 5 nm and SECM was performed at 50 um above the photoanode
surface after the tilt correction. The average roughness distribution of photoanodes measured by
approach curve was + 5 um. Therefore, the localized high current response corresponds to the
higher surface PEC activity of the photoanode. The increase in photocurrent with polarization
supports the chopped light voltammetry experiment. At high polarization, there is improved
charge separation and hence high feedback current has been observed. Similarly, Mo and W
doped BiVO4 has shown high feedback current for WOR, which corresponds to the high
localized photocatalytic activity of photoanodes [357]. Lopes and his group have shown the high
feedback current for WOR for pristine SrTiO3; with respect to defected SrTiO3 surface [338].
Markin et.al. have used nanoscale SECM probe for mapping of Nb:TiO» for OER. It has reported
the uniform distribution of Nb over TiO> by measuring feedback current [339]. Similarly, Jiang
group has mapped localized activity of TiO» for Rhodamine B (RhB) oxidation in terms of
adsorbed oxidation product RhB 123 [340]. Further, after incorporation of Co-B; on the BV,
photocurrent has been increased with respect to BV as shown in Fig. 10. The increment in
photocurrent can be attributed to the improvement of photocatalytic activity. This improvement
can be due to increase in kp, after Co-B; incorporation, which further supported with the
chopped light voltammetry, EIS study, relaxation frequency of photogenerated charge and
surface charge separation efficiency. Chen and his group have reported similar improvement in
photocurrent upon BiVOs4 modification with OEC FeOOH [358]. It has been reported that

localized photocatalytic activity of CuW O4/BiVO4/FeOOH reflects the local area.
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Figure 6.16 SECM imaging of photoanodes by measuring probe current in feedback mode at
constant height using Pt UME in 2mM [Fe(CN)s]*" at various substrate potentials. SECM images
of BV/Co-Bi-3 at (A) 0.4V, (B) 0.6V and (C) 0.8 V and BV/Co-B;-3 after PC at (D) 0.4 V, (E)

0.6V and (F) 0.8 V.

Further, photocharging effect on photocatalytic activity of BV and BV/Co-Bi-3 has been
investigated by mapping of photoanodes as shown in Figure 6.15. The increased localized
photocurrent of BV and BV/Co-B;-3 after photocharging suggests improvement in the localized
photocatalytic activity due to efficient hole transfer at the interface as kj, has been increased
upon photocharging. Similarly, Lopes et. al. have reported the localized photoactivity of SrTiOs;
has been improved by 2.6 folds after electrochemical activation [337]. It has been reported that
electrochemical activation causes the oxygen deficiency at the surface of SrTiOs. These results
are further supported by improvement in surface and bulk charge separation efficiency, decrease
in R¢; and oxygen vacancy in photoanodes as reported in previous section. The improvements in

the feedback photocurrent upon the photocharging can be due to increase in the surface redox
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state as shown in Figure 6.7. The redox surface state improves the surface catalytic activity and

improves interfacial charge transfer kinetics.

6.4 Conclusion

In this chapter the significant improvements in the photocurrent upon the incorporation of the
Co-B;j as an oxygen evolution catalyst on BiVO4 has been demonstrated. The Co-B; incorporation
leads to an improvement of 103% photocurrent. The cathodically shifted onset potential shows
the thermodynamically favorable OER. The increase in photovoltage suggests an absence of the
surface state. The impedance data suggests the change in the kinetics of photogenerated charge
upon Co-B; incorporation from the kinetic control process to the diffusion control process. This
result shows surface kinetics is no longer a limiting step. The decrease in the R reveals the
improvements in the bulk and surface conductivity, which leads to improvements in the
photocurrent. The cathodic shift of the Fermi level is in agreement with the shift of onset

potential.

The photocharging treatment of BV and Co-B; modified BV enhances the photocurrent
from 0.96 mAcm™ to 1.31 mAcm™ (36%) and from 1.95 mA cm™ to 2.63 mAcm? (35%) for BV
and BV/Co-B;-3 respectively. The onset potential of PEC water oxidation is shifted cathodically
further upon photocharging, suggesting favorable thermodynamic process. The increment in
photovoltage reveals the improvements in the charge separation upon the photocharging.
Impedance analysis shows improvement in the bulk and surface conductivity and enhanced the
surface capacitance upon photocharging. The improvement in the interfacial hole transfer

kinetics from 7.23x10” to 9.61x10 obtained for Co-B; incorporation in BV. Further, the
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interfacial hole transfer kinetics of BV and BV/Co-B; -3 have been increased form 7.23x10 to
9.05x10 cm s and 9.61x10 to 11.76x10° cm s respectively upon photocharging. The
SECM mapping of the interface reflects the localized photoelectrochemical activity of

photoanodes.

Overall, our investigation in this chapter suggests that incorporation of Co-B;i to the
BiVO4 enhances the photocurrent and improves the PEC efficiency due to the improvements in
the bulk and surface improvements. Photocharging treatment further enhances the photocurrent
and improves the PEC efficiency by alteration of bulk and surface electronic properties of the
catalysts material. Therefore, this study shows the path of improvements of photoanode and OEC

incorporated photoanode performance which is probed well using SECM measurements.
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Chapter 7 Improvements in the photo-
electrocatalysis of BiVO4 by gamma irradiation and

plasma treatment

7.1 Introduction

After the discussion about the development of the BiVO4 based materials and its modification
using the formation of interlayer and through various doping in the previous chapters, present
chapter is focused on the modification of BiVO4 using gamma radiation and plasma treatment to
improve the catalytic performance of the material further. The gamma radiation has been used to
alter the physical and chemical properties of materials such as optical, electrical, electronic and
structural properties of the materials [137, 138]. The gamma radiation is used because of its high
penetration power as compared to the other ionizing radiation and it does not induce the material
to become radioactive. The alteration of chemical bonds due to the irradiation may improve the
performance of materials. The grain size and bandgap of the ZnO thin film have been decreased
upon the gamma irradiation [137]. The electron mobility of the In-ZnO based transistor has been
improved upon exposure to the radiation [142]. Gamma radiation strongly affects the metal
based oxide materials for the biosensor and gas sensor application [139-141]. The enhancement
of the gas sensing sensitivity is due to the defect generation of the nanoparticles. The sensitivity
of'the SnO; based gas sensor for CO is improved upon the gamma irradiation [143]. There is red-
shift of absorption of the InVO4 with increase in the dose of gamma irradiation [144]. The
sensitivity of InVOy4 based sensor for ammonia is improved significantly and is due to the defect

introduction. The performance of TeO, has been linearly improved with the increase of vy
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radiation dose. The gamma effect on the absorption spectra and energy bandgap of SeO, were
reported to significantly increase the optical absorption due to change of chemical structure. The
structural and optical properties of CdS, PbS, Fe3.xO4 thin film were also reported to improve the
bandgap [145]. Gamma radiation has changed the bonding structure of g-C3N4 which reduces the
optical bandgap energy. The PEC efficiency of irradiated g-C3Ns is enhanced two folds as
compared to the non-irradiated g-Cs3Ni. The performance of irradiated g-C3Ns in the g-
C3N4/BiVO4 heterojunction has been improved by two folds [146]. Considering the previous
reports present chapter is focused on the effect of the high dose of gamma radiation on the photo
electrochemical performance of the BiVO4 (BV) and cobalt borate (Co-Bi) modified BV. The
significant improvement in photocurrent (~ 93%) at 0.8 V upon Co-Bi incorporation, which
plays as a hole collector and facilitates as hole reservoir. The gamma radiation treatment leads to
improve photocurrent of the BV and BV/Co-B;. Mott-Schottky analysis and impedance analysis

suggest a change in the bulk and surface properties upon gamma radiation treatment.

7.2 Experimental Section

7.2.1 Materials

Bismuth (IIT) Nitrate (Bi (NO3)3.5H20, 98%), Ammonium Vanadate (NH4VOa, >99%),
Cobalt (II) nitrate (Co(NO3)2 6H20, 98%)and Sodium sulfite (Na>SO3, 98%) were purchased
from Sigma Aldrich. Ammonium tetrathiomolybdate (NH4)2Mo0S4, 99.95%) was purchased from
Alfa Aesar. Sodium Sulphate (Na>SO4), sodium monohydrogen phosphate (Na;HPOs) and
sodium dihydrogen phosphate (NaH2PO4) were obtained from Sarabhai M Chemicals. Boric
acid, sodium hydroxide, ethylene glycol and potassium ferricyanide were purchased from

SDFCL.
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7.2.2  Fabrication of Photoanode

BiVOs film was coated on cleaned FTO using spin coating technique. In this typical
synthesis procedure, Bi (NO3)3.5H>0 (0.2 mmol) was dissolved in 5 mL of ethylene glycol-water
mixture (8:2) and then NH4VO3 (0.2 mmol) was added slowly and then added 5 atom percentage
of Mo using precursor ((NH4)2.Mo0S4, 99.95%) followed by sonication for 30 min and kept on
stirring for overnight at room temperature. The reaction mixture (100 uL) was spin coated on
FTO substrate at 2000 rpm for 1 min followed by annealing at 350°C on hot plate for 5 min. The
coating was repeated for 10 times to achieve desired thickness for maximum PEC efficiency

followed by annealing at 500°C in tube furnace for 3 h at ramp of 5°C per min.

Cobalt borate (Co-B;) was deposited on the BiVO4 by photo-assisted electrochemical method
[121, 126, 129, 342]. In this typical method, 2 mM cobalt (II) nitrate solution was prepared in 0.1
M borate buffer solution (BBS) of pH 8. Deposition of Co-B; at FTO/BiVOs was performed in
three electrodes system where substrate as working electrode, Ag/AgCl as reference electrode
and Pt wire as counter electrode. Before deposition of Co-B;, LSV was performed from OCP to
0.5V in 1 Sun illumination. Then, Co-B; was photo-electrochemically deposited at 0.1V potential
for same charge. Prior to the deposition of Co-B;, BiVO4 surface was activated by performing
LSV in 0.1 M Na»SOs3 solution for 20 cycles assuming that oxidation kinetics of sacrificial agent

would be very fast and hence photoanode would not be affected.

After that, BiVO4 and Co-B; modified BiVO4 were irradiated using gamma radiation for 50 kGy
and 100 kGy dose. The samples are abbreviated as BV, BV-50 kGy, BV-100 kGy, BV/Co-B;,
BV/Co-Bi-50 kGy and BV/Co-B;i-100 kGy where BV is BiVO4 and Co-B; is cobalt borate and

dose is in kGy.
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7.2.3  Photoelectrochemical (PE C) measurements

Photoelectrochemical measurements were carried out with CH Instrument (920 D model)
using a three electrode cell with an Ag/AgCl (3.0 M KCI) as reference electrode, Pt rod as
counter and FTO/BiVO4 and FTO/BiVOs-Co-B; as working electrode in 0.1 M BBS of pH 8 as
electrolyte. All PEC experiments were performed in back illumination of photoanodes under 1
Sun light of Solar simulator fitted with AM 1.5G filter. Photocurrent was measured by linear
sweep voltammetry (LSV) technique at 10 mVs™' scan rate and chopped light voltammetry was

recorded at 5 mVs™! scan rate with chopping of light at 5 s interval.

Electrochemical Impedance Spectroscopy (EIS) was recorded at 0.8 V (vs Ag/AgCl) by applying
sinusoidal wave of amplitude 10 mV in frequency range from 10° to 10! Hz under 1 sun
illumination. Further, Relaxation frequency and time constant of electron and hole were

measured from EIS data to quantify the efficiency of photoanode materials.

7.2.4 Characterization

XRD analysis of prepared samples were performed by using a Philips powder diffractometer
(PW3040/60) with Cu Ka radiation (A = 1.5406 A°). Raman spectra of photoanodes were
recorded by using Lab RAM HR 800 Micro laser Raman system with an Ar+ laser of 516 nm.
The morphology of photoanode materials was examined by field emission scanning electron
microscopy (FE-SEM, JEOL model JSM-7600F). X-ray photoelectron spectroscopy (XPS,
MULTILAB, VG Scientific, Al K« radiation as monochromator) was used to investigate the

binding energy of the photoanodes.

235



7.3 Result and discussion

7.3.1 Material characterization

All photoanodes were characterized by XRD technique and results are shown in Figure
7.1 (A). XRD peaks at 20 values of 18.37°, 28.40°, 30.07°, 39.56°, 42.02°, 46.89° and 52.90°
correspond to (011), (121), (040), (-112), (051), (042) and (161) respectively of monoclinic
phase (JCPDS 014-0688) of BiVO4. The XRD peaks at 26.02°, 37.40°, 61.33° and 65.34° are due
to FTO (JCPDS 41-1445). The relatively strong peak at 28.40° is attributed to the preferential
growth of BiVO4 films along (121) direction. There is positive shift (~ 0.35%) of peak position
upon gamma irradiation of BV, suggests decrease in the grain size or lattice parameter upon
gamma irradiation. The peak position at 34.50°, 35°, 47.21°, 50.07°, 54.42° and 59.25° have been
observed for the gamma irradiated BiVOas. These new peaks suggest the defect of the BV lattice.
Upon Co-Bi modification, small positive shift of XRD peak is observed for BV. However, a low
intensity peak at 26.05° is observed due to the (210) of Co-Bi (JCPDS: 13-0305). On further,
gamma irradiation of the Co-B; modified BV leads to the shift of peak position towards the
higher theta value, suggesting the decrease in the inner planer distance. Crystallinity of the BV
and Co-Bi modified BV upon gamma irradiation is observed as suggested by the sharp XRD
peak. It has been reported that gamma treatment improves the crystallinity which can be
attributed to the densification due to localized heating during gamma irradiation. The crystallite

size was calculated using Scherrer equation for BV at 28.40° of (121) plane as follows

D kA
"~ Bcos6

(7.1)
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Figure 7.1 (A, B) XRD pattern and (C, D) Raman spectra of BV and Co-B; modified BV with

gamma irradiation.

Where D is the approximate size, which may be smaller or equal to the grain size, k (~ 0.94) is
dimensionless shape factor, A (1.54A°) is wavelength of the X-ray radiation, f is the FWHM and
0 is diffraction angle. The crystallite size of BV is obtained as 53.54 nm and decrease with the
gamma irradiation from 53.54 nm to 45.16 nm. The crystallite size of Co-Bi modified BV is
found as 38.96 nm which is smaller than BV. Gamma irradiation further leads to decrease of

crystallite size of the Co-Bi modified BV.
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Investigation of the crystallization, local structure and electronic properties of BV based
photoanodes were performed by Raman spectroscopy analysis. Figure 7.1 (C, D) shows the
characteristic Raman spectra of the photoanodes. The typical Raman bands of BV are observed at
826.34, 713.45, 367.14, 328.83, 212.64 and 126.94 cm™'. The strong band at 826.34 cm™' and
weak shoulder like peak at 713.45 cm™! are assigned to the vs (VOa4) (Ag) and vas (VO4) (Bg) mode
respectively of BV. The Raman band at 367.14 and 328.83 cm™! are due to the §s (VO4) (Bg) and
das (VO4) (Ag) mode of vibration respectively. The rotational and translational modes (external
modes) are observed at 212.64 cm™! and 126.94 cm™! respectively at lower frequencies than the
internal modes of VO4* [292-297]. The blue shift of vibrational frequency upon gamma
irradiation suggests decrease in the crystallite size, which confirms by the XRD analysis. Co-B;
incorporation in BV leads to the decrease in the peak position of vs (VO4s) (Ag) mode of vibration
from 826.34 to 826.05 cm™!. There is abnormal shift of the peak position of Co-B; modified BV
at 50 kGy radiation dose suggesting the decrease in the lattice parameters. Further, treatment of
the gamma irradiation, vibration frequency is obtained as BV/Co-B; samples. The Raman bands
at 518.46 and 613.08 cm™ correspond to the vibration of Co-O-Co (Eg) and Co-O (A1) confirm
Co-B; deposition on the BV. Gamma irradiation of does 50 kGy leads to the decrease in the red
shift of the vibrational frequency, however, 100 kGy leads to the blue shift of the vibration. The

V-0 bond length is calculated at the most intense peak of the BV using following equation [297].
v(em™) = 21349 exp (—1.9176R(A%)) (7.2)

Where, v is the Raman stretching frequency for V-O in cm™ and R is the bond length in A°. The
V-0 length of BV is 169.53 pm which decreased to 169.44 pm and 169.49 pm for BV-50 kGy

and BV-100 kGy irradiation. These results suggest the decrease in the lattice parameters as
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obtained from the XRD analysis. Further, Co-B; incorporation leads to the increase in the V-O
length from 169.53 pm to 169.62 pm. The gamma irradiation causes the increase in the V-O
length from 169.62 pm to 169.87 pm for the 50 kGy does and then decrease to the 169.52 pm for

100 kGy dose.

Figure 7.2 SEM images of (A) BV, (B) BV_50 kGy, (C) BV_100 kGy, (D) BV/Co-Bi, (E)

BV/Co-B;_50kGy and (F) BV/Co-B;_100 kGy

Scanning electron microscopy is used to study effect of gamma irradiation on the morphology of
BV and Co-Bi modified BV as shown in Figure 7.2. Figure 7.2 (A) shows the uniform coating of
BiVO4 on FTO and inset Figure shows granular shape of BiVOs. Figure 7.2 (B) and (C) show
the change of the morphology of BiVO4 upon the gamma irradiation. Images reveal that there is
microstructure change of the BiVO4 and improvement of crystallinity upon the gamma
irradiation. The spherical and uniform deposition of Co-Bi is observed on the BiVOj interface as

shown in Figure 7.2 (D). There is significant change of surface morphology of the Co-B;
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modified BiVO4 as shown in Figure 7.2 (E) and (F). The change of the microstructure and
crystallinity of BiVO4 and Co-B; modified BiVO4 have been observed as supported by the XRD
data. Further, atomic force microscopy (AFM) is used to characterize the morphology of
photoanodes. Figure 7.3 (A) shows the uniform coating of BiVOs4 on FTO. The gamma
irradiation dose of 50 kGy and 100 kGy significantly changes the morphology of the BiVO4 as
shown in the Figure 7.3 (B) and (C). The granular deposition of Co-B; is observed on the BiVO4

as shown in the Figure 7.3 (D) which supports the SEM analysis.
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Figure 7.3 AFM images of (A) BV, (B) BV-50 kGy, (C) BV-100 kGy, (D) BV/Co-B;, (E)

BV/Co-Bi-50kGy and (F) BV/Co-Bi-100 kGy

The porosity of BV/Co-B; is significantly improved upon the 50 kGy radiation dose. Further
increase in the radiation dose results the cracking of the interfacial Co-B; coating as shown in
Figure 7.3 (F). Elemental analysis was carried out by Energy dispersive spectroscopy (EDS) as

shown in Figure 7.4 and. In BV, atomic ratio of Bi and V is found as 1:1. The decrease in the Bi,
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V and Mo is due to top Co-B; layer. The ~ 5% atomic percentage of Co shows the successful
incorporation of Co-Bj heterojunction. The gamma irradiation reveals the decrease of the atomic
constituent elements of the BiVO4 and the Co-B; modified BiVO4. The thickness of BiVO4 and

Co-Bi modified BiVO4 are obtained as 650 nm and 775 nm as shown in Figure 7.5.
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Figure 7.4 EDS images of (A) BV, (B) BV-50 kGy, (C) BV-100 kGy, (D) BV/Co-B;, (E)

BV/Co-Bi-50kGy and (F) BV/Co-Bi-100 kGy.
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BiVO4/Co-Bi

Figure 7.5 Cross-sectional view of the photoanodes (A) BV and (B) BV/Co-Bi.

7.3.2  UV-Vis spectroscopy

The electronic property of the BiVO4 based photoanodes were characterized by the
absorption spectroscopy measurements as shown in Figure 7.6 (A). UV-vis diffuse reflectance
spectra were used to characterize the photoanodes. The BV shows the major absorption peaks at
474 nm due to transition in BiVO4. Gamma irradiation doses cause the red shift of absorption of
BV. The new peak at 431 nm is due to the distortion of the BV lattice. The onset potential of the
BV is at 696 nm which further shifts to the higher wavelength due to the gamma irradiation.
Absorption is found to increase with the gamma irradiation which suggests improvement of the
solar energy harvesting. Co-B; incorporation leads to the improvement of the absorption and
onset absorption in infrared region. The peaks position at 366 and 400 nm are due to the BV. The
peak at 422 nm which is relatively at lower wavelength and 491 nm at the higher wavelength
than BV are obtained for the Co-B; modification. Upon gamma irradiation of the Co-B; modified
BV, the absorption peaks are blue shifted with respect to the BV/Co-B;. Co-B; modification and

gamma irradiation improve the absorption which enhances the photo-absorption efficiency and
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hence efficiency of the PEC will increase. These observations show synergic effect of the Co-B;

and gamma irradiation on the PEC water splitting of the BV.
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Figure 7.6 (A) UV-Vis spectroscopy measurements, (B) Tauc plot for bandgap measurement,

(C) chopped light voltammetry of photoanodes and (D) IPCE measurements.

Nature of the band transition and the bandgap of the photoanodes are determined from
the analysis of the Tauc plot. [152, 308]. The bandgap of the BV is 1.90 eV which is somewhat
lower than the theoretical bandgap of the BiVO4. Gamma irradiation causes the decrease in the
bandgap from 1.90 eV to the 1.80 eV and increase to 2.1 eV for 50 kGy and 100 kGy radiation

dose respectively as shown in Figure 7.6 (B). Co-B; incorporation to the BV increases the
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bandgap from 1.90 eV to 2.48 eV which further increased to 2.53 eV upon 50 kGy radiation

dose. 100 kGy dose leads to the decrease in the bandgap of the Co-B;modified BV.

7.3.3 Photoelectrochemical investigation

The photoelectrochemical investigation was performed in the 0.1 M BBS (pH ~8) due to less
corrosive to the BiVO4 than phosphate buffer solution [83, 134, 136]. The PEC activity of
photoanodes was performed by chopped light voltammetry technique as shown in Figure 7.6 (C).
The photocurrent of BV is obtained as 1.21 mAcm™ at 1.0 V vs. Ag/AgCl. The relatively low
photocurrent is obtained due to the fast electron-hole recombination, low charge separation, and
poor surface catalytic activity of BiVOs4 [87, 347, 359]. Upon the gamma irradiation, the
photocurrent is increased from the 1.21 mAcm™ to 2.05 (~ 70%) and 2.40 mAcm™ (98 %) for the
50 kGy and 100 kGy radiation dose respectively. These results suggest that bulk and surface
properties of the BV is improved for the PEC activity. The increase in the photo absorption
efficiency as obtained from the absorption spectroscopy analysis supports the improvements in
the photocurrent. Photocurrent is improved from 1.21 mAcm™ to 2.34 mAcm™ (~93 %) upon
incorporation of co-catalyst shows the synergistic effect of Co-B; in improvements of the charge
transfer and transport kinetics at electrode-electrolyte interface. On gamma irradiation,
photocurrent is increased from 2.34 mAcm™ to 2.57 (~ 10%) and 2.65 mAcm™ (13%) for 50 kGy
and 100 kGy doses, which are 112% and 119% enhancement with respect to the BV. The
significant improvements in the photocurrent suggesting the bulk and surface properties of

gamma treated Co-B; modified BV.

The onset potential of BV is -0.30 V vs. Ag/AgCl, which is cathodically shifted from -0.30 V to -
0.32 V upon the gamma irradiation, suggesting the thermodynamically favorable OER. The
significant improvements in the photocurrent and onset potential suggest the improvements in
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the bulk and surface kinetics of the photoanodes. Co-B;i modification leads to the shift of onset
potential from -0.30V to -0.34V due to facilitation of the OER kinetics at the interface. Co-B; is
reported as the hole collector which improves the charge transfer and transport efficiency and
hence facilitates the faster kinetics at the interface as well as the thermodynamically favor OER
as cathodic shift of onset potential suggested [87, 117, 126, 360]-. Further, gamma irradiation
leads to the cathodic shift of the onset potential, which again suggest the surface and bulk
properties of the photoanodes. The photocurrent and onset potential improvements could be due
to the enhancement in the photo-absorption efficiency upon the gamma irradiation. The increase
in the bandgap i.e. narrowing the bandgap improves the photocurrent. Gamma irradiation could
change the micro-grain of the photoanodes and hence the bulk properties are changed. XRD and
Raman analysis suggest the decrease in the grain size or crystallite size due to the gamma
irradiation. V-O band is found to decrease significantly upon the gamma irradiation which could
causes the crystallinity of the materials and hence the absorption efficiency is improved.
Chopped light voltammetry of Co-Bi modified BV shows the cathodic transient current in the
potential window from -0.35 V to 1.0 V vs. Ag/AgCl when light is chopped off. The cathodic
transient current is due to the reduction of photo-oxidized Co (IV) to Co (III) when light is
chopped off. The photogenerated holes are stored in the form of Co (IV) on the surface of the
Co-Bj modified BiVO4 under illumination and when light is chopped off, photo-oxidized Co (IV)
gets reduced to Co (III) [277]. Collection and storage of the photogenerated holes in form of Co
(IV) by Co (III) increase the lifetime and reduce the recombination process which leads to the

improvements in the photocatalytic activity.

The PEC efficiency of photoanodes were investigated by the charge transfer and transport

efficiency using hole scavenger method [311, 312]. The charge transfer efficiency of BV is
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obtained as 55% and increased to 65% and 69% for 50 kGy and 100 kGy gamma irradiation,
which suggest the improvements in the surface property and as results of photocurrent is
enhanced. Co-B; modification of the BV is further enhanced the charge transfer efficiency to
83%. Gamma irradiation improves the charge transfer efficiency to 93% for 50 kGy and then
decrease to 76% for 100 kGy radiation dose. These results suggest that gamma irradiation causes
the defects in the matrix by breaking the bond using high energy gamma radiation. Further,
charge transport efficiency of the photoanodes was calculated for the investigation of the bulk
properties. Charge transport efficiency is enhanced from 30% to the 53% upon the gamma
irradiation. The improvements in the charge transfer and transport efficiency suggest the
improvements in the bulk and surface properties upon gamma irradiation. These improvements
could be due to the increase in the defects and breaking of same bonds in the material. Co-B;
further improves the transport efficiency due to the hole capture property of the co-catalyst.
Further, gamma irradiation of Co-Bi modified BV leads to the increase in the charge transfer
efficiency from 83% to 87% and then decreased to 76% for 50 kGy and 100 kGy radiation dose
respectively. The overall photocurrent is increased due to the improvements in the charge

transfer and transport efficiency.

Further, the PEC efficiency is measured in the term of IPCE as shown in Figure 7.6 (D).
The onset potential of IPCE is 500 nm, which supports the bandgap of the photoanodes.
However, absorption spectroscopy data reveals that absorption is the wavelength. IPCE of
gamma irradiated BV is improved by 50% and 107% for 50 kGy and 100 kGy radiation dose.
Co-Bi modification further improves the IPCE by 143%. The gamma irradiation enhanced the
IPCE further by 178% and 200%. The improvements in the IPCE reflect the chopped light

voltammetry and the absorption spectroscopy data.
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7.3.4 Mott-Schottky analysis

Further, electronic properties of the photoanodes were investigated using Mott-Schottky
analysis to insight into the improvements in charge transfer and transport efficiency. Donor
density (Ng), the inherent property of the photoanode, is calculated from the Mott-Schottky plot
as shown in Figure 7.7 (A). The Nq of BV is 4.6x10*° cm™ and is decreased with the gamma
irradiation from 4.6x10% to 4x10%° and 3x10% cm™ for 50 kGy and 100 kGy radiation dose
respectively. The decrease in the donor density suggests the breakage of the bonds. Co-B;
incorporation in the BV enhances the donor density from 4.6x10% to 7.5x10%° cm™ again
supports the increase in the photocurrent. Further, gamma irradiation on the Co-B; modified BV
leads the first decease and then increase in the donor density, causes the improvements in the

photocurrent.

The flat band potential is the qualitative measurement of the band bending at the electrode-
electrolyte interface, which significantly affects the photogenerated charge separation and
recombination process [161, 162, 286]. It has been reported that high degree of band bending
improves the charge separation and suppress the recombination process and hence overall PEC
efficiency of the photoanodes improved. The flat band potential is calculated from the Mott-
Schottky analysis as shown in the Figure 7.7 (A) and tabulated in Table 7.1. The flat band
potential of BV is -85 mV and is shifted towards the anodic side from -85 mV to 54 mV and 77
mV for 50 kGy and 100 kGy radiation dose respectively. The anodic shift of the flat band
potential suggests the hole trapped at the interface which causes the higher band bending and
hence suppression of recombination process of photogenerated electron-hole which ultimately
leads to the improvements in the photocurrent. The flat band potential of the Co-B; modified BV

is relatively more positive than the BV suggests the higher band bending and hence improved
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charge separation at the interface. Gamma irradiation of the Co-B; further improved the band

bending at the interface due to the anodic shift of the flat band potential.
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Figure 7.7 (A) Mott-Schottky plot, (B) open circuit photovoltage, (C) Nyquist plot , (D) zoomed

Nyquist plot and (E) Bode plot of the photoanodes before and after gamma irradiation.

The band position and the band bending are further investigated by the open circuit photovoltage
(OCPV). The change in the OCPV is due to the change in the band bending and the charge
recombination at the electrode-electrolyte interface. The extent of band bending at the electrode-
electrolyte depends on the in-built potential and the charge recombination [287, 288]. The OCPV
is calculated from the OCP difference in the dark and illumination, as shown in Figure 7.7 (B).
The OCPV of BV is 0.2 V and is increased from 0.2 V to the 0.32 V with the incorporation of

the Co-Bi. The OCPV of the gamma irradiated photoanodes has been increased which shows that
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the improvement of the band bending. The interesting observation is the change of OCP of
photoanode in the dark. It is assumed that the Fermi level of the photoanode is in equilibrium
with the water oxidation band in the dark condition, and in illumination, the quasi-Fermi level of
the hole is in equilibrium with the water oxidation band, and quasi-Fermi level of electron rises
towards the conduction band [92, 314]. The Fermi level of BV is short of the water oxidation
potential. When water oxidation co-catalyst Co-B; is incorporated on the BiVOs, there is a
shifting of the Fermi level of photoanodes towards the water oxidation potential. The OCPV is
found to increase for irradiated photoanodes suggests the better separation of the charge, which
ultimately improves the PEC efficiency. The result supports the significant band bending and

better separation of charge upon Co-B; incorporation, as observed from flat band potential.

Table 7.1 Summery of the PEC study of photoanodes.

Photoan | Band % Donor Flat | OCP | Charg | Charge | Transie | Rct C (uF) | Relaxatio
odes gap, | incre | density, | band | V (V) e transpor | nt time | (Q) n time
eV ase (10 | poten transf t constant constant
@1.0 cm) tial, er efficienc | (in sec) (ms)
v mV efficie y
ney
BV 1.90 46 85 0.20 55 30 2.70 2472 6.97 3.10
1.80 69 0.18 65 32 2.16 2150 8.58 3.69
BV-50 kGy 4 54
BV-100 | 21 98 0.28 69 53 292 | 1820 15 1.98
kGy 3 77
| 248 93 45 5.63 105 4.11 0.42
BV/Co-Bi 7.5 -15 0.32 83
BV/Co-Bi-| 253 | 112 'y} 5.26 391 7.39 1.03
50 kGy 5 -12 0.59 87
BV/Co-Bi-| 247 | 119 45 4.60 295 8.18 1.13
100 kGy 8 -33 0.49 76

7.3.5 Impedance spectroscopy study
It is observed that co-catalyst incorporation improves the overall PEC efficiency. This
improvement in efficiency is a combined contribution of the surface and bulk phenomenon as
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charge transfers as a surface phenomenon and charge transport as a bulk phenomenon. For
further investigation has been carried out for the measurements of the bulk and surface
phenomenon. Electrochemical impedance spectroscopy (EIS) study has been performed to
investigate the bulk and surface contribution in the PEC efficiency, as shown in Figure 7.7 (C)
and (D). The Nyquist plot is used to study the photoelectrical conductivity of the bulk and
surface of the BV and BV/Co-Bi photoanodes. The charge transfer resistance (R¢) of the BV is
2472 Q and is decreased from 2472 Q to 105 Q upon the incorporation of the Co-B;. This result
shows significant improvements in the bulk and interfacial charge transfer kinetics, and hence
photocurrent is increased with Co-B; incorporation. The Warburg components in the Co-B;
modified BiVO4 suggest the change in the charge transfer kinetics at the interface from kinetic
control to the diffusion control process. The diffusion control process suggests surface kinetics is
no longer a limiting factor for BiVOs photoanode for OER and hence overcome the
photogenerated charge recombination. Gamma radiation treatment of the BV photoanodes leads
to further decrease of the R value from 2472 Q to 1820 Q and hence improved the conductivity
of the photoanodes. This improvements of the conductivity of the photoanodes enhances the
photocurrent as shown in the chopped light voltammetry experiment. The enhancement of the
conductivity of the photoanodes is expected due to increase of the crystallinity of the

photoanodes and microdefect generation as suggested by XRD and Raman spectra observation.

Charge transfer kinetics is further investigated by the Bode plot, as shown in Figure 7.7
(E). PEC kinetics is investigated in terms of the relaxation frequency and relaxation time
constant (7) of the photogenerated charge. The relaxation frequency of the photogenerated
charge is 54.45 Hz for BV and increased from 54.45 Hz to 208.93 Hz upon Co-Bi modification.

The relaxation frequency of the gamma radiation treated BV and BV/Co-B; enhance significantly
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which suggests the faster relaxation process of the photogenerated charge the faster kinetics at
the interface. T of photogenerated charge is calculated by using 7 = 1/2rf where f is the
relaxation frequency. The t of BV is 3.10 ms, and Co-Bi modification of the BiVOs4 leads to a
decrease in the T from 3.10 ms to 0.42 ms. This decrease in T also supports the faster charge
transfer at the interface. Gamma radiation treatment of BV shows the decrease of the t from 3.10
ms to 1.98 ms. This decrease of the relaxation time constant reveals the enhancement of the
interfacial kinetics of the photogenerated holes. However, there is slightly increase of the 7 of
radiation treated BV/Co-B; photoanodes. EIS result well supports the improvements in the

kinetics of water splitting upon the Co-Bi incorporation.

The stability test of the photoanodes was performed by the chronoamperometry method
at the 0.8 V for the 2 h, as shown in Figure 7.8. There is initial fast decay of photocurrent for BV
and Co-B; modified BV. The initial decrease in photocurrents is due to capacitive loss, and then
the increase of photocurrent is observed because of improvements in surface kinetics. Co-B;
modification of the BV enhances the stability of the photoanodes. Gamma irradiation leads to
stabilize the photocurrent and found to enhancement of the photocurrent with the time. The
increase in photocurrent can be explained based on the photocharging effect. It has been reported
elsewhere that photocharging of the BiVO4 photoanode improved the photocurrents many folds
due to improvements in the surface and bulk properties of the photoanode materials. Since the
low conductivity of Co-B; limits the PEC efficiency, photocharging is used as a tool to improve
the surface, and bulk properties of the Co-Bi incorporated BiVOs to enhance the overall

efficiency.
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Figure 7.8 Stability test of the photoanodes (A) BV, (B) BV_100 kGy, (C) BV/Co-B; and (D)

BV/Co-Bi_100 kGy at 0.8 V for 2 h.

7.4 Conclusion

On gamma irradiation, the photocurrent is increased by 69% and 98 % on 50 kGy and 100
kGy dose of radiation of on BV photoanodes, the improvements are comparable with the
incorporation of Co-B;i as oxygen evolution co-catalyst (93%). The cathodically shifted onset
potential shows the thermodynamically favorable OER of irradiated photoanodes and Co-B;
modified BV. The increase in photovoltage suggests suppression of the surface state. The
impedance data suggests the change in the kinetics of photogenerated charge upon Co-Bi
incorporation from the kinetic control process to the diffusion control process. This result shows
surface kinetics is no longer a limiting step. The decrease in the R reveals the improvements in
the bulk and surface conductivity, which leads to improvements in the photocurrent. The

cathodic shift of the Fermi level is in agreement with the shift of onset potential. The decrease of
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the R¢ value upon the gamma irradiation suggest the improvements of the conductivity of the

photoanodes by incorporation of defect on the material and increase of the donor density.

Overall, our investigation suggests that incorporation of Co-Bi to the BiVO4 enhances the
photocurrent and improves the PEC efficiency due to the improvements in the bulk and surface
improvements. The gamma radiation treatment further enhances the photocurrent and improves
the PEC efficiency by alteration of bulk and surface properties. The surface and bulk
conductivity are found to improve. Therefore, this study shows the path of improvements of

photoanode and OEC incorporated photoanode performance.
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Chapter 8: Conclusions and Future Scope

These research have been focused on the understanding of the fundamental mechanism of the
water splitting process for the development of BiVO4 based photoanodes and non-noble metal
electrocatalyst.Electrical, electronics, optical properties of electrodes materials have been
investigated and correlated with the photoelectrochemical water splitting process. The
thermodynamics and kinetics processes are studied for HER process for noble and non-noble
metal based electrocatalyst. In the first two chapters, the objective of the research and various
instrumentations used during the course of the present thesis work is discussed. In Chapter 3 and
4 development of the cathode material is discussed. High conducting and porous network of
three-dimensional graphene (3D-G) is synthesized via. The 3D-G provides the excellent charge
transfer and diffusion of ions through highly porous network and improves the catalytic activity.
We have synthesized the noble metal and 3D-G nanocomposites by the environmental friendly
freeze drying method for reducing the loading of active material for the HER process. It has been
observed that HER catalytic activity of Pt/3D-G is significantly better than the commercially
available Pt/C catalysts due to the three-dimensional network of the 3D-G. The HER catalytic
activity of the Pt, Pd, Au and Ag based catalyst have been compared with the pristine noble
metal and found in the order of Pt > Pd > Au > Ag. The kinetic study of the HER process has
been carried out by the Koutechy-Levich analysis for the understanding of the number of
electrons transferred during the process and the rate constant of the electrons transferred. At 0V,
number of electrons transferred is ~ 2 due to the one electrons for the Volmer mechanism and

other for the Tafel or the Heyrovsky mechanism. The high rate constant of the Pt based catalyst
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followed by the Pd, Au and Ag supports the performance of the catalysts. The temperature
dependent catalytic activity of HER has been performed to calculate the activation energy of the
process. Further, the temperature dependent HER process has been investigated and Tafel
analysis has been carried out to understand the mechanism of the process. Temperature
dependent transfer coefficient has calculation shows the dominance of enthalpy and entropy on
the overall mechanism of the catalytic process. It has found that HER on Pt/3D-G and Pd/3D-G
catalysts are enthalpy driven process and on Au/3D-G and Ag/3D-G is entropy driven process at
the given potential window. Significant improvement of the 3D-G incorporated catalysts is
expected to decrease in the use of expensive noble metals in the HER catalysis. Improvement in
the catalytic activity through the incorporation of 3D-G generated positive indication in the

utilization of less expensive Ag based catalysts without sacrificing the catalytic performance.

After the successful synthesis of the 3D-G and noble metal nanocomposites, we have tried to the
replace the noble metal with the transition metal-based electro catalysts. In the line of the cost
effectiveness and the high HER activity, MoS» based electrocatalysts have been investigated.
MoS: and graphene based cathodic materials have been synthesized to replace the noble metals.
Material characterization has revealed the 1T phase of MoS». Both the composite materials have
shown very good catalytic activity for HER process and their catalytic activities are not so
inferior to the commercially available Pt/C catalyst. Electrochemical investigations with Tafel
analysis have indicated the Volmer-Heyrovsky mechanism for the HER process in MoS2/GO
catalytic system. LSV experiments were carried out in hydrodynamic mode and the results
shown to have marginally higher electron transfer rate constant for MoS»/rfGO composite
materials, where the current density and the onset potential for the HER process was

comparatively favorable in the case of M0S,/GO. Such anomaly in the observation has indicated
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the enhanced mass transfer process for MoS>/GO; such enhanced mass transfer has been
ascertained from the exchange of proton at the functional group over the GO matrix and the bulk
acidic solution. Electrochemical impedance measurements have shown to have high desorptive
charge transfer resistance for MoS>/rGO composite material responsible for the comparatively
low HER. It has been observed that MoS2/GO nanocomposites shows the higher HER catalytic
activity than the MoS>/rGO nanocomposites. SECM experiments were carried out using the
catalyst modified substrate and the probe approach plot has shown the transformation of the
composite modified electrode as the substrate from oxidation of proton to the efficient HER
catalyst with the modulation of the applied potential. The SECM substrate scan has shown the
enhanced oxidation current from the tip electrode at a cathodic applied potential to the MoS2/GO

composite modified substrate compared to the MoS2/rGO composite modified substrate.

After the development of the cathodic materials, anodic materials have been developed
for the oxygen evolution reaction (OER). The photoanodes such as the BiVO4 has been used as
the base material for the development of the photoanodes to improve the photo-electrocatalytic
activity of the OER. The limitation of the BiVO4 as photoanodes have been taken as research
motivation. The fast charge recombination and the slow charge transfer have been rectified by
using the Mo doping and SnO:> heterojunction formation to enhance the charge transfer
efficiency, charge transport efficiency and suppress the charge recombination process. The
significant improvement (~154%) in the photocurrent was observed upon 5% Mo doping in
SnO,/BiVOs. Strong correlation among the optical property of the material, the open circuit
photovoltage (OCPV), and onset potential has been observed in relation to the improvement in
the PEC efficiency on Mo doping. The increase in the flat band potential and OCPV suggests the

improvements in the charge separation upon the Mo doping which resulted in the enhancement
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in PEC efficiency. SECM investigation reveals significant improvement in effective hole transfer
rate constant from 2.18 cm s™!' to 7.56 cm s™! with the Mo doping in BiVOa. The electrochemical
impedance investigation supports the improvements in the charge transfer and transport
efficiency by improvements in the bulk and surface properties of BiVOs. The facilitated
reduction of V (V) to V (IV) on Mo doping is also responsible for the improvement in the
catalytic activity. The improvement in the catalytic activity has been evaluated from the
improvement in the physicochemical at the bulk of the catalysts, its surface, and most
importantly due to the improvement in its interfacial charge transfer processes. Mild expansion
in the crystal lattice is also observed on replacement of V by Mo, the improvement in the
catalytic activity however, related primarily to the electronic nature compared to any

morphological changes.

After successful development of the BiVOs photoanodes and rectify the fast charge
recombination process, slow surface catalytic activity of the BiVO4 is taken as the motivation of
work. The significant improvements in the photocurrent upon the incorporation of the Co-B; as
an oxygen evolution catalyst on BiVO4 has been observed. The Co-B; incorporation leads to an
improvement of 103% photocurrent. The cathodically shifted onset potential shows the
thermodynamically favorable OER. The increase in photovoltage suggests an absence of the
surface state. The impedance data suggests the change in the kinetics of photogenerated charge
upon Co-B; incorporation from the kinetic control process to the diffusion control process. This
result shows surface kinetics is no longer a limiting step. The decrease in the R reveals the
improvements in the bulk and surface conductivity, which leads to improvements in the
photocurrent. The cathodic shift of the Fermi level is in agreement with the shift of onset

potential. The photocharging treatment of BV and Co-B; modified BV enhances the photocurrent
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0.96 mAcm™ to 1.31 mAcm™ (36%) and 1.95 mA cm? to 2.63 mAcm™? (35%) for BV and
BV/Co-Bi-3 respectively. Onset potential is shifted cathodically, and photovoltage is increased
upon the photocharging. Impedance analysis shows improvements in the bulk and surface
conductivity and enhanced the surface capacitance upon photocharging. The anodic shift of flat
band potential suggests trapped holes on the surface. This trapped hole is expected from the
capacitive layer of water oxidation intermediate and hence, improvements in the photocurrent.
The Co (IIT) plays a vital role in the storage of holes at the interface in the form of Co (IV),
which facilities the faster charge transfer for water oxidation. However, the growths of
photocurrents are observed, suggesting the photogenerated surface hole and the V>* to the V** on
the interface. Overall, present investigation suggests that incorporation of Co-B;i to the BiVO4
enhances the photocurrent and improves the PEC efficiency due to the improvements in the bulk
and surface improvements. Photocharging treatment further enhances the photocurrent and
improves the PEC efficiency by alteration of bulk and surface properties. The surface and bulk
conductivity are found to improve. Therefore, this study shows the path of improvements of

photoanode and OEC incorporated photoanode performance.

The BiVO4 and Co-B;i modified BiVO4 have been treated for the high dose of the gamma
radiation. The effect of the gamma radiation on the chemical and physical properties of the
photoanodes have been investigated. XRD data shows the increase of the crystallinity of the
photoanodes. The SEM images shows the change of the morphology of the materials upon the
gamma irradiation. The Co-B; incorporation as oxygen evolution cocatalyst leads to an
improvement of 93% of photocurrent than BV. There is increase of photocurrent by 69% and 98
% upon 50 kGy and 100 kGy dose of radiation of BV photoanodes. The cathodically shifted

onset potential shows the thermodynamically favorable OER of irradiated photoanodes and Co-
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Bi modified BV. The increase in photovoltage suggests suppression of the surface state. The
impedance data suggests the change in the kinetics of photogenerated charge upon Co-B;
incorporation from the kinetic control process to the diffusion control process. The decrease in
the Re reveals the improvements in the bulk and surface conductivity, which leads to
improvements in the photocurrent. The decrease of the Rt value upon the gamma irradiation
suggest the improvements of the conductivity of the photoanodes by incorporation of defect on
the material and increase of the donor density. The gamma radiation treatment further enhances
the photocurrent and improves the PEC efficiency by alteration of bulk and surface properties.
The surface and bulk conductivity are found to improve upon the gamma radiation. Therefore,
this study shows the path of improvements of photoanode and OEC incorporated photoanode
performance. Present investigation has developed and evaluated the performance of catalytic
materials as cathode and anode for the electrochemical and photoelectrochemical generation of
hydrogen and oxygen from water. The mechanistic information of the catalytic processes has
been evaluated in the line to further improve their catalytic performance. It is encouraging to
observed that the performance of the presently reported catalysts is comparable with respect to
some of the benchmarked catalytic systems recently reported in the literature. Present thesis
work opens a new direction in the characterization of the interfacial processes using SECM, of
the catalytic materials investigated. The scope and objective of the present research work has
been investigated satisfactorily, however there are enormous scope in improvements in the field
of present research. Overall, the thesis work evolves out to provide directions for fabrication of
evaluation of new cathode and anode materials for electrocatalytic and photo-electrocatalytic
evolution of hydrogen and oxygen from water. Photocharging of photoanodes gives direction for

the long-term stability of the photoanodes. It can be explored for the improvement of the
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photoanodes for material stability. Additionally, the deposition of the passivating agents like,
TiO2 through the atomic layer deposition technique also to be incorporated for the improvement
in the stability of such materials. The investigation will be extended further to evaluate the
catalytic system in Z-scheme for sustainable generation of hydrogen and oxygen from water
through photoelectrochemical routes. Present thesis has significant scope to extend its
investigation in scaling up and designing the cells for sustainable catalytic performance.
Investigation will also be carried to combine the photoelectrochemical catalytic system with
redox flow battery system for simultaneous harvesting and storage of solar energy in sustainable

mode.
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