











carbon modified iron oxide thin film electrodes were synthesized and tested for water

splitting under solar simulated light.

3.3.1 Surface morphology of n-Fe,O3; and CM-n-Fe,03 thin films:

Iron oxide nanowires thin films were successfully synthesized in an electric tube
furnace at the optimum conditions of 750°C and 15 min oxidation time in ambient
atmosphere as reported earlier in the experimental section. The nanowires are vertically

oriented as seen in Figure 3.29.

Figure 3.29. Top and side view SEM images for n-Fe,Oz; nanowires. Top view SEM image of n-
Fe,0; flat sample, and flame oxidized CM-n-Fe,Os5 thin film.
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SEM pictures of CM-n-Fe,O3 thin films are also shown in figure 3.29. The images reveal
a rough surface with cube like structures and no elongated structures such as wires or
rods that were observed in n-Fe;O3. The absence of elongated structures in CM-n-Fe,O3
could be due to the fact that initial stretched structures that have been formed were

eventually fused together because of the direct heat from the flame.

3.3.2 Photocurrent density of n-Fe,O3; nanowires and CM-n-Fe,O3 thin films under
external bias:

The photoresponse of the nanostructured iron oxide electrodes was evaluated by
measuring the rate of oxygen evolution in terms of photocurrent density, j, (MA cm™).
The j, can be calculated from the amount of oxygen evolved on the surface of the
electrode according to faradays law (equation [17]).

The n-Fe,O3 nanowires electrode synthesized in the electric furnace exhibits a
higher photocurrent density compared to the n-Fe,O3 flat sample as seen in Figure 3.30.
The optimized iron oxide nanowires electrode generates a photocurrent density of 1.32
mA cm™ at a measured potential of 0.0 VV/SCE (Fig. 3.30). The nanowires morphology
helped to reduce the transport distance of the photogenerated minority carriers (holes, h*)
from the bulk of the n-Fe,O3 nanowires to the electrode-electrolyte interface and
consequently minimized the electron-hole pair recombination rate. *** **" The nanowires
structure also increased the effective surface area which is an essential property for a
catalytic reaction and facilitates gas bubbles evolution compared to the flat surfaces
where bubbles stick to the surface until a sudden burst occurs. Furthermore, the large

surface area scatters the incident light in all directions and as a result a better absorption
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of light occurs. 1% % This helped to generate a higher photocurrent density compared to

that of an early work on n-Fe,Oj flat surface synthesized by spray pyrolytic method. 2

5-
4 { )
./
44 -
o/
5 3 Yy
g e
E /
) A
/ —A—n-Fe,0,
4 —0— n-FeZO3 nanowires
14 / .
Pt
0 r %/A T T T T T N T
-0.4 -0.2 0.0 0.2 0.4 0.6
E (V/SCE)

meas

Figure 3.30. Photocurrent densities as a function of measured potential, Eness (V/SCE), for
n-Fe,0O3 nanowires and n-Fe,0; flat sample under light intensity of 0.1W cm?froma global AM
1.5 solar simulator in 5 M KOH electrolyte.

The CM-n-Fe,03 thin film synthesized at a flame temperature of 850 + 3°C for 3
min oxidation time (optimum conditions) exhibited a higher photocurrent density than
that of n-Fe,O3 nanowires for water splitting (Fig. 3.31) even though CM-n-Fe,O3 has no
nanowires on its surface (Figure 3.29). At the same applied potential (0.0 V/SCE) the
photocurrent density of CM-n-Fe,Oj3 thin film electrode improved more than two fold
(3.14 mA cm™) compared to that of n-Fe,O3 nanowires (1.32 mA cm) as seen in Figure
3.31. The photoactivity enhancement is mostly due to carbon incorporation on the
surface or the lattice of the iron oxide thin film during flame oxidation. Carbon
incorporation in CM-n-Fe,QOg is responsible for the higher photocurrent density generated

during water splitting compared to earlier work on the Si-doped n-Fe,Oj3 thin films. *°
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Furthermore, carbon doping of the semiconductor reduces the external applied potential
to drive the water splitting reaction as seen in Figure 3.31 where oxygen evolution starts
earlier, compared to the n-Fe,O3 nanowires thin film. These results indicate that carbon
incorporation in Fe,Os also increased its electrical conductivity and thus minimized the
recombination of carriers prior to reaching the reactants at the interface. Note that low

electrical conductivity is a major drawback in Fe,O3 samples.
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Figure 3.31. Photocurrent density as a function of measured potential, Epess (V/SCE), for n-
Fe,O3 nanowires and CM-n-Fe,Oj3 thin film electrodes under light intensity of 0.1 W cm?froma
global AM 1.5 solar simulator in 5 M KOH electrolyte. **

3.3.3 Photoconversion efficiency of n-Fe,O3; nanowires and CM-n-Fe,O3 thin films:
The percent photoconversion efficiencies, € (%), of the photoelectrodes were

calculated using equation [20]. Notice that the open circuit potential, E,oc, 0f n-Fe;03

nanowires and CM-n-Fe,03 electrodes were found to be dependent on the wavelength

dependent intensity of the incident light. Consequently & (%) is calculated based on the
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assumption of the contribution from the photopotential generated under light

illumination. Therefore, the applied potential is different than the measured potential.
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Figure 3.32. Photoconversion efficiency for n-Fe,Ozand CM-n-Fe,05 as a function of applied
potential Eapp (V/Eaoc) under light intensity of 0.1W cm from a global AM 1.5 solar simulator in
5 M KOH electrolyte. **°

As mentioned earlier in section 3.2.5 the other photoconversion efficiency
expressions is not used here due to the fact that the dependence of the open circuit
potential (Eaoc) ON the incident light should not be ignored and needs to be taken into
account.

Using Equation [20] the photoconversion efficiencys as a function of applied
potential for n-Fe,O3 nanowire thin films and CM-n-Fe,O3 thin films were calculated (see
Fig. 3.32). The maximum photoconversion efficiency of 1.69% at an applied potential of
0.7 V vs Eaoc and 2.23% at an applied potential of 0.5 V vs E,,c Were observed for n-
Fe,O3 nanowires and CM-n-Fe,0s3, respectively. From the plot of photoconversion

efficiency- applied potential dependence, it is obvious that the overpotential for oxygen
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evolution is lower on the surface of CM-n-Fe,O3 electrode compared to the pristine n-

Fe,O3; nanowires.

3.3.4 Monochromatic photocurrent density of n-Fe,O3 nanowires and CM-n-Fe,03;

thin films:

The dependence of monochromatic photocurrent density, j,(A), on the wavelength,
A (nm), of the incident light for both n-Fe,O3 nanowires and CM-n-Fe,O3 thin film
electrodes having photoconversion efficiency of 1.69 and 2.23 %, respectively, are shown
in Figure 3.33. The monochromatic photocurrent density, j, (1), vs. wavelength, A (nm),
at a measured potential of 0.1 V/SCE under monochromatic light from a global AM 1.5
solar simulator exhibits a significant visible light absorption activity for both electrodes.
The plot j,(A) vs. A (nm) illustrates that doping iron oxide (Fe.O3) using carbon can
improve the photoactivity of the semiconductor particularly in the UV region between

225 and 450 nm.
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Figure 3.33. Monochromatic photocurrent density, j,(A), as a function of wavelength of light,
Mnm), for n-Fe,O3 nanowires and CM- n-Fe, Oz thin film electrodes. The monochromatic
photocurrent measurements were performed under light intensity of 0.1W cm™ from a global AM
1.5 solar simulator in 5 M KOH electrolyte. '#
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3.3.5 Band gap energy of CM-n-Fe,O3 thin film:

172

Figure 3.34 shows Tauc plot of (n hv)™“ versus (hv) for n-Fe;O3; nanowires and

CM- n-Fe,05 thin film electrodes. Note that 1) is the quantum efficiency calculated using

equation [16]. An extrapolation of the linear regions of the plots, (1 hv)"?

versus (hv) for
both electrodes, gives the band gap value as the intercept to the horizontal axis (where (n
hv)2 = 0). From the extrapolation the band gap of CM- n-Fe,O3was found to be about
2.2 eV, however the band gap for the n-Fe,O3 nanowires was found to be about 2.0 eV

lower than that of CM-n-Fe;Os. These values are within the range of the reported band

gap values of CM- n-Fe,05 (1.5 - 2.35 eV), 130 131,132,133
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Figure 3.34 The respective plots of (nhv)"? vs. (hv) to determine the band gap of n-Fe,0;

nanowires and CM- n-Fe,0O3. The measurement were performed under a light intensity of 0.1W
cm from a global AM 1.5 solar simulator in 5 M KOH electrolyte.
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3.3.6 UV-Vis spectra of n-Fe,O3 nanowires and CM-n-Fe,O3 thin films:

The UV-Vis spectra for n-Fe,O3 and CM-n-Fe,03 are presented in Figure 3.35.
The samples have a clear absorption edge at around 600 nm, which conforms to the band
gap of hematite (iron (I11) oxide). The CM-n- Fe,O3 films showed an enhanced

absorption in both UV and visible regions extending up to 680 nm.
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Figure 3.35. Diffuse reflectance spectra for n-Fe,O; and CM-n-Fe,03. *#

3.3.7 AC impedance spectroscopy: flat band potentials and doping densities of CM-
n-Fe,O3 and n-Fe,O3 nanowires thin films:

The behavior of the thin film catalysts under AC frequencies was investigated
with Electrochemical Impedance Spectroscopy (EIS). This study was conducted in order
to evaluate the flat band potentials and the doping densities of CM-n-Fe,O3 and n-Fe;0O5
nanowires. The data was recorded in the frequency range of 10 kHz to 5 mHz; an AC
amplitude of 10 mV was used in all measurements; a Pt mesh electrode was used as the
counter electrode and either the CM-n-Fe,O3 or n-Fe,O3; nanowires thin films were used
as the working electrode.

Figure 3.36 shows the capacitance - potential characteristics in Mott—Schottky

plot of the n-Fe,O3 nanowires and CM-n-Fe,05 thin film electrodes at various AC
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frequencies in 2.5 M KOH electrolyte solution in the dark. The capacitance, C, was
calculated from the expression of impedance, Z, for a series of capacitor-resistor model as
given in equation [30]. The squared inverse of capacitance C was plotted against the
applied potential according to Mott-Schottky expression, (equation [31]).

In Figure 3.36, good fit of the straight line region of the Mott-Schottky plots were
observed for the AC frequencies used for impedance measurement; however, for
frequencies under 5 kHz the dispersion of the slopes of Mott-Schottky plots become
highly pronounced. Thus we limited our study to AC frequencies equal to or higher than
5KHz. The positive slop indicates that the semiconductor is n-type. The intercept of the
straight line of Mott-Schottky plot with the potential axis for n-Fe,O3; nanowires thin film
was obtained between -0.38 and -0.41 V/SCE including the temperature dependent
correction term, kT/e,; whereas, an intercept between -0.43 and -0.49 V/SCE was
observed for CM-n-Fe;Os. A negative shift of the flat band potential was observed in
CM-n-Fe,03 compared to n-Fe,O3 nanowires as seen in figure 3.30. This finding suggests
that the flat band potential depends on the chemical modification of the semiconductor.

The doping density of the thin films was calculated from the slope of the straight
line of the Mott-Schottky plot (2/e.eeoNg) Where & = 80 for intrinsic n-Fe,0s. 1**

The average doping density of n-Fe,O3 at AC frequencies between 5 and 10 kHZ was
found to be 3.27 10*° cm™ which is typical for a semiconductor electrode. However, this

value was as expected higher for the carbon doped n-Fe,O3 which was found to be

4.14 10 cm.
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Figure 3.36 Mott-Schottky plot of n-Fe,O3 nanowires and CM-n-Fe,O3 thin films measured
at various AC frequencies. 10 mV AC amplitude, 2.5 M KOH electrolyte measured in dark.

85



3.3.8 Elemental analysis for n-Fe,O3 nanowires and CM-n-Fe,O3 thin films using
EDS:
Figure 3.37 and Figure 3.38 show EDS spectra of the catalyst. The source of
carbon in the CM-n-Fe,O3 sample is more likely to be from the combustion mixture of
CHjand O,. Table 4 shows the elemental composition of CM-n-Fe,;O3 and n-Fe;03

where the amount of carbon is slightly higher in the flame made CM-n-Fe,O3 samples.

Table 4. EDS analysis and surface composition of n-TiO, and CM-n-TiO..

Elements Nanowires Carbon modified
Atom % n-Fe,03 CM-n-Fe,04
Fe 42 47 40.27
0] 52.88 53.77
C 4.65 5.96
10-: CM-n-Fe203

Figure 3.37. EDS spectra for CM-n-Fe,0O; thin films showing the surface elemental composition.
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with different species (OH", H,0), thus minimizes the probability of recombination with
majority charge carriers (electrons). Carbon modified iron (111) oxide (CM-n-Fe,03)
synthesized by flame oxidation of iron metal sheet generated much higher
photoconversion efficiency compared to undoped n-Fe,O3 and also those made by spray

pyrolysis or by silicon doping.

3.4 Monolithic water splitting and artificial photosynthesis:

Currently hydrogen generation from water electrolyzers is significantly more
expensive than that produced from coal or natural gas. Therefore, coupling water
electrolyzers with renewable power sources such as solar cell or wind turbine instead of
electricity from a power plant is an ultimate solution that is capable of reducing the price
of hydrogen generation by water electrolysis. Alternatively, the use of a monolithic water
splitting systems would further lower costs associated with the separate construction and
interconnection of photovoltaic (PV) systems and water electrolyzers. ** This involves
the emersion of the PV cell directly into the electrolyte solution. The new system
resembles an artificial photosynthesis with a leaf-like design to split water to its
elemental constituents of H, and O, where oxygen evolves on the positive side and
hydrogen at the negative side of the PV system. Such a process is appealing with the use
of semiconductors that generate enough electromotive force under sunlight illumination
to drive the thermodynamically unfavorable water splitting reaction.

As mentioned earlier in section 1.2, amorphous silicon (a-Si) is an attractive
candidate for this process. However, due to the instability of PV systems in electrolyte

solution, a-Si cannot satisfy the stability criteria of a self-driven leaf-like PEC. In this
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Figure 3.42 Plots of photocurrent density and cell power density versus photovoltage for Tj-a-Si
solar cell to determine the maximum photovoltage (Vmax) at @ maximum power.
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Figure 3.43 XRD powder patterns acquired from the as-prepared Mn-oxide film. Patterns for
Mn,O; are observed, see jcpds card 01-071-0636; patterns for Mn;O, are also observed , see
jcpds card 00-001-1127.
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3.4.2 Volumes of H; gas collected using Mn-oxide-TiO; coated Tj-a-Si solar cell
based PEC:

The volume of hydrogen collected using Mn-oxide-TiO, covered Tj-a-Si
electrode as a function of time of exposure under solar simulated light is given in Figure
3.44. From the slope of the fitted straight line of the plot, the rate of H, evolution was
obtained. The steady state H, generation rate was found to be 0.0207 mL cm™ min™
(12.4 L m? h™). The moles of H, produced per second, ny, = 1.37 x 10°® mol cm? sec™,

were calculated using the ideal gas law.

(Patm_ Pyater vap) XVH2
Npy = . (32)

With the assumption that hydrogen behaves as an ideal gas at atmospheric pressure, and
considering the vapor pressure of water of the electrolyte solution to be equal to that of

pure water, Pyater vap = 0.03126 atm ( 23.76 mm H), at room temperature.
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Figure 3.44 Volumes of Hydrogen gas (mL) collected versus time (min). In the inset a fitting
line was drawn for the linear part of the plot of the volumes of H, evolved per cm? of photoactive
Tj-a-Si surface of area 0.80 cm? versus time.
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3.4.3 Solar to Hydrogen Efficiency, %STHE:
The percentage of solar to hydrogen efficiency, % STHE, was calculated directly

from the number of moles of hydrogen ny;, collected. The %STHE for H, generation

was obtained from the following expression: %" %
i 0
STHE (%) — [(Jpx Erev) x 100 (33)
Plight

The photocurrent density, j, , of hydrogen generation was calculated using Faraday’s
equation [17] and was found to be 2.64 mA cm; the standard reversible potential,

E'ev = 1.23 V for the overall water splitting reaction under standard conditions and light
intensity of Pjigne = 0.1W cm™. The %STHE of 3.25 % was obtained and it is in
agreement with %STHE calculated directly from the number of moles of H; collected,
ny, using the equation, **

(-AG° xny3)
Plight

STHE(%) = [ x 100 (34)

with AG® = - 237.13 kJ mole™ for the free energy of formation of H,O (1) from H,(g) and
0 (g) under standard state condition, ny, = 1.37 x 10 moly, cm™ sec™ and Piign = 0.1W
cm,
The observed low solar to hydrogen efficiency could be attributed to the
absorption and reflection of light by Mn-oxide-TiO; coating prior to reaching the
underlying Tj-a-Si and therefore loss of light intensity. It should be also noted that the
Tj-a-Si solar cell used in this study could generate a maximum photovoltage of 1.5 V

only. Hence, a higher % STHESs could be achieved if more efficient a-Si that is capable of

supplying a higher maximum photovoltage were used. High maximum photovoltage (>
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2.0 V) and high photocurrent generating solar cells are needed to be used in a monolithic
PEC for the self-driven photosplitting of water to hydrogen with high solar to hydrogen
efficiency (= 10.0 %) that is required for future marketability. **’

Furthermore, the thin layer of Mn-oxide on TiO, covered Tj-a-Si surface acted as
a protective layer, however, it is not an efficient electrocatalyst for the oxygen evolution
reaction (OER). Thereby the protective layer should be both optically transparent as well
as possesses high electrocatalytic activity towards OER. The added benefit of this design
is the stability enhancement of a-Si based electrode by minimizing thermal damage of a-
Si caused by heat producing infrared radiation that is absorbed by the aqueous solution in

the monolithic PEC.

3.4.4 Stability of Mn-oxide-TiO, coated Tj-a-Si solar cell based PEC in the
electrolyte solution:

Figure 3.44 indicates that the TiO,-Mn-oxide coated Tj-a-Si solar cell based PEC
sustained water splitting for 6 hours and started to decline in next half hour to no more
hydrogen accumulation over the cathode. This result shows 70 times more stable
compared to uncoated Tj-a Si solar cell, which lasted only for 5 minutes in 2.5 M KOH
during water splitting reaction. Pinholes in Mn-oxide -TiO,- film on Tj-a-Si may be the
cause of the electrode degradation after 6 hours.

61, 27, 65, 138, 139, 140 on monolithic PV

Some promising results were reported earlier
based PEC for water splitting. It should be noted that some of these PV-PEC’s are
somewhat stable, but not cost effective or efficient enough, while others are efficient but

not cost effective and stable enough in the electrolyte solution
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3.4.5 Summary:

In this study Mn-oxide-TiO; coated Tj-a-Si was successfully used for monolithic
self-driven water splitting to H, and O, having solar to hydrogen efficiency of 3.25 %
under solar simulated light illumination of 1 sun. Higher solar to hydrogen efficiency
could be achieved if a higher maximum photovoltage generating Tj-a-Si solar cell were
used. The coating on Tj-a-Si by a corrosion resistant transparent layer of Mn-oxide-TiO,
was essential to enhance the electrode stability from five minutes to six hours during
water splitting reaction. Long-term stability can be achieved if a pinhole free transparent
corrosion resistant layer could be deposited on Tj-a-Si solar cells. Experiments run at
near neutral pH 65 could have enhanced the stability of Mn-oxide-TiO; coating on Tj-a-

Si surface but photoconversion efficiency would be lower.

3.5 Water electrolysis:
3.5.1 Optimum power for water electrolysis:

The performance of solar or PV driven water electrolysis has not been yet
reported in terms of optimum power from a PV cell that is required to sustain hydrogen
generation overtime. In this study we report the optimum power and voltage required to
be supplied either by a power supply or silicon solar cell for water electrolysis carried out
in a single compartment electrochemical cell.

To investigate the effect of the applied potential on hydrogen generation during
water splitting, different powers were applied to the electrochemical cell from a power
supply while maintaining the same applied current [power (W) =i (A) x E (V)]. Platinum

(Pt) metal was chosen and used as electrode for OER and HER in 2.5 M KOH electrolyte
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solution to eliminate other factors such as electrode degradation. Hydrogen gas was
collected over the Pt cathode as was explained in the experimental section 2.8.3 and the
corresponding hydrogen current was calculated from the number of moles of hydrogen
gas collected according to equations [17] and [32].

It was observed in Figure 3.45 that hydrogen current was considerably less than
the current supplied from the power supply when the applied potential was below the
optimum value of 3.5 V. These results demonstrate that hydrogen current cannot be
sustained closer to the current supplied if the applied voltage was not optimum (3.5 V).

To determine the dependence of hydrogen generation rate on the applied
potential, hydrogen currents were measured by varying the applied potential while
maintaining similar powers (see Fig. 3.46). It was observed that though the values of
total power supplied were almost similar, the hydrogen current was not sustained closer
to the supplied current when the voltage applied was lower (V= 3.0 volt) than the
optimum value, e.g., 3.5 V. Furthermore, hydrogen currents were measured at two
different applied potentials (e.g., 3.5V and 4.0 V) as a function of time (see Figure 3.47).
It was observed in both cases that the hydrogen currents were found to be closer to the
current supplied from the power supply. Hence, a high applied potential equal or above
the optimum value of 3.5 V is essential to sustain a hydrogen current closer to the
externally supplied current. One needs high potential to overcome the extra resistance

developed at the electrode surface during gas evolution.
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Figure 3.45 Hydrogen current vs time plots for different powers (P) supplied to electrochemical

cell from the power supply (the areas of the Pt anode and Pt cathode were 0.69 cm? and 4.25 cm?
respectively).
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Figure 3.46 The effect of the applied voltage on hydrogen current at similar powers but different

voltages from the power supply (the areas of the Pt anode and Pt cathode were 0.69 cm? and 4.25
cm? respectively).
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Figure 3.47 The effect of high voltages from a Power Supply on hydrogen currents (the areas of
the Pt anode and Pt cathode were 0.69 cm? and 4.25 cm? respectively).

The effect of the applied power from solar cells on hydrogen current was
investigated with the use of different solar cells generating different powers. Hence,
different powers were applied from these solar cells to carry out water electrolysis. The
observed hydrogen currents were plotted as a function of time as shown in Figure 3.48. It
was observed that hydrogen current was found to be closer to the current supplied from
solar cell 1 having a maximum photovoltage of Vmax = 3.8 V and a maximum power Pyax
= 22.5 mW cm™ (see Fig. 3.48 and Fig. 3.49). However, much lower hydrogen current
was observed when solar cell 2 with Ve = 1.5 V and Ppax = 20.5 mW cm™ was used
during water electrolysis despite that solar cell 2 supplied the highest photocurrent

compared to solar cell 1 and solar cell 2 (fig. 3.48 and Fig. 3.49).
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Figure 3.48 Hydrogen current density vs time plots for power supplied from solar cell 1, 2, and 3
under solar simulated light intensity of 0.1 mW cm™ (the areas of the Pt anode and Pt cathode
were 0.69 cm? and 4.25 cm? respectively).
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Figure 3.49 -V curves for the three solar cells used to power the electrochemical cell during
water splitting. The photoactive areas of solar cell 1, 2 and 3 used were 9.6 cm?, 5.0 cm? and 6.2
cm? respectively.
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In conclusion it should be pointed out that it is essential to have an optimum
voltage (e.g. > 3.5 V) to generate high hydrogen rate during water electrolysis despite
having a high current supplied either from power supply or from solar cells. This finding
is essential to design a state of the art PV cells with optimum power requirements for

solar driven water electrolysis.

3.5.2 Earth abundant electrocatalyst for oxygen evolution reaction (OER):
3.5.2.1 Development of earth abundant and high performance porous catalyst for
oxygen generation for solar driven water electrolysis:

In order to produce inexpensive hydrogen generated by solar driven water
electrolysis, it is essential to develop cost effective and efficient electrocatalysts. The
approach is aimed at developing a suitable combination of materials to produce highly
porous catalytic anodes for oxygen generation with low over-potentials to minimize the
energy losses and achieve high electrolysis efficiency. For this project a highly porous
anodes, Ni-Co304, were synthesized as given in the experimental section 2.9.

The porosity of Ni-Co3z04was studied using fluid pore filling method
(experimental section 2.9) and the void ratio was calculated according to equation [15]
where the average void ratio is shown in table 5. These porous Ni-Co30, electrodes
produced high void volume with an average void percent of 68.4%; furthermore, SEM
image in figure 3.50 clearly shows the porous structure of these electrodes.

Electrochemical performance of the porous anode was assessed in terms of
hydrogen current generation rate (mA cm™) and percent solar to hydrogen efficiency

during solar driven water electrolysis. The PV cell used for this study consists of two
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double junction amorphous silicon (Dj-a-Si) solar cells connected in series having total
surface area of 1.82 cm?. Each Dj-a-Si cell could deliver a maximum photovoltage, Vinax
= 1.5V, and a maximum current density, Jyna of 12.1 mA cm™ at maximum power, Ppax,
under solar simulated light with intensity of 1 sun (0.1W cm™) as shown if Figure 3.51.
The % STHE was calculated using the expression in equation [33]. Note that in
multicell electrolyzer the total solar to hydrogen conversion efficiency is expressed as,

141, 142, 143

%STHE = PV ef ficiency X Electrolyzer ef ficiency (35)

where the PV and electrolyzer efficiencies are provided by the equipments

manufacturers.

$3400 15.0kV 4.7mm SE 12/20/2010

Figure 3.50 Top view SEM image of porous Ni-Co30,.

Other efficiencies similar to equation [33] were also reported, where the thermo-
neutral voltage of 1.48 V which corresponds to AG =39 W h g™ was used. ***** In this

study we used standard potential for water splitting reaction, 1.23V or AG = 237.2 kJ
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mol™, instead of the thermo-neutral potential which is considered as an overestimation at

room temperature. *4°

Table 5. Void calculation for nickel-cobalt oxide porous anodes

1.6 2.4 0.72 72

The results of hydrogen current generation and the % STHE in the solar driven
electrochemical cell calculated according to equations [17] and [33], respectively are
shown in Table 6. The higher amount of hydrogen gas was collected with the use of Ni-
Co0304 anode compared to RuO,-Ti. Although Co-oxides and Ni are known to have

146

lower catalytic activity * toward OER compared to RuO,; the observed higher hydrogen

current efficiency is possibly due to the high surface area of the porous anode Ni-Co304

compared to the flat RuO,-Ti.

Table 6. Hydrogen current, and % STHE for Ni-Co3O4 compared to RuO,-Ti anode in a
Dj-a-Si solar cell driven water electrolysis under solar simulated light of 0.1 W cm™.

Ni-Co30, | | Pt 12.84 8.66

Ti/RuO; | | Pt 12.55 8.46
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Figure 3.51 Current density, J (mA cm) versus cell voltage (Volt) and cell power density, P
(mW cm®) for the Dj-a-Si solar cell under solar simulated light intensity of 0.1W cm™

3.5.2.2 Catalytic activity of Ni-Co-mixed oxide toward OER under an external bias:
Ni-Co mixed oxide thin film electrodes were tested for their activity toward
oxygen evolution to determine the optimum composition or Ni/Co ratios. These mixed
oxide thin film electrodes were synthesized as described in experimental section 2.10.
Polarization data was taken at 50 mV/s between 0.2 and 0.8 V vs SCE and is shown in
figure 3.52. Ni-Co mixed oxide thin film electrode with the ratio, Ni/Co = 3, was found
to generate the highest current of the electrocatalysts examined during water electrolysis.
Ni-Co mixed oxide with the optimum ratio was further investigated for water electrolysis
and compared to Co-oxide and bare ITO. Figure 3.53 shows the polarization data at 50
mV/s between 0 and 1.6 V vs SCE for Ni-Co mixed oxides, Co oxide and ITO during
water electrolysis. Ni-Co mixed oxide catalyst shows the highest catalytic activity for
OER compared to Co-oxide. The observed sharp rise in current density at Ni-Co mixed

oxide at 0.5 V/SCE indicates a possible interaction between Ni and Co oxides that played
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an important role in generating active low overpotential surface sites for OER. For
example, at 1.0 V/SCE the current density of 83.50 mA cmwas observed at Ni-Co-
oxide, which is almost 3-fold higher compared to observed current density of 30.0 mA

cm™at Co-oxide under the same applied external bias.

80

0 T

60 + —a—Ni:Co=3:1
—a—Ni:Co=4:1
—e—Ni:Co=1:1
50 + —a— Ni:Co=2:1

1 (mA)

40 1

30 +

20 T

10 1
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Figure 3.52 Current density, J (mA cm™) versus applied potential (E, V/SCE) for oxygen
evolution reaction (OER) during water splitting in 2.5 M KOH electrolyte solution showing the
highest activity for Ni-Co,03 mixed oxide with a ration of Ni/Co = 3.

The observed peaks prior to oxygen evolution in Figure 3.52, 3.53 and 3.54 is a
pinpointing to the formation of an oxide before oxygen evolution starts. The voltametric
behavior of Co and Ni oxides in alkaline medium can be complex due to the involvement
of different types of oxide species and their relevant allotropic phases in the
electrochemical process at the electrode surface. In alkaline medium and under positive

polarization species that may be involved in the electrochemical process are M(OH)s,
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MO, M,03, M504, MO, (where M = Co, Ni). " ¥ According to the voltamogram in
figure 3.54 the peak prior to oxygen evolution for Ni-Co mixed oxides with the optimum
composition is most likely due to the cobalt oxide species. These observations also show
the existence of a correlation between the position of the oxidation peak and an early
oxygen evolution. This finding supports an early attempt to find a useful descriptor or
guidelines for an efficient metal oxide based oxygen evolving catalyst. > To date
numerous studies have been carried out on transition metal oxide based catalysts for
OER. Although the catalytic activity of these oxides has been improving, prior studies

failed to provide an insight on the active sites and a simple mechanism for OER.

120 1

100 +
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81 - - .pareFTO
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
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Figure 3.53 Current density, J (mA cm™) versus applied potential (E, VV/SCE) for oxygen
evolution reaction (OER) during water splitting in 2.5 M KOH electrolyte solution showing the
highest activity for Ni-Co-mixed oxides compared to Co-oxide and bare FTO coated conducting

glass.

Figure 3.55 shows the Tafel plots for Ni-Co mixed oxide and Co oxide thin film
electrodes. Ni-Co mixed oxide has the lowest Tafel slope of 160 mV/decade compared

to 233 mV/decade for Co-oxide anodes during oxygen evolution. The lowest Tafel slope
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for mixed Ni-Co oxide indicated a high electrocatalytic activity due to synergetic effect

149,130 of two oxides that generated active surface sites for efficient OER.

25 T

Co-Oxide
- - - - Ni-oxide
20 4 |L—=—Ni-Co-mixed oxides

J (mA)

E (V/SCE)

10 4

Figure 3.54 Cyclic voltammertry plots for Ni-Co-mixed oxide with optimum composition, Co-
oxide, Ni-oxide deposited on FTO coated glass substrate in 2.5 M KOH electrolyte.

Surface morphological observations were obtained using scanning electron
microscopy (SEM). The micrograph in Figure 3.56 (C) shows the morphology of Ni-Co
mixed oxides thin film with a homogenous coating compared to a porous surface of Co-
oxide, Fig. 3.56(B), and less porous surface of Ni oxide, Fig. 3.56 (B). A homogenous
coating may result in better adherence to the underlying 1TO substrate and thus better

current collection. However, cracks are still visible on the surface of Ni-Co mixed oxides

thin film.
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Figure 3.55 Tafel plots obtained from the I-V (current density | and potential, V) curve during
OER on Ni-Co mixed oxide and Co-oxide thin films. The overpotentials for OER were obtained
using 1 = Eqpp - 0.116 where E,p, is the measured potential at the electrode during OER.

$3400 2.00kV 4.9mm x8.00k SE 5.00um

$3400 2.00kV 4.9mm x11.0k SE 5.00um

Figure 3.56 SEM Pictures of (A) Co-oxide on FTO coated glass substrate (B) Ni-Co-mixed
oxide on FTO coated glass substrate (c) Porous Ni-Cobalt oxide plate.
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3.5.4 Summary

Ni-Co mixed oxide anodes can be synthesized by spray pyrolysis on fluorine doped
tin oxide conductive glass. These Ni-Co mixed oxide thin films exhibit a high catalytic
activity towards oxygen evolution compared to the high efficient Co-monoxide thin film
electrode. The High activity could be due to the synergetic effect of mixed oxides which
helped to generate electroactive sites for efficient oxygen evolution. In this study a
correlation between the transition from lower oxidation state to a higher oxidation state of
the metal oxide thin film and an early oxygen evolution was observed. It is noteworthy to
point out that this correlation remains as the sole electrochemical descriptor for an

efficient oxygen evolution using transition metal oxide electrodes.
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