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Abstract of the Thesis

Study of Nickel Oxide Composites as an Efficient Electrocatalyst for

Photoanodic Water Splitting

by

Justin S. Cheung

Masters of Science
University of California, San Diego 2013

Professor Deli Wang, Chair

The discovery of a new viable renewable energy source is of significant
importance for our generation. One approach scientists are addressing this
problem is to use sun for solar power. There has been a lot of success in
converting solar energy into electricity using solar panels. Now, scientists are

trying to take it one step further and use this same idea to split water and



make hydrogen. This process is called Photoelectrochemistry (PEC). PEC is
more complicated as there are many more issues to address such as the
electrolyte to solar panel interface, having sufficient bad-gap to split water, and
the use of electrocatalysts to help aid in splitting water. This work here
contributes to helping solve one of the problems, which is the development of
an electrocatalyst to help photoanodic water splitting. These tests were done
using electrodes with Nickel Oxide coated on them while running
electrochemical tests to see their electrocatalyst performance. Here, we
demonstrate that different preparation methods of a solution based Nickel
Oxide precursor can affect its electrocatalytic performance, through potential
shifting and current density increase, thereby enhancing its ability to aid in

photoanodic water splitting.



1. Introduction

What happens when we run out of fossil fuels? What energy source will
people turn too next? This energy source will be the sun or solar energy. One
may think, does this provide enough energy? The amount of sunlight that
reaches the earth’s land surface equates to about 1924 pettawatthours’
assuming there is 12 hours of sun in a day and a land surface area of 57.5
million square miles. This exceeds the amount of energy the world needs as,
in 2008, the energy consumption was only 143.851 petawatthours?. Currently,
most of the solar energy is going into the biomass life or heating the earth, but
a lot of it is still unused. This unused solar power could be converted into
electricity or another form of energy that people could use.

How does one manage to harness sunlight energy? This happens
through photovoltaic (PV) cells. These PV cells work by turning photons(light)
into electron/hole pairs(electricity). This works because of the photovoltaic
effect® which is described as sunlight hitting a material, usually
semiconductors, and an electron in the valence band absorbs the energy
moving it to the conduction band becoming a free electron. These electrons
then diffuse and reach a built in potential junction that accelerates them into a
different material generating an electromotive force, thus generating electric
energy from solar energy. PV cells were initially developed in the 1950’s and a

lot of work has been done to improve their performance, which is beyond the



scope of this thesis. My work focuses on taking PV devices to the next level by
using them for photoelectrochemisty (PEC), to generate hydrogen instead of
electricity.

Hydrogen is an important energy source as it can be stored without
losing energy, higher specific energy then fossil fuels, and no CO2 emission
as the product of using hydrogen is water.* The advantage of storing hydrogen
versus electricity is that storing in batteries will have leaks and loss of energy
over time. With hydrogen, there is no leakage or loss of energy by storing it,
considering the container is leak proof. The specific energy of Hydrogen is 123
MJ/kg while the specific energy of gasoline is 46 MJ/kg, so by weight
Hydrogen has more energy.® This makes Hydrogen a good candidate to
replace gasoline in cars. This will also make cars more environmentally
friendly as no harmful carbon will be released into the atmosphere as
hydrogen will just turn into water. This is why scientists are so interested in
PEC to get this hydrogen economy started.

The goal of PEC is to convert light energy into chemical energy, such
as hydrogen, by splitting water and storing it.° This is important, as hydrogen,
is another source of energy people can use besides electricity.” How PEC
works can be shown in Figure 1 below. It works by having two different
photoelectrodes which act similar to PV cells, but underwater. The two
photoelectrodes shown are the photocathode(p-type) and photoanode(n-type).

These photoelectrodes will absorb light and have electron hole pairs, but have



different electrons and holes movement into the electrolyte to cause oxidation
(p-side) of water or reduction (n-side) of water. The overall chemical
equations are beyond this thesis, but the basic chemical reaction is shown

below:
2 H,0(/) > 2H_,(g) +0O,(g)

These photoelectrodes supply the voltage and current needed to split water
which starts splitting at 1.23 V.2 This comes from the potential needed for
reduction of water to produce hydrogen, which is -0.41V, and the potential
needed for oxidation of water to produce oxygen, which is +0.82V. These
potentials should be supplied by the photoelectrodes at both ends by
absorbing light. By changing the characteristics of the electrode such as using
different semiconductors, changing the doping concentration, or changing the
morphology can have changes on the potential. These are all internal to the
electrode and are beyond this paper, what this work focuses on is the external
force to help with lowering these potentials and increasing the current. This

external force comes in the form of an electrocatalyst.
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Figure 1. General PEC schematic showing oxidation and reduction of water.’

Electrocatalysts are located in between the photoelectrode and
water/electrolyte interface. Electrocatalysts are important in PEC as it can help
the photoelectrodes split more water by lowering the potential, needing a lower
voltage to split, as well as achieving higher current densities, allowing for more

rate of reaction.’® An example of how an electrocatalyst improves performance



is shown in Figure 2 below. Electrocatalysts can help reduce the potential by
reducing the resistance loss between the electrolyte/water and photoelectrode
interface. This would cause a shift in the potential to decrease as there is less
loss between them requiring less voltage to get the same current, as shown on
the left in Figure 2. It can also help increase the current density by increasing
charge transport or being an active catalyst in speeding up the rate of reaction
of splitting of water. This increase in rate of reaction would increase the overall
efficiency of the water splitting device. Electrocatalysts can also be used as a
barrier to prevent passivation'', but this work is not on a photoelectrode and
instead a conducting FTO glass was used, so this parameter wasn'’t

considered.
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Figure 2. Examples of Potential Shift (left) and Current Density Increase (right) of
electrocatlysts.

There are a variety of electrocatalysts to choose from to help in aiding
the water splitting process. The best known electrocatalysts are Pt'?, Ir'®, and

Ru™ for both oxidation and reduction of water. For this work, we focused only



on the oxidation of water or photoanodic electrocatalysts. With this in mind, we
wanted to look for a different electrocatalyst as the best known catalysts also
happen to be some of the rarest metals on earth. These materials would not
be suited for commercial use for hydrogen production PEC. Therefore, we
decided to choose a new electrocatalyst.

The electrocatalyst | have chosen is Nickel Oxide (NiOx). The reason |
chose NiOx is because it is less expensive than rare metals, more abundant
than rare metals, and is known as a good catalyst.”® The performance of the
NiOx catalyst can depend on a variety of factors such as the method used to
fabricate NiOx'®, the structure or morphology of NiOx'’, or the phase or crystal
structure of NiOx'". The crystal structure can be controlled with temperature
and morphology change is limited by the fabrication method so we decided to
investigate which fabrication method would suite us best. NiOx can be made
from a variety of methods such as sol-gel'®, sputtering’®, and atomic layer
deposition?’. These are just a few of the methods to develop NiOx. Out of
these methods, | chose to do a sol-gel/solution approach to making NiOx.

The reason we chose to do a solution growth method is because it is a
fast method to prepare and make NiOx, more cost efficient as there is no need
for an expensive machine, easier to fabricate as spin coating and dip coating
is more straight forward, and we get more control of how NiOx can turn out
after annealing by adding different chemicals, like surfactants, to change the

precursor solution. There are disadvantages to using this solution method,



such as residues being left over from the precursor if not carefully burned off
and having to have extra chemical processing steps to ensure quality
precursor solutions which can decrease the performance of NiOx. Also, in this
solution method we are hoping to minimize the amount of energy put into
making the nickel oxide, such as precursor heating/mixing, stability of the
precursor so that it made be stored and used over long durations, low cost and
use of large machines, annealing at as low temperature and low amount of
time as possible, and low amount of energy to active the NiOx catalyst, as
some NiOx catalyst need activation energy. The reason we want to minimize
the energy is to see if highly active and stable NiOx can be made to produce
hydrogen without using an enormous amount of energy to create NiOx itself.”
Therefore, | will be demonstrating the use of a solution method that
does not require any heat to mix the solution as well as a low annealing
temperature, resulting in a highly active NiOx by changing the chemical
composition of the precursor solution. By changing the precursor solution, by
adding surfactants, | am able to achieve better performance than the original
solution, with no surfactant, and show how different surfactants can have a
positive or negative effect on the end product of NiOx, causing a potential shift

and/or current density increase.



2. Methods
Nickel (Il) Acetate Tetrahydrate, Ni(OCOCHs), - 4H,O (Sigma-Aldrich),
Ethanol 99% (Sigma-Aldrich), Triton X-100, C44H2,0(C,H40), (n = 9-10)
(Sigma Aldrich), and Monoethanolamine, C,H;NO (Sigma Aldrich) were all
used as received from supplier. All reactions were performed under ambient

conditions.

2.1 Solutions

The NiOx precursor solution is made from Nickel (lI) Acetate
Tetrahydrate and Ethanol 99%. The ratio of Nickel used in this experiment was
gathered from a literature paper?' using a ratio of 0.05M and instead of using
Nickel Nitrate, this study was done with Nickel (II) Acetate. The reason we
chose to follow this paper is because of its initial mixing step. There is no
external heat added as they simply stir the solvent, metal salt, and surfactant
together until fully dissolved. In this study, | used 10mL of ethanol and added
0.1249g of Nickel salt. This solution was made in either a plastic or glass bottle
and was shown to be unstable as the solution. After one week the precursor
would stick to the side of both containers and no longer be a homogeneous
dissolved solution, but instead have flakes and is no longer viable to use as

shown in Figure 3(a).



Figure 3. Nickel Acetate with Ethanol a.) in plastic, b.) in glass, c.) with Triton X 100,
d.) with MEA 1x in glass (left) MEA 1x (center) and MEA 10x (right)

From ref [20], they also used a surfactant called Triton X-100. The
amount used is 0.012M or about 0.15g per mmol of salt. Surfactants, like
Triton X, have been used to help create a colloidal network making it a sol-gel
which would yield more surface area of NiOx sticking to the surface of the
substrate before annealing.?’ The additive is an important part of the solution
process because if this chemical is changed for another, it can yield a different
precursor solution that can change the morphology of the NiO.* This is

studied here as | tried using different additives for the same process above
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that have been used in other methods. The precursor is still unstable and will
stick as before shown in Figure 3c.

Their work has gone up to here with a different salt using Nickel Nitrate
instead of Nickel Acetate. From here they were able to make their own Nickel
Oxide thin film of about 5 nm in thickness from annealing at 300C for 1 hour
on a hot plate. They have shown by pumping in 1 hour of 10 mA/cm”2 they
can activate their NiOx and have significant current density increase. This
work goes beyond that by trying to reduce the extra energy put into activating
the Nickel Oxide by changing the recipe in terms of surfactant and lowering
the annealing temperature or time in order to see if we can improve the
overpotential and current density without this enormous activation energy.

The other surfactant and most studied one is Monoethanolamine
(MEA). This was used in other papers as a stabilizer'®. In this case | have
found that the concentration of MEA is very critical to this recipe and shows
that the type of surfactant used is very important in producing different results.
The molar ratios of MEA were varied and studied at 1x, 5x, 10x, and 20x
concentration, with 1x being the same molar ratio as the Triton X 100, as to
compare the catalyst activity and potential shift of NiOx. This stabilizer also
yielded a precursor solution that did not stick and continued to be a
homogeneous solution for up to nine months and is still currently stable as

shown in Figure 3d. This is an important factor for viable solution grown NiOx
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electrocatalysts as this will ensure stability and long term duration of use of the

precursor.

2.2 Spin Coating

All samples were prepared on Fluorine doped Tin Oxide (FTO) glass
unless stated otherwise. The substrates were prepared by cleaning the
surface with 5 minutes ultrasonic in acetone and then another 5 minutes in
IPA. Substrates were then rinsed off with DI water and dried with a Nitrogen
gun in a clean room. One edge of the sample was tapped off to allow for
electrical contact later. Each sample was loaded with 100 microliters of
solution and spun at a speed of 5000 rpm at 90 seconds. After spin coating
was completed, the tape was removed immediately. Then, it was directly
transferred to a hot plate to anneal at 300°C in air for 1 minute. After heating, it

was set to cool on a glass slide before use into making an electrode.

2.3 Electrochemical Setup
The electrodes were made using copper wire, silver paste (Pad Tella),
and epoxy (Loctite). The exposed wire was laid on top of the FTO glass where
no NiOx is present to ensure ohmic contact. Silver paste was used to adhere
the wire to FTO also making an ohmic contact as tested with a multimeter.
After letting the silver paste dry a layer of epoxy was made and put over the

sample covering it all except for the sample surface. All edges were covered
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as leaving exposed glass to the Sodium Hydroxide (NaOH) solution could etch
the glass®, contaminating the electrolyte solution.

We used a three electrode configuration to do all of our CV scans. A
schematic of the setup is shown in Figure 4 below. The three electrode
configuration consists of a working, counter, and reference electrode. The
whole point of the three electrode system is to have the reference hold a
steady potential while the current runs between the counter and working
electrode. Normally, with two electrodes this is very difficult because it is

difficult to pass current through an electrode and keep the voltage constant.



Working
Electrode

(sample area Reference

in green)

Electrode
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Figure 4. Schematic diagram of three electrode EC setup.

13

Counter
Electrode
(Pt Coil)

The solution used for Electrochemical (EC) testing was 1 M NaOH,

which has a pH of 14. Basic solution was used to measure the results because

it is the optimal parameter for testing photoanodic current or oxidation of

water.?>%® A cylindrical Teflon container was used to hold the solution.

Nitrogen gas was flown into solution constantly to purge the solution of excess

oxygen. The counter electrode used was a Platinum coil. The reference

electrode used was a Teflon Hg/HgO electrode. The solution was stirred with a

magnetic stirrer and the working electrode was 3 centimeters away from the
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Platinum electrode as shown in Figure 5. The Cyclic Voltammetry scans were

done using a two-channel potentiostat (Digi-lvy DY2300).

i " el
AR

Figure 5. The three electrode potentiostat setup with a platinum counter electrode, a
Hg/HgO reference electrode and a working electrode with Nickel Oxide.



3. Results and Discussion

We use Cyclic Voltammetry(CV) scans to show us potential versus
current of a working electrode in respect to a reference. Depending on the
different type of reference used will give different results. For comparison
purposes most have been left at the reference of Hg/HgO, which is the
reference electrode used. The comparison between Triton X 100 and MEA
was converted to RHE (reverse hydrogen electrode) which is a standard
people use to compare their data to others. This was done to make an
accurate comparison with other works, but there is no need to convert if
comparing works under the same reference. The potential is ramped linearly
versus time until it reaches the desired potential, for NiOx on FTO this is
usually about positive 0.8 volts, then ramps back down to the starting voltage,
usually the open circuit voltage of the device. At each of these intervals the
current is measured giving a voltage versus current plot at the end. We then
transform the current to current density by dividing by the area of our sample
surface to effectively compare each sample. Also, you can input a parameter
of scan rate which can dictate the sampling speed. Using a slower scan speed
is seen as more accurate data as fast changes can lead to fast current spies in
data. For this reason we used 10mv/sec scan rate to show accurate and

comparable data.

15
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The purpose of these CV scans is to see the reduction and oxidation
peaks as well as see the onset potential, the potential in which the current
starts to go through the electrolyte and splitting of water.?” For NiOx, we are
hoping to see both these peaks, but are most interested in the onset potential
as this is where water splitting can start to occur. With a shift to a lower onset
potential we can decrease the amount of energy needed to start splitting water
for the PEC devices. We can also see increase in current density by taking the
area and dividing it into the current. Using these CV scans we can quickly
compare the catalytic activity and potential shift of each of the different NiOx

solutions.
3.1 Time and Temperature Dependence

The time and temperature of annealing NiOx was studied to see if there
was a significant effect on the catalytic activity and onset potential of NiOx.
The annealing time was chosen before in a previous study we have done on
FTO with 1x concentration of Triton X, this time we changed the surfactant to
MEA and conducted another time and temperature to see if it followed the
same trend. The time samples were done at 300°C and times of 1 and 2
minutes. Our results are shown in Figure 6, which is similar to what we
observed previously?® that a longer annealing time after 1 minute would cause
a shift in the voltage causing an increase in onset potential, making the NiOx
need a higher voltage to turn on to drive a current. This time was said to be

optimal for this temperature due to minimal heating to form enough NiOx to
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have high catalytic activity without too much heating into a more crystalline
state.?® From here we got the optimal annealing time and all data presented

afterwards will be taken to be 1 minute annealing unless otherwise stated.

0.0010
= NiO MEA 300C 1 min
= NiO MEA 300C 2 min
0.0008
0.0006

0.0004

0.0002

Current Density (A/lcm?)

0.0000

0.2 0.3 0.4 0.5 0.6 0.7
Voltage vs Hg/HgO (V)

Figure 6. CV of annealing time effect on NiOx performance.

After seeing the time effect, we investigated the temperature effect as
we varied the temperature around 300°C, choosing 250°C and 350°C for
different annealing temperatures. The time was set to 1 minute to find the
optimal point of annealing. The temperature needs to be sufficiently high

enough to make sure no organics are left and that it is broken down as well as
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sufficient heat to form NiOx.*® The results of our study are shown in Figure 7
below. We can clearly see that the 250°C sample has the biggest potential
shifting increasing the onset potential. We believe this decrease in
performance is lack to significant NiOx formation as there is no bump visible in
this CV scan for NiOx oxidation and reductions, as NiOx is said to be formed
at 300°C.*° The 350°C sample showed better performance than the 250°C
sample, but still worse than the 300°C. The 350°C sample had increased
onset potential compared to the 300°C and we believe this is due to the same
reasoning in the time sample where NiOx may be receiving too much heating
and losing catalytic activity and forming a more crystalline NiOx. Both must be
optimized to ensure that this is the best parameter for this solution as it may
have differed from our previous study?®, but was the same. The best condition
is 300°C for 1 minute annealing on a hot plate to yield the best NiOx

electrocatalyst.
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Figure 7. CV of NiOx with MEA at 250C, 300C, and 350C

3.2 Triton X and MEA surfactant CV comparison

The CV scans, shown in Figure 8, shows the potential, in volts, versus
the current density, in A/cm?2, of all the different NiOx with different
surfactants and without. The bare sample of FTO only shows no significant
current at this range and does not contribute to the NiOx current. This also
shows that no significant current exchange happens with the ions in the
electrolyte at this range as well. The NiOx only sample acts as our base and
already shows good activation, just a couple CV scans to reach peak

performance, as well as an onset potential of 1.63V vs. RHE to get a current
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density of 5x10™* A/lem?. With the addition of 1x concentration of Triton X 100
the potential did not change, but the slope of the current density changed
which will affect the Tafel slope which will be discussed later in the paper. With
the addition of 1x concentration of MEA the potential shifted to 1.61V vs. RHE
as well as a slight current density increase. With these improvements due to
the addition of a small amount of the surfactant we wanted to try higher
concentrations to see if we would continue to see improved performance. The
10x concentration of Triton X 100 showed significantly decrease in
performance as it was almost comparable to the bare FTO sample showing
very little catalytic activity and no onset potential in this range. The reasons
behind this will be looked into further detail in the analysis portion. The 10x
concentration of MEA though, showed increased performance compared to
the 1x concentration shifting the onset potential even lower to 1.59V with
similar current density to the 1x concentration of MEA. With these results in
mind, we decided to look into varying the concentrations of MEA to find the
optimal condition and cease any further investigation of Triton X 100 as further
addition of it caused decreased performance and adding a smaller amount

would yield it closer to NiOx only.
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Figure 8. CV scans of 1x and 10x concentrations of Triton X and MEA compared with
NiOx.

3.3 CV measurements and comparison of 1,5,10,20x MEA
After finding the optimal temperature and time conditions for NiOx, we
decided to find the optimal amount of MEA needed for NiOx. We show the CV
scans of concentrations of 1,5,10,20x of MEA in Figure 9 below. From the data
shown we can see that the 10x concentration performs the best in terms of
onset potential shift as it has the lowest onset potential. The current density
slopes did not increase between concentrations, but stayed constant after

adding in 1x concentration of MEA. The data showed decrease in
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overpotential with increasing concentration up to a certain concentration. This
concentration saturated after 10x as the 20x concentration of MEA showed
decrease performance of MEA by increasing the onset potential. This showed
that with increasing concentrations of MEA you expect to see increase in
performance, a decrease in onset potential, until saturation is reached at 10x.
After this saturation any additional MEA will decrease the performance of NiOx

by having increased onset potential.

0.010 p=
Ko — 1XM scan 2
5xM scan 2
f_E) 0.008 |- 10xM scan 2
2 m— 20xM scan 2
- 0.006 |
=
2 0.004}
(<))
p 0.002
= . — /
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= 0.000
S .
(&
-0.002 ' ' ' '
0.4 0.5 0.6 0.7 0.8

Voltage vs Hg/HgO (V)

Figure 9. CV of NiOx with different varying concentrations of MEA. The 20x here shows
decreased performance due to the fact that 20x may have less NiOx.
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3.4 Stability and Performance of MEA

This overpotential shift was a vital step forward for the NiOx
electrocatalyst as just by changing the chemical additive and optimizing its
concentration, we were able to increase its performance. We also tested the
stability to see if the different concentrations of MEA would also affect this as
well.

The stability tests were done by multiple CV scans done at a high scan
rate of 100mV/sec. These scans are not an accurate depiction of its
performance in terms of potential shift or current density because of the high
scan rate, but can show us the trend in its stability.’’ We determine the
stability of NiOx as the point before it starts degrading or loss of current
density. This can results from NiOx particles disintegrating® or losing activity
by changing phase®. From the results in Figure 10 below, we can see the
degradation of the current density at 0.8V over different cycles. For the 1x
concentration, the current density starts decreasing with more cycles showing
the degradation of the NiOx catalyst after 40 cycles. For the 5x concentration,
the NiOx starts degrading at around 80 cycles showing a slightly slower decay
in current density. With the 10x concentration, the current density is actually
still stable and is slightly increasing even after 160 cycles showing a much
longer and more stable NiOx than the previous two. The 20x concentration
starts degrading around 140 cycles which is higher than the 5x concentration

even though it had a higher onset potential earlier. Table 1 shows a summary
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of the ranges that the different concentrations of MEA have on the stability of
NiOx. This shows that the MEA is also acting as a stabilizing agent, increasing
the stability of the NiOx with increase concentration of MEA up to saturation at

10x concentration.
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Figure 10. Multiple CV scans showing the stability of each concentration of MEA in
NiOx: a.)1x, b.)5x, ¢.)10x, d.)20x
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Table 1. Average cycle stability of varying concentrations of MEA

m Cycles stable

1x MEA 40-60
5x MEA 80-100
10x MEA 160-200
20x MEA 120-140

3.5 Tafel Slope Analysis

The Tafel slope is an indication of the performance of a catalyst is in
terms of how much voltage supplied can change a decade of current at the
region of activation.®* A Tafel plot, of overpotential versus the log of the
current density, is shown below in Figure 10. The change in the voltage values
shown on the graph is due to the fact that we are now showing the
overpotential. The overpotential is the difference between the thermodynamic

potential of water oxidation, which is 0.41 Volts>>%®

, and the potential under
which our experiments were observed. The region in which we calculated the
slope for the NiOx catalysts are actually from the voltage values between 0.6
and 0.76 Volts from Figure 9, for the MEA portion.

From the plot we can see that NiOx only has the highest slope,

meaning it takes more voltage to change a decade of current leading to a

decrease in catalytic performance. The increase of surfactant had no change
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on the Tafel slope after the initial amount added. This may be due to the fact
that with the addition of these surfactants the chemical composition of the
precursor changes to allow the formation of a NiOx with better electron
transport as it cleans the surface of the FTO glass for better contact. This
means that having a small amount in the solution, no matter what the
concentration, is enough to clean the surface for better contact for charge
transfer increasing the current density.“q’7

From Table 2, we can see the exact numbers we calculated from the
plot. Here, we also compared to other group’s work on NiOx catalyst as well
as other catalysts to compare just the Tafel slope performance. We can see
that the rare metals, Pt*® and RuO,', perform better than our NiOx, as
expected, as they are known to be the best, but we had improvement in
getting NiOx closer to the level of rare metals. For some other NiOx we see
that doping had a huge effect in increasing the Tafel slope which we hope to
do later after optimizing our NiOx by doping it with Iron and Cobalt, to get
40mV/dec.*® The other pure NiOx*' with a 29 mV/dec looks like it should be
amazing, but what the slope doesn’t tell is how much energy they put into
getting that slope. They ran their NiOx for 1 hour running 10mA/cm? of current
to get this slope equating to a huge power input to get this huge improvement
in slope which is not what we are looking to do. The last NiOx*® was
comparable as they had similar activation to our method of running a few CV

scans. As we can see, our NiOx had a decrease of about 35 mV/dec in the
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Tafel slope. This concludes that our NiOx would need 35 mV less to change a

decade of current leading to a better overall electrocatalyst.

Tafel Plot

0.40

e 1X MEA NiO

= 5x MEA NiO
10x MEA NiO
e 20x MEA NiO
1x Trtion X Nio| 104 mV/dec

= NiQ Only

~85mV/dec

3.8 -36 -34 -32 3.0 -28 -26 -2.4
log (i)

Figure 11. Tafel Plot of log current versus the potential (V)
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Table 2. Tafel slope of catalysts,

Catalyst Tafel Slope Catalyst Tafel Slope
(mV/dec) (other work) (mV/dec)
NiO only 104 Fe,,CO,,Ni,Ox 40
Tirton X 1x 87 NiO 29
MEA 1x 83 NiO 120
MEA 5x 86 Pt 50
MEA 10x 84 RuO, B3
MEA 20x 85

3.6 MEA and Triton X 100 Analysis

In order to gain a better understanding of the mechanism behind MEA
in NiOx we conducted a series of tests to gain some insight. We started by
identifying the morphology to see if there is any change from the addition of a
surfactant. We decided to take Scanning Electron Microscope (SEM) images ,
shown in Figure 12. It is unclear to see any type of morphology change on
FTO glass due to its surface roughness. There is some difference between
each sample taken on FTO, but nothing definitive to show the structure of the
NiOx. We speculate that our NiOx has a thickness of about 5 nm as we use
similar conditions to those in ref 20. With a thickness this small, SEM didn’t
seem like a wise choice to see small differences between them and instead

moved on to different analytical device.
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Figure 12. SEM pictures of: a.) NiOx 10x MEA, b.) NiOx 10x Triton X, c.) FTO glass.

Since SEM wasn’t a good choice to see the morphology the next step
was to try Atomic Force Microscopy (AFM) on atomically flat 001 Silicon
substrate. The annealing condition for this substrate was reduced to 30
seconds as this was equivalent to 1 minute on FTO from a previous study?®
we performed. The results of the AFM images show that with the addition of
Triton X 100 there is a morphology change on the surface of the Si compared
to that of NiOx shown in Figure 11 below. We can see that there are a lot of
small particles and a lot higher distribution of these small particles for the

Triton X 100 sample. It is hard to say if that is all NiOx or some organic
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residues that may have been left over which will be discussed in the XPS
results. The MEA, on the other hand, has no morphology change on the NiOx
as we can see that even in the 10x concentration of MEA that the particle
sizes are still roughly the same with a radius of about 80nm. It does not
increase the area or number of particles even with increasing concentration of
MEA added to the solution. This gives conclusive evidence that the MEA
surfactant does not affect the surface area and morphology of the NiOx. This
concludes that the increase in performance due to the MEA doesn’t not come
from a physical change in the NiOx particles or increase coverage on the

substrate.
(a) (b)

0.5 nm 1.0 nm

0.5 nm =1.0 nm

() S (@)

0.7 nm 1.1 nm

0.7 nm =1.1 nm

0.0 Hizight 1.0 um o0 Haight 1.0 um

Figure 13. AFM images of: a.) NiOx only, b.) NiOx 10x MEA, c.) NiOx 1x MEA, d.) NiOx 1x
Triton X.
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Since, there is no sign of a morphology change we decided to examine
any sign of chemical change in the NiOx. To do so, we decided to use X-ray
Photoelectron Spectroscopy (XPS) to determine the chemical composition
after annealing shown in Figure 14. XPS would help us is to determine the
elements that could be contaminating the surface as well as the Nickel states
that will appear. In Figure 14 a, we can see the Nickel 2p 3/2 peaks
corresponding to the binding energy from 850 eV to 860 eV and the Nickel 2p
1/2 peaks corresponding to the binding energy from 870 eV to 880 eV, with
the second smaller peak being a satellite peak. These satellite peaks are due
to the X-ray source emitting X-rays of higher photon energy causing ionization
of the Nickel, thus resulting in the small peak afterwards. The Nickel also has
a doublet state indicating we have Nickel in both of those states as shown.
These Nickel 2p peaks could originate from Ni?* species, such as partially
decomposed nickel acetate-surfactant complexes, Ni(OH), or NiOx.

We can also see this from the Oxygen 1s, Figure 14c, that the NiOx
only sample has a broad range of oxygen that could be present. As we
increase the concentration of surfactant though, we observed that the Oxygen
peaks and Nickel peaks both became sharper. These peaks indicated a trend
toward the formation of NiOx, instead of other Nickel complexes.

From the Carbon 1s data shown in Figure 14b, we can see there was
also a slight change in the carbon peaks as with low concentration of

surfactant we see a small carbon peak, at 288.3 eV, which we believed were
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4142 of the NiOx, from the interaction of small amount of

due to acetate capping
surfactant with Nickel Acetate from our previous study. The 10 x
concentrations of the surfactant changed completely as the MEA showed fully
decomposed Acetate with no extra carbon peaks leading to no carbon
contamination. On the other hand, we can see that the Triton X 100 has a
significant carbon peak, at 286.4 eV, which corresponds to an undecomposed
Triton X 100 surfactant*® which would explain why the CV results, mentioned
earlier, showed poor performance as even in the presence of NiOx, these
Carbon contaminations are inhibiting its performance.

Together, this data shows that the 10x MEA has a good NiOx formation
with The Nickel peak at 856.2 eV and the oxygen peak as 532.1 eV indicating
an increase in a single nickel state and an increase in a single oxygen state
leading to a NiOx state. Also, that MEA has no carbon contamination with
higher concentration with one possibility that the MEA interacts with the Nickel
more removing the acetate groups and thereby stopping the acetate capping
as it gets removed from the Nickel complex. Even though the Nickel

concentration is less, we can see that by having a cleaner NiOx formation has

led to a better electrocatalyst performance.
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Figure 14. XPS peaks of the: a.) Nickel, b.) Carbon, c.) Oxygen.

XPS was fairly convincing to see that there was a chemical composition
change due to the different surfactants after annealing. It does help to identify
some type of mechanism between the MEA with the Nickel Acetate complex
post annealing. Unfortunately, it doesn'’t tell us anything about the chemical
composition in the precursor solution state. In order to see any change, we did
a Fourier Transform Infrared Spectroscopy (FTIR) to determine the bonds and
see if any type of covalent bonding occurred between the MEA and Nickel
Acetate precursor. From Figure 15, we can see the different FTIR peaks and

in Table 3 the corresponding bonds associated with those peaks. All the peaks
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were measured with an ethanol background to help see the smaller
differences in chemical bonds and compared using this reference**. Not all the
peaks perfectly align to match the indicated values in table 3. For instance, the
1400 peak can correspond to a shift in the C=0 from 1600 to the 1400 as we
can see from the Nickel Powder there is a strong peak here relating to the
Acetate group. The 1574 peak corresponds to the C-O bond in the Acetate
group, the 1656 peak corresponds to the C-C bonding in MEA, the 3154 peak
corresponds to the O-H bonding in MEA, and the 3416 peak corresponds to
the N-H bonding in MEA. These FTIR results were done running an ethanol
background except for the powder. Not all the peaks are accounted for as
below 1400 the peaks become less unique and become harder to distinguish
losing some of the bonds that are weaker in energy or having a lower
wavenumber. Judging by the position and growth of the peaks, we can clearly
see that the ones increasing are the three peaks corresponding to the addition
of more MEA. Therefore, we have no indication of any different bonding as the
peaks that increase directly correlates to each of the peak in the MEA +
Ethanol solution. This goes to tell us that there is no visible covalent bonding
in this region, but some other mechanism driving the MEA to help shift the

overpotential of FTO glass.
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Figure 15. FTIR results with peaks mapped out at what wavenumber position.
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Table 3. Corresponding bond to wavenumber showing all possible bonds.

C-N

C-O

C=0

C-C

C-H

alcohol
AliphaticAmine
Carboxylic Acids

Carboxylic Acids

acyclicC—C

alkyl

Alcohols, phenols

Primary Amines

Primary
Any

Any

Carboxylates(salts)

(Ni Acetate)

alkenes

methyl

high concentration

Any

1040-1060 cm™
1020-1220 cm™!
1250-1300 cm™*

1550-1610 cm™

1645-1670 cm™

2960 cm™" (med)
1380 cm™' (weak)

3200-3400 cm™’

3400-3500 cm™!

The type of mechanism that can be speculated from this analysis is that

MEA has no morphological change, but some chemical change within the

precursor solution. To look more into this, we decided to look into the molar

ratio of the MEA to Nickel Acetate as it seems that 10x performs the best and

any excess MEA doesn’t help improve the NiOx. From table 4. we discovered

that a molar ratio of 2:1 of MEA to Nickel Acetate for 10x MEA was the best

ratio. The 10x though is over twice the molar ratio of Nickel Acetate, but we

can already see it's near the saturation limit because the 20x gets worse with

increasing concentration and the 5x is worse with less concentration. This ratio
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is important because for each Nickel Acetate there is one Nickel atom
surrounded by two acetate groups. This means with a 2:1 ratio of MEA to
Nickel Acetate there is actually a 1:1 ratio of MEA to the acetate groups. This
could lead to an interaction between MEA and Nickel Acetate in which the
MEA could create an ionic bond with Nickel replacing the two acetate groups
or binding to the outside of Nickel Acetate surrounding it. One exact possibility
is that the MEA is binding to the Nickel during the annealing process as the
acetate groups fall off and decompose. Then, MEA can help the Nickel bind to
the surface easier when forming Nickel Oxide. Thereby, reducing the surface
tension or helping the electron transport to reduce the overpotential causing a

shift in the voltage to decrease.

Table 4. Concentration of elements.

Nickel Acetate 0.05
MEA 1x 0.012
MEA 5x 0.06
MEA 10x 0.12

MEA 20x 0.24
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Conclusion

Here we have demonstrated a deeper understanding of trying to
improve NiOx electrocatalyst through chemical additives in the precursor
solution. These additives play an important role in NiOx as they can change its
morphology, overpotential shift, catalytic activity, and stability. With the
introduction of MEA into the system we were able to see an increase in
overpotential shift as well as an increase in the catalyst activity. The changes
due to the increase of concentration of MEA shows that there is some
chemical saturation limit in which MEA can help increase the NiOx
performance. The best concentration of MEA turned out to be 10x which also
had a molar ratio of almost 2:1 of MEA to Nickel Acetate. These changes are
important to understand before doping as this can lead to an even better metal
oxide catalyst. This work was unable to completely solve the mechanism
behind the MEA and Nickel Acetate to improve the onset potential. However,
by understanding how each additive can change the behavior of the NiOx
catalyst, we can take advantage of the solution grown method by having many
combinations of additives to achieve a perfect NiOx catalyst that can have

increased surface area, high catalytic activity, and better onset potential.
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