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Abstract

Electrochemical energy conversion technologies need to be economically viable in order to be
adopted. Earth-abundant transition metals (i.e., Fe, Co, and Ni) have attracted attention due to
their high availability, low cost, and catalytic characteristics that are in many cases found in and
exploited by nature. Herein, we synthesize FexNii0-xOy electrocatalyst films and study how the

electrocatalyst-electrolyte interactions alter the hydrogen evolution reaction (HER).

In this work, FexNioo0-xOy films were synthesized to study the composition, chemical state, and
morphology. Characterization results provided a well-established electrocatalyst film platform to
then proceed with electrochemical evaluations. The effects of the electrode composition and
electrochemically active surface area on HER current density and overpotential were initially
evaluated in alkaline electrolyte. We found that the HER activity of FexNiioo-xOy films is greatly
influenced by the active surface area, which is dependent on the composition. Therefore, the
HER activities observed for the electrodeposited FexNioo-xOy films can be attributed to changes
in surface area, rather than by an enhancement of the intrinsic catalytic activity of the
components. To further build on our work, we studied the effects of the alkaline electrolyte

composition for the application of FexNioo-xOy/Si films.

A simple two-sided electrode was used, one side composed of a FexNi0-xOy film, and another
composed of Si, were evaluated in LiOH, NaOH, and KOH. The FexNi0-xOy was implemented
as the electrocatalyst, while the Si was used as a substrate and as a method to enhance hydrogen
production. The electrodes were evaluated using electrochemical methods coupled with the
quantification of hydrogen both with applied voltage and at open circuit voltage. The activation
of Si was only demonstrated in 0.1 M KOH and NaOH but not in LiOH under the time scales

studied. At the same time the FesoNi2o/Si system performed at lower overpotential and allowed



the faster activation of Si to boost the production of hydrogen compared to Fe2oNiso/Si. The
results demonstrate that the FexNiio0-xOy composition and the electrolyte composition influence

the performance of the FexNi1oo-xOy/Si system.

Next, we investigated the application of FexNiio0-xOy electrodes in neutral buffered conditions,
0.1 M sodium phosphate at pH of 7.2. The surface chemistry was studied post-electrochemistry
with x-ray photoelectron spectroscopy (XPS). At the same time, the HER electrochemical
activity and hydrogen production were evaluated for different FexNioo-xOy electrodes. The post-
electrochemistry surface chemistry analysis demonstrates a compositional dependence of the
FexNi100-xOy electrocatalyst on electrolyte species chemical deposition during electrocatalytic
HER studies. Deposition of both sodium and phosphate were observed at high iron content
compositions. At the same time, the electrochemical activity, hydrogen production, and faradaic
efficiency were demonstrated to be dependent on the FexNiio0-xOy composition under neutral

buffered conditions.
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1. Chapter 1. Introduction

1.1 Water Electrolysis

As the adoption of renewable energy increases, the challenge is to find methods to store the
energy generated from intermittent sources to regulate energy distribution as needed.*
Electrochemical processes that allow the storage of electrical energy in the form of chemical
energy have been proposed as large-scale solutions. Specifically, the use of electrical energy
generated from renewable resources can be used to produce energy-rich molecules (hydrogen,

ammonia, and methanol).12°

Hydrogen has been proposed as the fuel of the future and the basis for a hydrogen economy. The
high specific energy, around 120 MJ/kg, a high abundance of hydrogen element, and no CO2
emissions during consumption have made hydrogen an attractive solution to creating an
environment-friendly economy.® However, besides hydrogen being proposed as an energy
carrier, hydrogen is nowadays used in many industrial applications. Currently, most hydrogen is
produced through steam reforming, which depends on fossil fuels and has a large carbon
footprint.”® Water electrolysis is an alternative process to produce hydrogen that does not emit
CO: and can be fully powered by renewable energies.? Electrolyzers can be directly coupled with
electric power generated from renewable energy sources to produce hydrogen and oxygen from
water.® The energy consumption of electrolyzers depends on the cell voltage needed to drive
both half-reactions, the hydrogen evolution reaction (HER) and oxygen evolution reaction

(OER). 1011

1.2 Hydrogen Evolution Reaction (HER)
Hydrogen production through electrochemical water splitting is powered by electrical energy

input. The minimum theoretical voltage required to drive water-splitting is 1.23 V at room



temp.12 The electrochemical water splitting reaction involves two half-reactions: 1) the hydrogen
evolution reaction (HER) and 2) the oxygen evolution reaction (OER). The HER and OER half-

reactions are:
In acid:
HER: 4H,0% + 4e~ — 2H, + 4H,0
OER: 6H,0 — 0, + 4H,0* +4e~
In base:
HER: 4H,0 +4e~ - 2H, + 4 OH™
OER: 40H™ — 0, + 2H,0 +4 e~

The reaction rate can be increased; however, increasing the reaction rate requires additional
energy. The term overpotential defines the additional voltage that must be applied to obtain a
current density.*? Electrocatalysts are implemented to reduce the overpotential, thus achieving

high reaction rates with lower energy requirements.

1.3 Iron-Nickel based electrocatalyst for HER

Technological efforts have been focused on the development of electrocatalysts to reduce the
required cell voltage, thus lowering the cost. When it comes to HER, platinum (Pt) is considered
one of the best catalysts.'>!3 However, the high cost and scarcity make noble metals as Pt hard to
be considered for large-scale applications. A lower-cost electrocatalyst alternative are earth-
abundant transition metals as Ni, Fe, and Co. However, earth-abundant transition metals have

lower activity compared to Pt catalysts.



Different techniques have been developed and used to increase the activity and stability of
catalysts as the development of alloys and the increase in active surface area. The increase in the
intrinsic catalytic activity and long-term stability has been demonstrated in Ni-based alloys by
the incorporation of molybdenum (Mo),%* cobalt (Co),'® and iron (Fe)*. On the other hand, HER
activity can be greatly enhanced by increasing the electrochemical surface area (ECSA) of Ni
catalysts by the incorporation of nano-structuring.!’” The increase in the catalytic surface area has
also been demonstrated to occur through the incorporation of other components, ultimately
leading to an increase in HER.14181° Therefore, techniques that increase the active surface area
and the intrinsic electroactivity can be used in order to increase the efficiency of hydrogen

production.

1.4 HER in neutral buffered conditions

Electrolyte components, once considered to be simply spectator ions (anions and cations), have
gained attention as these components have been shown to influence electrochemical reactions.?%-
22 |n particular, extensive work has demonstrated that cations and anions affect the
electrochemical reduction reactions of CO2.232* More recently, studies have implicated cations
and anions in roles ranging from mediating nitrogen reduction?>26 to acting as a source of
protons? for reduction reactions. As stated by Waegele et al.,?? the electrolyte (i.e., solvent,

cation, anion) and electrode define the liquid/solid interface, thus setting the catalytic properties.

Historically, HER studies have been performed in acidic or alkali electrolytes; however, few
studies have been performed in neutral electrolyte conditions.?”?8 Interest in neutral pH
conditions has attracted attention as the milder conditions provide safety advantages,?® prevent
the corrosion of materials,%° and potentially allow the use of seawater overall,?” reducing the cost

of H2 production.3!



The mechanism of the HER under neutral conditions is still under debate. HER in neutral
conditions is more complicated than traditional acid or alkaline conditions as it is believed that
both H20 molecules and dissociated HsO* ions participate.? Therefore, the HER in neutral
electrolytes is considered to follow a two-step reduction process.?**3-3 Neutral buffer
electrolytes have been proposed to be able to hold the local surface pH. It has been proposed that
buffer electrolytes allow the system to: 1) replenish the HsO* ions through the buffering
mechanism of the electrolyte components and 2) provide H3O™ by the direct decomposition of
phosphate ions on the electrode surface or through the release of protons at the electrode
surface.?®3? An understanding of the electrode-electrolyte interface can open up the possibility of

engineering based on the needs to either boost or suppress the HER.

1.5 Reduction reactions for the conversion and storage of renewable energy

Today, there is a need for alternative technologies for energy conversion and storage. There is a
growing interest as to whether an electrochemically-based system may succeed as a replacement
for technologies that depend on hydrocarbons. In addition to hydrogen, electrocatalytic reduction
reactions of carbon dioxide (CO2),% and nitrogen (N2)*" have attracted attention as sustainable
methods to create alternative fuels and chemicals of added value, including methane and

ammonia.

Ammonia is considered a future fuel alternative and hydrogen storage molecule. Currently,
ammonia is essential to the global economy as a fertilizer feedstock, industrial and household
chemical, and chemical precursor. The supply of abundant and low-cost NH3 production is
essential to provide a stable and affordable food supply. Currently, 500 million tons of NH3 per
year, through the Haber-Bosch process (HBP).2® In the HBP, a mixture of hydrogen gas (H2)

and nitrogen gas, termed synthetic gas, are required to produce NHs. Hz is produced through



steam reforming of coal and/or natural gas, a process that results in the production of 1.87 tons of
the greenhouse gas carbon dioxide (CO2) per 1 ton of NHs.3° An alternative method to produce
NHz is the electrochemical nitrogen reduction reaction (NRR).*® The synthesis of ammonia
through the electrochemical reduction of N2 and H20 would provide the advantage of
eliminating fossil fuels and could be powered by the integration with other renewable energy

technologies.

Hydrocarbons and alcohols (i.e., methanol, ethylene, ethanol) are the desired products from the
electrochemical COz reduction reaction (CO2RR) as they are molecules of high energy
density.3%41 With the increasing concerns with the rise of CO2 atmospheric concentration,
methods to lower the CO2 atmospheric concentrations through the reduction of CO2 emissions,
usage, and storage of CO: are required.®¢4* COz reduction is considered a means of reducing the
atmospheric CO2 concentration through the usage of COz2 to produce fuels or molecules of added
value.*! Thus, in addition to producing alternative fuels, CO2RR has gained a lot of attention as

it has the potential of mitigating the unbalance humans have created in the carbon cycle.

The electrochemical catalysis community has, for the most part, made incremental progress
towards enabling efficient electrochemical N2 and COz reduction, although efforts are plagued
by low Faradaic efficiencies and low production rates. Theoretically, NRR and CO2RR should
proceed as a negative potential is applied. However, kinetics favor HER, as HER only requires
two electrons per H2 compared to the multi-step reductions required to produce NHs and
CH30H, which both require 6 e~ per molecule.*>* Thus, the HER dominates electrocatalytic
surfaces in agueous systems at reducing potentials, thus becoming the overriding competitive
side reaction to all electroreduction processes (i.e., NRR and CO2RR). Electrochemical

reduction reactions other than HER become almost impossible and impractical due to the low



efficiencies. Therefore, it is clear that one of the primary challenges that must be solved to enable

electrocatalytic ammonia or methanol synthesis is the understanding of the HER.
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2. Chapter 2. The role of FexNioo-x electrocatalyst composition on the hydrogen
evolution reaction in alkaline medium
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F. Electrochemically Active Surface Area Controls HER Activity for FexNiioo-x Films in
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Abstract

The synthesis and electrocatalytic activity of FexNiioo-x electrochemically deposited films were
investigated. Films were evaluated for the hydrogen evolution reaction (HER) in alkaline media
with respect to composition and electrochemically active surface area (ECSA). Results
demonstrate that films of higher or equal Fe content had an ECSA tenfold greater than films with
higher Ni. When normalized by geometric surface area, FesoNiso films required the lowest
overpotential of -390 mV to reach a current density of -10 mA cm2. However, when normalized
by the ECSA, intrinsic HER activity increases as Ni content increases. Tafel slope, ECSA,
microscopy, and impedance spectroscopy analyses allow a decoupled analysis of surface area
versus activity effects on overall measured HER activity. These analyses collectively
demonstrate that the increase in electrocatalytic activity is attributed to the increase in ECSA and

not to an enhancement in the intrinsic activity by Fe and Ni component interactions.

Keywords: electrodeposition, iron, nickel, films, alkaline, hydrogen evolution reaction,

electrochemically active surface area, intrinsic activity.

2.1 Introduction

The conversion of renewable energy (solar and wind) to electrical energy has increased, nearly
doubling from 2008 to 2018 in the United States . As a result, a key challenge is to find methods
to store energy from renewable and intermittent sources so that the stored energy is readily

available 2. The storage of renewable energy in the form of energy-rich molecules (hydrogen,
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ammonia, and methanol) has been proposed as a solution 235, Currently, most hydrogen is
produced through steam reforming, a process that depends on fossil fuels and has a large carbon
footprint &7. Water electrolysis is an alternative process to produce hydrogen ’. Electrolyzers are
suited to be directly coupled with electric power generated from renewable energy sources,

where hydrogen and oxygen are produced from water 2.

Alkaline electrolysis (AEL) is one of the large scale alternatives for the electrochemical
production of hydrogen 4. Currently, one of the main hurdles is the energy consumption, which
depends on the cell voltage needed for water splitting &°. Technological efforts have been
focused on the development of electrocatalysts to reduce the required cell voltage, thus lowering
the cost. Platinum (Pt) is considered one of the best hydrogen evolution reaction (HER) catalysts
under acidic conditions, with extremely low overpotentials and large currents %1°. However, Pt
faces limitations for scale-up applications due to the high cost and scarcity of noble metals.
Earth-abundant transition metals are a lower-cost alternative that could enable large-scale
production and implementation of alkaline electrolyzers if high activity and durability can be

achieved, as compared to Pt as the benchmark comparison for both acidic and alkaline systems.

Nickel (Ni) is a well-known HER catalyst for water electrolysis in alkaline media . Efforts
have been made to increase the activity and stability of Ni-based catalysts through different
approaches, including increased active surface area and the development of Ni-based alloys.
HER current density can be increased as the electrochemical surface area (ECSA) is increased
for Ni-based electrodeposited catalysts 1. However, the activity is limited by the intrinsic
activity of the catalyst composition °. The intrinsic activity is most accurately described by the
turnover frequency (TOF). However, due to the difficulty of determining the TOF, in

electrocatalysis it has been commonly adopted to use the specific activity to represent the
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intrinsic activity. Therefore, the intrinsic activity is most commonly defined as the specific
activity where the current is normalized by the real surface area of the electrocatalyst. The
incorporation of additional components to form Ni-based alloys such as molybdenum (Mo) %2,
cobalt (Co) %3, and iron (Fe) 4 have shown to influence HER activity positively by increasing
either the intrinsic catalytic activity or the long term stability. Through the combination of
different elements, the intrinsic activity of a catalyst can be improved through a synergistic effect
among the components. Alloys can change the electronic structure of the catalyst, and chemical
environment changes can positively influence HER activity through effects on charge transport,
charge redistribution, and reduction of energy barriers %517, However, it has also been shown
that incorporation of other components can change the catalyst surface area 12819, Thus, when
different catalysts are compared, it is crucial to delineate the cause for such observed changes in

HER performance.

Since both the active surface area and the intrinsic electroactivity can affect measured activity, it
is important to experimentally determine the active surface area of the electrocatalyst. Such an
evaluation and distinction has demonstrated that Ni-Co and NizS2@Co(OH)2 compositions result
in an increase in intrinsic HER activity through synergistic effects among the components 1520,
On the other hand, a study of the surface composition, crystallite size, and surface area of a Fe-
based catalyst allowed Muller et al. *° to demonstrate that the incorporation of the metalloids
silicon (Si) and boron (B) caused an increase in HER activity due to an increase in surface area,
but the integration of Co increased the intrinsic HER activity. With Ni, Fe has been
demonstrated to prevent nickel hydride phase formation, which prevents deactivation and
improves the stability of Ni catalysts 2. Therefore, Fe has been frequently implemented in Ni-

based catalysts with compositions such as NiFeS/NF 4, Pt-FeNi@C 2?2, FeNi-P/NF 2, and
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NiFe/NC 2 due to the stability it provides. Nonetheless, the benefits of Fe as a transition metal
dopant for Ni-based electrocatalysts for HER are not clear because active surface area and

intrinsic activity have not been fully and separately evaluated.

Navarro-Flores et al. 2 concluded that the overall electrocatalytic activity of bi-metallic Fe-Ni
films for acidic HER was greater than that of pure Ni due to changes in surface roughness but the
authors point out that the intrinsic electrocatalytic activity of bi-metallic Ni-Fe was actually
lower than that of pure Ni films. However, at the same time, Navarro-Flores et al. % suggest that
differences between Ni and Ni-Fe activity could be due to an oxide film on the catalyst surface.
However, the authors do not provide a chemical analysis of the catalyst surfaces to clearly show
these differences. In alkaline media, Solmaz et al. 2 concluded that Fe-Ni alloy films increased
HER performance compared to mono-metallic Fe and Ni films. In addition, Solmaz et al. 26
proposed that a film synthesized from a 4:6 molar concentration ratio of Ni*:Fe?* precursors was
the best cathode for HER. Surface area variability between films was observed from atomic force
microscopy (AFM) and EIS measurements, but a full evaluation of the intrinsic activity taking in
consideration the differences in surface area was not performed; experimentally-determined bi-
metallic ratio was not reported. Nonetheless, the study by Solmaz et al. % is of importance as it
focused on testing the catalysts for extended periods (24 and 120 h) and evaluated the catalysts
based on corrosion and long-term stability, further demonstrating that incorporation of Fe

increases the stability of Ni-based catalysts during HER.

Using the electrodeposition synthesis method developed by Solmaz et al., 2 McCrory et al. 2
benchmarked Fe, Ni, and FeNi electrocatalyst films in acid and base. When electrocatalyst films
were compared at 10 mA cm? (geometric surface area), NiFe films outperformed both mono-

metallic Fe and Ni in alkaline HER activity. McCrory et al. 27 reported that the roughness factor
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of the films increased in the order of Ni < Fe < NiFe, suggesting that surface roughness
differences were the source of FeNi HER activity enhancement. This result indirectly
demonstrates that the intrinsic activity of Ni may in fact be higher than that of Fe and NiFe films.
However, the authors did not determine the experimental bi-metallic composition of the films,
nor was an analysis of element-specific speciation and surface chemistry performed, leaving
questions around the roles of composition and chemical structure. An evaluation of the physical
surface area of Fe-Ni films was performed by Hu et al. 8. A profilometer was used to determine
the mean roughness factor and demonstrate that the surface roughness depends on the Fe-Ni film
composition. Hu et al. * suggested that the HER of Fe-Ni films mainly depended on the true
physical surface area. However, the study did not determine the electrochemically active surface

area.

In contrast to these studies, a study performed by Suffredini et al. % is, to the best of our
knowledge, the only study to attribute the increase in HER activity of Ni-Fe alloy films to an
intrinsic synergistic effect. A clear explanation as to how such a synergistic effect could happen
is not provided, but Suffredini et al. 28 point out that such observation is only possible on rough
surfaces as the area enhancement is minimal. Conflicting evidence was recently reported by
Zhang et al. 2 on nanoparticles, demonstrating that HER activity decreases with an increase in
Fe content, but a Nio.oFeo.1t/NC was ultimately selected in the study as it showed excellent
stability for HER and the best performance as a bifunctional OER and HER catalyst. There thus
remains a gap in the field in terms of understanding the role of Fe in Ni electrocatalyst activity
for the HER, and there is a lack of a complete study focused on elucidating the effect of Fe

composition on HER in Fe-Ni films. Studies do consistently show increased Ni durability when
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Fe is included in the catalyst composition, motivating further delineation of the role of Fe on

activity.

To understand whether an Fe dopant into Ni electrocatalysts does in fact enhance the HER and to
understand the chemical nature of the electrocatalyst surface, we thus pursued a study on a suite
of electrodeposited FexNiioo-x films. We focus herein on understanding whether surface area or
intrinsic activity is the main effect responsible for HER activity on different Ni-Fe bi-metallic
catalysts in alkaline media. In addition, we probe the surface chemistry of this electrocatalyst
suite to understand metallic and oxide contributions to the as-synthesized films. Film
morphology was studied by scanning electron microscopy (SEM), and the composition of as-
deposited samples was determined by energy dispersive x-ray spectroscopy (EDX), x-ray
photoelectron spectroscopy (XPS), and inductive coupled plasma mass spectrometry (ICP-MS).

The electronic structure was evaluated through XPS and EIS.

Surface chemistry analysis suggests as-synthesized films are composed of a metallic subsurface
with a top oxidic layer. However, when films were tested in alkaline electrolyte, cyclic
voltammetry analysis demonstrated that Ni on the surface is fully reduced, but Fe can be found
as Fe?* and Fe®. The ECSA was determined and used to compare the intrinsic electrochemical
activity of the different catalysts. We have found that the electrochemically active surface area
depends on the composition and in general increases with the incorporation of Fe. The bi-
metallic film with the lowest overpotential needed to reach -10 mA ¢cm2 was FesoNiso
demonstrating to have the highest geometric surface area normalized HER activity, which we
attribute to the high ECSA. We thus demonstrate in this study that the HER activities observed

for electrodeposited FexNixoo-x films are likely due to changes in surface area, which depend on
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the composition, rather than by an enhancement of the intrinsic catalytic activity of the

components.

2.2 Experimental Section

2.2.1 Materials

The following chemicals were purchased and used without further purification. Iron(l1) sulfate
heptahydrate (FeSO4*7H20) (>99.0% Sigma-Aldrich), nickel(ll) sulfate hexahydrate (NiSO4
+6H20) (>99.99% Sigma-Aldrich), boric acid (H3sBOz3) (>99.5% Sigma-Aldrich), 70% nitric acid
(HNO3) (299.999% Sigma-Aldrich), concentrated sulfuric acid (H2SO4) (ACS reagent Sigma-
Aldrich), and iron and nickel ICP standards (Aristar, BDH). Ultrapure water (18.2 MQ-cm) was
obtained from a Milli-Q system. Gold coated silicon wafers (100 nm gold, 5 nm titanium) were
purchased from Platypus Technologies and Au with Ti adhesion 5 MHz quartz crystals from

Biolin Scientific.

2.2.2 Synthesis of FexNio-x Heterogeneous Catalysts

Different FexNixoo-x ratios were directly deposited on conductive substrates using cathodic
electrodeposition. The substrate used were silicon wafers coated with 100 nm gold. Wafers were
cutinto 1 cm x 2 cm rectangles and later covered with Kapton tape in order to limit the area
exposed to the electrolyte to about 1 cm?. A three-electrode electrochemical system was used to
hold the potentials at (-1.5V) for 30 seconds, where Ag/AgCl (3M NaCl) was used as the

reference electrode, and a graphite rod was used as the counter electrode.

Solution of different ratios (Table S2.1) of FexNiioo-x salts were prepared to produce the desired
compositions of FexNiioo-x catalyst films from a 150 ml plating bath. For each synthesized film,
an aqueous solution of 0.1 M total metal content of iron(l1) sulfate heptahydrate and nickel(lI)

sulfate hexahydrate, and 0.1 M of boric acid, was prepared accordingly. The ultrapure water
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(18.2 MQ-cm resistance) used to prepare the deposition bath was deaerated for 30 min with
Argon before being used and also while the solution was being mixed to dissolve the salts and
prevent Fe oxidation and precipitation. Afterward, the deposited films were rinsed with water
(18.2 MQ-cm resistance) and dried with nitrogen gas to remove any excess deposition bath
solution. To prevent contamination between different syntheses, all materials used during the
deposition were soaked in 1 M sulfuric acid and rinsed thoroughly with water (18.2 MQ-cm

resistance) to clean surfaces and prior to the next synthesis.

2.2.3 Physical Characterization
Quartz crystal microbalance with dissipation monitoring (QCM-D) from Biolin Scientific was
used to determine mass loaded after film synthesis. The change in mass per unit area (Am) was

calculated using the Sauerbrey equation (Af = —Cr X Am), where (Cy) is the sensitivity factor of

the AT-cut quartz-crystal sensor and (Af) is the measured frequency change °.

Scanning electron microscopy (SEM) (Nova Nanolab 200 5 keV) was implemented to study the
surface morphology, and electron dispersive X-ray spectroscopy (EDX) was used to find the
relative atomic ratio of Fe and Ni in the films. X-ray photoelectron spectroscopy (XPS) was
carried out on a VersaProbe 5000 station from Physical Electronics with a monochromated Al
Ka X-ray source. All XPS data analysis was performed with the PHI MultiPack software. The
survey scans were used to find the FexNiioo-x ratio of the electrocatalyst surface. Additionally, C
1s, O 1s, Fe 2p, and Ni 2p detailed regions were scanned to further study the surface chemistry.
Inductive coupled plasma mass spectrometry (ICP-MS) was performed using IcapQ ICP-MS
(Thermo Scientific) to quantify and confirm the bulk Fe and Ni composition of the

electrodeposited catalysts. Films were digested in concentrated nitric acid and later diluted to a
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final 2% nitric acid. A matrix of 2% nitric acid was used to dilute the ICP standards and as a

blank.

2.2.4 Electrochemical Characterization

All electrochemical experiments were performed with a VSP-300 BioLogic potentiostat using an
H-cell separated by a Celgard 3401 (25 pM thickness) membrane with a three-electrode system.
A graphite rod was used as the counter electrode, Ag/AgCI (3 M NaCl) as the reference
electrode, and different FexNiioo-x ratios as working electrodes. For all experiments, the
electrolyte was deaerated with argon for 30 min before the tests, and Ar was used to purge the

headspace during the electrochemical analysis.

The uncompensated resistance between the reference electrode and the working electrode was
corrected by compensating at 85% IR drop, using the BioLogic EC-Lab software. The
uncompensated resistance was measured by performing an impedance measurement at high
frequencies (100 kHz) with a 20 mV sinusoidal amplitude at open-circuit potential (OCP). All
electrochemical experiments were performed in 1 M NaOH at pH 12.00, with pH controlled
through the addition of sulfuric acid. CVs were performed for ten cycles in the potential range
(0.2 V to-0.5V vs. RHE) at a 50 mV st scan rate to evaluate their catalytic characteristics under
alkaline media (Fig. S2.3). Furthermore, linear sweep voltammetry (LSV) was performed at a

scan rate of 5 mV s in the same potential window used for the CV.

The ECSA was estimated through the cyclic voltammetry method; a method used to
benchmark numerous electrocatalysts for HER 27. Under a non-Faradaic region, a series of CV
scans were performed at different scan rates (25, 50, 100, 200 mV s1). The average difference
between the anodic and cathodic charging current densities were plotted as a function of scan

rate, Fig. S2.3(a-e). The double-layer capacitance (Car) was found by obtaining the slope of the
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linear fit. The ECSA of each different FexNiioo-x catalyst was estimated by dividing the Ca found
by the specific capacitance. The specific capacitance used for our calculations was (0.040 mF

cm-?), commonly used for metals in 1 M NaOH 2730,

2.3 Results and Discussion

2.3.1 Composition and Morphology

Prior to electrochemical analysis of the synthesized FexNiioo-x films, several complementary
characterization techniques were used to confirm both the bulk and the surface composition of
the films. In particular, characterization of the films was pursued to determine if the composition
of the samples deposited was consistent and reproducible and if the theoretical and experimental
compositions were the same. Surface/near-surface elemental quantification of Fe and Ni content
was initially determined by EDX and XPS. PHI MultiPack software was used for the
quantification analysis of the XPS survey spectra. Fe and Ni relative content were obtained by
using the Fe 3s and Ni 3s binding energy regions (Fig. S2.2) of XPS data to avoid any issues in
analysis resulting from the overlap of the Fe 2p binding region and the Ni LMM Auger region.
The influence of the Ni LMM Auger peaks on the Fe 2p region can be observed in the spectrum
for FeoNi1oo in Fig. 2.1b (purple spectrum), where based on calculations using the Fe 3s peak, no
Fe was detected. The results in Fig. 2.1a demonstrate that the surface composition was tuned
according to the theoretical ratios of the deposition bath with minimal variation between
replicates (n=3). The compositions determined by XPS and EDX are quite similar, and no major
deviations or differences are observed across the compositional space explored. Additionally, the
bulk composition of the electrodeposited films was determined by ICP-MS. As demonstrated in
Fig. 2.1a, the bulk composition of each film matches the surface composition determined through

EDX and XPS. The bulk ICP measurements (Fig. 2.1a) further confirm that each film was
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deposited according to the theoretical composition. These results demonstrate that the synthesis
method allows compositional tunability and reproducibility of electrocatalyst films with the
desired composition. Additionally, electrodeposition of the different FexNioo-x films was
performed on a gold (Au) sensor with a titanium adhesion layer (Ti) (5 MHz quartz crystal with
Au-Ti coating layers) and analyzed with a quartz crystal microbalance with dissipation
monitoring (QCM-D). Through the QCM-D analysis of replicated (n=3) depositions (Table
S2.2), we demonstrate that our synthesis technique allows for consistent and repeatable mass
deposition. Most compositions deposit a film of around 60 pg cm except for the FesoNizo ratio,

which was around half that value, or ~30 ug cm (Table S2.2).
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Fig. 2.1. a) Atomic percent of Fe and Ni electrodeposited of as-synthesized films. XPS spectra of
b) Fe 2p ¢) Ni 2p and d) O 1s of the as-synthesized films.

The morphology of the as-deposited samples was also examined. SEM images were obtained of
the top surfaces of all the synthesized FexNiioox films. The images for the different samples (Fig.
S2.1) demonstrate that the morphology of the electrodeposited surface varies depending on the
FexNizo0-x composition. The electrodeposited surfaces of Ni-rich films appear to be more
homogeneous and smooth, with less visible clusters, compared to those where Fe is present in
higher amounts. The largest clusters with a spherical shape and a diameter of around 2 um were
observed on FesoNizo. The clusters decrease in size to a sub-micron scale on FesoNiso samples

and then become un-detectable for Fe2oNiso and FeoNiioo. The images obtained suggest there is
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likely to be a difference in surface area due to the topological variation among samples of
different compositions. However, an ECSA analysis is ultimately necessarily to evaluate the

active and electrochemically-accessible surface area of the films.

2.3.2 Analysis of Film Surface Chemistry

The XPS survey spectra (Fig. S2.2) revealed the presence of Fe, Ni, oxygen (O), and carbon (C)
on the surface of the as-deposited samples. High-resolution XPS scans were performed on the Fe
2p, Ni 2p, and O 1s binding energy regions (Fig. 2.1b-d) to investigate the chemical state of
these elements in the surfaces of the different as-deposited FexNioo-x films. All XPS spectra
were calibrated by the C 1s peak (284.8 eV). Fe 2p spectra (Fig. 2.1b) reveal peaks at binding
energies of 706.9 eV and 720.2 eV, which can be assigned to the Fe 2ps2 and Fe 2p12 of metallic
Fe? 31-33, |n addition, peaks around 711 eV and 724 eV correspond to the Fe 2ps.2 and Fe 2p12 of
oxidic iron 223, Iron phases with a higher oxidation state (FesO4, Fe203, and FeOOH) have
similar XPS spectra (shape and peak positioning) 3. Recognizing the difficulty in distinguishing
between Fe speciation, to avoid reporting misleading interpretations, and in agreement to other
studies 3435, we acknowledge the possibility of having Fe** and Fe3* but due to the strong overlap
in peak location, we group them as oxidic iron. Our results agree with those results obtained on
deposited Fe films by Louie et al., * where peaks at 707 eV and 720 eV were assigned to
metallic iron and the main oxidic peak was identified at 710.8 eV. There are no apparent metallic
iron features in the spectra of as-deposited FesoNizo samples; however, after the sample was
argon-ion sputter cleaned, metallic Fe features were revealed (Fig. S2.3), suggesting that the
FesoNi2o film had a thicker surface oxidic layer. Hu et al. 3 compared an Fe foil after it was
oxidized and later electrochemically reduced, with XPS results similar to our results. The Fe 2p

spectra and peak positions of our as-deposited FesoNizo film match that of the fully oxidized iron
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foil with a main peak at 711 eV assigned to the oxidic iron species. In addition, the metallic peak
around 707 eV was also observed by Hu et al. ** post reduction of the iron foil. Overall, these

results confirmed the presence of oxidic and metallic iron.

The Ni 2p spectra (Fig. 2.1c) reveal that samples electrodeposited contain metallic and oxidic
components. The peaks at around 852.8 eV and 870.1 eV correspond to the Ni 2ps2 and Ni 2p12
of metallic (Ni°) nickel, respectively 3136-38 Peaks at 856.2 eV and 874.3 eV correspond to Ni
2ps/2 and Ni 2pasz of the oxidic nickel with their respective satellites at 861.9 eV and 880 eV
(broad peaks) %638, The FeiooNio spectrum demonstrates the absence of Ni in samples
electrodeposited (Fig. 2.1c). Ratios FeoNiio0, Fe20Niso, and FesoNiso contain both metallic and
oxidic nickel as-deposited. As observed in the Fe 2p spectra, the as-deposited FesoNizo sample is
the only sample that shows no significant metallic nickel components. The Ni 2p spectra of Fe-
8oNi20 closely resembles that of Ni films deposited and studied by Louie et al. * in analyses
performed on as-deposited films and post oxidation. We suggest that the oxidic nickel could be
Ni(OH)2 and a type of NiOOH, and suspect none or small amounts of NiO due to the absence of
the splitting of the Ni 2ps/2. However, additional work, as done by Biesinger et al., 33 would be
required to identify the oxidic nickel through the implementation of an analysis of the Ni LMM
Auger spectra. After argon ion sputter cleaning, metallic nickel features for all compositions
become noticeable (Fig. S2.3). The Ni 2p spectra post argon ion sputtering resemble those of
NiFe nanocarbon hydrides that were fully reduced through pyrolysis 24. These results confirm the
oxidation of the surface but demonstrate that a metallic Ni sub-surface was deposited. Overall,

these results confirmed the presence of oxidic and metallic nickel.

The O 1s spectra (Fig. 2.1d) for the different FexNiioo-x compounds show the presence of two

species. The peak at a lower binding energy of 530.2 eV corresponds to metal-oxygen species
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(i.e., M-0), while the peak at 531.6 eV is assigned to metal hydroxide species (i.e., M-OH) %,
The ratio of M-O and M-OH is different depending on the composition, as observed in Fig. 2.1d.
FeoNi1oo0 has higher M-OH content, and FeiooNio has higher M-O content. As shown by Shi et al.,
3 the oxidation kinetics for Fe-Ni alloys depends on the composition. From the O 1s spectra, we
can note that M-OH and M-O shift 0.3 eV and 0.5 eV, respectively. O 1s peaks for FeoNiioo are
found at lower binding energies, and peaks for FeiooNioare found at higher binding energies,
correlating to what has been published in literature for different Fe and Ni standards 2. After
argon ion sputtering, a reduction of the M-OH on all samples was observed, suggesting that M-
OH is found on the uppermost layer. Such results agree with studies on the oxidation of Fe-Ni
alloys, which showed that different layers of oxides can be formed 3. These results provide
insight as to what the surface oxidation most likely resembles after the outer most surface is
reduced. In support of the Fe and Ni results, the O 1s spectra demonstrate the presence of
multiple oxidic metal components. The inherent oxidation of the samples is expected due to the
use of an aqueous bath during synthesis and the consequent exposure of the samples to

atmospheric conditions.

As mentioned, different Ni and Fe components are found on the surface of the films. Bi-metallic
M-OH and M-O change with composition but are found to contribute to the surface chemistry of
both pure metal films. Such differences can be attributed to the mixed surface species formed
depending on the presence of Fe or Ni at the surface. The O 1s spectra demonstrate how, based
on the composition of the surface, the metal-oxygen speciation is altered. A significant
difference in the Fe 2p and Ni 2p peak positions is not apparent throughout our FexNioo-x films,
but the change in metallic and oxidic components with composition could suggest bi-metallic

interactions. Similar to our study, Hong et al. “° studied Ni and Co films that were

24



simultaneously electrochemically deposited. A shift in peak positions of the Ni 2p was minimal,
however, Hong et al. %° also observed a difference in the proportion of the oxidic and metallic
species based on the composition. Such differences led Hong et al. “° to suggest an electronic
interaction between the Ni and Co components. Therefore, we attribute the difference in
proportions of oxidic and metallic species though out the FexNioo-x films to be due electronic

interactions between the Fe and Ni components.

2.3.3 Hydrogen Evolution Reaction Performance

The HER activity for the different as-deposited FexNiioo-x ratios and control samples (Au, Pt)
were examined under alkaline conditions using an H-cell three-electrode system. All surfaces
were initially cycled in the alkaline electrolyte for ten cycles to stabilize the surfaces and obtain
consistent cyclic voltammograms (CVs), Fig. S2.4c. The CVs were performed from 0.2 V vs
RHE to -0.5 V vs RHE. The initial cycle deviates from the subsequent cycles, which can be
attributed to the reduction of the different oxidic species present on the surface, Fig. S2.4a. The
stabilized CVs of the Fe containing surfaces closely resemble those previously reported for Fe in
alkaline solutions 264142, Within the potential window of interest, Fe goes through a quasi-
reversible reduction oxidation process involving Fe® and Fe?*. The cathodic peak of the
stabilized CV appears to have two components, Fig. S2.4. It has been demonstrated that the
reduction of iron oxides/oxyhydroxides and Fe?* in alkaline solutions on an iron sheet and
sputtered film happen at close potentials 4. Thus, the smaller shoulder of the cathodic peak can
be attributed to the reduction of Fe oxides/hydroxides that have not been reduced in previous
cycles. On the other hand, nickel is fully reduced after the first cycle, Fig. S2.4b. It has been
previously shown that Ni will oxidize at higher potentials in alkaline conditions 264345 not

reached in our experiments. Thus, we conclude that nickel in the deposited films under the
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conditions of interest are found as Ni°. As previously mentioned, the main purpose of performing
the CVs was to stabilize the surface. Nonetheless, these results help to support the analysis

previously reported on the surface chemistry.

The results of Fig. 2.2a show a comparison of the linear sweep voltammograms (LSV), where
the IR-corrected voltage in the RHE scale is plotted against the geometric surface area
normalized current; the inset of Fig. 2.2a shows a comparison of the measured overpotentials
taken at -10 mA c¢cm2. In order to ensure that the LSV was performed in a kinetically limited
region, the LSV was performed at different stir rates, Fig S2.6. The LSV results overlap at
different stirring rates showing the lack of mass transport limitations and confirming that the data
were obtained in a kinetically limited region. The geometric surface area used for the
normalization of the current was 1 cm? for the different FexNioo-x synthesized samples and Au
and 0.159 cm? for the Pt wire. When evaluating the geometric area normalized HER activity (i.e.,
current density measured at -0.5 V vs. RHE), the synthesized materials followed the order: Fe-
8oNi20 ~ FeoNiioo ~ FesoNiso > FeiooNio > Fe20Niso (Table S2.6). A widely used parameter to
compare different catalysts is the determined overpotential needed to reach a current density of -
10 mA cm. The inset graph in Fig. 2.2a shows that the overpotential needed to reach a current
density of -10 mA cm does not follow a trend with respect to FexNiioo-x composition. However,
FesoNiso has the lowest overpotential (-390 mV), while FeiooNio has the largest overpotential (-

443 mV) needed to drive a current density of -10 mA cm™.

Solmaz and Kardas studied Fe-Ni electrodeposited films and concluded that bi-metallic films
were more active electrocatalytically when compared to mono-metallic films and further
identified a specific composition as the optimal cathode for HER 6. The highest HER

electroactivity was obtained on films from a precursor aqueous plating bath with a concentration
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ratio of 4Ni%*:6Fe?*, when evaluated in 1M KOH at room temperature 2%. In a later study, Fe-Ni
alloy films were evaluated in 25 wt% KOH at 80 °C 8, Flis-Kabulska and Flis determined that
the HER activity increased with increase of Fe content up to 90 wt% Fe, where the highest
activity was reached 8. Such studies agree to an extent with our results as we found that in our
case a bi-metallic film of FesoNiso composition was found to have the best HER performance
(i.e., as measured by both current density and overpotential) when normalized by geometric
surface area. However, we observe that bi-metallic surfaces do not outperform monometallic

surfaces in all cases.

It is important to highlight that the studies performed by Solmaz and Kardas and by Flis-
Kabulska and Flis focused on evaluating different Fe-Ni compositions for their extended HER
activity to determine Fe-Ni sample stability. However, these studies lack an evaluation of active
surface area. As noted previously in our SEM results, there is a morphological difference that
occurs as the composition changes. Such a morphological difference is also evident in the SEM
and AFM results presented in the study of the Fe-Ni films by Solmaz and Kardas 2. However,
the authors do not discuss this aspect in detail and the role of the surface morphology is left out
of the evaluation of catalyst activity. To address this gap and further our understanding of these
details, additional electrochemical analyses were performed to understand the effect of these
morphology changes as the Fe-Ni catalyst composition changes and the overall impact on HER

activity.
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Fig. 2.2. a) LSV of different FexNiio0-x, Au, and Pt in 1M NaOH (pH=12) normalized by
geometric surface area. b) Tafel plots of FexNiioo-x and Pt. ¢) calculated double-layer capacitance
(Car) used to estimate the electrochemically active surface area of the different FexNizoo-x
samples. d) LSV of different FexNiioo-x normalized the estimated ECSA in 1M NaOH (pH=12).

First, based on the polarization curves from Fig. 2.2a, the Tafel plots of the different catalysts
were determined to evaluate the reaction kinetics, Fig. 2.2b. Pt shows the lowest Tafel slope (49
mV dec), a value that correlates with those previously reported for Pt/C in 1 M NaOH (40 mV
dect) 3. Generally, through our literature search, the HER Tafel slopes of different Fe and Ni
based transition metal catalysts in alkaline electrolyte are found in the 60-120 mV dec! range
1314,2324,4647 The experimentally-determined Tafel slope values of the different FexNiioo-x

samples are in the range of 65-96 mV dec, in accordance with other results published. The
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slopes separate the samples into two groups. The first group includes FeiooNio, FesoNizo, and
FesoNiso with higher slopes, while the compositions of Fe20Niso and FeoNiioo have lower slopes.
Our result reveals favorable HER kinetics for samples with higher Ni content as Fe2oNiso and
FeoNiio0. The obtained Tafel slopes suggest that overall, the samples follow the VVolmer-
Heyrovsky mechanism for HER 484°, Additionally, the Tafel slope values that we obtain suggest
that the electrochemical hydrogen desorption step through the Heyrovsky reaction (H20 + e +

H*-> Hz + HO") #', is likely the rate-determining step.

To elucidate the effect of composition on HER without any contribution due to differences in
surface area, the electrochemically active surface area was determined. The electrochemically
active surface area was estimated from the double layer capacitance obtained through the CV
method. As shown in Fig. S2.5(a-e), CVs of a 0.1 V window were performed within a non-
Faradaic region at different scan rates. The charging current at the different scan rates was
plotted (Fig. 2.2¢) to obtain the double layer capacitance from the slope. From Fig. 2.2¢, we can
observe a difference in orders of magnitude in the double layer capacitance (Cai) between the
films depending on the composition. Once again, the different FexNiioo-x catalysts are separated
into two groups, where FeiooNio, FesoNiz2o, and FesoNiso compositions have high Ca values and
Fe20Niso and FeoNiioo compositions have low Cal values. The ECSA was estimated using the
specific capacitance (0.04 mF cm?) commonly used for 1 M NaOH 2720, Nonetheless, as Wei et
al. 0 states, there is a need for additional work in this area to determine the specific capacitance
of different materials and the development of a database in order to improve the accuracy of
ECSA determination. Results are summarized in Fig. 2.4a. The ECSA values estimated for Fe-
100Nio, FesoNizo0, and FesoNiso are an order of magnitude higher than that of Fe2oNiso and FeoNixoo.

In agreement with SEM imaging, the samples with higher Fe have a higher electroactive surface
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area and thus more exposed sites. As noted previously, the Tafel slopes and the Cai suggest an
effect due to composition. The same compositional effect is not observed on the polarization
curves presented in Fig. 2.2a. The Cai results illustrate that the geometric surface area
normalization polarization curves can be misleading and, in this case, would most certainly lead
to incorrect conclusions about FexNiioo-x catalyst activity, as the difference in electrochemically

active surface area could be contributing to HER activity.

As the surface topology can influence catalyst performance, the LSV data were normalized by
the ECSA to determine the intrinsic HER activity for each catalyst (Fig. 2.2d). Normalization of
the current by the ECSA (Fig. 2.2d) caused the order in HER activity to change from what was
observed when the current was normalized by the geometric surface area (Fig. 2.2a). When
normalized by the ECSA, only the pure nickel sample reached a current density of -10 mA/cm?
at an overpotential of -444 mV vs. RHE, as seen in the inset of Fig. 2.2d. Therefore, the ECSA
normalized specific current density at (-0.5 V vs. RHE) as shown in Fig. 2.2d was used to
compare the samples. The HER activity followed the order: FeoNiioo > Fe20Niso > FesoNizo =~
Fe1ooNio =~ FesoNiso, Fig. 2.2d. As expected, pure nickel is more active than pure iron. Thus, our
results show that the intrinsic HER activity of bi-metallic Fe-Ni is lower than pure Ni and
comparable to pure Fe, and an increase in the intrinsic HER activity is only observed when Ni is
the predominant component. To the best of our knowledge, the work by Zhang et al. ?* is the
only other work published that studied the effect of Fe-Ni catalyst composition in alkaline media
in a similar manner. Zhang et al. > similarly demonstrated with nanoparticles that Fe doping
negatively affected the HER activity of the Nii-xFex/NC (nanocarbon), as the HER activity
decreased with an increase in Fe content. Even though the physical morphology of the two

catalyst suites is different since the catalysts were nanoparticulate and included nanocarbon, the
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findings of Zhang et al. ?* for nanoparticle catalysts agree with our results on films. When the
electrochemical activity of FexNioo-x electrocatalysts is normalized to consider differences in the
electrochemically active surface area, which previous studies of Fe-Ni films in base have lacked,

the intrinsic activity of Ni is higher than that of Fe and bi-metallic FexNiioo-x catalysts.

To further study the electrochemical area and the catalyst specific activity of the different
FexNioo-x, EIS was performed at -300 mV overpotential. The impedance spectra of all FexNi1oo-x
samples are presented in a Nyquist plot, Fig. 2.3. The Nyquist plot reveals one semi-circle for all
samples, indicating that the EIS spectra can be well-described by a one-time constant model such
as the Randles circuit. Consequently, the impedance spectra indicate that the HER is primarily
controlled by a charge transfer process, as previously reported for coatings and films in acid and
alkaline media 252, To further investigate, the EIS data were modeled using the electrical
equivalent circuit diagram shown in Fig. 2.3; a tabular listing of results is summarized in Table
S2.7. The charge transfer resistance (Rcr) can be evaluated visually by comparing the size of the
semi-circles; however, modeling the data provides an accurate and quantitative method to
compare such a parameter. Rct describes the rate-determining charge transfer step, and therefore,
Rcr is inversely proportional to the current density *°. It is widely accepted that lower charge
transfer resistance is indicative of more efficient electron transfer, thus leading to a higher HER
electrocatalytic activity 131519232426 Therefore, many studies compare the Rct to compare the
activity of different catalysts. When comparing our results based on the Rct, we observe that the
FeoNi1oo film has the lowest charge transfer resistance, thus suggesting the highest
electrocatalytic HER activity. Overall, the Rct decreases as the Fe content decreases for the
FexNiwoo-x films, except for FezoNiso. Additionally, the Ca was obtained from the fit of the

Nyquist plots and used to determine the ECSA-EIS. The ECSA calculated through EIS
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demonstrates that the electrochemically active surface area changes as the composition of the
deposited sample varies, Fig. 2.4a. In general, the ECSA determined through EIS was lower than
that estimated through the CV method. Such small variation can be attributed to the reduction of
surface area from gas bubbles forming on the surface due to the potential at which the EIS
measurements were performed % an additional factor that may affect EIS vs CV results is the
assumed specific capacitance used in ECSA calculations. These results collectively support our
conclusion that the HER activity differences between samples are due to differences in

electrochemically active surface area.
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Fig. 2.3. Nyquist plot of EIS obtained at -300 mV in alkaline electrolyte.

The impedance results were further implemented to evaluate the catalytic activity in relation to
the composition and active surface area of the different FexNioo-x films. The approach taken here
quantitatively distinguishes the effect of composition from the effect of electrochemically active
surface area on the HER activity. The intrinsic activity of each sample can be determined from
the EIS data by t, a parameter defined as t = Rct X Cal, representing the area-independent
activity. Such a parameter has been implemented by Muller et al. *° and allowed the authors to

elucidate that the HER enhancement of Fe-based alloys when doped with metalloids (B and Si)
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is due to an increase in surface area whereas doping with Co results in an intrinsic effect. The 1
parameter has also been used to study other transition metals such as Co and Co-vanadium (V)
on Ni-based alloys 5! and molybdenum (Mo) on Ni-based alloys °2. The parameter 1 is inversely
proportional to the specific activity since the charge transfer resistance (Rcr) is inversely
proportional and the double-layer capacitance (Ca) is directly proportional to the activity and
active surface area, respectively *°. All results are summarized in Table S2.7 and graphically
illustrated in Fig. 2.4b. Since 7 is inversely proportional to the specific activity, 1/t was plotted to
compare the intrinsic activity of each composition obtained through the EIS and ECSA
normalized current density. The comparison of ECSA-normalized current and 1/t in Fig. 2.4b
demonstrates that the specific activity of the samples increases as Ni content increases, thus
supporting the results obtained from the current density normalized by ECSA rather than the

current density normalized by geometric surface area.

The results presented throughout this study collectively indicate that the intrinsic catalytic
activity in alkaline media of mono-metallic Ni films is greater than that of mono-metallic Fe or
bi-metallic FexNiioo-x films. In addition, when Fe is added to Ni films, the main factor influencing
the HER activity is the increase of surface area. The major benefit of Fe doping in Ni-based
catalysts remains the increase the long term stability %2246 and as shown herein, a possible

method of enhancing the HER activity is through the increase of active surface area.
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Fig. 2.4. a) Electrochemically active surface area for different FexNiioo-x ratios obtained through
the CV method and the EIS method. b) Specific current density and the specific activity 1/t
parameter plotted for different compositions of FexNiioo-x films, as determined through XPS.

2.4 Conclusions

In summary, FexNiwoo-x films have been synthesized through an electrodeposition method. The
synthesis method was proven to provide composition tunability and reproducible synthesized
films. The surface oxide and hydroxide species formed on the as-deposited surface are altered
due to the composition. The HER electrochemical activity was studied based on the composition
and electrochemically active surface area of the synthesized films. A bimetallic FesoNiso film
was found to be the most active as it required the lowest overpotential of -390 mV to reach a
current density of -10 mA cm? when normalized by geometric surface area. The ECSA was
determined by the CV method and the EIS method, demonstrating that the ECSA was dependent
on the sample composition and that in some cases, the difference in active surface area between
films was above an order of magnitude. Intrinsic catalytic activity was obtained by normalizing
each sample by the electrochemically active surface area and confirmed by obtaining an area-
independent parameter, t, through EIS. Such results demonstrated that mono-metallic Ni films

have a greater intrinsic activity than that of mono-metallic Fe and even bi-metallic FexNi1oo-x

34



films. We have found that the HER activity of Fe-Ni films is greatly influenced by the changes in

active surface area, which are dependent on the composition. Thus, we conclude that the HER

activity of different FexNioo-x films in alkaline electrolyte can be attributed to the number of

active sites rather than a synergistic effect of the components on intrinsic activity.
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3. Chapter 3.  Electrochemical activation of silicon: Enhancing hydrogen production
from FeNi electrocatalysts

Authors: Sergio I. Perez Bakovic, Prashant Acharya, and Lauren F. Greenlee

Abstract

A two-sided electrode composed of FexNiioo-xOy and Si was implemented to produce hydrogen.
The hydrogen evolution reaction is facilitated by the FexNiio0-xOy electrocatalyst. The high pH of
the alkaline electrolyte and the reducing potential of the electrode result in the activation of the
Si side, allowing spontaneous production of Hz2. Results demonstrate that the FexNiioo-xOy
composition and the electrolyte composition influence the performance of the FexNiwo0-xOy/Si
system. The activation and subsequent production of Hz by the Si was demonstrated to be
favored in 0.1 M KOH and NaOH electrolytes over LiIOH, both with applied voltage and at open
circuit voltage. At the same time, it was shown that the FesoNi20/Si composition maintained a
current of -10 mA at a lower potential (~50 mV), compared to the Fe20Niso/Si composition.
Herein, we demonstrate that the two-sided FexNioo-xOy/Si electrode can be used to boost the

production of hydrogen leading to a maximum of 140% H: faradaic efficiency.
Keywords: silicon, iron, nickel, hydrogen evolution reaction, alkaline electrolyte.

3.1 Introduction

Hydrogen can be produced through the assisted photo-electrochemical (PEC) or electrochemical
(EC) water-splitting process.® Hydrogen production through electrochemical water splitting is
powered by electrical energy input. The minimum theoretical voltage required to drive water
electrolysis is 1.23 V at room temperature.? Electrocatalysts are implemented to reduce the
overpotential, which is the additional voltage that must be applied above the theoretical

minimum to obtain a current density,? thus achieving higher reaction rates with lower energy

40



requirements. Pt is the most active catalyst for the hydrogen evolution reaction (HER), the
cathodic half-reaction of water electrolysis.? Over the years, extensive work has been performed
to find an alternative catalyst to lower the production cost of electrolyzers, and Earth-abundant
first row transition metal-based catalysts such as Ni, Fe, and Co are among those that have been

shown to be effective HER catalysts in alkaline electrolyte.?

An alternative method to produce hydrogen is through PEC water splitting. PEC systems are
powered by light energy.? Silicon (Si), is the most widely used photon absorber for PEC due to
the abundance of Si and mature technological infrastructure, but also due to its stability in low
pH conditions.® Si is a versatile semiconductor and can be used as a photoanode (n-type) or a
photocathode (p-type) based on the dopant. Si is an attractive material to develop PEC water
splitting devices using a metal-insulator-semiconductor (MIS) photoelectrode architecture.*
However, Si-based photo-electrodes are unstable in alkaline solution.?45 Therefore, a challenge
that silicon-based PEC electrodes must overcome is the corrosion of the oxide layer under
electrochemical conditions (pH and potentials).*® This corrosion behavior, however, can be used
advantageously in an alternative approach to hydrogen production through the self-oxidation of
the electrode material. The on-demand production of hydrogen without light, heat, or electricity
has been demonstrated through the spontaneous reaction of silicon with water.”# Silicon

oxidizes through the reaction with water, producing hydrogen (Hz2), Eq 1.
Si + 2H,0 - Si0, + 2H, AGyyn standara state = —376.37 k] mol= (1)
Si0, (s) + 2H,0 (1) « Si(OH), AGryn standard state = —7-93 k] mol™ (2)

H2 production through spontaneous Si oxidation suffers from a slow production rate. This

challenge has been overcome by engineering nano-Si materials. Erogbogdo et al.2 demonstrated
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that Si nanoparticles dispersed in aqueous alkaline (KOH) solution resulted in 1000x faster
hydrogen production rates compared to bulk Si. Recently, Ning et al.” fabricated silicon
nanowires through metal-assisted anodic etching on a Si wafer support (p-type, boron-doped),
allowing the large specific surface area to allow the increased production of Hz in deionized

water.

As shown in Eqg. 2, some of the SiO2 will dissolve as Si(OH)a, but the SiO2 that remains on the
surface will inhibit the contact of water to the Si and stop the reaction over time.” A resulting
native oxide layer forms that prevents activation; however, this native oxide can be disrupted
through corrosive reactions with hydroxyl ions (OH"). The alkaline corrosion of passivated Si
wafers has been demonstrated to undergo two reactions.® The initial step is oxide etching,
whereby the native silicon dioxide layer is removed through dissolution of silicon dioxide in
sodium hydroxide, Eq. 3. It has been demonstrated that the time for oxide etching increases as
the concentration of NaOH decreases.® Once the native oxide is removed, the second step is Si
etching, where the production of Hz occurs as Si reacts with NaOH and H-0, following Eq. 4.°
The etching rate of Si was observed to increase as the NaOH concentration decreased, reaching a
maximum at 3% NaOH. Huang and Tao attribute the etching rate dependence on the balance

between NaOH and H20 as both are reactants during the Si etching step.®
Si0, + 2 0H™ & Si0%™ + H,0 3)
Si+20H™ + H,0 & Si0% + 2H, (4)

The etching of silicon has been demonstrated to be dependent on dopants,© the silicon
orientation,!! etchants,®?13 and additives.'>** The vast majority of this earlier literature has

focused on silicon etching for the application of micro-fabrication. Therefore, most studies have
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evaluated the corrosion of silicon through topological studies or weight loss measurements. More
recently, the application of using silicon to produce hydrogen was demonstrated in 2 wt%
NaOH,*® and 1:8 molar ratio of Si/KOH.2 As the application shifts to implement the self-
oxidizing reaction of silicon for hydrogen production, the measurement of hydrogen is essential.
Further, since different etchants, such as sodium hydroxide (NaOH) and potassium hydroxide
(KOH), have been implemented to disrupt the native silicon oxide layer and enable subsequent
hydrogen production, the role of the alkali cation is important to understand. Seidel et al.**
studied the corrosion of silicon in alkaline solutions (LiOH, NaOH, and KOH) and suggested
that the role of the cations was negligible. However, more recently, Lai et al.'? studied the
corrosion of porous silicon and demonstrated that the corrosion time in KOH was shorter than
that in NaOH. However, neither of these two studies evaluated hydrogen production during the
corrosion experiments. To the best of our knowledge, a study that evaluates both the role of the
electrolyte composition and the measurement of hydrogen production during the activation of Si

has not been performed.

Even though this approach to Hz production from Si ultimately consumes the Si electrode, the
reaction system may also enhance H2 production efficiency without additional energy input,
particularly when coupled with other low-cost electrocatalyst materials, where the benefits of H2
production may outweigh the cost of Si replacement. Fe- and Ni-based oxides are among the
most studied electrochemical catalysts due to their high electrocatalytic activity and lower cost,
compared to highly active noble metals.'®%” Herein, we developed an electrocatalyst composed
of abundant materials Si, Fe, Ni to produce hydrogen. A simple two-sided electrode was used,
where one side was composed of a FexNio0-xOy film and another side was composed of Si. The

FexNi10-xOy was implemented as the electrocatalyst, while the Si was used as a substrate and as
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a method to enhance hydrogen production. The activation of the silicon towards the production
of hydrogen was evaluated in LiOH, NaOH, and KOH electrolytes. The chemical activation and
electrochemical activation of silicon were demonstrated to occur only in NaOH and KOH. This
is, to the best of our knowledge, the first demonstration of a system that joins an electrocatalyst

and a self-oxidizer to improve hydrogen production.

3.2 Experimental Section

3.2.1 Materials

Gold-coated p-type silicon wafers with a titanium adhesion layer (100 nm Au, 5 nm Ti) were
purchased from Platypus Technologies. High purity lithium hydroxide monohydrate (99.95%,
LiOH - H20), sodium hydroxide (99.99%, NaOH), and potassium hydroxide (99.99%, KOH)
were purchased from Sigma-Aldrich. Ultrapure water (18.2 MQ-H20) from a Milli-Q system

was used.

3.2.2 Electrochemical Evaluation

All electrochemical experiments were performed in a custom gas-tight H-cell made by Adams
and Chittenden Scientific Glass Coop. To ensure all ports and connections were gas-tight, Dow
Corning high vacuum grease was used. A three-electrode cell configuration was used (Fig S3.1).
The counter electrode (CE) was a graphite rod, Ag/AgClI (3 M NaCl) was the reference
electrode, and for the working electrode (WE), the electrode was interchanged. The H-cell was
separated using a Celgard 3401 (25 uM thickness) membrane. The FexNiioo-xOy films were
electrochemically deposited onto Au/Si wafers following the procedure outlined in our previous
work.!® The electrodes were electrodeposited at -1.5 V vs. Ag/AgCl in a plating bath composed
of boric acid with different ratios of iron and nickel sulfate salts for a total of 30 s. The electrodes

used in all electrochemical experiments had 1 cm? exposed on each side to the electrolyte. The
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linear sweep voltammetry (LVS) was performed in the potential window of 0.2 V t0 -0.6 V vs.
RHE at 10 mV s scan rate. Furthermore, chronopotentiometry (CP) experiments were
performed by applying a cathodic current of -10 mA. The CP were performed in 10 min intervals
with a total of 1 h.Open circuit potential (OCP) experiments were performed in the same gas
tight H-cell allowing to monitor the voltage without the energy input. The OCP experiment was
performed for a total of 5 h. The electrolyte solution was mixed every 10 min for the initial 1 h
and every 20 min past the 1 h prior to taking samples from the headspace. The concentration of

the LiOH, NaOH, and KOH were 0.1M for all the experiments performed.

3.2.3 Hydrogen Quantification

All Hz gas quantification experiments were performed using an H-cell connected to a 490 Micro
GC system (Agilent Technologies, Inc., United States) equipped with a thermal conductivity
detector (TCD). The pump injection mode was used to collect samples every 10 min from the
headspace of the cathode. Ar was used as the carrier gas, the injector temperature and column
temperature were set to 75 °C, and the injection time was set to 100 ms. The electrode was
vigorously mixed at 1500 rpm prior to each measurement to ensure all gas bubbles are forced to

the head space.

3.2.4 Characterization

X-ray photoelectron spectroscopy (XPS) was performed in a VersaProbe 5000 station from
Physical Electronics equipped with a monochromated Al Ko X-ray source. All XPS spectra were
calibrated by the C 1s peak (284.4 eV). Survey scans were performed from 0 eV to 1400 eV with
step of 0.5 eV to identify the surface composition. Detailed scans were further taken at 0.1 eV

step size for the Si 2p region from 94 eV to 114 eV.
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3.3 Results and Discussion

3.3.1 Electrochemical Characterization

An initial evaluation of the HER electrochemical activity of the FexNi100-xOy/Si was performed.
Bimetallic films with a composition of Fe20Niso/Si and FesoNi20/Si were evaluated by linear
sweep voltammetry (LSV) in LIOH, NaOH, and KOH alkaline solutions, all with a concentration
of 0.1 M. Additionally, Au/Si wafers were also evaluated as a control. The LSV results are
shown in Fig. 3.1. The LSVs were collected from 0.2 V to -0.6 V vs. RHE. The geometric area in
contact with the electrolyte was 1 cm? and was used as the geometric surface area to normalize
the current measured during the LSVs. The LSV results demonstrate that the FesoNi2o/Si film is
more active, resulting in a larger produced current density. The potential required to reach a
current density of -10 mA cm is 30 mV lower when FegoNi2o/Si was the electrode, compared to
Fe20Niso/Si. These results were expected as our previous study demonstrated that when FexNizoo-
xOy films are normalized by the geometric surface area, the HER activity of FesoNizo is higher
than that of Fe2oNiso in @ NaOH alkaline solution. Interestingly, when evaluating the influence of
the electrolyte solution (i.e., LIOH, NaOH, and KOH), the LSV results show no significant
difference in HER current density. The peaks observed for the FesoNizo composition in Fig. 3.1b
result from iron reduction and result in slight variations in peak current as a function of

electrolyte composition.
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Fig. 3.1. Linear sweep voltammograms (LSVs) of the three electrodes evaluated (i.e., Au/Si,
Fe20Niso/Si, and FesoNi2o/Si) in three different electrolyte solutions (i.e., LiOH, NaOH, and
KOH) of 0.1 M concentration for (a) the underpotential and Faradaic HER voltage regions and
(b) the underpotential HER voltage region.

The activation and self-oxidizing reaction at the Si side was then evaluated. The Au/Si substrates
used to produce the FexNiio0-xOy/Si electrodes were immersed in the different electrolytes (i.e.,
LiOH, NaOH, KOH) in an H-cell, and H2 gas production was recorded for five hours.
Simultaneously, the open circuit potential (OCP) was monitored to study the free corrosion
potential and evaluate the surface oxide stability as a function of electrolyte composition. The

OCP experiments also allow monitoring of the timescale for corrosion initiation and thus

activation of Si.

The stability and corrosion of silicon have been previously studied by monitoring the free
corrosion potential, which provides a diagnostic for the stability of the surface oxides and allows
corrosion monitoring over time. Electrochemical methods such as OCP monitoring are
alternative methods to the most common weight loss measurements used in silicon corrosion
studies. Large potential variations indicate the instability of surface oxide, demonstrating the

active corrosion which drives the OCP to low values. OCP monitoring has been demonstrated to
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be an advantageous method to monitor the corrosion of Si in neutral media (0.01 M PBS) and
confined geometries simulating physiological conditions and studying crevice corrosion.'® The
OCPs in confined areas were more negative and had larger changes through time which allowed
a demonstration of their higher corrosion rates compared to bulk conditions.*® OCP monitoring
was implemented by Lai et al.'3 studying the corrosion of macroporous silicon in NaOH
solutions. The corrosion of Si was evaluated in 0.1, 0.2, 0.5, and 1.0 M NaOH solutions. The
initial OCP in 0.1 M and 0.2 M were , around -1.12 V vs. Ag/AgCI. However, during the course
of the 800 s of monitoring the OCP, a large change was observed only in 0.2 M NaOH. The large
change occurred in 0.2 M as the OCP went from -1.12 V vs. Ag/AgCl to -1.36 V vs. Ag/AgCI.
The large shift of OCP to lower potentials was attributed to the dissolution of the silicon dioxide
layer.t? Such change was not evident at a lower concentration of 0.1 M within 800 s. In the case
of the higher concentrations at 0.5 M and 1.0 M, the initial potentials were -1.16 and -1.32 V vs.
Ag/AgCl, respectively. A sudden shift to a lower potential of -1.44 vs. Ag/AgCl occurred in the
initial 50 s, under both concentrations. Overall, the results demonstrate that the increase in NaOH

concentration causes the potential to shift negatively due to the increased corrosion of silicon.*3

In the present study, the OCP results for a set of Au/Si wafters in the different electrolytes (i.e.,
LiOH, NaOH, and KOH) are shown in Fig. 3.2a. The high anodic potential observed at the initial
OCP in all electrolytes demonstrated the presence of stable Si-oxide species. The initial OCPs of
LiOH, NaOH, and KOH were: 0.80 V, 0.75 V, and 0.67 V vs. RHE, respectively. The initial
OCPs follow in the order LiOH < NaOH < KOH, going to higher negative potentials as the
strength of the base increases. During the 5 h measurement time, LiOH showed no significant
shifts in OCP. On the other hand, when the electrolyte was NaOH or KOH, large shifts in the

OCP were observed. The large change in OCP occurs at around 120 min in NaOH and
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approximately 80 min in KOH. Therefore, the time it takes for the silicon oxide to be corroded
increases KOH < NaOH < LiOH and can be attributed to the decrease in the size of the alkali
metal cation. The large difference in potential is attributed to the etching of the silicon oxide

layer, and this change can be used to identify how fast the silicon oxide layer is etched.

At the same time, the change in OCP can provide a non-quantitative method to evaluate the
extent of silicon dioxide and silicon corrosion. The differences in potential between the initial
OCP and the final OCP over 5 h are -0.15 V, -0.91 V, and -0.36 V for the LiOH, NaOH, and
KOH solutions, respectively. A large potential variation indicates higher active corrosion, which
drives the OCP to lower negative voltage. The potential after 5 hours stabilized around 0.65 V
for LiOH, -0.16 V for NaOH, and 0.31 V for KOH all vs. RHE. Interestingly, the OCP
monitoring also showed that after 5 h, the voltage stabilized at a lower potential in NaOH

compared to KOH. Therefore, these results suggest that the corrosion increased following LiOH

< KOH < NaOH.
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Fig. 3.2. a) Free corrosion potential evaluation of Au/Si in 0.1M LiOH, NaOH, and KOH. b) Hz
quantification during OCP measurements.
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3.3.2 Hydrogen Quantification

To evaluate the activation of the self-oxidizing reaction, Hz production was also measured. Hz
quantification was performed simultaneously with the OCP experiments, and results are shown
in Fig. 3.2b. Digital images collected throughout the experiment are shown in Fig. S3.2-S3.4 and

visually demonstrate that the bubbles observed on the Si substrate are H2 bubbles.

The H2 production results monitored by the GC measurements (Fig. 3.2b) agree with the visual
observations (Fig. S3.2-S3.4). In NaOH electrolyte, H2 was initially detected at 100 min and
visually observed at 120 min (Fig. S3.2). When tested in KOH, the H2 was produced earlier as
the initial H2 was detected at 80 min and visually observed at 100 min (Fig. S3.3). No H2 was
detected for the experiments performed in LiIOH. The H2 measurement results agree with the
OCP monitoring results and can be used in conjunction to have a clear understanding and
distinguish between the different stages of silicon corrosion through time and compare the
electrolytes (LiOH, NaOH, and KOH). The large shift in OCP and the start of production of H2
demonstrate the transition of the silicon etching step. The silicon corrosion transitions from

silicon oxide etching (Eg. 3) to silicon etching (Eq. 4).

As mentioned previously, the change in OCP and the final OCP value provide an idea of the
extent of corrosion; however, this approach does not provide a quantitative method to compare
the amount of silicon corroded. Nonetheless, the OCP results suggested that the extent of silicon
corrosion followed LiIOH < KOH < NaOH. Indirectly, the quantification of H2 can be used as a
method to determine the silicon etching. The total hydrogen produced after 300 min was 172
pmol, 11 pmol, and 0 pmol when NaOH, KOH, and LiOH were the electrolyte. The H2
quantification results show that the largest amount of H2 was detected when NaOH was the

electrolyte, followed by KOH, whereas no Hz was detected when LiOH was the electrolyte.
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Unexpectedly, the extent of corrosion and silicon activation to produce hydrogen does not

increase as the strength of the base increases.

The only study that has previously been able to demonstrate the transition between the silicon
oxide etching and silicon etching steps was performed in different NaOH concentrations.® The
silicon dioxide etching time was found to decrease as the concentration of NaOH increases.
Huang and Tao attributed the decrease in time to be due to the concentration of NaOH.° A
comparison between different alkaline solutions (KOH and NaOH) at the same concentration
was performed by Lai et al.*2 Weight loss measurements were used to demonstrate that silicon
corroded faster in KOH over NaOH solutions of the same concentration. Lai et al. attributed the
faster corrosion to be due to the base strength, in contrast to our results.'? Fulong et al. evaluated
the corrosion and micro-protuberances through atomic force microscopy (AFM) and found little
difference in the surface shape of islands formed in KOH and NaOH solutions.** Therefore,
Fulong et al. concluded that K* and Na* cations do not affect the etching rate and shapes of
micro-island formations.** Seidel et al. evaluated the corrosion of KOH, NaOH, and LiOH in
10% - 60%, 24%, and 10 wt% concentrations.'! Even though a comparison between the same
concentration was not made for all solutions, it was stated that no significant difference in
etching behavior could be found when comparing LiOH, NaOH, and KOH.!! The role of the
cations K*, Na*, and Li* was neglected from their analysis. However, Seidel et al. states that
cations may influence the potential distribution within the inner Helmholtz layer and associates

this effect to be dependent on the size and specific solvation of the cation.!?

Overall, the results show that silicon dioxide etching and silicon etching are dependent on the
base composition. The results show that the time it took to etch the silicon dioxide layer

decreased as the strength of the base increased (LIOH < NaOH < KOH). However, the overall
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extent of corrosion of silicon increased following LiIOH < KOH < NaOH. This result
demonstrates that the electrolyte composition, and specifically the alkali cation type, influences
the stability of the surface Si-oxide species and causes varying degrees of active corrosion of the
Au/Si electrodes. The free corrosion potential evaluation complemented with the H2
quantification results demonstrated that the silicon dioxide etching is required to allow the

silicon etching/self-oxidation to proceed.

3.3.3 Si Surface Speciation After Open Circuit Voltage

The surfaces of the Si side of the electrodes were then evaluated using x-ray photoelectron
spectroscopy (XPS). Au/Si wafers exposed to the alkaline solutions for 5 hours during the free
corrosion experiments were compared to a pristine, as-received Au/Si wafer. The resulting Si 2p
spectra in Fig. 3.3 show two distinct peaks. The peak at 99.6 eV is attributed to Si° and the peak
at a higher binding energy of 103.6 eV is attributed to Si**.”2° The as-received Au/Si wafer
demonstrates the presence of a SiO2 chemical species on the surface. However, the Si**/Si° peak
ratio decreases when the electrodes are subjected to the alkaline solution for 5 hours. Further, the
Si**/Si° peak ratio aligns with the corrosion and H2 production results as a function of electrolyte
composition, where the ratio is the smallest for NaOH and increases from NaOH to KOH and
LiOH. The XPS results demonstrate the loss of the SiO2 on the surface through the corrosion in
the alkaline solutions, leading to the exposure of the Si°, thus causing activation of the Au/Si.
Similarly, Ning et al.” demonstrated the presence of the active Si° on the surface of unreacted
silicon nanowires after electrochemical etching in 9.8 M HF. At the same time, Ning et al.
showed the formation of the silicon dioxide Si** on the surface, which inhibited further reaction

of Si with water and stopped the hydrogen production.
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Fig. 3.3: XPS of the Si backside evaluated in LiOH, NaOH, and KOH of Au/Si after 5 h OCP
and compared to a pristine, as-received Au/Si wafer.

3.3.4 H2 Production Under Applied Current Conditions

To evaluate the application of the FexNi100-xOy/Si two-sided electrodes for Hz production,
chronopotentiometry (CP) was performed. The current was held at -10 mA at repeating intervals
of 10 min for a total of 1 h. Fig. S3.5 shows the voltage results from the CP. The CP results agree
with those initially obtained from the LSV. The CP results demonstrate once more that

FesoNi20/Si requires a lower voltage than Fe2oNiso/Si at -10 mA.

To further investigate the application of the two-sided electrodes, hydrogen production was
determined between the CP intervals. During the CP and hydrogen quantification experiments,
two sets of samples were tested. The first consisted of a FexNiio0-xOy electrocatalyst that was
electrodeposited onto an Au/Si wafer but had the Si side covered to prevent any contact of the Si
with the electrolyte. The other set of samples consisted of the two-sided electrode FexNioo-xOy/Si

where the Si side was allowed to be in contact with the electrolyte. The H2 measured for the
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Fe20Niso and FesoNi2o compositions with the Si covered are found in Fig. S3.6 and Fig. S3.7,
respectively. As the current density applied over time was held constant at -10 mA, the amount
of hydrogen production by the Fe2oNiso and FesoNizo compositions with the Si covered in the
different electrolytes are all close to 186 pmol. The amount of hydrogen produce matches the
theoretical hydrogen as shown in the FE results in Fig. 3.4 (open symbols). Therefore, the results
demonstrate that when the Si is covered, all of the charge is used in the production of hydrogen.
On the other hand, the H2 measured for the Fe20Niso/Si and FesoNi20/Si compositions with the Si
exposed are found in Fig. S3.8 and Fig. S3.9, respectively. It is essential to highlight that the
electrolyte solution was mixed vigorously to ensure all the H2 bubbles were removed from the
electrode and forced to the headspace before the H2 was measured to provide an accurate Hz
determination. Pictures of the cathode during the 10 min intervals were obtained. Images from
when FesoNi20/Si and Fe20Niso/Si compositions were evaluated in LiIOH, NaOH, and KOH are
shown in Fig. S3.10 and Fig. S3.11, which correspond to the experimental results presented in
Fig. S3.8 and S3.9 and the calculated Faradaic efficiency (FE) values in Fig. 3.4. The FE values
were calculated by estimating the theoretical H2 produced using the total charge passed assuming

100% Faradaic efficiency compared to the measured Ho.
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Fig. 3.4. Faradaic efficiency for HER evaluated in 0.1M LiOH, NaOH, and KOH electrolyte
solutions for a) FesoNizo/S and FesoNi2o b) Fe20Niso/Si and FezoNiso.

The FE values of FesoNi2o and FesoNi2o/Si are plotted in Fig. 3.4a and that of FezoNiso and
Fe20Niso/Si in Fig. 3.4b. When the Si side was prevented to be in contact with the alkaline
electrolyte solutions, both FesoNi20 and Fe2oNiso electrodes had a FE close to 100%. However,
when the two-sided FesoNi2o/Si and Fe2oNiso/Si were evaluated, a higher amount of Hz was
detected than the theoretically expected from the total charge passed. The FEs of all FesoNi2o/Si
experiments were above 100%. In the case of Fe2oNiso/Si, the FE was above 100% only when

NaOH and KOH were the electrolytes and only after 50 min.

When comparing the effect of the electrolyte composition, the FE remained relatively stable in
LiOH, for both electrodes. However, when the other electrolytes (i.e., NaOH and KOH) were
used, an increase in the FE was observed. Such increase occurs at 20 min for the FesoNi20/Si and
30 min when Fe20Niso/Si was the electrode. The rise in FE is attributed to the activation of the Si,
which allows the self-oxidizing reaction to occur and thus produce more Hz than expected. These
results agree with the previous hydrogen measurements during the free corrosion potential

evaluation. The OCP evaluation demonstrated that the Si is activated in KOH and NaOH but not
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under LiOH. Similarly, Si is activated in KOH and NaOH under a cathodic current, resulting in
significant differences in FE and ultimately FE values above 100%. The total hydrogen produced
by FesoNi2o/Si in KOH and NaOH was 248 umol and 252 umol, respectively, after 1 h as shown
in Fig S3.9. The total hydrogen produced by Fe20Nigo/Si in KOH and NaOH was 204 umol and
202 umol, respectively. In both electrodes, the amount of hydrogen produced was similar
between KOH and NaOH. These results are different to those observed when the Si activity was
evaluated at OCP in KOH and NaOH, as more hydrogen was produced by NaOH compared to

KOH. This can be attributed to a difference in the mechanism of activation.

The activation of the Si occurred within 1 hour when a cathodic current was applied. The time
when the Si is activated can be estimated to be between the points where a large difference in FE
is observed. In the case of FesoNi2o/Si this can be attributed to occur between the 10 and 20 min
whereas in the case of Fe2oNiso/Si between 20 and 30 min. The visual evaluation of the Si agrees
with this conclusion, as shown in Fig. S3.10 and S3.11. A large increase in the number of visible
bubbles is noted between 10 min and 20 min on the Si side of the FesoNi20/Si electrode evaluated
in NaOH and KOH, Fig. S3.10. However, when the electrode was Fe20Niso/Si, the number of
visible bubbles significantly increased between 20 min and 30 min, Fig. S3.11. During the OCP
evaluation, it was demonstrated that the Si was activated after around 80-100 min. Thus, these
results show that the application of a reductive current accelerates the removal of the oxide layer,
allowing Si to be activated faster. During OCP the activation of silicon is controlled by the
etching of the silicon dioxide through the chemical reaction. However, under a reductive current,
the dominant etching mechanism becomes the electrochemical reduction mechanism. The
electrochemical etching mechanism can be demonstrated by the low FE observed during early

times in Fig. 3.4b. The low FE in Fe2oNiso/Si demonstrates that the total charge applied is used in
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an electrochemical reduction reaction other than the HER (i.e., reduction of silicon dioxide). This
method has been proposed for the application of high-purity silicon for silicon semiconductors,?

as well as to prepare water-reactive silicon for the application of producing hydrogen.??

3.3.5 Si Surface Speciation after Chronoamperometry

The electrodes were evaluated using XPS after the CP experiments to evaluate if the Si was
activated. The XPS results of the Si 2p spectra are shown in Fig. 3.5. As mentioned previously,
the peak at lower binding energies (~99 eV) is attributed to Si° and the peak at higher binding
energies (~103 eV) to Si**.” The XPS spectra of the FesoNi20/Si and Fe20Niso/Si tested for 1 hour
in NaOH and KOH demonstrate that the Si backside is mainly composed of Si®. On the other
hand, when the electrodes were evaluated in LiOH, SiO2 remained on the surface, as
demonstrated by the Si** peak. The XPS results support the hydrogen quantification results as
they show that the Si was activated in KOH and NaOH but not in the case of LiOH. The
application of the FexNi100-xOy/Si takes advantage of the alkaline electrolyte and the reductive

current to allow the activation of Si and prevent the self-limiting oxidation reaction.
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Fig. 3.5: XPS of the Si backside evaluated in LiOH, NaOH, and KOH of a) FesoNi2o/Si and b)
Fe20Niso/Si post 1 h of potential hold at @-10 mA.

The comparison of the different two-sided electrodes tested shows that the design of the two-
sided electrode can be tuned to improve the overall hydrogen production as well as the cell
potential. When comparing the FesoNi2o/Si and Fe2o0Niso/Si under the 1 h CP experiments, a
maximum of 140% FE was obtained by FesoNi2o/Si. At the same time, the cathode potential for
FesoNi20/Si was around 50 mV lower than that of the Fe20Niso/Si during the CP experiments.
These results demonstrate the advantage of combining an electrochemical catalyst with a self-

oxidizing material.

3.4 Conclusions

Herein, we demonstrate that two-sided electrodes composed of FexNio0-xOy/Si can be used to
produce H2. The electrocatalytic activity of FexNiioo0-xOy films were implemented to allow the
HER to proceed on one side of the electrode. At the same time, the activation of Si was achieved

under the reductive electrochemical and the alkaline conditions, allowing the self-oxidizing
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reaction of Si to produce Hz. The simple design of a planar FexNii00-xOy electrodeposited on a Si
wafer allowed a FesoNi20/Si electrode that was held at -10 mA for 1 h to obtain faradaic
efficiencies up to 140%. This work provides the design of a simple two-sided electrode

composed of abundant materials such as Si, Fe, and Ni to allow the production of Ho.
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4, Chapter 4. Hydrogen evolution reaction (HER) under buffered neutral conditions:
Evaluation of FexNi100-xOy electrodes in sodium phosphate electrolyte

Authors: Sergio . Perez Bakovic, Prashant Acharya, and Lauren F. Greenlee

Abstract

FexNi100-xOy films were evaluated as electrocatalysts for the hydrogen evolution reaction (HER)
in neutral buffered conditions. The electrochemical activity was compared through linear sweep
voltammetry (LSV) and chronoamperometry (CA) experiments performed in sodium phosphate
electrolyte at neutral pH. The electrochemical experiments were corroborated by the
quantification of hydrogen produced determined through gas chromatography (GC).
Additionally, a comparison of the surface chemistry of the electrocatalyst films was performed
through x-ray photoelectron spectroscopy (XPS). The electrochemical activity of the
electrocatalyst films followed the trend of FesoNizo > FeiooNio > FesoNiso > Fe20Niso > FeoNi1oo
for the FexNi100-xOy compositional suite of films. The hydrogen produced by FesoNi2o was three
times the total amount produced by FeoNiio0 when the electrodes were held at -0.7 V vs. RHE.
However, a loss of 11% of the FE accompanied the higher electrochemical activity of the
FesoNizo electrode. Post-electrochemistry surface chemistry analysis demonstrated that there is a
direct interaction of the electrolyte components (i.e., phosphate (PO4%) and sodium (Na*)) with
the high iron content electrodes. At the same time, a change in the chemical state of iron
demonstrates the reduction of the electrode during the electrochemical experiment. The hydrogen
quantification and surface characterization demonstrate the presence of additional side reactions
that lead to losses in FE and add evidence of the direct interaction of the electrode with the
electrolyte components. Electrolyte-electrode interactions, including deposition of both cation

and anion species, appear to be dependent on the composition of the FexNio0-xOy electrode.
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4.1 Introduction

The conversion and storage of renewable energy sources is considered essential to establish a
sustainable economy. Electrocatalytic reduction reactions of water,* carbon dioxide (CO2),? and
nitrogen (N2)° have attracted attention as sustainable methods to create alternative fuels and
chemicals of added value, including hydrogen, methane, and ammonia. In the past years, a
significant amount of work has been focused on the innovation and development of catalysts,
concentrating on enhancing the rate, selectivity, and efficiency of production of the desired
compound.*®

The hydrogen evolution reaction (HER) is the half redox reaction that occurs during water
electrolysis at the cathode where hydrogen (Hz) gas is produced. Hz is an attractive energy carrier
due to its high gravimetric energy density (143 MJ kg?).” Historically, HER studies have been
performed in acidic or alkali electrolytes; however, few studies have been performed in neutral
electrolyte conditions.®® Interest in neutral pH conditions has attracted attention as the milder
conditions provide safety advantages,'© prevent the corrosion of materials,** and potentially
allow the use of seawater overall,® reducing the cost of H2 production.'? A recent review
published in 2020 by Zhou et al. summarizes the recent advancements as well as current
understandings of HER in neutral electrolyte reaction mechanism.*3

The mechanism of the HER under neutral conditions is still under debate. However, HER in
neutral conditions is more complicated than traditional acid or alkaline conditions as it is
believed that both H20 molecules and dissociated H3O* ions participate.'® Therefore, the HER in
neutral electrolytes is considered to follow a two-step reduction process.**1” At low cathodic

overpotential, H3O* ions are the dominant reactant. As the overpotential increases and the
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consumption of H3zO™ at the surface occurs, the HER reaction becomes diffusion controlled. The
switch between H3O* and H20 as the main HER reactant occurs at even higher overpotentials.
As the H3O* and OH" ions are the direct reactants of water electrolysis, the buffering capacity of
the electrolyte is essential to maintain the local pH. The most commonly used buffers are
phosphate, borate, and (bi)carbonate buffer solutions.**°> Katsounaros et al.1” demonstrated that
a phosphate buffer concentration of 102 M is required to prevent changes of pH at the surface for
current densities up to 1 mA cm-2. Later, Shinagawa et al.® studied the effect of sodium
phosphate (NaH2POa) concentrations in the range of 0.2 to 4.2 M at a pH of 5. Shinagawa et al.
found that the HER activity in phosphate buffer reaches a maximum at 1.8 M.*® The microkinetic
models show that that the overall HER overpotential is primarily controlled by the concentration-
based contribution to the overpotential, contributing more than 50% of the required overpotential
at -10 mA c¢m2 under neutral buffer conditions tested.'® As mentioned by Shinagawa and
Takanabe, two possibilities for the electrochemical HER improvement in phosphate buffered
conditions are 1) the close proximity of the phosphate ions to the electrode surface or 2) direct
decomposition of the phosphate anion on the surface, which allows phosphate molecules to act
as proton sources.*® The identity of the electrolyte anion and cation of buffer solutions has also
been critical to improving the HER and suppressing the oxygen reduction reaction (ORR).*
These results show that through the engineering of the electrolyte, the HER can be improved and
that the roles of the electrolyte anion and cation in controlling the HER are important to
understand.

More recently, studies have implicated cations and anions in roles ranging from mediating
nitrogen reduction®®2° to acting as a source of protons?! for reduction reactions. Cations have

been shown to enhance or suppress electrochemical reduction reactions, depending on their
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interaction with the electrode and the reduction reaction reactants. Modifying the electrolyte
composition has been used to achieve electroreduction of CO2%%% and N2'%%° and prevent the
HER reaction. An extensive amount of literature comes from the CO: electroreduction research
community, as it has been demonstrated that cations and anions affect the electrochemical
reactions of C0O2.21:2¢ Cations have also been shown to influence the selectivity towards different
products.?42627 By performing experiments at low voltages to minimize the influence of
electrolyte polarization, Resasco et al.?® were able to experimentally demonstrate that the alkali
metal cation size affects the intrinsic rate of formation of the different CO2 reduction products.
An increase in the total current density was observed as the cation size increased. Resasco et al.
suggest that such a trend is due to the cation concentration as density functional theory (DFT)
calculations showed that larger hydrated cations are more energetically favored to be at the outer
Helmholtz plane compared to smaller hydrated cations, thus suggesting that the concentration of
cations at the outer Helmholtz plane should increase as the cation size increases. At the same
time, with the help of DFT and the partial current densities for the different products, the
influence of the cations on the extent of formation of the different products was attributed to the
electrostatic interaction between the solvated cations located at the outer Helmholtz plane and
the adsorbed species and intermediates. This work demonstrates that cations can indirectly
influence the electrochemical reactions occurring at the catalytic surface. Overall, the work of
Lazouski et al.1>% and Resasco et al.?!?6 suggests that through the correct experimental
conditions, alkali metal cations may be exploited to influence reduction reactions in

electrocatalysis.

On the other hand, the anion identity and concentration have also been shown to influence

electrochemical reduction reactions. Following their previous cation work, Resasco et al.?* then
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studied the effects of the type of anion and anion concentration on the electrochemical reduction
of CO2. The electrochemical production of CO, HCOO-, C2Has, and CH3CH20H are not affected
by the anion identity and concentration. In contrast, the electrochemical production of H2 and
CHa are strongly influenced by the anion identity and concentration. Resasco et al.?* attribute the
effect of the anion to the rate-limiting step of each product. This study allowed Resasco et al.?* to
propose that buffering anions such as phosphate, borate, and bicarbonate may act as a source of
hydrogen in addition to the water solvent. Resasco et al. demonstrated the effects of cations and
anions on the different CO2 reduction reaction (CO2RR) products and HER on Cu.?*%6 The
location of the cations was suggested to be in the outer Helmholtz plane, leading to changes in
the total current densities and affecting the partial current of different products. However, an
investigation to be able to support or refute the possible chemical interaction between the
electrode and the electrolyte components was not performed, leaving a gap in the understanding
as to how cations and anions play a role in the electrocatalyst interface, beyond size-based

accumulation in the electrical double layer.

Interestingly, the chemical deposition of cations onto electrodes has been identified as a
challenge for seawater electrolysis as cations present in seawater (i.e., Na*, Ca?*, and Mg?*) may
deposit under reductive potentials.? The deposition of cations poses a problem for hydrogen
production as the active catalyst sites are blocked, leading to the loss in the catalytic active
surface area and even, eventually, catalyst deactivation.®315 The electrodeposition of seawater
components was visually noted by Lu et al. on a synthesized Mn-NiO-Ni/Ni-F (nickel foam)
electrocatalyst, where a white deposit was obtained after 14 h of chronoamperometry at -0.14 V
vs. RHE.8 The chemical composition of the electrode surface post seawater electrolysis was

analyzed through x-ray photoelectron spectroscopy (XPS). XPS analysis confirmed that the
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white deposit consisted of Na, Ca, and Mg species. A second and third chronoamperometry test
were performed sequentially on the same electrode, and the current decreased each time, thus
demonstrating the loss of activity. In addition, the Faradaic efficiency of H2 decreased from
100% at 1 h to 70% after 7 h. This result demonstrates that 30% of the total charge was attributed
to other side reactions other than the production of H: at the cathode after cation deposition. The
deposit was shown to be removed by immersing the electrode in dilute acid (0.5 M HCI), as
demonstrated through XPS. A comparison of the Ni 2p spectra of the electrode post-
electrocatalysis and after acid cleaning was performed by Lu et al.,® from which no significant
differences were identified. However, the lack of comparison with the Ni 2p XPS spectra prior to
electrochemistry, evaluation of the chemical state of Mn, the other main component of the
electrode, and determination of the chemical state of the deposited layer composed of Na, Ca,
and Mg leave open questions as to how the cathodes interact with the electrolyte species and how

the surface chemistry of the electrode is or is not altered.

Apart from the study on seawater by Lu et al., we find few studies in the electroreduction
catalysis literature that have identified cations deposited on the electrode post-electrochemistry;
studies to investigate whether and how cations incorporate chemically into or onto the electrode
surface, including whether there is an influence of electrocatalyst composition, have not been
widely performed.?82° As noted in prior literature, the compositional properties of the electrode
are factors to consider when evaluating the effect of cations and anions, but the focus of most
research has been to make correlations between metal composition and reduction reaction

activity/selectivity.

The electrolyte (i.e., solvent, cation, anion) and the electrode define the liquid/solid interface and

both must be considered when studying the catalytic properties.° Prior research shows that the
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availability of proton sources from buffer electrolytes (i.e., phosphate) at the surface determines
the HER current. In this study, we focus on sodium phosphate as the buffer electrolyte in neutral
pH conditions, and we demonstrate a compositional dependence of the FexNi100-xOy
electrocatalyst on electrolyte species chemical deposition during electrocatalytic HER studies.
To the best of our knowledge, no experimental evidence of the direct interaction on the surface
has been demonstrated previously, and as such, our study provides some of the first definitive
chemical evidence for the chemisorption of electrolyte species on transition metal oxides during
electroreduction. Here, we show through a post-electrochemistry surface chemistry analysis,
evidence of direct interaction of the electrolyte component (i.e., phosphate (PO4+%*)) and sodium
(Na*)) with the electrocatalyst surface. At the same time, the HER electrochemical activity and
production were evaluated. High nickel electrodes achieved the highest FE. However, the
hydrogen production was increased three times with only a loss of 11% in FE when FesoNi2o was

used.

4.2 Experimental Section

4.2.1 Chemicals

Iron(11) sulfate heptahydrate (FeSOa4+7H20) (>99.0%), nickel(II) sulfate hexahydrate (NiSO4
+6H20) (299.99%), boric acid (H3sBO3) (>99.5%), sodium phosphate dibasic heptahydrate
(NazHPO4+ 7H20) (>98.0%), and sodium phosphate monobasic monohydrate (NaH2PO4+H20)
(>99.0%) all were purchased from Sigma-Aldrich. Ultrapure water (18.2 MQ-cm) was obtained
from a Milli-Q system. Substrate gold-coated silicon wafers (100 nm gold, 5 nm titanium) were

purchased from Platypus Technologies.
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4.2.2 Synthesis

Films of different FexNiio-x compositions were synthesized through electrochemical deposition.
The composition of the films was controlled by modifying the ratio of Fe and Ni of the
deposition bath of a total metal content of 0.1M. The electrodeposition was performed in a single
compartment cell where the counter electrode was a graphite rod and the reference electrode was
Ag/AgCI (3 M NaCl). The deposition was performed by holding the potential at -1.5 V vs.
Ag/AgCI (3 M NaCl) for 30 seconds. The FexNioo-x films were deposited onto a silicon wafer
coated with gold. Additional information about the synthesis method can be found on our

previous work3! as the same procedure was followed.

4.2.3 Electrochemical Measurements

The as-synthesized FexNioo-x films were assessed by XPS to determine the chemical
composition prior to electrocatalysis experiments. Films were consequently used as
electrocatalysts. The electrochemical experiment was performed in a three-electrode
electrochemical cell, where the FexNioo-x films were used as the working electrodes, a graphite
rod as the counter electrode, and Ag/AgCl (3M NaCl) as the reference electrode. An H-cell was
used, and a Celgard 3401 membrane was used as a separator. Through the implementation of a
chronoamperometry (CA) the potential at the working electrode was set to (-0.7 vs. RHE) for a
total time of 1h. Prior to the CA, the electrolyte was de-aerated by bubbling argon (Ar) gas into
the electrolyte for 30 min. During the CA, Ar gas was bubbled into the electrolyte, and the
electrolyte was agitated at 400 rpm. As mentioned previously, the electrochemical experiments
were performed in 0.1 M phosphate-buffered solution with a pH of 7.2. It is important to specify
that the electrolyte was prepared by mixing 0.1 M sodium phosphate dibasic heptahydrate

(Na2HPO4+ 7H20) and 0.1 M sodium phosphate monobasic monohydrate (NaH2PO4+ H20) thus
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allowing the pH to be set at 7.2 without the addition of additional acid or base but leading to a

higher concentration of Na around 0.17 M.

4.2.4 H2 Determination

A gas tight H-cell was used during the electrochemical experiments. All the cell connections
were sealed using Dow Corning high vacuum grease to ensure the cell was gas tight. At the same
time prior to the electrochemical experiment the cell was purged with argon gas. The H2 was
directly collected using the automated pump of the 490 Micro GC system (Agilent Technologies,
Inc., United states) detected with a thermal conductivity detector (TCD). The carrier gas used
was Ar, the injector temperature and the column were both set to 75 °C. Prior to measuring the
hydrogen, the electrolyte solution was mixed vigorously at the maximum speed of the magnetic
stirrer plate of 1500 rpm to ensure the hydrogen is forced to the head space. The hydrogen was

measured from both the cathode and anode side.

4.3 Results and Discussion

4.3.1 Electrochemical Characterization

The HER performance of FexNii0-xOy films was tested in 0.1 M neutral buffered conditions of
sodium phosphate electrolyte set at a pH of 7.2. The FexNiw0-xOy films were electrochemically
deposited onto Au/Si substrates using the same procedure implemented in our previous work.3!
After the electrodes were electrodeposited, the Si substrate was covered to prevent contact with
the electrolyte solution (Fig. S4.1). Chronoamperometry (CA) was performed at -0.7 V vs. RHE
for 1 h in a sodium phosphate buffer solution (pH 7.2) using an H-cell. The measured current

was normalized by the geometric surface area of 1 cm? for all samples, as shown in Fig. 4.1a.

Among the different compositions tested, the catalytic activity decreases following FesoNizo >

Fe1ooNio > FesoNiso > Fe2oNiso > FeoNioo. The measured current for FesoNiso, Fe2oNiso, and
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FeoNizoo compositions showed a slight decrease over 1 h in neutral electrolyte. The increase in
overpotential, which would cause a decrease in measured current, has been demonstrated in
alkaline electrolyte for Ni, where the formation of a hydride layer under cathodic polarization is
formed.? The deposition of Fe has been used to minimize the deactivation of Ni by preventing
the formation of nickel hydride in alkaline solutions.3® On the other hand, FesoNi2o and FeiooNio
electrodes resulted in an increase of current of around 2 mA ¢cm2, demonstrating a possible
increase of the electrochemical activity. However, the increase in current might also be attributed

to other Faradaic processes occurring at the electrode surface.

A comparison between Fe and Ni electrodes in neutral electrolyte conditions is not found in the
literature to the best of our knowledge. This could be attributed to the instability of transition
metals in neutral conditions. Fe-based electrodes are unstable at pH 7.2 after no cathodic
potential is applied, as observed from the loss of the post-CA electrodes in Fig. S4.1. For
analysis, the electrodes had to be quickly removed from the electrolyte post-CA to prevent all the
high iron content electrodes from being dissolved in the electrolyte. However, if the electrodes
are kept under cathodic potential, electrode stability is maintained. Most neutral electrolyte
catalytic studies have been centered on the development of transition-metal phosphides, sulfides,
nitrides, and borides.'? In the study by Zhan et al.,® the authors demonstrated that the doping of
Fe to form (FexNi1-x)2P improves the HER activity in neutral buffered conditions. Single-
crystalline (FexNii-x)2P nanosheets were tested in acidic, neutral buffered, and alkaline media.
The (Feo.048Nio.952)2P was demonstrated to be the most active electrocatalyst in alkaline and
neutral buffered 1 M phosphate buffer saline (PBS), outperforming Ni2P.° Unlike in our case,
where the composition of Fe went from 0 % to 100%, the range of Fe compositions studied by

Zhang et al.® were between 2.8% to 7.7%. Nonetheless, the doping of Fe was proposed to allow
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more charge accumulation around the P active sites, thus enhancing the electron transfer between

P and H atoms.

In contrast, the electrochemical activity of the electrodes shown in Fig. 4.1a is different from
those obtained when the same electrodes were evaluated in NaOH in our previous study.®! In an
alkaline solution, the electrochemical activity followed FesoNi2o ~ FeoNiioo ~ FesoNiso > FeiooNio
> Fe20Niso when evaluated at -0.5 V vs. RHE and normalized by geometric surface area.3* The
difference in activity observed when the FexNiio0-xOy electrodes were evaluated in alkaline and
neutral buffer conditions could be due to the possibility of having both the buffer component

(i.e., phosphate ions) as well as H20 molecules as the reactants.

In addition to the CA evaluation, linear sweep voltammetry (LSV) was performed, and results
are shown in Fig. 4.1b. The LSVs were performed in the same sodium phosphate solution of pH
7.2, and the electrolyte was mixed at 400 rpm in an H-cell. As highlighted in the LSV results,
two different regions of electrode behavior can be distinguished. The first region can be
identified at lower current densities from 0 to around -3.5 mA c¢cm?, highlighted in blue. The
second region can be identified at higher currents starting around -5 mA cm2, highlighted in red.
The two-step reduction process, where the hydronium ion reduction is followed by the water
reduction as the reactant switches has been shown in neutral, unbuffered electrolytes.!314.17:34
The switching of reactants can be evident from the two reduction features observed.'3!417 The
first reduction step occurs at lower overpotentials where H3O" is considered to be the dominant
reactant. As the current density increases, the concentration of HsO* can no longer sustain the
higher reduction rate, and the reduction current reaches a plateau. The second reduction current
has been observed to occur at -0.4 V vs. RHE when a Pt disk was evaluated in NazSO4

solution.!* The second reduction current is attributed to the reduction of water as a reactant.*
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The change of reactant occurs as the HzO* can no longer support the higher reaction rates and the

higher overpotentials allow H20 to become a reactant.

Similarly, in neutral buffered conditions, the transition of the reduction reactants has been
proposed. The transitions are dependent on the buffer concentration and buffer pKa values. These
studies have proposed that buffer species can act as proton donors and suppress changes in the
surface pH.1"34 The plateaus in reaction rate represent the change in surface pH. Therefore, the
current density at which the plateaus occur indicates the reaction rate at which the buffer can no
longer pin the surface pH. For example, the second reduction current observed for Pt at -0.4 V
vs. RHE has been attributed to the region where water becomes the reactant when evaluated at
pH 2 in a 0.5 M Na2S0s electrolyte.** Such a transition has also been experimentally observed
when Pt and stainless steel (316L) were evaluated in phosphate buffer solutions at pH of 7.2.3536
Therefore, it has been claimed that the phosphate species act as the reactant but at the same time

that the two-step reduction process also occurs in buffered neutral conditions.

Thus, our results would suggest that under the 0.1 M sodium phosphate (pH=7.2), the buffer can
act as the dominant reactant up to a current density of around -3.5 mA cm2. However, later at
higher overpotentials, H20 would transition to be the reactant. These results would suggest that
under the CA experiment in Fig. 4.1a, where the potential was held at -0.7 V vs. RHE, the

dominant reactant would be expected to be Hz0.
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Fig. 4.1. a) Chronoamperometry results of different FexNiio-xOy performed at -0.7 V vs. RHE in
0.1 M phosphate electrolyte pH of 7.2 at 400 rpm b) Linear voltammetry curves for different
FexNi0-xOy in 0.1 M sodium phosphate electrolyte at pH of 7.2 as the electrolyte was mixed at
400 rpm.

4.3.2 Hydrogen Production and Faradaic Efficiency

The increase in electrochemical activity is ideally translated into higher hydrogen production
through the HER. However, the increase in reductive current may also be attributed to additional
electron transfer reactions occurring at the electrode and/or electron transfer interactions between
the electrode and electrolyte components. The standard reduction potentials for Fe?*/Fe® and
Ni?*/Ni® are -0.44 V vs. SHE and -0.28 vs. SHE, respectively.3” Under the reductive potentials
required for HER (e.g., < 0 V vs. SHE) the reduction of Fe and Ni must be considered,
particularly in our case where the potential was held at -0.7 V' vs. RHE (-1.12 V vs. SHE) in the
neutral buffered solution of pH 7.2. Therefore, the quantification of the hydrogen production is
essential to be able to confidently attribute the electrochemical activity to the production of

hydrogen.

The hydrogen produced during the CA experiment was determined to evaluate if the difference

in electrochemical activity observed during the CA experiments in neutral buffer conditions
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translated into increased hydrogen production. As the electrochemical activity is represented by
the current, the increase in current can reflect the increase in the reduction reaction at the
cathode, but other Faradaic processes, including electrolyte species chemisorption or transition
metal reduction, can also contribute to the overall increase. The amount of hydrogen produced
after the 1 h CA experiment was thus measured to study the change in current observed. The H2
was quantified using a gas chromatography (GC) instrument equipped with a thermal
conductivity detector (TCD). After the 1 h CA, the electrolyte was mixed vigorously at 1500 rpm
to ensure all H2 bubbles were forced into the headspace. The H2 was measured in the cathode and
anode sides of the cell. The amount of hydrogen in the cathode and anode quantified is reported
in Table S4.1. The total amount of hydrogen is shown in Fig 4.2a. The Hz quantification shows
that the amount of Hz produced followed FesoNizo > FesoNiso > FeiooNio > Fe2oNigo > FeoNi1oo.
The results show a 3x difference of hydrogen produced between the lowest amount (FeoNiz00)
and the highest amount (FesoNizo). The hydrogen quantification shows that the amount of
hydrogen produced by FesoNiso was greater than that produced by FeiooNio. Such a difference in
HER activity is not obvious from the CA results shown in Fig. 4.1a, as FeiooNio and FesoNiso

current densities cross during the 1 h tested.

The total hydrogen measured after 1 h and the theoretical amount expected were used to then
calculate the Faradaic efficiency (FE) of each electrode. The theoretical amount of hydrogen
produced was estimated by the total charge passed during the reaction assuming 100% HER. The
FE results are shown in Fig. 4.2b. The corrosion of the passivating SiO2 layer has been
demonstrated to occur in buffered neutral solutions.>3As our previous study revealed that the
exposure of Si® would allow the self-oxidizing reaction of Si to occur, producing H2

spontaneously, the Si substrate was covered to prevent contact with the electrolyte. The FE of H2
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after the 1 h CA experiment reached close to 100% for FeoNiwo0 and Fe2oNiso. However, in the
case of the FesoNiso, FesoNizo, and FeiooNio the FE was lower. Even though the FE is lower for
FesoNiso, FesoNizo, and FeiooNio (Fig. 4.2b), it is essential to highlight that the H2 produced is 2-3
times higher, Fig. 4.2a. Nonetheless, the deviation indicates the presence of side reaction(s)

during the CA that consumed up to 11% of the total charge in the case of the FesoNizo.

Unfortunately, few studies complement their electrochemical evaluation with the determination
of hydrogen production. Mufioz et al.®® has attributed part of the total charge applied to be
consumed by an electrochemical reaction apart from the desired HER. A hydrogen faradaic
efficiency of 91.4% was obtained when 316L stainless steel was evaluated at -1.1 V vs. SCE in
0.5 M phosphate and 0.1 M KCI electrolyte for 100 min. The amount of current used in the
reduction of the oxide surface was determined by performing the same electrochemical
experiment. However, the electrolyte did not contain phosphate and only consisted of the
supporting electrolyte KCI, allowing the determination of the charge used in the reduction of the
metal oxide. This study ultimately demonstrated that the current that was not used to produce
hydrogen was redirected and consumed in the reduction of the oxide layer present on the surface

of the electrode under the cathodic potential.®
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Fig. 4.2. a) Hz produced and b) HER Faradaic efficiency (FE) calculated for FexNioo-xOy held at
-0.7 V vs RHE in 0.1 M phosphate electrolyte for 1 h.

4.3.3 Post-electrochemistry surface chemistry analysis

To evaluate the reaction consuming the charge and to evaluate the visual changes observed on
the films post-CA, the surface chemical composition was studied using XPS. First, a change in
the color of the electrode post-chronoamperometry became evident. As shown in Fig S4.1, the
difference was appreciable only for FeiooNio and FesoNizo. Pre- and post-electrocatalysis XPS
surveys of all films were compared to determine the chemical composition of the FexNi100-xOy
electrodes, Fig. 4.3. The surface composition of the pre-catalysis films was found to be
composed of only Fe, Ni, O, and C, as shown in the XPS survey spectra in Fig. 4.3a.
Adventitious carbon is found on all samples; all XPS spectra were calibrated by the C 1s peak at
(284.8 eV). After the FexNiw0-xOy films were subject to 1 h potential holds at -0.7 V vs. RHE,
the films were rinsed with ultra-pure water, dried with Ar gas, and stored in a vacuum-sealed bag
before being tested by XPS. The post-electrocatalysis XPS survey spectra are shown in Fig. 4.3b.
The post-catalysis spectra reveal the presence of P on the surface. The presence of P is only

detected on FesoNiso, FesoNi2o, and FeiooNio.
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Only the presence of the electrolyte anion was demonstrated to be present on the surface of
FexNi100-xOy electrodes post-CA. However, the presence of the anion (phosphate) and cation (Na)
has also been observed in comparative experiments where electrodes with the silicon back side
exposed were also tested. The electrodes with the silicon exposed are labeled FexNizoo-xOy/Si.
The electrochemical activity and stability were evaluated by performing a chronoamperometry at
-0.7 V vs RHE for 1 h in a sodium phosphate buffer solution at a pH of 7.2. The electrochemical
experiments were performed in the same cell configuration however instead of having the H-cell
be gas tight, argon gas was purged into the electrolyte as it was mixing at 400 rpm. The CA
results are presented in Fig. S4.3. The survey XPS spectra of the post-CA FexNi0-xOy/Si are
shown in Fig. S4.6 and reveal the present of P and Na post-CA. As shown in Fig. S4.6, P and Na
were present on the surface of FeiooNio/Si and FesoNi2o/Si. Similar to the FexNizoo-xOy
electrocatalyst surfaces, the electrolyte components were demonstrated by XPS to be present of

the electrolyte components on the surface of FexNio0-xOy/Si with higher Fe content.

The presence of electrolyte cations and anions on the surface of electrodes post electrochemical
experiment where the electrode potential is held at reductive potentials for the production of
hydrogen has been observed in seawater and phosphate buffer solution (PBS).8%° Mn doped
nickel/nickel oxide electrocatalysts (MnO-NiO-N/Ni-F) has been evaluated as an electrocatalyst
in PBS and seawater.® When the MnO-NiO-N/Ni-F electrode was held at -0.17 v vs. RHE ina 1
M PBS solution, the presence of Na and P on the electrode surface post catalysts was
demonstrated by XPS. Similarly, when the MnO-NiO-N/Ni-F electrode was held at -0.14 V vs.
RHE in seawater a white deposit was observed on the surface. The XPS analysis demonstrated
the deposit to be composed of Ca, Mg, and Na. Similarly, the presence of Na, Zn, and Ca was

demonstrated through XPS to be present on the surface of a reduced iron oxide after it was held
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at -0.5 V vs. RHE in 0.1 M phosphate buffer solution (PBS) at a pH of 7.2.2° Overall, these
results demonstrate that under neutral electrolyte conditions and reductive voltages applied for

the hydrogen evolution reaction, anions and cations can be deposited on the electrode surface.

1 1 T T 1

T 1 T T I 1 1
a) ALK, | b) AlK,,
OKLL [Mp « OKLL
Nz | As-Dep mzs T Mg Post-CA
O1s >0
| Ci1s Ni asM 3P O1s C1s ;;
— || — I
- ) L mitwm | 5 o \M | 1
S - s L —
2 U 2| FeuoNig, I [ S
g Fe,oNig, i _(_kl B ol g B
Q w% s e ..0_2 % P2 pap
= | FesoNigg A \J_,A—H_ £ [ FegNis, A
e T e
[~ —— 0o KL ‘ N — Ay l P2sP2p
FegoNiy, e . ] FegoNi,, OKLL —— —l._ﬁ,w
! Fe2p EP
i Fe 3s Fe 3p) (! P p2p &0
FEWMNIO ‘ FemnNin Fe LMM 5| r T;
r T v T v T T T T T T T T T T T T T T T T T —1 T
1400 1200 1000 800 600 400 200 0 1400 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)

Fig. 4.3. XPS survey spectra of FexNiwo0-xOy films a) as-deposited and b) post-CA.

The high-resolution XPS spectra of Fe and Ni can be used to understand the Fe and Ni oxidation
state. In the Fe 2p spectra, peaks at 706.8 eV and 720.1 eV binding energies correspond to the Fe
2p3i2 and Fe 2p12 doublets of metallic Fe (Fe?).3%4° On the other hand, peaks around 711 eV and
724 eV with their corresponding satellites at around 715 eV and 729 eV, elucidate the presence
of oxidic Fe species (Fe?* and Fe3*).3%40 Similarly, in the case of Ni 2p, the presence of metallic
(Ni% nickel is apparent from the peaks at around 852.8 eV and 870 eV, attributed to Ni 2ps/2 and
Ni 2p1/2.42-43 Peaks around 856.2 eV and 874.3 eV with their respective broad satellite peaks
around 861.9 eV and 880 eV, in the Ni 2p spectrum demonstrate the presence of oxidic Ni (Ni%*

and Ni®*) species on the surface.**3

As mentioned previously, a possible cause for the loss in FE can be attributed to the

electrochemical reduction of the main components (i.e., Fe and Ni). The Fe 2p and Ni 2p spectra
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were normalized to compare the as-deposited vs. post-CA spectra. The Ni 2p spectra
demonstrate that all electrodes are composed of metallic Ni° as the prominent peaks of 852.8 eV
and 870 eV are observed. The Ni 2p spectra show that Ni is fully reduced as-deposited, and no
difference is observed from the electrodes post-CA. These results demonstrate that Ni is fully

reduced; thus, consequently, during the CA experiment, Ni did not undergo further reduction.

The evaluation of the Fe 2p, on the contrary, shows changes post-CA compared to the as-
deposited electrodes. Specifically, changes are observable for the compositions FesoNizo and
FeiooNio. The FeiooNio XPS spectra demonstrate that the as-deposited electrode surface is mainly
composed of metallic FeC. Further reduction of the surface was not observed from the FeiooNio
XPS spectra post-CA compared to the as-deposited. Therefore, it is unclear if, in the case of the

Fe1ooNio if the charge was redirected to the reduction of the surface.

In the case of the FesoNizo, the surface of the as-deposited electrode is mainly composed of
oxidic Fe as demonstrated by the peaks at 711 eV and 724 eV while the small speak at 706.8 eV
suggest the presence of metallic Fe®. The post-CA electrode demonstrates similarly that the
surface was composed of oxidic Fe. However, a greater extent of the surface was reduced to
metallic Fe? as the peak at 706.9 eV increased. The following results demonstrate that the partial
composition of oxidic Fe allows further reduction of the electrode during the CA experiment.
The comparison of the as-deposited and post-catalysis samples demonstrates that the surface was
reduced, as the metallic Fe features are more prevalent post-CA than as-deposited. Therefore, the
following results demonstrate that some of the charge that was not directed to hydrogen
production could be attributed to the further reduction of the FesoNizo electrode during the CA

experiment.
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Fig. 4.4. XPS spectra of a) Fe 2p, b) Ni 2p for FexNio0-xOy films as-deposited vs. post-CA after

Ar* sputtered for 5 min at 1 KeV.

The reduction of Ni and Fe could be expected as the Pourbaix diagrams for Ni and Fe show that
at pH 7.2 the Ni/NiO and Fe?*/Fe° couples are close to water reduction potential.**¢ The
electrochemical reduction of Fe in phosphate buffer solutions has been previously demonstrated.

Thin films of Fe203 were studied in phosphate solutions through in situ X-ray absorption near

edge spectroscopy to monitor changes

880 870 860 I850
Binding Energy (eV)

in the valency and thickness.*” The reduction of Fe203 to
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metallic Fe without dissolution was demonstrated to takes place in phosphate buffer of pH 8.4
under cathodic potentials.*” The electrochemical reduction of an oxidized iron electrode has been
previously reported in 0.1 M PBS at pH of 7.2 when the potential was held at -0.5 V vs. RHE to
prepare Fe/Fe oxide catalyst for the electrochemical ammonia synthesis.?® The electrochemical
reduction of an oxidized electrode was demonstrated through XPS as the electrodes held at -0.5
V vs. RHE showed both Fe® and oxidic Fe components, indicating the partial reduction of the
surface layer to metallic Fe.?® The reduction of oxidic Fe to metallic Fe observed from our XPS
results is consistent with these previous studies that observed the reduction of iron in a phosphate
buffer solutions. Therefore, a portion of charge applied can be attributed to the use of charge

during the reduction of the oxidic metal species of the electrodes leading to lower HER FE.

As the presence of P was identified in FesoNiso, FesoNi2o0, and FeiooNio, high-resolution P 2p XPS
spectra were obtained. The P 2p spectra were recorded for the different FexNiio0-xOy electrodes
as-deposited and post-CA (with and without Ar sputter treatment), as shown in Fig. 4.5. The P 2p
spectra of the as-deposited electrodes demonstrated that P is not present in the electrodes as-
deposited for all compositions. As initially identified by the survey XPS spectra, the P 2p spectra

demonstrate the presence of P post-CA for the FesoNiso, FesoNi2o, and FeiooNio electrodes.

Evidence of a direct metal phosphide (M-P) interaction was not observed, as the characteristic
doublet, P 2p12 and P 2ps/2 peaks around 130 eV from a metal-phosphide, is not present in the P
2p spectra.*®51 The P 2p peak around 134 eV observed Fig. 4.5 is attributed to the P-O of
phosphorus oxides. A peak at 132.8 eV in CoxFe1-x-P* has been identified as phosphate, and in
other work on NiFe phosphate® the peak at 133.7 eV was attributed to phosphate (PO4%).
Similarly, in Niz1(HPO3)s(OH)s,> the peak at 133.2 eV was attributed to +3 phosphorus from a

phosphite (HPO3%) and a peak at 135.9 eV was identified as P°*. Identifying the oxidation state
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of phosphorus becomes complicated as phosphorus oxides with valence of +5 to +3 can be found
within 136 eV to 131 eV.% The presence of phosphorus was evident even after 5 min and 10 min
of Ar*in the case of the FeiooNio and FesoNizo electrodes. Thus, these results demonstrate that P
is incorporated not simply on the surface during the CA experiment but appears to be
incorporated into the electrocatalyst composition to a certain sub-surface depth. Therefore, the
reduction or partial reduction of phosphate could be expected and may have contributed to the

increase in charge transfer observed through current density measurements.

At the same time, the presence of phosphate on the electrodes post-CA could indicate that that
increase in cathodic current observed may be attributed to an increase in the catalytic activity of
the electrodes. The electrodeposition of cobalt and iron with phosphorus has been implemented
as a synthesis method to develop (CoxFe1-x-P) electrodes to demonstrate their application as OER
and HER bifunctional catalysts.%? Notably, it has been demonstrated in the literature that
phosphates can improve the activity of nonprecious metal catalysts. Among some of these
studies, nonprecious metal catalysts such as CoxFe1-x-P,%? Ni11(HPOz)s(OH)s,>* NiFe
phosphate®3, and Fe2.05(PO4)2(OH)2 ¢ have shown that the presence of phosphate improved their
catalytic activity. Therefore, the increase in activity during the -0.7 V vs. RHE could be
attributed to the increase in catalytic activity by the change in the chemical state of the electrode
through the incorporation of phosphate from the electrolyte. Our results demonstrate the close
proximity of phosphate with the electrode during HER, thus providing additional evidence to the
body of literature suggesting that phosphate can act as a proton source and be chemically
integrated into the electrocatalyst structure. As mentioned by Zhou et al. HER in neutral
conditions has the challenge of low conductivity, high corrosivity, and the poisoning®’ or

blockage® of the catalyst due to undesired ions.*® Unlike other studies that showed the
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poisoning®’ or blockage® of the catalysts, the results found here demonstrate a positive effect

depending on the electrode-electrolyte interactions.
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Fig. 4.5. XPS spectra of P 2p for FexNi100-xOy films a) as-deposited b) post-CA.

It is of importance to highlight that even though the high iron content electrodes (FeiooNio and
FesoNi2o0) demonstrated greater hydrogen production values of 215 umol and 170 umol and
demonstrated an increase in catalytic activity through the increase of the cathodic current, the
application of this catalysts is hindered by dissolution under no applied potential. The dissolution
is evident from the pictures provides of the electrodes post-CA, where it can be clearly observed

that the electrode was corroded. The reduced Fe? is oxidized to Fe2* and dissolves in the
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electrolyte when a cathodic current is not applied. Additional work must be done to prevent the
dissolution of Fe as occasional shutdowns intentionally or unintentionally would occur during

electrolysis, resulting in the loss of the catalyst.

4.4 Conclusion

Herein, FexNii0-xOy electrodes were evaluated as electrocatalysts for HER in neutral buffered
conditions. The electrochemical activity in neutral sodium phosphate buffer solution at 7.2 pH
followed FesoNizo > FeiooNio > FesoNiso > Fe2oNiso > FeoNiioo. The electrochemical activity was
validated by determining the hydrogen produced after CA at -0.7 V vs. RHE. The hydrogen
produced by FesoNi2o was 3 times the total amount produced by FeoNiioo. However, additional
electrochemical reactions including the reduction of the electrode and deposition of electrolyte
species reduced the FE of FesoNi2o by 11%. The direct interaction of the electrode with the
electrolyte components (i.e., phosphate) was demonstrated. The following results help to
demonstrate that the electrode-electrolyte interaction in neutral sodium phosphate buffer

solutions.
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5. Chapter 5. Conclusions and Future Research Directions

5.1 Conclusions

Iron-nickel oxide based electrodes were developed as a platform to study the electrochemical
hydrogen evolution reaction of transition metal-based catalysts. A variety of electrochemical
methods including linear sweep voltammetry, chronoamperometry, chronopotentiometry, cyclic
voltammetry, open circuit potential, and electrochemical impedance spectroscopy provided an
understanding of electrochemical activity of different electrode-electrolytes studied. X-ray
photoelectron spectroscopy and hydrogen production monitoring provided additional
complementary information to further understand the electrode-electrolyte interactions and the

overall hydrogen evolution reaction.

5.2 Future Research Directions

The work presented herein opens the path for further studies in a variety of research areas. The
work done in the development of bimetallic electrodes can be further expanded to either
incorporate additional transition metals such as cobalt and/or the incorporation of non-transition
metals such as phosphorous to evaluate their electrochemical activity and stability in different
electrode-electrolyte conditions.® The work on the use of the FexNi1o0-xOy/Si serves to
demonstrate how hydrogen production can be boosted through the electrode design and the
dependence on the electrolyte. This provides the opportunity to design catalysts? and systems?
for the generation of hydrogen.* Life cycle assessment and techno economic studies must be
performed in conjunction with the design of these combined self-consuming and electrocatalyst
systems to produce hydrogen. The characterization of electrodes post-electrocatalysis sheds light
on the interactions between the electrolyte components and electrode. Thus, this research

provides the initial understanding for the application of more advanced characterization
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techniques such as in-situ ambient-pressure XPS.°> The HER studies performed in neutral
buffered conditions provide additional evidence to the community to build upon to further
understand the reaction in neutral buffered conditions and understand the electrode-electrolyte
interactions. The HER studies performed in neutral buffered condition provide the basis to
further study on the enhancement and suppression of HER through the design of neutral buffered

electrolytes.®
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Appendices
Appendix 1. Supplementary information for Electrochemically Active Surface Area
Controls HER Activity for FexNiio-x Films in Alkaline Electrolyte

Table S2.1. Electrodeposition solution composition.

Film Ratio | Mass (g) FeSO4 Mass (g) NiSO4 6H20 | Mass (g) H3sBOs
(FexNio0-x) | 7H20

Fe1o0Nio 4.1703 0 0.92745
FesoNizo 3.47525 0.657125 0.92745
FesoNiso 2.08515 1.971375 0.92745
Fe2oNiso 0.69505 3.285625 0.92745
FeoNi1o0 0 3.94275 0.92745

Table S2.2. Mass electrodeposited obtained by QCM-D.

QCM-D Mass
Film (ng/cm?)
Fe1ooNio 67 (£3)
FesoNi2o 31 (£1)
FesoNiso 64 (£3)
Fe2o0Niso 56 (£1)
FeoNi1o0 54 (¥4)
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Fig. S2.1. Top-down SEM images of different FexNi1oo-x electrodeposited surfaces.
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Fig. S2.2. XPS survey spectrum for all FexNiioo-x ratios synthesized.
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Fig. S2.3. XPS spectra of as-deposited vs. Argon sputtered samples a) Fe 2p b) Ni 2p ¢) O 1s.
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Fig. S2.4. Cyclic voltammograms performed at 50 mV/sec in 1M NaOH (pH=12), a) FeiooNio
CV number 1 and 10, b) FeoNiioo CV number 1 and 10, and c) stabilized surfaces after 10 cycles.
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Fig. S2.5. Cyclic voltammograms of a) 1FeONi b) 5Fel1Ni c)1FelNi d) 1Fe5Ni e) OFelNi used to
determine the electrochemical double-layer capacitance (Cai) and estimate the electrochemically
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Table S2.5. Estimated electrochemically active surface area for different FexNiioo-x catalysts in
alkaline media (1M NaOH at pH 12).

Catalyst | Estimated ECSA (cm?) (0.04 mF/cm?)
FeiooNio 59
FesoNi2o 67
FesoNiso 74
Fe20Niso 9
FeoNi1oo0 2

Table S2.6. Electrochemical current density (GEO and ECSA) normalized evaluation.

Catalyst | j(mA/cm?) GEO @ (-0.5V vs | j(mA/cm?) ECSA @ (-0.5V vs
HRE) HRE)

Fe1ooNio -30.51 -0.52

FesoNi2o -36.13 -0.54

FesoNiso -34.70 -0.47

Fe2o0Niso -21.48 -2.38

FeoNi1oo -35.69 -17.84

Table S2.7. Electrochemical impedance parameters obtained from fitting Nyquist plot data with
the equivalent circuit.

Catalyst | Cai (Fcm?) | Rer (Ohmem™ | T (s)

2

)
FeiooNio 1.97E-03 332.4 6.56E-01
FesoNi2o 2.15E-03 118.5 2.54E-01
FesoNiso 2.22E-03 77.3 1.72E-01
Fe2o0Niso 1.06E-04 161.3 1.71E-02
FeoNi1o00 7.84E-05 56.1 4.39E-03
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Appendix 2. Supplementary information for Electrochemical activation of silicon:

Enhancing hydrogen production from FeNi electrocatalysts

- Gcintet |

Fig. S3.1: Three-electrode gas tight H-cell used in all the experiments.
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Fig. S3.2: Pictures were taken of the Au/Si showing the Si side in NaOH. The activation of Si
and production of bubbles is observed where an Au/Si wafer was immersed in 0.1M NaOH
solution in a gas-tight three-electrode H-cell at room temperature. The Hz production is observed
to start at 120 min.
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Fig. S3.3: Pictures were taken of the Au/Si showing the Si side in KOH. The activation of Si and
production of bubbles is observed where an Au/Si wafer was immersed in 0.1M KOH solution in
a gas-tight three-electrode H-cell at room temperature. The Hz production is observed to start at
100 min.
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Fig. S3.3: Cont.
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Fig. S3.4: Pictures were taken of the Au/Si showing the Si side in LiOH. The activation of Si
and production of bubbles is observed where an Au/Si wafer was immersed in 0.1M LiOH
solution in a gas-tight three-electrode H-cell at room temperature. The Hz production is observed
to start at 300 min.
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Fig. S3.5: Chronopotentiometry (CP) held at -10 mA for a) Fe20Niso/Si and FesoNi2o/Si and b)
Fe20Nigo and FesoNizo evaluated in 0.1M LiOH, NaOH, and KOH electrolyte solutions.
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Fig. S3.6: Hydrogen quantification of FezoNiso film in different electrolytes a) LiOH, b) NaOH,

and c) KOH.
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Fig. S3.7: Hydrogen quantification of FesoNizo film in different electrolytes a) LiOH, b) NaOH,

and ¢) KOH.
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Fig. S8: Hydrogen quantification of Fe2oNiso/Si film in different electrolytes a) LiOH, b) NaOH,
and ¢) KOH
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Fig. S3.9: Hydrogen quantification of FesoNi2o/Si film in different electrolytes a) LiOH, b)
NaOH, and c) KOH.

Fig. S3.10: Pictures taken of the Si side when evaluating the FesoNi2o/Si in LiIOH, NaOH, and
KOH. Except for the picture at 0 min all pictures were taken after a 10 min interval of holding
the current density at 10 mA c¢cm2 but before the solution was agitated and the Hz was measured.
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Fig. S3.11: Pictures taken of the Si side when evaluating the Fe20Niso/Si in LiOH, NaOH, and
KOH. Except for the picture at 0 min all pictures were taken after a 10 min interval of holding
the current density at 10 mA cm2 but before the solution was agitated and the H2 was measured.
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Appendix 3. Supplementary information for Hydrogen evolution reaction (HER) under
buffered neutral conditions: Evaluation of FexNiio-xOy electrodes in sodium phosphate

electrolyte

Post CA

Fig. S4.1. Pictures of FexNiio0-xOy electrodes as-deposited vs. Post-CA.
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Table. S4.1. Hydrogen amount measured in the cathode and anode side of the H-cell after a CA
at -0.7 V vs. RHE in sodium phosphate 0.1 M of 7.2 pH for 1 h.

Electrode H2 (umol) in H2 (umol) in Total H2 (umol)
Cathode/Working Anode/Counter
Electrode Chamber | Electrode Chamber

FeiooNio 165 5 170
FesoNi2o 207 8 215
FesoNiso 166 9 175
FesoNi2o 73 4 77
FeoNi100 67 4 71
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Fig. S4.2. XPS spectra of a) Fe 2p, b) Ni 2p, and c) O 1s for FexNi100-xOy films as-deposited vs.
post-CA no Ar* sputtered.
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Fig. S4.3. XPS spectra of a) Fe 2p, b) Ni 2p, and ¢) O 1s for FexNiio-xOy films as-deposited vs.
post-CA after Ar* sputtered for 10 min at 1 KeV.

Electrodes with Si exposed (FexNiio-xOy/Si)

Electrodes that had the silicon backside exposed were also tested. The electrodes with the silicon
exposed are labeled FexNiio0-xOy/Si. The electrochemical activity and stability were evaluated by
performing a chronoamperometry at -0.7 V vs. RHE for 1 h in a sodium phosphate buffer

solution at a pH of 7.2. The electrochemical experiments were performed in an H-cell where the
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electrolyte was mixed at 400 rpm and purged with argon gas. The CA results are presented in
Fig. S3. Among the different compositions, we observe that overall, the catalytic activity
decreases following FesoNi20/Si > Fe100Nio/Si > FesoNiso/Si > Fe20Niso/Si =~ FeoNioo/Si. The
trend follows the results obtained when only the FexNio0-xOy was exposed. An increase in the
current density was observed for FesoNi2o/Si and Fe1ooNio/Si. Unlike in the case when the silicon

was covered the current when the silicon is exposed increases consistently over the period tested.

- i m
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Fig. S4.4. Chronoamperometry results of different FexNiioo-xOy/Si performed at -0.7 V vs. RHE
in 0.1 M phosphate electrolyte pH of 7.2 at 400 rpm.

Following the CA experiment, the electrodes were removed from the cell, rinsed with DI water,
and dried with argon. Pictures of the FexNi100-xOy/Si as-deposited and post-CA are presented in
Fig. S5. Visual changes can be observed on the FexNiio0-xOy Side of the electrode only for
FesoNi20/Si and FeiooNio/Si, as shown in Fig. S5. The visual images show that when the silicon
was exposed, the loss of the FexNii0-xOy electrode is not visibly noticeable, unlike in the case
when the silicon was covered. Nonetheless, changes on the electrode when the silicon was

exposed as-deposited and post-CA can be observed.
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Fig. S4.5. Pictures of FexNi100-xOy/Si electrodes as-deposited vs. post-CA.
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Fig. S4.6. XPS survey spectra of FexNi100-xOy/Si post-CA in 0.1 M sodium phosphate at pH of
7.2 at 400 rpm.
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