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Abstract

The synthesis and electrocatalytic activity of FexNiioox 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 ¢cm. 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.
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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 [1]. 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 [2-4]. The storage of renewable energy in the form of energy-rich molecules (hydrogen,
ammonia, and methanol) has been proposed as a solution [2, 3, 5]. Currently, most hydrogen is
produced through steam reforming, a process that depends on fossil fuels and has a large carbon
footprint [6, 7]. Water electrolysis is an alternative process to produce hydrogen [7]. 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 [8, 9]. 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 [9, 10]. 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
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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 [9, 10]. 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 [11]. However, the activity is limited by the intrinsic activity of
the catalyst composition [10]. 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 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) [12], cobalt (Co) [13], and iron
(Fe) [14] 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 [10, 15-17]. However, it has also been shown that incorporation of
other components can change the catalyst surface area [12, 18, 19]. Thus, when different catalysts

are compared, it is crucial to delineate the cause for such observed changes in HER performance.
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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 Ni3S2@Co(OH)2 compositions result
in an increase in intrinsic HER activity through synergistic effects among the components [15, 20].
On the other hand, a study of the surface composition, crystallite size, and surface area of a Fe-
based catalyst allowed Muller et al. [19] 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 [21]. Therefore, Fe has been frequently implemented in Ni-based catalysts with
compositions such as NiFeS/NF [14], Pt-FeNi@C [22], FeNi-P/NF [23], and NiFe/NC [24] 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. [25] 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. [25] 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. [26] concluded that Fe-Ni alloy films increased

HER performance compared to mono-metallic Fe and Ni films. In addition, Solmaz et al. [26]
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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. [26] 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., [26] McCrory et al. [27]
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
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. [18]. 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. [18]
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.
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In contrast to these studies, a study performed by Suffredini et al. [28] 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. [24] on nanoparticles, demonstrating that HER activity decreases with an increase in Fe
content, but a Nio.oFeo.1/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 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 FexNiioox 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.
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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 cm™ 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 FexNiioo-
x films are likely due to changes in surface area, which depend on the composition, rather than by

an enhancement of the intrinsic catalytic activity of the components.
2. Experimental Section

2.1. Materials

The following chemicals were purchased and used without further purification. Iron(Il) sulfate
heptahydrate (FeSO4-7H20) (=99.0% Sigma-Aldrich), nickel(II) sulfate hexahydrate (NiSO4
-6H20) (=99.99% Sigma-Aldrich), boric acid (H3BO3) (=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.
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2.2. Synthesis of FexNiioox Heterogeneous Catalysts

Different FexNiioox ratios were directly deposited on conductive substrates using cathodic
electrodeposition. The substrate used were silicon wafers coated with 100 nm gold. Wafers were
cut into 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 S1) of FexNiioox salts were prepared to produce the desired
compositions of FexNiioox catalyst films from a 150 ml plating bath. For each synthesized film, an
aqueous solution of 0.1 M total metal content of iron(II) sulfate heptahydrate and nickel(Il) sulfate
hexahydrate, and 0.1 M of boric acid, was prepared accordingly. The ultrapure water (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.
2.3. 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
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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 [29].

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 Ko X-ray
source. All XPS data analysis was performed with the PHI MultiPack software. The survey scans
were used to find the FexNiioox 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 final 2% nitric acid.

A matrix of 2% nitric acid was used to dilute the ICP standards and as a blank.
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 uM thickness) membrane with a three-electrode system.
A graphite rod was used as the counter electrode, Ag/AgCl (3 M NaCl) as the reference electrode,
and different FexNiioox 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.
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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 -0.5 V vs. RHE) at a 50 mV s scan rate to evaluate their catalytic characteristics under
alkaline media (Fig. S3). 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 s!). The average difference between the
anodic and cathodic charging current densities were plotted as a function of scan rate, Fig. 3S(a-
e). The double-layer capacitance (Car) was found by obtaining the slope of the linear fit. The ECSA
of each different FexNiioox catalyst was estimated by dividing the Cai found by the specific
capacitance. The specific capacitance used for our calculations was (0.040 mF ¢m™), commonly

used for metals in 1 M NaOH [27, 30].
3. Results and Discussion
3.1. Composition and Morphology

Prior to electrochemical analysis of the synthesized FexNiioox films, several complementary
characterization techniques were used to confirm both the bulk and the surface composition of the
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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) 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 FeoNiioo in Fig. 1b
(purple spectrum), where based on calculations using the Fe 3s peak, no Fe was detected. The
results in Fig. 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. la, the bulk
composition of each film matches the surface composition determined through EDX and XPS. The
bulk ICP measurements (Fig. 1a) further confirm that each film was 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 FexNiioox 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), we demonstrate that our synthesis technique
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allows for consistent and repeatable mass deposition. Most compositions deposit a film of around

60 ug cm? except for the FegoNizo ratio, which was around half that value, or ~30 pug cm™ (Table

S2).
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Fig. 1. a) Atomic percent of Fe and Ni electrodeposited of as-synthesized films. XPS spectra of b)

Fe 2p c¢) 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.
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S1) demonstrate that the morphology of the electrodeposited surface varies depending on the
FexNiioox 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 Fe20Niso and FeoNiioo. The images obtained suggest there is 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.
3.2. Analysis of Film Surface Chemistry

The XPS survey spectra (Fig. S2) 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. 1b-d) to investigate the chemical state of these
elements in the surfaces of the different as-deposited FexNiioox films. All XPS spectra were
calibrated by the C 1s peak (284.8 eV). Fe 2p spectra (Fig. 1b) reveal peaks at binding energies of
706.9 eV and 720.2 eV, which can be assigned to the Fe 2p32 and Fe 2pi1/2 of metallic Fe’ [31-33].
In addition, peaks around 711 eV and 724 eV correspond to the Fe 2p3/2 and Fe 2pi1,2 of oxidic iron
[31-33]. Iron phases with a higher oxidation state (Fe3Oas, Fe203, and FeOOH) have similar XPS
spectra (shape and peak positioning) [33]. Recognizing the difficulty in distinguishing between Fe
speciation, to avoid reporting misleading interpretations, and in agreement to other studies [34,
35], we acknowledge the possibility of having Fe?" and Fe** but due to the strong overlap in peak

location, we group them as oxidic iron. Our results agree with those results obtained on deposited
13
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Fe films by Louie et al., [35] 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 FesoNi2o samples; however, after the sample was argon-ion sputter
cleaned, metallic Fe features were revealed (Fig. S3), suggesting that the FesoNizo film had a
thicker surface oxidic layer. Hu et al. [34] 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 FesoNi2o film match that of the fully oxidized iron 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. [34] post reduction of the iron foil. Overall, these results confirmed

the presence of oxidic and metallic iron.

The Ni 2p spectra (Fig. 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 2p32 and Ni 2pi2
of metallic (Ni°) nickel, respectively [31, 36-38]. Peaks at 856.2 eV and 874.3 eV correspond to
Ni 2ps32 and Ni 2pi2 of the oxidic nickel with their respective satellites at 861.9 eV and 880 eV
(broad peaks) [36-38]. The FeiooNio spectrum demonstrates the absence of Ni in samples
electrodeposited (Fig. 1c). Ratios FeoNiioo, Fe20Niso, and FesoNiso contain both metallic and oxidic
nickel as-deposited. As observed in the Fe 2p spectra, the as-deposited FesoNi2o sample is the only
sample that shows no significant metallic nickel components. The Ni 2p spectra of FesoNi2o closely
resembles that of Ni films deposited and studied by Louie et al. [35] 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

2p32. However, additional work, as done by Biesinger et al., [37, 38] would be required to identify
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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.
S3). 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. 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 (i.e., M-O),
while the peak at 531.6 eV is assigned to metal hydroxide species (i.e., M-OH) [32]. The ratio of
M-O and M-OH is different depending on the composition, as observed in Fig. 1d. FeoNiioo has
higher M-OH content, and Fei10oNio has higher M-O content. As shown by Shi et al., [39] 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 FeiooNio are found at higher binding energies, correlating
to what has been published in literature for different Fe and Ni standards [32]. 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 [39]. 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 Is 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.
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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 FexNiioox films, but the change
in metallic and oxidic components with composition could suggest bi-metallic interactions. Similar
to our study, Hong et al. [40] studied Ni and Co films that were simultaneously electrochemically
deposited. A shift in peak positions of the Ni 2p was minimal; however, Hong et al. [40] also
observed a difference in the proportion of the oxidic and metallic species based on the composition.
Such differences led Hong et al. [40] 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 FexNiioox films to be due electronic interactions between the Fe and Ni components.

3.3. Hydrogen Evolution Reaction Performance

The HER activity for the different as-deposited FexNiioox 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. S4c. 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. S4a. The stabilized CV's
of the Fe containing surfaces closely resemble those previously reported for Fe in alkaline

solutions [26, 41, 42]. Within the potential window of interest, Fe goes through a quasi-reversible
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reduction oxidation process involving Fe” and Fe*". The cathodic peak of the stabilized CV appears
to have two components, Fig. S4. 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 [41]. 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. S4b. It has been previously shown that Ni
will oxidize at higher potentials in alkaline conditions [26, 43-45] not reached in our experiments.
Thus, we conclude that nickel in the deposited films under the 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. 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. 2a shows a comparison of the measured overpotentials taken at -10 mA
cm. In order to ensure that the LSV was performed in a kinetically limited region, the LSV was
performed at different stir rates, Fig S6. 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 FexNi1oo-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: FesoNi2o =~ FeoNiioo = FesoNiso > Fei0oNio > Fe20Niso

(Table S6). A widely used parameter to compare different catalysts is the determined overpotential
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needed to reach a current density of -10 mA c¢cm™. The inset graph in Fig. 2a shows that the
overpotential needed to reach a current density of -10 mA ¢cm does not follow a trend with respect
to FexNiioox composition. However, FesoNiso has the lowest overpotential (-390 mV), while

Fei00Nio has the largest overpotential (-443 mV) needed to drive a current density of -10 mA cm’

2

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 [26]. The highest HER electroactivity was
obtained on films from a precursor aqueous plating bath with a concentration ratio of 4Ni**:6Fe*",
when evaluated in 1M KOH at room temperature [26]. In a later study, Fe-Ni alloy films were
evaluated in 25 wt% KOH at 80 °C [46]. 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
[46]. 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 [26]. However, the authors do not
18



374  discuss this aspect in detail and the role of the surface morphology is left out of the evaluation of
375  catalyst activity. To address this gap and further our understanding of these details, additional
376  electrochemical analyses were performed to understand the effect of these morphology changes as

377  the Fe-Ni catalyst composition changes and the overall impact on HER activity.
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Fig. 2. a) LSV of different FexNiioox, Au, and Pt in IM NaOH (pH=12) normalized by geometric
surface area. b) Tafel plots of FexNiioox and Pt. ¢) calculated double-layer capacitance (Cai) used
to estimate the electrochemically active surface area of the different FexNiioox samples. d) LSV of

different FexNiioox normalized the estimated ECSA in 1M NaOH (pH=12).

First, based on the polarization curves from Fig. 2a, the Tafel plots of the different catalysts were

determined to evaluate the reaction kinetics, Fig. 2b. Pt shows the lowest Tafel slope (49 mV dec
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1, a value that correlates with those previously reported for Pt/C in 1 M NaOH (40 mV dec™) [13].
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 [13, 14,
23, 24, 46, 47]. The experimentally-determined Tafel slope values of the different FexNiioox
samples are in the range of 65-96 mV dec™!, in accordance with other results published. The 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 Fe20Niso and FeoNiioo. The
obtained Tafel slopes suggest that overall, the samples follow the Volmer-Heyrovsky mechanism
for HER [48, 49]. Additionally, the Tafel slope values that we obtain suggest that the
electrochemical hydrogen desorption step through the Heyrovsky reaction (H20 + e+ H*> H»

+ HO") [47], 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. S5(a-¢), 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¢)
to obtain the double layer capacitance from the slope. From Fig. 2¢, we can observe a difference
in orders of magnitude in the double layer capacitance (Cal) between the films depending on the
composition. Once again, the different FexNiioox catalysts are separated into two groups, where
Fei00Nio, FesoNi2o, and FesoNiso compositions have high Ca values and Fe2oNiso and FeoNiioo

compositions have low Ca values. The ECSA was estimated using the specific capacitance (0.04

21



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

mF ¢cm?) commonly used for I M NaOH [27, 30]. Nonetheless, as Wei et al. [50] 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. 4a. The ECSA values estimated for Fei100Nio, FesoNi20, and FesoNiso
are an order of magnitude higher than that of Fe2oNiso and FeoNiioo. In agreement with SEM
imaging, the samples with higher Fe have a higher electroactive surface 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. 2a. The Ca 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
FexNiioox 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. 2d). Normalization of the
current by the ECSA (Fig. 2d) caused the order in HER activity to change from what was observed
when the current was normalized by the geometric surface area (Fig. 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. 2d. Therefore, the ECSA normalized specific
current density at (-0.5 V vs. RHE) as shown in Fig. 2d was used to compare the samples. The
HER activity followed the order: FeoNiioo > Fe20Niso > FesoNi2o = FeiooNio = FesoNiso, Fig. 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
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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. [24] 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. [24]
similarly demonstrated with nanoparticles that Fe doping negatively affected the HER activity of
the NiixFex/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 findings of Zhang et al. [24] for nanoparticle
catalysts agree with our results on films. When the electrochemical activity of FexNiioo-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 FexNiioo-
x, EIS was performed at -300 mV overpotential. The impedance spectra of all FexNiioox samples
are presented in a Nyquist plot, Fig. 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 [25, 26]. To further investigate, the EIS data were modeled using the electrical equivalent
circuit diagram shown in Fig. 3; a tabular listing of results is summarized in Table S7. The charge
transfer resistance (Rct) 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. Rcr describes the rate-determining charge transfer step, and therefore, Rer is inversely
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proportional to the current density [19]. It is widely accepted that lower charge transfer resistance
is indicative of more efficient electron transfer, thus leading to a higher HER electrocatalytic
activity [13, 15, 19, 23, 24, 26]. 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 FeoNiioo
film has the lowest charge transfer resistance, thus suggesting the highest electrocatalytic HER
activity. Overall, the Rcr decreases as the Fe content decreases for the FexNiioox films, except for
Fe20Niso. Additionally, the Cai was obtained from the fit of the Nyquist plots and used to determine
the ECSA-EIS. The ECSA calculated through EIS demonstrates that the electrochemically active
surface area changes as the composition of the deposited sample varies, Fig. 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 [19]; 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. 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 FexNiioox 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 1, a parameter defined as t = Rcr x Cai, representing the area-independent activity.
Such a parameter has been implemented by Muller et al. [19] and allowed the authors to elucidate
that the HER enhancement of Fe-based alloys when doped with metalloids (B and Si) is due to an
increase in surface area whereas doping with Co results in an intrinsic effect. The t parameter has
also been used to study other transition metals such as Co and Co-vanadium (V) on Ni-based alloys
[51] and molybdenum (Mo) on Ni-based alloys [52]. The parameter 1 is inversely proportional to
the specific activity since the charge transfer resistance (Rct) is inversely proportional and the
double-layer capacitance (Ca) is directly proportional to the activity and active surface area,
respectively [19]. All results are summarized in Table S7 and graphically illustrated in Fig. 4b.

Since 7 is inversely proportional to the specific activity, 1/t was plotted to compare the intrinsic
25
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activity of each composition obtained through the EIS and ECSA normalized current density. The
comparison of ECSA-normalized current and 1/7 in Fig. 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
FexNiioox 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 [19, 21, 24, 46], 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. 4. a) Electrochemically active surface area for different FexNiioox 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.
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4. Conclusions

In summary, FexNiioo-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,
1, 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 FexNiioox 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 FexNiioo-
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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