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for improved high current density operation

This work shows that incorporating sulfur into iron-nickel
electrocatalysts improves the high current density performance
of the oxygen evolution reaction (OER). Furthermore,
Surface-Interrogation Scanning Electrochemical Microscopy
(SI-SECM) experiments show vacant catalytic sites available
under OER conditions, which decreases the Tafel slope and
lowers the overpotential at high current densities.
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The efficient production of green hydrogen via electrochemical water splitting is important for
improving the sustainability and enabling the electrification of the chemical industry. One of the major
goals of water electrolysis is to utilize non-precious metal catalysts, which can be accomplished with
alkaline electrolyzer technologies. However, there is a continuing need for designing catalysts that can
operate in alkaline environments with high efficiencies under high current densities. Here we describe a
simple, aqueous-based synthesis method to incorporate sulfur into NiFe-based electrocatalysts for the
oxygen evolution reaction (OER). Sulfur incorporation was able to reduce the overpotential for the OER
from ca. 350 mV on a NiFe catalyst to ca. 290 mV on the NiFeS catalyst at 100 mA cm™2 on a flat
supporting electrode. Electrochemical impedance spectroscopy data showed a small decrease in the
charge transfer resistance of the NiFeS catalysts, showing that sulfur incorporation may improve the
electronic conductivity. Surface-interrogation scanning electrochemical microscopy (SI-SECM) studies
combined with Tafel slope analysis suggested that the NiFeS catalyst was able to have vacant surface

Received 14th September 2022, sites available under OER conditions and was able to maintain a Tafel slope of 39 mV dec™™. This is in

Accepted 24th October 2022 contrast to the NiFe catalyst, for which the SI-SECM studies showed a saturated surface under OER
conditions with the Tafel slope transitioning from 39 mV dec™! to 118 mV dec™t. The low Tafel slope

enabled the NiFeS catalyst to maintain low overpotentials under high current densities, which we
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1 Introduction

The production of green hydrogen from water electrolysis is
gaining considerable interest due to its role in sustainable
chemical processing,' in grid level energy storage,” and as
a transportation fuel.* Generally, water electrolysis is either
performed in acidic environments in proton exchange mem-
brane (PEM) electrolyzers, which utilize acidic solid polymer
electrolytes, or in liquid alkaline environments.® Alkaline elec-
trolyzers are seeing a renewed interest due to their ability to
utilize earth-abundant catalysts and stainless steel internal
stack components. However, a significant problem with alka-
line electrolyzers is that they typically produce hydrogen at less
than half the rate per unit surface area (ie., half the total
current density) of PEM electrolyzers.” Thus, there is a need to
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attribute to the ability of the NiFeS catalyst to maintain vacant sites during the OER.

develop new electrocatalysts for both of the water-splitting
half reactions (the hydrogen evolution reaction, HER, and the
oxygen evolution reaction, OER) that can operate at high
current densities with low overpotentials.®

Typically, the OER is considered to be the limiting half
reaction due to the slow kinetics of the four proton-coupled
electron transfer steps needed to convert hydroxide ions
(or water) to oxygen.’ Traditionally, IrO, and RuO, have been
considered some of the most active OER electrocatalysts.'®
More recently, Ni-based electrocatalysts have been studied as
an alternative to platinum group metal (PGM) catalysts for the
OER in alkaline media."”® However, the activity of nickel
hydroxide/oxyhydroxide (Ni(OH),/NiOOH) electrocatalysts have
been attributed to the intentional or unintentional incor-
poration of Fe."*'”"* Thus, recent studies focused on mixed
Ni and Fe oxide electrocatalysts found that NiFe mixtures are
among the most active non-precious OER catalysts in alkaline
electrolytes.>>* In particular, layered double hydroxide (LDH)
and amorphous structures have shown some of the highest
reported performances to date.”>°

In addition to oxides and (oxy)hydroxides, transition metal
chalcogenides and anion doping have also been investigated as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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OER electrocatalysts.>'° In fact, sulfur-doping is thought to be
promising due to the synergistic effect of the OH and S ligands
on the catalyst surface.>’° It has been suggested that this
effect can tune the electronic structure of the active metal
centers and create optimal binding energies with the OER
intermediates to enhance OER activity and stability.*® More-
over, there is evidence that S incorporation may improve the
poor electrical conductivity of NiFe-LDHs since surface
adsorbed S ions may adjust the electronic structure and coor-
dination environment of the active sites.*®

Recently, our group reported a facile aqueous-based synthesis
method for producing amorphous mixed-metal oxide electro-
catalysts.”>*" This method is based on first synthesizing mixed-
metal carbonates and then converting them to mixed-metal
oxides using a microwave heating step. In this work, we set out
to determine if a similar aqueous-based synthesis method could
also enable S incorporation into mixed metal NiFe electrocatalysts.
Here, we report that mixtures of nickel and iron sulfate precursors
titrated with sulfite salts will result in the formation of NiFeS
catalysts in aqueous media without a microwave heating step. This
synthesis method also directly allowed us to compare traditional
NiFe- and NiFeS-based catalysts. Furthermore, we observed that
S-incorporation reduced the overpotential for the OER at current
densities exceeding 100 mA cm . In fact, we observed that the
Tafel slope for the NiFeS catalyst was ca. 39 mV dec ™, while the
Tafel slope for the NiFe catalyst was ca. 118 mV dec™'. Electro-
chemical impedance spectroscopy (EIS) measurements showed a
slight attenuation of the charge-transfer resistance upon incor-
porating S, suggesting that S incorporation improves electronic
conductivity. In addition, surface-interrogation SECM (SI-SECM)
showed that the surface of NiFe catalysts becomes fully saturated
with adsorbed intermediates. Still, incorporating S enables vacant
catalytic sites to be available at more positive potentials. The
availability of vacant sites on NiFeS catalysts may be one reason
for the improved high-current density performance and the low
Tafel slope of the NiFeS catalysts.

2 Materials and methods
2.1 Materials

Nickel sulfate hexahydrate (Crystalline/Certified ACS, Fischer
Chemical), iron(ur) sulfate pentahydrate (97%, Thermo Scientific),
sodium sulfite anhydrous (Crystalline/Certified ACS, Fisher
Chemical), iron(u) nitrate nonahydrate (98%+, ACS Reagent,
Acros), nickel(n) nitrate hexahydrate (99%, Fisher Scientific), and
sodium bicarbonate (Tech, Fisher Science Education) were used as
received without additional purification. Fluorine doped in a tin
oxide (FTO) coated glass slide with a surface resistivity of ~7 Q was
obtained from Aldrich Chemistry. All ultrapure water was obtained
using a Synergy water purification system by Millipore conditioned
to 18.2 MQ water.

2.2 Catalyst synthesis

The NiFeS catalyst was synthesized through a titration method,
while the NiFe catalyst was synthesized through a previously
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reported microwave method from our group.”® For the NiFeS
catalyst, a 0.2 M solution in a 1:1 ratio was prepared using
4.8996 g of Fe,(SO,);-5H,0 and 2.6285 g of NiSO,-6H,O dis-
solved in 18.2 MQ water for a volumetric total of 100 mL.
In conjunction, 2.989 grams of Na,SO; was dissolved in
18.2 MQ water for a volumetric total of 100 mL. With the nickel
and iron sulfate solution on ice, the sodium sulfite solution was
titrated into the mixed-metal sulfate solution using a peristaltic
pump at a rate of 0.35-0.96 mL min " as the metal sulfate
solution was stirred. A gradual color change from blue-green to
orange occurred as the titration continued. The titration took
approximately 4 hours to complete. After the titration process
concluded, the solution was allowed to stir for 1 hour and then
stored in glass jars. A similar procedure was used for the NiFe
catalyst except that 4.04 g of Fe(NO;);-9H,0 and 2.9081 g of
Ni(NO3),-6H,0 replaced the metal sulfates and 1.992 g of
NaHCO; replaced the sodium sulfite. This solution was then
poured into a Nalgene bottle and microwaved in a 1050 W
conventional microwave oven for 2 minutes, stopping and
swirling every 15-30 seconds. Bubbling occurred as the solution
was microwaved.

2.3 Electrode synthesis

The NiFe and NiFeS catalysts were electrophoretically deposited
onto FTO glass using a CHI potentiostat. FTO glass was used as
a support to enable the SI-SECM measurements. The FTO glass
was rinsed with soap, water, and ethanol and then ultrasoni-
cated in ethanol for 15 minutes. The FTO glass was then stored
in ethanol and taken out before use. For the electrophoretic
deposition process, copper tape was attached to the FTO
support before the support was placed in a custom Teflon cell.
The catalyst suspension was pipetted into the well exposed to
the FTO support. An Ag/AgCl reference electrode and Pt counter
electrode were placed into the Teflon cell to complete a three-
electrode system before applying a constant potential of —1.1V
vs. Ag/AgCl for 10 minutes.

2.4 Materials characterization

Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS) were carried out using a Hitachi
S4700 SEM. The binding energies of the C 1s, O 1s, Ni 2p, Fe
2p, and S 2p orbitals were collected using an X-ray Photo-
electron Spectroscope (XPS, Physical Electronics, Inc USA) with
a monochromatic Al X-ray source. All XPS fitting and elemental
quantification were performed using the CasaXPS software
using a Shirley background. X-Ray Diffraction (XRD) data were
collected using a step width of 0.013° and step time of 54.57 s
with a 20 range of 5.0-80.0°. Transmission Electron Spectroscopy
(TEM) images were obtained using a Hitachi H-8100 TEM.

2.5 Electrochemical characterization

Electrochemical experiments were performed on the catalyst-
coated electrode using a CHI potentiostat. A custom Teflon
testing cell was assembled using a Hg/HgO reference electrode
and a 200 um Pt wire counter electrode. An area of 0.1781 cm ™2
was determined for the working electrode using o-rings.

Mater. Adv, 2023, 4,122-133 | 123
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The electrolyte solution used for all cyclic voltammograms was
3 M KOH. Electrochemical impedance spectroscopy (EIS)
was performed from a frequency of 0.1 Hz to 100 000 Hz with
an amplitude of 0.005 V for three cycles and 5 points at each
frequency range.

Benchmarking experiments (i.e. cyclic voltammetry, chrono-
amperometry, and chronopotentiometry) were performed using
the NiFeS catalyst electrodeposited onto the FTO support with
the same setup as the initial cyclic voltammetry experiments.
24 hour stability experiments were performed at current den-
sities of 10 and 100 mA cm 2. Reproducibility studies were also
conducted on both NiFe and NiFeS.

A Scanning Electrochemical Microscope (SECM)*' was used
for surface interrogation and substrate generation tip collection
experiments. For the surface interrogation experiments, 3 M
KOH with ca. 50 mM Fe(u)-TEA was bubbled in Argon for
10 minutes before the start of each experiment. A custom
Teflon cell was used to hold the catalyst-loaded electrode.
A 200 pm Pt wire counter electrode and an Ag/AgCl reference
electrode were used. A 100 pm radius glassy carbon electrode
was used as the SECM tip. The tip electrode was held at —1.1 V
vs. Ag/AgCl and moved towards the substrate until a current
attenuation of 0.4 was reached (negative feedback). A masking
technique was used for the NiFeS sample. Briefly, several holes
were drilled into a square of Teflon FEP Film (50A, American
Durafilm) with a 100 pm diameter drill bit (One Piece, Drill Bits
Unlimited) in a CNC mill. The FEP film mask was placed over
the catalyst sample dropcast on FTO glass. The FEP film mask
was heat-bonded to the substrate by placing in a furnace above
271 °C for 30 minutes. Electrochemical reactivity maps were
generated until a hole in the mask containing the catalyst was
found. The SECM tip was then moved to the location of this
hole and then reapproached until a current enhancement of
0.4. The surface interrogation experiment was then performed
at —1.1 Vvs. Ag/AgCl on the tip electrode with the substrate set
to 0.5 Vvs. Ag/AgCl and a 20 s time step. COMSOL Multiphysics
v. 6.0 was used to perform finite element analysis simulations.
For the substrate generation/tip collection experiments, a
200 pm Pt tip electrode was moved towards the NiFeS catalyst
substrate electrode in a ca. 0.5 mM ferrocene methanol solution
with 0.1 M NaNO; supporting electrolyte. To calibrate the
collection efficiency, the cyclic voltammetry was performed on
the NiFeS substrate electrode from 0 to 0.4 V vs. Ag/AgCl while
holding the potential of the Pt tip electrode constant at 0 V vs.
Ag/AgCl. Then the solution was replaced with 3 M KOH, and
voltammetry was performed on the NiFeS electrode to generate
oxygen while maintaining a potential of —0.6 V vs. Ag/AgCl on
the Pt tip electrode.

3 Results and discussion
3.1 Catalyst synthesis and materials characterization

Fig. 1 compares the synthesis methods for our previously
reported nanoamorphous NiFe electrocatalysts using the micro-
wave-assisted technique using the simplified method to produce a
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Fig. 1 Synthesis method of amorphous NiFe (left) and NiFeS (right).

NiFeS catalyst reported herein. Synthesis of the NiFeS catalysts
was achieved by first dissolving a mixture of iron(m) sulfate and
nickel(u) sulfate in water, both soluble at the concentrations used.
Upon titration with sodium sulfite, a gradual color change from
blue-green to orange occurred as the titration continued, and a
precipitate was formed. The NiFeS catalyst was deposited onto the
supporting electrodes without any heating steps. As we previously
reported, a microwave heating step is necessary to activate the
traditional NiFe catalysts due to the inactivity of the carbonate
particles formed upon titration;*>® however, we observed that the
microwave heating step was not necessary for the synthesis of the
NiFeS catalyst.

SEM images (Fig. 2) of the aqueous-based microwaved NiFe
catalysts after deposition (Fig. 2a-d) show a network of particles
ca. a few hundred nanometers in diameter. This morphology is
assumed to have been created during the microwave process
when the carbonate species decomposes and releases CO,. EDS
measurements (ESI,1 S3) show an even distribution of Ni and
Fe throughout the catalyst. SEM images of the NiFeS (Fig. 2e-h)
show a more fractal structure with sharp edges. EDS measure-
ments of the NiFeS (ESI,7 S3) also show an evenly distributed
overlay of Ni, Fe, and S throughout. TEM images of the catalysts
prior to deposition (ESI,¥ S1) further show that instead of
individual particles, both the NiFe and NiFeS exist as an
unstructured network. No crystalline structures were detected
at a scale of 20 pm, and X-ray diffractograms of both catalysts
showed no diffraction spots, thus indicating that both catalysts
are more amorphous with a low degree of crystallinity.

X-Ray photoelectron spectroscopy (XPS) confirmed the
chemical composition of both the NiFe (Fig. 3) and NiFeS
(Fig. 4) catalysts after deposition on the FTO support electrodes.
On the NiFe sample, the Ni 2p spectrum consists of two spin-
orbit doublets of Ni 2p;/, at 854.3 eV and Ni 2p,,, at 872.3 eV
along with two satellites at 860.4 eV and 878.8 eV, which
is consistent with nickel oxide and/or nickel hydroxides.*>
The Fe 2p spectrum consists of five peaks. The peaks at
710.2 eV (2ps5,) and 723.5 eV (2py,) along with the two satellite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of NiFe (a—d) and (e—h) NiFeS electro-deposited on
FTO coated glass at four different magnifications.
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Fig. 3 X-Ray photoelectron spectroscopy spectra of the NiFe catalyst
deposited on a FTO support.

peaks at 715.1 eV and 731.4 V are consistent with iron oxides
with iron in the Fe** chemical state.”” ** The peak at 704.6 eV is
more constant with metallic Fe that may partially form during
the electrodeposition step.”> The O 1s peak at 529.2 eV is
ascribed to metal-oxygen bonds, while the peak at 531.9 eV is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-Ray photoelectron spectroscopy spectra of NiFeS catalyst
deposited on an FTO support.

consistent with weakly adsorbed water on the surface of the
material.*®

On the NiFeS sample, the Ni 2p spectrum consists of 4 peaks
at 854.3 eV (2p3/2) 860.3 €V (2P3/2,sat), 872.5 €V (2p4/») and 881 eV
(2p1/2,5at), Which are again consistent with nickel oxides.*”
The Fe 2p spectrum again consists of five peaks. The peaks at
710 eV (2ps5) and 729.9 eV (2p,),) along with the two satellite
peaks at 715.6 eV and 731.6 eV are also consistent with iron
oxides. However, the presence of an additional peak at 726.7 eV
is strong evidence of the presence of Fe-S bonds.*®

For the S 2p spectra, the S 2ps, peak at 161.1 eV, and the
2py» peak at 165.8 eV, also suggest metal sulfur bonds.*”*°
Meanwhile, the peak at 167.8 eV may indicate the presence of
oxidized sulfur, such as sulfate and/or sulfite.*” The O 1s peak
at 529.9 eV can be assigned to the lattice oxygen incorporated
into the structure.

Elemental analysis from the XPS data (see the ESIt) shows
an equal ratio of Fe to Ni in the NiFe catalyst. However, the XPS
shows a higher concentration of Fe compared to Ni in the
as-deposited sample of the NiFeS, perhaps signaling a preference
for Fe-based materials to be electrodeposited on the FTO sample.
X-Ray diffraction (ESLi Fig. S2) on the NiFeS catalyst prior to
electrodeposition demonstrates the amorphous structure of these
catalysts. No discernible nickel-iron sulfide peaks are visible, while
some unreacted Na,SO; and iron sulfates are still present.

Mater. Adv., 2023, 4,122-133 | 125
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Thus, the materials characterization studies strongly suggest
that the NiFeS catalyst is an amorphous material prior to electro-
deposition and it comprises Ni, Fe, S, and O. After electro-
deposition, a fractal material is formed on the FTO electrode
surface, and the Ni, Fe, S, and O elements are retained in the
deposited catalyst. However, the crystal phases and exact
chemical composition are difficult to determine precisely due
to the amorphous nature of the material.

3.2 OER electrochemical performance characterization

Cyclic voltammetry (Fig. 5) was used to compare the electro-
catalytic performance for the OER of the NiFe and NiFeS
catalysts with both samples deposited on a flat, inert FTO
coated glass support electrode. The overpotential for the OER
was calculated from the effective formal potential as shown in
eqn (1) and (2). Reproducibility measurements from additional
samples are shown in the ESI,{ Fig. S4 and S5.

n= Emeasured - E(f),eff + Eref (1)

RT
EI?,eff = E?(02/H20) — 2.3O3TpH (2)

Overpotential (V)
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Fig. 5 (a) Cyclic voltammograms of NiFeO and NiFeS on the FTO support

and blank FTO glass at a scan rate of 50 mV s~% (b) Cyclic voltammetry

data overlayed with 30-second chronoamperometry and chronopoten-
tiometry benchmarking experiments. All experiments were performed in
3 M KOH and corrected for uncompensated resistance (Rq).
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First, the shape of the voltammograms for the NiFe and
NiFeS catalysts are distinctly different. The NiFe catalyst shows
the classic Ni"/Ni'™ at ca. 0.45 V vs. Hg/HgO with the reverse
Ni"/Ni" reduction occurring at ca. 0.35 V vs. Hg/HgO on the
reverse scan. Interestingly, on the NiFeS catalyst, a pre-catalytic
wave is observed at more positive potentials (ca. 0.5 V vs.
Hg/HgO), but this pre-catalytic wave appears to be more rever-
sible with the reduction happening at ca. 0.45 V vs. Hg/HgO on
the reverse scan. When no catalyst is present, no catalytic wave
is observed on the FTO support electrode.

The NiFeS electrocatalyst demonstrated better OER perfor-
mance than the NiFe catalyst with an overpotential of 265 mV at
10 mA cm 2 and 300 mV at 100 mA cm™ > compared to 285 and
340 for the NiFe catalyst at 10 and 100 mA cm ™2 respectively.
To benchmark the catalytic performance of the NiFeS electro-
catalyst, the overpotential was measured under steady state
conditions. The chrononoamperometry (squares on Fig. 5b)
and chronopotentiometry (circles on Fig. 5b) measurements
taken from 30 s experiments matched up to the cyclic voltam-
mogram verifying the overpotential results. Twenty-four hour
chronopotentiometry experiments at 10 and 100 mA cm™ > were
performed on a NiFeS sample in order to assess the catalyst
stability. Two different effects can be seen in Fig. 6. First,
several sudden rises and falls in the overpotential were mea-
sured, attributed to bubble formation and release during the
experiments performed at high current densities. Second, the
overpotential decreased slightly throughout the 24 hour experi-
ment, with the final overpotential measured of 248 mV and
282 mV at 10 mA cm™* and 100 mA cm™ 2, respectively. The
decrease in the overpotential overtime may be attributed to
surface restructuring during the OER.>!

The 24 hour stability measurements shown in Fig. 6 provide
strong evidence that the catalyst is stable and is capable
of evolving oxygen. If oxidation of the catalyst (include the
incorporated sulfur) was a major contributor, we would
expect to see a decrease in the performance of the catalyst over
the 24 stability experiments. However, to provide additional

—— 10 mA cm™2

—— 100 mA cm™2
0.4

= 0.3

0.2 -

Overpotential (

4 s 12 16 20 24
Time (h)

Fig. 6 Chronopotentiometry experiments on NiFeS electrodeposited

FTO at current densities of 100 mA cm™2 and 10 mA cm™~2 for 24 hours.

All experiments were performed in 3 M KOH and corrected for uncom-

pensated resistance (Rq).
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semi-quantitative evidence that the catalytic wave shown in
the voltammetry experiments corresponds to the evolution of
oxygen, we performed substrate-generation/tip collection scan-
ning electrochemical microscopy (SG/TC SECM). In this experi-
ment, a 200 um Pt tip electrode is placed in close proximity to
the catalytic NiFeS electrode, and the potential of the NiFeS
substrate is swept positively to evolve oxygen while the Pt tip
electrode is held very negative to collect and reduce any oxygen
that is generated which diffuses off the substrate. Fig. 7a shows
the NiFeS substrate current vs substrate potential. Just as in the
cyclic voltammetry experiments shown in Fig. 5 a precatalytic
wave is shown at ca. 0.4 V vs. Ag/AgCl with the catalytic wave at
ca. 0.45 Vvs. Ag/AgCl. By measuring the reducing current on the
Pt tip electrode as a function of the substrate potential (Fig. 7b),
we see reduction occurring at the same potentials where the
catalytic wave begins (ca. 0.45 V vs. Ag/AgCl). This is very strong
evidence for oxygen being generated at the NiFeS substrate at
these potentials and collecting on the Pt tip electrode. Further-
more, at potentials more positive than ca. 0.5 V vs. Ag/AgCl, we
see abrupt changes in the tip current most likely caused by
oxygen bubble formation and blockage of the tip electrode.
Because the SECM tip electrode (ca. 200 pm) is significantly
smaller than the substrate electrode (ca. 3 mm) the magnitudes
of the currents are different. However, to provide a semi-
quantitative measure of the amount of oxygen collected, it is
possible to normalize the collection efficiency to that that of an
outer-sphere redox mediator at the same tip/substrate distance
(see the ESILt Fig. S7 for details). Fig. 7c shows that the
normalized collection efficiency of oxygen prior to bubble
formation is ca. 80% again providing strong evidence that the
observed catalytic wave is oxygen evolution.

Electrochemical impedance spectroscopy (EIS) was used to
assess how S incorporation into the NiFe catalyst changes the
electronic properties (Fig. 8). The EIS data for both the NiFe and
NiFeS catalysts were fitted to a R-RC equivalent circuit. Both
samples had similar R, values of ca. 9 Q which is attributed to
the uncompensated solution resistance. Both samples showed
a larger midfrequency arc in the Nyquist plots is indicative
of increased recombination resistance at the surface of the
electrode/electrolyte interface.”> We observed that the NiFe
sample had a slightly higher charge transfer resistance R, of

x10~% 10-6
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ca. 4000 Q compared to a R of ca. 2100 Q for the NiFeS. This
lower charge transfer resistance suggests that there may be
some improvement in the electronic properties of the catalyst
with S incorporation.

3.3 Surface-interrogation SECM and Tafel slope analysis

A surprising result of the NiFeS catalysts is the small change
in the overpotential for the OER when the current density
increases from 10 mA cm ™2 to 100 mA cm 2. Thus, to probe
what is happening on the surface, we performed Surface-
interrogation scanning electrochemical microscopy (SI-SECM)
as shown in Fig. 9. SI-SECM can give information about the
potential-dependent active site coverage of adsorbed inter-
mediates on a catalyst surface. This is done utilizing a redox-
mediator in solution, in this case Fe(u)-TEA, which can
be reduced on the SECM tip electrode (eqn (3)). The reduced
Fe(u)-TEA can then react with surface-adsorbed oxygenated
species on the catalyst surface (eqn (4)). This regeneration of
the Fe(m)-TEA causes an increase in the mass-transfer (and
thus an increase in the measured tip current) only when M-OH,
or any adsorbed oxygenated species, sites are present. Finite
element analysis simulations can then reveal the potential
dependent surface coverage of intermediates.

Fe(m)-TEA + e~ — Fe(u)-TEA (3)

Fe(n)-TEA + M-OH — Fe(m)-TEA+M + OH™  (4)

In the SI-SECM experiment, it is important to have the
substrate electrode and the tip electrode be approximately the
same size to avoid open-circuit positive feedback. Thus, we
incorporated a masking technique as we previously reported.”®
A mapping technique was first used to find the hole in the FEP
film containing the catalyst (ESI,¥ Fig. S6). The SECM tip
electrode was then positioned to a height of ca. 14 um above
the substrate. Once the tip electrode is in position, various
potential pulses of 20 s durations were applied to the NiFe or
NiFeS substrate electrode, Eg,p, ranging from 0 to 0.66 V vs.
Ag/AgCl. These potential pulses were used to generate surface-
active species. After the potential pulse, the substrate electrode
was automatically switched to open-circuit and a potential of

Substrate Current (A)

@ 5
S 30
g,
Z

0
0.50 0.45 0.40 0.35 0.30 0.25 0.20 0.50 0.45 0.40
Substrate Potential (V vs Ag/AgCl)

Substrate Potential (V vs Ag/AgCl)

0
0.35 0.30 0.25 0.20 0.51 0.50 0.49 0.48 047 0.46 0.45

Substrate Potential (V vs Ag/AgCl)

Fig. 7 Substrate generation/tip collection SECM results to detect oxygen evolving from the NiFeS catalyst. Substrate electrode: ca. 3 mm NiFeS
deposited on FTO. Tip electrode: 200 pm Pt disc held at a constant potential of —0.6 V vs. Ag/AgCl to collect and reduce O,. Electrolyte: 3 M KOH.
Scan rate: 5 mV s, All substrate potentials were corrected for uncompensated resistance (Rg). (a) Substrate current as a function of substrate potential.
(b) Tip current as a function of substrate potential. (c) Normalized collection efficiency as a function of substrate potential.
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applied to the SECM tip to generate redox active titrant (Fe(i)-TEA) which titrates the active sites on the substrate with the substrate under open-circuit

conditions.

—1.1 V vs. Ag/AgCl was applied to the tip electrode. The
experimental tip current was then measured as a function of
time and shown in Fig. 10a for the NiFe catalyst and Fig. 10c for
the NiFeS catalyst.

To obtain the active site densities as a function of applied
potential, the SECM tip currents were simulated with different
active sites densities using COMSOL Multiphysics finite ele-
ment analysis simulations. Active site density calculations from
SI-SECM are critical for NiFe-based catalysts due to the non-
conducting behavior of Ni(OH), in the potential window less
positive than the OER.?®> The COMSOL simulations for the NiFe
and NiFeS catalyst are shown in Fig. 10b and d, respectively.
The simulations show that as the density of surface inter-
mediates increases, higher levels of positive feedback is predicted
on the tip, as we measured experimentally. A least-squares fit

128 | Mater. Adv,, 2023, 4,122-133

between the experimental and simulated data was performed in
order to determine the active site density as a function of
potential. As shown in Fig. 10 a good correlation between the
experimental and simulated SI-SECM data was obtained for
both the NiFe and NiFeS catalysts. Based on our previous
work,® the COMSOL simulations are very sensitive to both kg,
and the active site density, and we estimate the error in the site
density from the least squares fit to be less than 10%. Fig. 11
shows the dependence of active site density on the substrate
potential for both the NiFe and NiFeS catalysts. Both samples
showed high active site densities of greater than 4000 sites nm ™2,
which is consistent with the permeable and porous amorphous
NiFe catalyst that we have previously reported.>** However, there
is one key difference between the NiFe and NiFeS catalysts. At the
potential where the NiFe catalyst reaches 100 mA cm > (ca. 300 mV

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SI-SECM measurements of active site density as a function of catalyst potential for (a) NiFe and (b) NiFeS.

overpotential) the surface is fully saturated with adsorbed inter-
mediates. However, on the NiFeS catalyst, the surface is not fully
saturated with adsorbed intermediates at the potential when the
catalyst reaches 100 mA cm™? (ca. 250 mV overpotential). This
implies that there are vacant free sites available when the catalyst
is operating at 100 mA cm ™2,

An additional piece of information that the finite elemental
analysis simulations can reveal is the kinetics the reaction of
the activated redox mediator (in this case Fe(u)-TEA) with the
adsorbed intermediate (k). The kinetics of the surface reaction
can be semi-qualitatively determined by the shape of the tip
current profiles. The finite element analysis simulations can

© 2023 The Author(s). Published by the Royal Society of Chemistry

quantify the surface reaction kinetics. Comparing the &, of the
two catalysts showed that the k;; =5 x 10> m® mol " s™* for
the NiFeS and was kg =2 x 10~ * m® mol ' s~ for the NiFe. The
difference in the kinetics of the surface reaction may imply that
the adsorption strength of the intermediates is different
between the NiFe and the NiFeS catalyst.

Additional insights into the rate-determining steps can be
determined by combining Tafel slope analysis with the
SI-SECM data.”® As is typically seen with the HER, the Tafel
slope will vary depending on which step in the mechanism is
rate-determining. Fig. 12 shows the Tafel slopes taken from
the cyclic voltammetry data for the NiFeS and NiFe catalysts.
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The NiFeS catalyst showed a single Tafel slope of ca. 39 mV dec™*,

where the NiFe catalyst showed a Tafel slope transition from
ca. 39 mV dec ™' at low overpotentials to 118 mV dec ™" at higher
overpotentials.

While there is no definitive mechanism for the OER, a
commonly accepted simplified mechanism in alkaline media
is shown in eqn (5a)-(5d).>*

M+ OH <« M-OH +e~ (5a)
M-OH + OH™ < M-O + H,0 + e~ (5b)
M-O + OH™ < M-OOH + e~ (5¢)
M-OOH + OH™ < M + O, + H,O + e~ (5d)

The Tafel slope of the OER will change depending on the
rate-determining step. For example, if the initial adsorption
step is rate-determining, then the rate of the OER is governed
by the forward rate of eqn (5):

r= kCOH’CM = kOCOH—CMe(lia)fy’ (6)

where o is the transfer coefficient, f = F/RT, and 7 is the
overpotential defined as E — Egeff. In alkaline media, the
concentration of OH™ is sufficiently high such that its concen-
tration at the electrode surface will not change significantly
during oxygen evolution. In addition, if the initial adsorption
step is rate-determining, the surface concentration of free sites,
Cy, would be constant because the surface coverage will always
be close to zero. Thus, the rate of reaction becomes

r= k'Ot 7)

where k'° is the pseudo-zero-order rate constant. It should be
noted, however, that even though the rate is pseudo-zero-order
in OH, the rate still increases as the potential becomes more
positive due to the potential dependence of the rate constant.
Writing the rate in terms of measured current results in

1

— =k (1—a)fn 8
nkFA r ¢ (8)

Re-writing eqn (8) in terms of Tafel slopes results in

_(—a)f ,
log,yi = 3303 1 4 constant 9)
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The Tafel slope can then be written as
2.303
Tafel slope = ——— = 118 mV dec™ (10)
(1 —o)f

with o« = 0.5. Thus, if the first initial step is rate-determining,
one would expect the Tafel slope to always be 118 mV dec ',
and the surface coverage is always near zero. Since we observed
a surface coverage as a function of potential for both the NiFe
and NiFeS samples, and neither had a constant Tafel slope
of 118 mV dec ' is evidence for the initial adsorption step not
being rate-determining for either material.

If any of the steps (5b)-(5d) are rate-determining, the overall

rate would be governed by

r= kOCOHadCOer(lfa]fﬂ

(11)

where Con , represents any of the adsorbed oxygenated species
(M-OH, M-O, or M-OOH).

Again, under highly alkaline conditions, the concentration
of OH™ is relatively constant at the electrode surface, resulting
in the overall reaction rate equation becoming

— 1110 (1—a)fn
r=k COHade

(12)

where k'° is the effective pseudo-first-order rate constant.

There are two cases that describe the potential dependent
OH™ adsorption. First, under low OH,q coverage, the first
adsorption step is in pre-equilibrium, and thus the Nernst
equation applies:

E = E°(0,/0H ) + X1y (%)
F OOH~

(13)

with the activity of water taken as 1.
Using eqn (13) to determine Cop_, yields

RT RT
E= EO (OHi/Oz) + 2303TPOH + TIH(OCOHM) (143)
RT RT
E- (EO(OH* /05) + 2.303TpOH) ~ - In(son,,) (14D)
N RT
E— ( E(OH™ /0) +2.303——(pKw — pH)

RT
=—In(coH,,) (14c¢)

F

© 2023 The Author(s). Published by the Royal Society of Chemistry
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E - (EO(Hzo/Oz) - 2.303R—FTpH) = gln(aomd) (14d)
£ EL(H0/0,) = Tin(Con,)  (140)
n="Tin(Con,,) (146
Con,, = €™ (14g)

Substituting Coy_, from eqn (14g) into eqn (12) gives

r i — klOe/';]e(lfoc)f'n

~ nFA (15)

Re-writing eqn (15) in terms of Tafel slopes results in

2-—of

log,yi = ~>7303 + constant (16)
The Tafel slope can then be written as
2.303
Tafel slope = ——— = 39.4 mV dec™! 17
o/ 7

for the case in which the reaction of the OH™ with an adsorbed
species is rate-determining and there are available vacant sites
in pre-equilibrium, such as in the first step.

Now, if any of the steps (5b)-(5d) is rate-determining but is
sufficiently slow such that nearly all surface sites are occupied
by OH,q, then Cop_, is no longer a function of potential and is
now constant. Eqn (12) can now be written as

p— e L

nFA (18)

where k'° is the effective pseudo-zero order rate constant.
Re-writing eqn (18) in Tafel form results in

2303 _ 118 mV dec™!

()f

Combining the Tafel slope analysis with the SI-SECM data,
we can see that there are surface-adsorbed intermediates at the
potentials where the OER is occurring on the NiFeS catalyst.
Still, they do not fully saturate the surface. In addition, the Tafel
slope is ca. 39 mV dec™' over the entire potential range.
This implies that the kinetics of the intermediate steps may
be fast enough that vacant free sites are continually available
under OER conditions. However, on the NiFe catalyst, the
surface is fully saturated with adsorbed intermediates under
OER potentials. The Tafel slope changes from ca. 39 mV dec™*
at low surface coverage to 118 mV dec ' under high surface
coverage. This implies that vacant sites are unavailable during
the OER, which may be why the overpotentials at higher current
densities are increased.

Tafel slope = (19)

4 Conclusions

In this work, we demonstrate a one-step synthesis technique
for incorporating sulfur into NiFe-based OER electrocatalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This was based on a simple titration technique of nickel and
iron sulfates with sodium sulfite. Materials characterization
confirms the presence of Ni, Fe, S, and O, but the exact
chemical structure was difficult to determine precisely due to
the amorphous nature of the material. Electrochemical charac-
terization showed that the S-incorporation reduced the over-
potential for the OER compared to a plain NiFe catalyst, with
additional gains at higher current densities. In fact, the NiFeS
catalyst only had a ca. 39 mV increase in the overpotential
between operating at 10 mA cm™ > versus 100 mA cm™ > on a flat
support electrode. The ability of this catalyst to operate at low
overpotentials at high current densities was analyzed using
SI-SECM and Tafel slope analysis. Here we showed that the
surface of the NiFeS catalyst was not fully saturated at OER
potentials and was able to maintain a constant Tafel slope of
39 mV dec™ ! indicative of the first adsorption step in a pre-
equilibrium with available vacant catalytic sites. In contrast, the
NiFe catalysts showed that the surface became fully saturated
with intermediates at OER potentials, confirmed by the Tafel
slope transitioning from 39 mV dec ™" at low surface coverage to
118 mV dec™ " at high surface coverage. We attribute the ability
of these NiFeS catalysts to operate at high current densities to
the availability of vacant sites throughout the OER potential
window.
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