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ABSTRACT: An efficient and inexpensive electrocatalyst for the oxygen evolution
reaction (OER) must be found in order to improve the viability of hydrogen fuel =
production via water electrolysis. Recent work has indicated that nickel chalcogenide @
materials show promise as electrocatalysts for this reaction and that their performance can
be further enhanced with the generation of ternary, bimetallic chalcogenides (i.e.,
Ni;_,M,X,); however, relatively few studies have investigated ternary chalcogenides
created through the addition of a second chalcogen (i.e., NiX,_,Y,). To address this, we
studied a series of Se-modified Ni;S, composites for use as OER electrocatalysts in alkaline
solution. We found that the addition of Se results in the creation of Ni;S,/NiSe
composites composed of cross-doped metal chalcogenides and show that the addition of 10% Se reduces the overpotential required
to reach a current density of 10 mA/cm? by 40 mV versus a pure nickel sulfide material. Chemical analysis of the composites’ surfaces
shows a reduction in the amount of nickel oxide species with Se incorporation, which is supported by transmission electron
microscopy; this reduction is correlated with a decrease in the OER overpotentials measured for these samples. Together, our results
suggest that the incorporation of Se into Ni;S, creates a more conductive material with a less-oxidized surface that is more
electrocatalytically active and resistant to further oxidation. Importantly, oxidation does still occur, and the active catalyst is most
likely a nickel (oxy)hydroxide surrounding a crystalline, conductive Ni;S,_,Se, core.
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1. INTRODUCTION

As the development and implementation of renewable solar
and wind power continues to increase, so too does the need for
an efficient means of storing this intermittent energy to allow
for efficient incorporation into existing power grids.1 Much of
the recent research on energy storage techniques has focused
on technologies such as batteries or chemical fuels, and among
the most promising of these is the generation of hydrogen fuel

number of promising metal chalcogenide OER catalysts have
recently been reported, as well.”’~" In an effort to further
improve the catalytic performance of both (oxy)hydroxides
and chalcogenides, researchers have modified the compositions
of these materials to leverage the synergistic effects of different
transition metals, such as Fe and Co, and impact the chemical
and electrochemical properties of the catalysts.”*'*~'* Recent
work has shown that many of these chalcogenide materials may
act as precatalysts for the true metal (oxy)hydroxide OER

via the electrolysis of water.” When produced using a clean
source of electricity, the only products of the process are H,
and O, gas, which can recombine to produce water and
electricity when the fuel is later consumed in a fuel cell or
through combustion. Although promising, this technology
faces several hurdles to wide-scale implementation, and one of
the largest is a need for affordable electrocatalysts to drive the
water splitting reactions.

Both halves of the water splitting process require electro-
catalysts to reduce the kinetic barriers to electrochemical
reaction, but electrocatalysts for the oxygen evolution reaction
(OER) are arguably of greater interest, as the OER is the
current rate-limiting step for total water electrolysis. The
standard benchmark electrocatalysts for the OER are typically
costly IrO, and RuO,,” and thus, research in the field has been
focused on replacing these precious metal catalysts with more
earth-abundant materials such as Fe-, Co-, and Ni-based
(oxy)hydroxide materials.*® Building on this body of work, a
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active sites and that the properties of the initial chalcogenide
may have a direct impact on the final catalyst that forms.'>"*
As such, researchers have recently begun to systematically
incorporate multiple chalcogens into these materials to
investigate the resulting effect on OER performance.'*"’
These studies suggest that the incorporation of multiple
chalcogens can induce a number of beneficial effects, such as
the creation of OER-active crystal lattice defects and
improvements in charge conduction, but further work is
needed to explore this topic in greater detail.
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Toward this end, we have used hydrothermal synthesis to
create a series of nickel sulfoselenide materials and have
investigated their use as OER electrocatalysts. Using a variety
of analytical techniques, including X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), scanning and trans-
mission electron microscopy (SEM and TEM), total
reflectance X-ray fluorescence spectroscopy (TXREF), electro-
chemical impedance spectroscopy (EIS), and cyclic voltam-
metry (CV), we have explored the chemical properties of the
materials prior to electrocatalysis to determine what effect the
S/Se ratio has on the physical, chemical, and electrocatalytic
properties of the materials. We also explored the relative
stability of the materials and determined that these nickel
sulfoselenides are best classified as precatalysts that yield an
active nickel (oxy)hydroxide OER electrocatalyst. Importantly,
we find that the incorporation of Se into Ni;S, appears to
improve the electrical conductivity and oxidative stability of
the metal sulfide and that the degree of surface oxidation prior
to the OER correlates well with catalytic performance. Based
on our findings, we suggest that metal mixed-chalcogenides
such as the nickel sulfoselenides represent a promising family
of precatalysts suitable for use in OER electrocatalysis
applications. These results open the door for further work in
the field of mixed-chalcogenide electrocatalysts for a variety of
reactions and the development of advanced catalysts and
precatalysts which may improve the affordability of industrial-
scale, renewably powered water splitting.

2. EXPERIMENTAL SECTION

2.1. NiS,Se, Electrocatalyst Synthesis. All of the NiS,Se,
electrocatalysts were synthesized using the hydrothermal synthesis
detailed here. Ni(SO),-6H,0 (Acros Organics, 99%, 0.5 mmol) was
added to 50 mL of ultrapure water (18 M) and magnetically stirred
for 10 min, at which point 5 mmol of the chalcogen precursor was
added and the resulting solution was stirred for a further 10 min.
Here, thiourea (Acros Organics, 99.9%) was used as the S source, and
SeO, (Alfa Aesar, 99%) was used as a Se source; in all but the pure
NiS, oo, the total molar chalcogen content was equivalent to the Ni
content, and by changing the thiourea/SeO, ratio, we controlled the
S/Se ratio of the final product. Thus, for a 25% Se-NiS,Se, sample, 0.5
mmol of Ni sulfate was combined with 0.375 mmol of thiourea and
0.125 mmol of selenium oxide. In the case of the pure Ni;S,, a 3:2
ratio of Ni sulfate/thiourea was used as a 1:1 ratio produced an
uneven mix of Ni;S, and NiS,, rather than NiS.

After mixing of the chalcogen precursors was completed, 10 mL
(55% molar equivalents) of hydrazine hydrate solution (Millipore-
Sigma, 99%) was added dropwise to the solution over approximately S
min, and the resulting solution was stirred for an additional 10 min. In
the hydrothermal synthesis, the hydrazine acts as a thermally activated
reducing agent to produce H,S and H,Se, which can in turn produce
the Ni chalcogenides. After mixing, the resulting solution was
transferred to a Teflon hydrothermal reactor vessel (100 mL) and
sealed in a hydrothermal autoclave. The vessel was heated in a muffle
furnace at 5 °C/min to 180 °C and held for 20 h before being allowed
to cool to room temperature naturally, typically about 6 h. Following
cooling, the resulting metal chalcogenide powder was washed in water
and centrifuged twice, followed by one more wash in ethanol to
remove any unreacted precursors and then dried in a vacuum oven
overnight at 80 °C. These dried powders were then collected and
used as-synthesized in further characterizations. Of note, this synthesis
was relatively robust and showed similar products, crystallography,
and morphology, when scaled up to three times the Ni/chalcogen
concentration while maintaining the total water and hydrazine hydrate
volume.

2.2. Electrocatalyst Ink and Electrode Preparation. In a
typical electrode fabrication, 0.5 mg of catalyst powder was suspended

in 0.125 mL (4:1 g/mL) of a 4% Nafion (Millipore-Sigma)/
isopropanol solution by sonication for 10 min. Following suspension,
12 pL of ink was deposited onto a 0.2 cm? glassy carbon rotating disk
electrode (RDE, Gamry) in 3 yL aliquots, each followed by drying, to
produce a total loading of 0.24 mg/cm?® Once dried, the electrode
was used for electrochemical testing.

2.3. Electrochemical Testing. To determine the overall
electrocatalyst performance, we performed CV in approximately 40
mL of 1 M KOH solution (Fisher, ACS Certified) using a CHI 660D
potentiostat (CH Instruments, Austin, TX). The NiS,Se,/glassy
carbon RDE was used as the working electrode, a Pt wire was used as
the counter electrode, and an Ag/AgCl reference electrode in
saturated KCl solution (CH Instruments, Austin, TX) was used as the
reference. In a typical experiment, three consecutive CV sweeps were
made from 0.2 to 0.8 V versus Ag/AgCl (sat. KCl) with 100% iR
compensation at a scan rate of 20 mV/s. For each material, testing
was performed in triplicate fashion; three separate electrodes were
prepared, and 3 CVs were run on each prepared electrode. The third
scan of all three of the electrodes was then employed to generate an
average curve from which the overpotential at 10 mA/cm? (17,0) was
measured. EIS was performed on selected NiS,Se, samples at an
alternating potential of 1.52 V versus RHE with an amplitude of +5
mV between 100 kHz and 0.1 Hz. After the initial EIS spectra were
measured, all samples underwent chronopotentiometric testing at 10
mA/cm? for 10 min, and the EIS spectra were measured again. For
long-term testing of the electrodes, chronopotentiometric experiments
were performed by measuring the potential required to produce 10
mA/cm” of current as a function of time; the potential was later
corrected using the measured resistance of the electrode prior to
testing. During long-term testing, the RDE was rotated at
approximately 300 rpm and a slow stream of Ar gas was impinged
on the surface to dislodge any O, bubbles generated during the
experiment.

For rotating ring-disk electrode (RRDE) analysis of Faradaic
efficiency, a glassy carbon disk electrode loaded with 0.24 mg/cm? of
the NiS,Se, catalyst was used as the working electrode and a Pt ring
electrode was used to reduce the O, generated at the disk to H,O, via
a two-electron process; a Ag/AgCl (sat'd KCl) reference electrode
and Pt wire counter electrode completed the electrochemical cell, and
a CHI 700E bipotentiostat (CH Instruments, Austin, TX) was used to
perform the analysis. An Ar-sparged 0.1 M KOH solution was used as
the electrolyte for all experiments. All of the experiments were
background-corrected by measuring the ring current at 0.435 V versus
RHE and holding the disk at the open-circuit potential over 2 min
while rotating at 1600 rpm; the average ring current of the last 60 s of
the experiment was then subtracted from the subsequent ring current
measurements. For Faradaic efficiency measurements, the NiS,Se,
electrocatalyst was held at 1, 2, and 4 mA/ cm? for 2 min with a
rotation rate of 1600 rpm, while the ring was held at 0.435 V versus
RHE. The average ring and disk currents from the last 60 s of the
measurement were used to solve for eq 1, where ¢ is the Faradaic
efficiency, i, is the ring current, iy is the disk current, and N is the
collection efficiency of the ring (measured as 0.39 in this system).
Tests for each electrocatalyst were performed in triplicate, and the
average values were reported.

24,

T
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2.4. Physical Characterization. Powder XRD was performed
using a Spider (Rigaku) diffractometer with a Cu Ka radiation source.
SEM images were collected using an FEI Quanta 650 environmental
scanning electron microscope using a 20 kV accelerating voltage. XPS
analysis was performed using a Kratos Axis Ultra photoelectron
spectrometer using a monochromated Al Ko excitation source with
spectra corrected to the adventitious C 1s peak at 284.8 eV. High-
resolution transmission electron microscopy (HRTEM) and energy-
dispersive X-ray spectroscopy (EDX) mapping using scanning
transmission electron microscopy were all performed on a JEOL
2010F transmission electron microscope with an ultrahigh resolution
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pole piece. The EDX mapping was conducted using an Oxford X-
MaxN 80TLE solid-state detector. Brunauer—Emmett—Teller (BET)
surface area measurements were made using Kr adsorption in a bath
of liquid nitrogen at 77 K with a Quantachrome AutoSorb iQ
volumetric gas adsorption analyzer (Anton Paar). Because of the low
amount of metal chalcogenides produced during our synthesis and the
inherently low surface area of the materials (<50 m*/g), Kr was used
as the adsorbate gas for all catalysts. All samples were degassed at 120
°C under vacuum prior to weighing to remove surface-adsorbed
species. Multipoint BET analysis was performed using Anton Paar’s
ASiQ Win software with a specified P, value of 2.63 Torr. ASiQ Win’s
“Micropore BET Assistant” was employed for optimal point selection
for fitting to the BET equation to determine Kr-accessible surface
areas. TXRF quantification of dissolved S, Se, and Ni in electrolyte
solution was measured using a S2 Picofox spectrometer (Bruker Nano
GmbH) with a Mo K excitation source. The electrolyte solution
(0.995 mL) was mixed with 5.0 uL of a Y solution (TraceCERT, 1000
mg/L in nitric acid, Sigma-Aldrich) to act as an internal standard. The
resulting solution (10 L) was dropped onto a quartz disk and dried
at 70 °C for 15 min, and the TXRF spectra were acquired over 300 s;
three replicates were performed for each NiS,Se, catalyst studied.
External calibration for quantification was performed using a
commercial standard (TraceCERT Periodic Mix Table 1, Sigma-

Table 1. Gravimetric Overpotential, BET-Derived
Overpotential, and BET Surface Areas of NiS,Se,
Composites

sample 1Mo gravimetric (V) 7795, BET SA (V)  SAggr (m?/g)
NiS 00 0.354 0.400 14.6
NiSgoSeso 0318 0.368 173
NiS,sSe,s 0324 0341 10.6
NiSggSeso 0412 0.462 127
NiSe g 0.386 0.377 5.67

Aldrich). The background concentrations of each analyte in a sample
of the KOH electrolyte prior to testing were also measured, and the
quantities measured in the tested samples were background-corrected
to these values.

3. RESULTS AND DISCUSSION

3.1. XRD Spectroscopy and SEM. To determine what
effect chalcogen substitution has on the hydrothermal synthesis
of our nickel sulfoselenide electrocatalysts, we used powder
XRD to analyze differences in the crystal structures of a series
of materials, ranging from pure nickel sulfide and nickel
selenide compounds to a range of S/Se ratios. For simplicity,
the composites will be named according to the standard
formula NiS,Se,, where “x” equals the percentage of S relative
to Ni and “y” represents the percentage of Se. Therefore, a
composite with 90% S and 10% Se would be referred to as
NiSgoSe o. The results, presented in Figure 1, show that these
materials undergo a variety of changes as the S/Se ratio
decreases from 9:1 to 1:1. By XRD, the Se-free material,
NiS, o, is composed of a primary Ni;S, phase and a minor NiS
impurity phase, and both phases have been shown to be
effective electrocatalysts with comparable OER overpotentials
in previous studies.'’~*° With the incorporation of 10% Se, we
observe the formation of a discrete NiSe peak near 33° two
theta, indicating that the Ni;S, does not accommodate all of
the Se in the crystal lattice, resulting in the formation of a
Ni;S,/NiSe composite. At 25% Se incorporation, the Ni;S, and
NiSe phases become equally intense, and by 50% Se
incorporation, the Ni;S, becomes the impurity phase in a
primarily NiSe composite. As a comparison to the Se-
incorporated Ni;S, composites, we also report a pure NiSe, g,
sample, which is composed primarily of NiSe, with a small
Ni;Se, impurity.
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Figure 1. (a) XRD spectra of a series of nickel sulfoselenide composite materials. The primary Ni;S, phase is gradually replaced by NiSe as more Se
is added to the composite. (b) Ni,S, (010) peak shows a gradual shift to lower two theta with increasing Se content as more Se is incorporated into
the lattice; (c) a similar effect occurs in the NiSe (101) peak, where increasing S-content causes a shift to higher two theta. SEM images of the
NiS,go (d) and NiSe,q (e) show that both composites consist of agglomerated particles between 0.5 and 1 ym in diameter.
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The formation of the NiSe impurity at a S/Se ratio of 9:1
indicates that much of the Se is likely segregated into a distinct
NiSe phase during synthesis and suggests that the incorpo-
ration of the much larger Se anion into the Ni;S, lattice is not
favorable.”" Despite this, the XRD spectra show that some of
the Se does become incorporated into the Ni;S, phase. As seen
in Figure 1b, there is a slight shift in the position of the Ni;S,
(010) peak at 21.7° to smaller two theta with increasing Se
concentration, indicative of the incorporation of the larger
anion into the crystal lattice. Likewise, a small quantity of S
becomes incorporated into the selenide phase, and the NiSe, g,
(101) peak at 32.9° (Figure lc) exhibits a relatively large half
degree shift to larger two theta as the composition becomes
more S rich.'”®> The magnitude of this shift, as well as the
prominence of the NiSe product over Ni;S, at low S/Se ratios,
indicates that the smaller S*” anion may be relatively easy to
incorporate into the NiSe lattice, although the extent of that
substitution is not further studied here.

The XRD spectra reveal that the final product of the
hydrothermal synthesis is a Se-doped Ni;S, and S-doped NiSe
composite material, where the relative quantity of each
component depends on the S/Se ratio. Previous studies of
pure nickel sulfide and nickel selenide electrocatalysts have
shown that both have good OER performance, with similar
overpotentials when tested on high-surface area Ni foam
electrodes.'”*” Importantly, however, the electrocatalysts
presented in these two studies had dramatically different
morphologies; the NiSe exhibited a nanowire morphology,
while the Ni;S, exhibited nanosheet morphology. Because
significant differences in morphology and size can impact the
comparison of electrocatalytic performance,'* we used SEM to
study the morphology of our mixed NiS,Se, samples more
closely and ensure that our synthetic procedure produced
comparable products. As can be seen in Figure 1d,e, the
materials are all composed primarily of roughly spherical
particles, with diameters ranging from approximately 500 nm
for the NiS,, material to approximately 1 gm for the NiSe.
Generally, it appears that the Ni;S,-rich composites exhibit
smaller particles than the NiSe-rich composites, but in all cases,
the particles appear to exhibit a degree of surface roughness
(Figures SI1 and S2). The effect of any apparent roughness on
the overall catalyst surface area is small, however, as the BET
surface areas of the composites measured using Kr adsorption
measurements are all below 20 m?/g (Figure S3). After
comparing the SEM images, BET surface area measurements,
and XRD spectra for all of the composites, we note a slight
relationship between chalcogenide composition, morphology,
and surface area. Low Se concentration (0 and 10% Se) leads
to smaller Ni;S, particles with larger surface areas, while
increased Se content (SO and 100% Se) appears to induce a
transformation to the larger NiSe microspheres visible in SEM,
as shown in Figure S2d,e. As evidenced by the XRD spectrum
in Figure 1, NiS,Se,s appears to represent a transition
between these two products, possessing both Ni;S, and NiSe
phases in abundance but generally possessing a more Ni;S,-like
morphology; this combination appears to result in a material
which breaks the trend in the relationship between BET
surface area and Se content. SEM images in Figures Slc and
S2c¢ show that the small Ni;S,-like particles present in the
NiS;sSe,s sample agglomerate more than the other composites,
while there are also more micrometer-scale spherical NiSe
particles visible as well. Together, both features may help to

explain the anomalously low BET surface area of the NiS,Se,;
sample.

3.2. Electrochemical Characterization. Next, we used
CV to investigate the effects of these aforementioned
differences in physiochemical properties on performance of
the composites for the OER in alkaline solution. Using Nafion
as a binder, we loaded the catalysts at 0.24 mg/cm? on a glassy
carbon electrode for testing in a 1 M KOH solution. As seen in
Figure 2a, OER performance improves as Se is incorporated
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Figure 2. (a) Averaged CVs of the NiSSe composites measured in 1
M KOH. The addition of 10—25% Se significantly reduces the
overpotential when compared to the pure sulfide or selenide, as well
as the 50/50 mixture. (b) Chronoamperomogram of the NiS,4, and
NiSgSe o composites at 10 mA/cm? over 10 h of continuous use,
showing the superior stability of the Se-incorporated material. All
experiments were performed vs a Pt counter electrode with a Ag/AgCl
(sat’d KCl) reference electrode.

into the Ni,S, composite. The overpotentials at 10 mA/cm?>
(110) of both the NiSgSe,, and NiS,sSe,s samples are
approximately 40 mV lower than those of the Se-free NiS, g,
sample. However, further increasing the amount of Se to a 1:1
S/Se ratio results in an increase in overpotential to 412 mV,
larger even than that of the pure NiSe o (7,0 = 386 mV). A
similar trend is likewise observed in measurements of mass
activity for the catalysts at 300 and 400 mV of overpotential
(Figure S4), where the NiSySe;, and NiS;sSe,s samples
showed notably better performance than the other composites
tested. The measured 7, for all composites suggest that while
pure Ni;S, is a better catalyst for the OER than NiSe, the
addition of moderate amounts of Se produces doped
Ni;S,_,Se, catalysts with notably improved OER performance
and stability, indicated by the low 7, and the minimal change
in overpotential over time in Figure 2b.

The increase in overpotential with testing time for the NiS o,
sample may be due in part to oxidation of the metal
chalcogenide surfaces with OER electrocatalysis. Previous
studies have shown that metal chalcogenides tend to exhibit
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oxidation under OER reaction conditions and that the factors
that govern the extent of oxidation for different materials are
relatively poorly understood at present."* To explore if self-
oxidative side reactions may occur at the catalyst surface during
the OER, we used a RRDE to calculate the Faradaic efliciency
of the NiS, g, NiSgoSe;o, and NiSe,, composites.”® Figure S5
shows that over a range of applied j, the NiS¢Se o and NiSe; 4,
electrocatalysts showed higher Faradaic efficiency than the
NiS, oo sample, which indicates that the presence of Se reduces
Faradaic side reactions during the OER. We note that errors on
the order of +10% are not uncommon with this technique,”’
and we believe that the greater than 100% efficiency observed
for NiSe,, at higher applied current densities (106% at 4 mA/
cm?) is likely due to a systematic error present in our testing
apparatus. As such a systematic error is expected to be present
in measurements for all three composites, we can make
qualitative, if not quantitative, comparisons of the composites’
Faradaic efficiencies. TXRF analysis of the electrolytes used to
test these composites for 6 h at 10 mA/cm? appears to support
these results as well. Analysis of three representative samples
(NiS;40, NiSgoSe;o, and NiSe;,) showed less dissolved Ni in
solution for the Se-containing electrocatalysts after testing
(Figure S6) than for the pure sulfide; as Ni is expected to be
the binding site for OER catalysis, this helps explain the
stability of our NiSy,Se;, electrocatalyst. Sulfur was not
observed in any samples, possibly because of in situ reduction
at the counter electrode or to other systematic losses, and Se
was observed in all samples, likely because of a small degree of
surface contamination from the hydrothermal synthesis. We
note that the significant quantity of Se detected in the
electrolyte after testing the NiSe,, sample may suggest
chemical etching by KOH rather than electrochemical
oxidative degradation, given the high measured Faradaic
efficiency of NiSe . Regardless, the decrease in concentration
of Ni in the electrolyte with increased Se content indicates that
the addition of even small amounts of Se to the NiS,Se,
composite can increase (electro)chemical stability, as pre-
viously observed when comparing the long-term testing in
Figure 2b.

Notably, the addition of large amounts of S to a NiSe
electrocatalyst actually decreased OER performance relative to
a S-free material, despite the increased stability of Se-
containing electrocatalysts at low Se concentrations. This
result is significant because previous work on materials with a
nominal NiSe crystal structure doped with S showed increased
performance as the S/Se ratio decreased.'” Another study on a
Se-doped NiS, material for the OER in the neutral electrolyte
showed that a 1:1 S/Se ratio was optimal, in marked contrast
to the relatively poor performance of our NiSs,Ses, sample.”*
Given that the materials in these previous studies were
primarily NiSe and NiS,, while the predominant crystal
structure in our most efficient composites is Ni;S,, it appears
that the effects of S or Se doping may differ noticeably between
metal chalcogenides with different crystal structures. These
differences may be due in part to the ease of defect formation
in a given crystal structure upon heteroanion incorporation.
Wang et al. previously showed that NiCoSe nanocrystals doped
with S possessed more lattice defects than undoped nano-
crystals, which acted as nucleation sites for the formation of the
active NiCo(OH), phase during catalysis."” We postulate that
the Se incorporation evidenced in the XRD spectra may
likewise induce defects in the Ni;S, lattice and may similarly
help to form an active (oxy)hydroxide OER catalyst species. At

moderate Se levels of 10 and 25%, Se incorporation appears to
improve the performance of predominantly Ni;S, materials.
However, above this observed threshold, increasing the Se
ratio results instead in the formation of NiSe as the dominant
crystalline product with residual S acting as the dopant.
Although NiSe-phase nanocrystals of a material with the same
S/Se ratio were shown to be efficient for the OER,"> we
observe that the production of defects might not have as
significant of an effect in our micron-sized particles.

To more closely probe the fundamental differences in the
intrinsic OER performance of these materials, we calculated
the BET-derived current density (mA/cmggr”) by dividing the
observed current densities (mA/cmppg®) by the 0.24 mg/
cmppg” loading and each electrocatalyst’s BET specific surface
area (SAgpr, cm’/g) as determined by Kr adsorption (Figure
SS). These renormalized performance curves are shown in
Figure S6, and both the gravimetric and BET-derived results
are summarized in Table 1. After accounting for differences in
SAggr, the NiSi,Ses, sample still shows the worst OER
performance of all of the composites, while in contrast to the
analysis based on the RDE surface area, the NiS,;sSe, catalyst
shows higher geometric activity than the NiSq¢Se|, composite;
this is in agreement with previous reports on low S/Se
materials'> and the mass activity measurements of the
composites at higher overpotentials (Figure S4). Furthermore,
the pure NiSe y, material shows a lower SAggr-scaled
overpotential than the pure NiS,y, material, as previously
observed by Nath and co-workers.” Thus, our composites
appear to show that although the intrinsic performance of Se-
rich nickel chalcogenides is superior to a point, the gravimetric
performance of such composites is inhibited by their lower
surface areas, which is likely caused by the formation of larger
NiSe microspheres.

Several factors may explain the improved intrinsic activity
observed in the Se-containing composites. As previously
mentioned, it may be due in part to the presence of lattice
defects in the Ni;S, material induced by the substitution of Se
for S, as evidenced in Figure 1b. Alternatively, metal selenides
are known to be more electronically conductive than metal
sulfides, and thus, the inclusion of Se may improve the
conductivity of the resulting composite. Higher electrical
conductivity and faster electron transfer within the catalyst
might reduce resistive losses and improve catalyst performance.
To determine if differences in electrical conductivity may be
playing a role in the performance difference, we studied the
EIS spectra of characteristic NiS,Se, electrocatalysts and
related this to the previously measured OER performance.
Nyquist plots of the catalysts in Figure S8 show that the
pristine, untested NiSy, electrocatalyst has a significantly
larger semicircle than either the NiSg,Se,, or NiSe,y, materials.
This indicates that the inclusion of just 10% Se into the Ni;S,
material significantly improved the conductivity of the
material, making it greater even than that of a pure nickel
selenide and likely contributing to the enhanced electro-
catalytic performance observed in Figure 2a. Because
subsequent surface oxidation may decrease electrocatalyst
conductivity and impact measured performance, we also
recorded the EIS spectra of the samples after 10 min of
testing at 10 mA/cm® For all materials, the semicircles in the
Nyquist plots increased in diameter after testing (Figure S8),
an indication of reduced conductivity that can be attributed to
the surface oxidation suggested by the measurements of
Faradaic efficiency. Among the three samples, NiSq,Se
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showed a much smaller loss of conductivity than either the
NiS, 4 or NiSe, 4, in good agreement with the low 7,4 and high
stability of the material. In contrast, both the pure sulfide and
selenide materials show much larger semicircles that are
indicative of lower conductivities. The NiSe,y, in particular
shows a very large decrease in conductivity after testing, which
ultimately results in poorer conductivity than the NiS,y,
sample; this agrees well with the relatively poor electrocatalytic
performance previously demonstrated. In addition to the lower
surface area of the catalyst, this evidence of decreased
conductivity may explain its relatively low performance when
compared to pure sulfur and 10% Se materials. Together, our
EIS results suggest that conductivity, in addition to the catalyst
surface area, plays a significant role in OER electrocatalysis and
that the inclusion of small quantities of Se into Ni;S,
significantly improves the conductivity of the resulting
material.

3.3. X-ray Photoelectron Spectroscopy. We next
analyzed the chemical composition of the as-synthesized
materials with XPS and EDX to more fully explore the
improved performance of the NiS,Se, electrocatalysts. Using
XPS deconvolution and EDX quantification, we calculated the
S/Se ratios of our catalysts (Figure S9a) and found that the
relative amount of each chalcogen agrees well with the
theoretical values for the desired compositions. However, the
NiSqeSeo (S/Se theo. = 9.0) material shows a relatively low S/
Se ratio of approximately 5.3 from XPS, and this may be due to
surface oxidation of the materials following synthesis. Such
surface oxidation is supported by the much higher S/Se value
of 7.5 obtained via EDX (which has a much larger probe depth
and is not as sensitive to surface oxidation). Indeed, closer
analysis of the O 1s spectra for all materials (Figure S9b)
shows a significant hydroxide peak near 531 eV, which likewise
indicates that the surface has oxidized even before testing.
Notably, as the S/Se ratio decreases, so does the quantity of
the oxidized material at the composite surface, as can be seen
in both the chalcogen (S 2s/Se 3s) and oxygen (O 1s) spectra
for the NiS o, NiSgsSeq, and NiSe,y, materials in Figure 3b,c
and for all other samples in Figure S9b,c. In all cases, the S 2s
and Se 3s spectra contain both a primary metal sulfide/selenide
peak (2262 eV for S and 228.9 eV for Se) and an
accompanying oxidized S or Se peak approximately 3—3.5 eV
higher. All Se-containing composites show less oxidation than
the pure NiS,,, sample, and within the Se-containing samples,
NiSg,Se;o and NiS,sSe,s show the smallest quantity of the
oxidized material (Figure S9d). Similarly, as the S/Se ratio
decreases, the Ni/Ni-X peak in the Ni 2p 3/2 spectra becomes
more pronounced and shifts from 853.1 eV for NiSy, to a
value of approximately 852.3 eV for NiSe,y, (Figure 3a), as
indicated by the dashed line. Combined analysis of these
spectra suggests the presence of a more metallic and less-
oxidized surface for Se-containing composites. Differences in
the Ni spectra of nickel sulfide, selenide, and telluride materials
have been previously regarded as an indicator of the improved
resistance to oxidation exhibited by the Se and Te materials.”*’
Thus, an increase in metallic character with increasing Se
incorporation for 10 and 25% composites not only agrees with
the increasing quantity of NiSe visible in the XRD spectra but
may also indicate that the composite material is more resistant
to oxidation than the pure Ni;S, electrocatalyst.

In agreement with the higher oxidation resistance of Se
species, closer inspection of the Se 3d region for all composites
(Figures 3d and S9d) shows that only a small degree of
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Figure 3. (a) Ni 2p 3/2 XPS spectra of all NiSSe composites, showing
a gradual shift to lower binding energies with increasing Se content,
indicating a more metallic character (b) XPS spectra of the S 2s and
Se 3s regions for the NiS;y, NiSg,Se;o, and NiSe;y, samples. The
addition of Se results in a decreased quantity of oxidized chalcogen at
the surface. (c) O 1s XPS spectra for the NiS o, NiSgSe;o, and
NiSe o composites, showing the contributions from surface
hydroxides (red), oxides (green), and adsorbed water (purple). The
addition of Se reduces the quantity of NiO, species at the surface. (d)
Se 3d spectra for the NiSs,Ses, composite, showing contributions
from single and dichalcogenide bonds and oxidized selenium species.

oxidized Se is present and that the predominant Se species
present is typically assigned to nickel selenide compounds,
with a 3d 5/2 peak at approximately 53 eV.*° As previously
noted by Cui and co-workers on Co chalcogenide OER
catalysts, selenides and tellurides tend to be more resistant to
oxidation than the corresponding sulfides.”” Theoretical
evidence of this can be observed when comparing Pourbaix
diagrams for gure sulfide, selenide, and telluride materials
(Figure $10).*7*° In general, both Ni;Se, and Ni;Te, appear
to be more stable than Ni;S, across a wide range of pH value
and potentials, although we do note that they are all expected
to oxidize under OER conditions. Regardless, these data
suggest that these materials possess a greater intrinsic stability,
possibly because of the more metallic character of the material
indicated by the Ni 2p region. In addition to the primary metal
selenide peak, fitting of the spectrum reveals a second doublet
of Se 3d peaks, however, with the 5/2 peak located at
approximately 54.5 eV. This peak is more reduced than that of
elemental Se’' and therefore may instead be evidence of the
surface presence of cubic NiSe, which exhibits a Se—Se
bond.*” Previous work has shown that the S 2p spectra of S-
rich molybdenum sulfides likewise exhibit both a lower binding
energy (BE) peak, representative of direct Mo—S—Mo bonds,
and a higher BE peak, representative of Mo—S—S—Mo
bonds.** The existence of NiSe, agrees well with the observed
XPS spectra, and we can infer from the lack of associated peaks
in XRD that this phase is likely in low abundance and may in
fact only exist on the surface. Typically, the NiSe, phase
accounted for approximately 20—25% of the total selenide
species on the surface for all the Se-containing materials. As
there does not appear to be any correlation between the
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presence of NiSe, and improved OER performance, we do not
think it plays a significant role in the observed differences in
Mo

Instead, OER performance is more closely related to the
percentage of oxidized chalcogen present on the material
surface prior to testing. By quantifying the amount of oxidized
S and Se species in Figure S9b and then comparing this
percentage to the 7, for each sample, we find similar changes
in both the overpotential and the extent of surface oxidation as
the level of Se incorporation changes (Figure S11). Both the
Ni;S,-rich and the NiSe-rich composites show a clear decrease
in 77, with decreasing S—O and Se—O species, and given that a
material’s surface species either contribute directly to the OER
catalytic processes or indirectly influence the formation of
other active sites and the overall electrical conductivity of the
material, small changes in initial surface chemistry of an
electrocatalyst can have significant impact on its OER
performance. Previous work on a series of Ni—Se compounds
showed that a previously oxidized NiO catalyst performed
worse than a fresh NiSe catalyst which was oxidized during
testing,”* and other studies have shown that the type of
oxidized surface species can play a large role in catalytic
performance. For example, our group has previously shown
that nickel sulfide catalysts fully oxidized to an amorphous
hydroxide exhibited better OER performance than initially
oxidized materials,>> and Cui and co-workers showed similar
results on a series of Co-based chalcogenides.”® Thus, we
hypothesize that in agreement with prior studies demonstrat-
ing the stability of Se compounds toward oxidation,” the
introduction of Se into the Ni;S, lattice mitigates oxidation of
the surface prior to testing and may induce lattice strain
(evidenced in Figure 1b) which creates more active sites for
the OER. Although S incorporation into NiSe particles may
also induce this defect/nucleation site effect, the presence of an
excess of S (with its inherently lower resistance to oxidation)
may result in more adverse surface oxidation on these
composites even prior to catalysis. Furthermore, our particles
are much larger than those of Wang et al,"> and thus, lattice
defects may have less of an overall effect on the OER than
surface oxidation for the larger NiSs,Ses, particles.

3.4. Transmission Electron Microscopy. To study this
oxidation behavior with much higher resolution, we used
HRTEM and EDX mapping to examine catalyst oxidation
before and after OER testing. To prepare materials for this
comparison, chronopotentiometric stability experiments were
performed on both composites, with the results reported in
Figure 2b. Electrode stability was tested at a current density of
10 mA/cm?, and initially, both the NiS;y, and NiSeSe;,
composites exhibited similar overpotentials near 375 mV. As
the experiment progressed, however, the overpotential for the
NiS, oo sample increased by approximately 20% over 10 h, while
the NiSy,Se;o electrocatalyst did not exhibit any notable
increase. The samples were run until failure, and the NiS,y,
sample failed after approximately 11 h, while the NiSg,Se;,
sample failed after approximately 22 h (Figure S12). This
result agrees with our hypothesis regarding the stabilizing effect
of the incorporated Se and is comparable to previously
reported stabilities from Zeng et al. in the neutral electrolyte.”*
Following testing, the electrocatalysts were removed from the
GC electrode via sonication and studied using HRTEM.

HRTEM analysis of the NiS;,, material prior to testing
shows that the micron-scale particles observed in the SEM
images (Figure Sla) are agglomerates of crystalline particles

roughly SO nm in diameter (Figure S13), with additional
crystalline particles less than 10 nm in diameter (Figure S14).
Fast Fourier transform (FFT) analysis of the HRTEM images
shows that the crystalline interior of the particles is composed
of a mixture of NiS and Ni,S, (Figure S14), in agreement with
the XRD spectrum. Of note, the HRTEM shows the presence
of a sub-10 nm layer of mostly amorphous materials
surrounding the particle, which EDX mapping confirms to be
O-rich (Figure S14b). This O-rich region also corresponds to
the NiO species found in HRTEM, which indicates that the
NiS,, catalyst exhibits both crystalline and amorphous oxide
formation prior to OER testing; such oxidation corresponds to
the hydroxide and oxide peaks observed in the O 1s XPS
spectrum of the material. In contrast, HRTEM images of the
as-synthesized NiSg,Se;, (Figure S15a) show a much thinner
amorphous layer on the imaged particles (Figure S15c). Lattice
measurements show that these particles are composed
primarily of NiS, Ni;S,, and NiSe phases, with evidence of
NiOOH in the particle at spot 1, without any clear indication
of NiO; this is in agreement with the previously discussed XPS
results (Figure 2b). Similarly, the lower degree of oxidation
visible in the EDX map of the composite (Figure S15b)
indicates a diffuse amount of O in the material that, while most
visible at the edges of the particles, is not as concentrated as in
the NiS;y, composite. Overall, these data support our
hypothesis regarding the increased resistance to oxidation
exhibited by the NiS,Se, composite materials.

After stability testing, both NiS,y and NiSgoSe;, materials
showed the formation of a clearly oxidized shell of the material
surrounding an unoxidized core (Figure 4b,d), while also
maintaining a homogeneous distribution of Nj, S, and Se in the
unoxidized regions (Figures S16 and S17). Such behavior has
been previously observed in other Ni sulfide-based electro-
catalysts, with both amorphous and crystalline metal (oxy)-
hydroxides observed as surface products.”*” Although the
oxidized layer in the tested NiS,o, sample shows particles with
clearly visible crystal lattices (Figure 4c), the surface of the
tested NiSy,Se;, sample appears to be much more disordered
(Figure 4e). Similarly, the thickness of the resulting oxide layer
appears to differ with Se incorporation. From EDX mapping,
the depth of the oxidized layer on the NiS, , sample appears to
have doubled with OER testing, from ~10 nm to
approximately 20 nm over 10 h of testing. The NiSgySe,
sample also experiences growth, but only from 1-2 to 10 nm
and over a much longer exposure of roughly 20 h. Comparing
the two samples, the slower rate of oxidation exhibited by the
NiS¢oSe;;, sample appears to be further evidence of the
stabilizing effect of Se incorporation.

The formation of an apparent core—shell particle after OER
testing is interesting as there is significant evidence to suggest
that metal chalcogenides, and sulfides in particular, are
inherently unstable under alkaline OER reaction condi-
tions.”””” Frequently, post-OER analysis shows that these
materials are completely oxidized after testing,”> although it
appears as though the deliberate incorporation of metals such
as Fe or Co may inhibit this’; we believe that the Se in our
materials may be inducing a similar effect. Additionally, many
previous reports on nickel sulfides explored NiS and NiS,
compounds rather than the Ni;S, material present here. Work
from Nath and co-workers has shown that both Ni;Te, and
Ni;Se, possess superior oxidative stability when compared to
other telluride and selenide phases;””* thus, it is possible that
Ni;S, may likewise possess increased stability toward surface
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Figure 4. TEM image of post-OER NiS,y, (a) with accompanying
EDX mapping (b), showing the formation of an oxidized shell
approximately 20 nm thick surrounding an unoxidized interior.
HRTEM shows that the oxidized region appears relatively crystalline
and is composed of NiO, while the interior is composed of Ni;S,.
EDX mapping of the NiSySe,, material [(d), scale bar 10 nm] shows
a similarly oxidized surface, which is much thinner (10 nm) with
HRTEM and FFT (e) likewise corresponding to NiO at the surface
and Ni;S, in the bulk. This oxide appears less particulate than the
NiS, o material, however.

oxidation as compared to NiS or NiS, even before the addition
of Se. Therefore, we suggest that the minimal oxidation of
NiSy,Se;, observed after long-term testing is a result of
enhanced oxidative resistance due to both Se incorporation
and this Ni;S, phase. Regarding performance and stability, Se
incorporation likely induces the formation of a more defective,
active amorphous oxidized layer at the surface and increases
the conductivity of the material as compared to a Se-free
material. The increased conductivity of the material may also
help explain the improved stability of the NiSy,Se, material.
Because of the increased conductivity and OER performance
of the electrocatalyst, less internal resistive loss occurs and
lower overpotentials are required to drive the OER forward,
reducing the likelihood of parasitic side reactions such as self-
oxidation. Our measurements of Faradaic efficiency (Figure
S5) show that NiS,,, shows reduced efficiency for the OER at
higher applied current densities (and larger overpotentials)

when compared to the NiS¢Se o, providing support for this
hypothesis. In this way, the Se incorporation would increase
the stability of the material by increasing conductivity, and
thereby indirectly mitigate undesired reactions. Combined
with the likely higher intrinsic stability of the Ni;S, phase and
the lattice defects in the particles, this could explain why
NiSgSe;o shows the best performance of all materials studied
here as it combines proper crystal phase, active lattice defects,
and increased conductivity to improve electrocatalytic
performance and minimize damage to the catalyst.

4. CONCLUSIONS

In summary, we have used a scalable hydrothermal synthesis to
create a series of nickel sulfoselenide materials for use as OER
electrocatalysts in alkaline solution. Through this method, we
created composites consisting primarily of Se-modified Ni;S,
from precursor mixtures with low Se concentrations, while a S-
modified NiSe phase became more abundant with increasing
precursor Se concentration. The predominant products and
the relative extents of Se or S incorporation were monitored by
XRD, while interrogation by XPS and EDX confirmed that the
desired overall S/Se ratio was achieved. SEM and HRTEM
measurements revealed that the synthesized materials were
micron-sized clusters of smaller nanocrystals, and Kr surface
adsorption analysis determined that all of the materials
possessed similar BET surface areas (<20 m’/g). Surface
chemistry analysis with XPS suggested that Se addition
appeared to reduce the extent of oxidation in the composites,
resulting in more hydroxide than oxide species on the surface.
OER overpotential measurements showed that Se-modified
Ni;S, possessed superior catalytic ability and stability when
compared to the other composites, with NiSg,Se;, having an
10 of 318 mV and stable performance over 20 h. Improvement
in electrocatalytic performance was correlated to a decrease in
the amount of oxidized S or Se (determined via XPS), leading
us to conclude that Se incorporation may promote the
formation of lattice defects that lead to fewer but more active
initial (oxy)hydroxide species, which in turn act as the true
OER electrocatalyst material. Furthermore, EIS spectra show
that Se incorporation leads to a more conductive material, and
this increase in conductivity may also improve electrocatalytic
performance and stability by reducing the overpotential
needed to perform the OER and thus reduce undesired side
reactions such as self-oxidation, as supported by Faradaic
efficiency measurements. This is further supported by HRTEM
and EDX analyses, which show clear differences in the type and
extent of oxidized products that form on NiS,; and NiSy;Se;,
electrocatalysts before and after long-term OER testing,
indicating a lower extent of oxidation in Se-containing Ni;S,
materials. Together, our results suggest that mixed chalcoge-
nides represent an exciting new class of OER precatalysts
where differences in chalcogen composition can impact the
physicochemical and electrochemical properties of both the as-
synthesized metal chalcogenide and the final electrocatalyti-
cally active metal (oxy)hydroxide. Further exploration of these
exciting materials to better understand their structure—
property—performance relationships should allow for rational
engineering of efficient earth-abundant Ni electrocatalysts with
enhanced performance and stability. With lower associated
material and operating costs, widespread implementation of
renewably powered water electrolysis technologies could
become a viable solution for sustainable hydrogen production
for carbon-free fuels and industrial feedstocks.
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