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ABSTRACT: The generation of chemical fuel in the form of molecular H, via the electrolysis of water is regarded to be a
promising approach to convert incident solar power into an energy storage medium. Highly efficient and cost-effective catalysts
are required to make such an approach practical on a large scale. Recently, a number of amorphous hydrogen evolution reaction
(HER) catalysts have emerged that show promise in terms of scalability and reactivity, yet remain poorly understood. In this
work, we utilize Raman spectroscopy and X-ray absorption spectroscopy (XAS) as a tool to elucidate the structure and function
of an amorphous cobalt sulfide (CoS,) catalyst. Ex situ measurements reveal that the as-deposited CoS, catalyst is composed of
small clusters in which the cobalt is surrounded by both sulfur and oxygen. Operando experiments, performed while the CoS, is
catalyzing the HER, yield a molecular model in which cobalt is in an octahedral CoS,-like state where the cobalt center is
predominantly surrounded by a first shell of sulfur atoms, which, in turn, are preferentially exposed to electrolyte relative to bulk
CoS,. We surmise that these CoS,-like clusters form under cathodic polarization and expose a high density of catalytically active
sulfur sites for the HER.

B INTRODUCTION activity, scalability, and low cost that renders them attractive

Due to the intermittency of sunlight and temporal mismatch candidates to replace Pt in water electrolyzer systems and

between maximum solar photon flux and peak power photoelectrochemical cells.’~"" However, these materials are
consumption, it is necessary to convert sunlight into an energy poorly understood and the origins behind their remarkable
storage medium." The production of H, via water electrolysis is catalytic efficiency remain elusive.

a method of doing so that has attracted much attention, yet still Despite the difficulty in characterizing these promising, yet
faces numerous challenges.2_4 One such limitation is the not well understood catalysts, significant progress has been
prohibitive cost of commonly used Pt hydrogen evolution made over the past decade through the use of operando
reaction (HER) catalysts. Recently, a number of earth abundant

HER catalysts have emerged in the form of amorphous Received: April 5, 2015

transition metal chalcogenides that exhibit high catalytic Published: June 8, 2015
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spectroscopic techniques. Investigations of amorphous HER
and oxygen evolution reaction (OER) catalysts yield a common
trend in which catalysts transform from a resting state to a
catalytically active state which is quite different in terms of local
atomic structure, oxidation state, or chemical composition. For
example, an amorphous manganese oxide bifunctional OER
and oxygen reduction reaction (ORR) catalyst was studied
using X-ray absorption spectroscopy (XAS) and was shown to
exist in three distinct atomic arrangements and average
oxidation states, depending on the potential applied to the
catalyst.'””> Moreover, electrodeposited amorphous molybde-
num sulfide catalysts exhibiting significantly higher catalytic
activities than bulk MoS, were examined with in situ X-ray
photoelectron spectroscopy (XPS) and XAS."~" The
amorphous materials were found to be composed of a mixture
of MoS; and MoO,, that formed a surface layer of MoS, with a
high active site density under cathodic polarization that was
believed to be responsible for the catalytic HER activity.
Another study demonstrated that increases in the OER catalytic
activity of amorphous Ni—borate OER catalysts were
accompanied by changes in Ni oxidation state and trans-
formation into y-NiOOH like molecular clusters.'® These
aforementioned works, in addition to multiple others, have
yielded crucial structure—function relationships that are aiding
both next generation catalyst design and understanding of
fundamental chemistry."”

Within this context, we identified an amorphous cobalt
sulfide (CoS,) HER catalyst recently developed in our lab as a
worthwhile system to investigate its structure and function.’®
The CoS, HER catalyst requires only 83 mV overpotential to
reach an operating current of 2 mA/cm® and is more active
than many molybdenum sulfide catalysts, rendering it an
intriguing, yet largely unknown system to study (Supporting
Information Table S1). To perform such an analysis, we utilize
a variety of spectroscopic tools to gain insight into the
composition, local atomic structure, and catalytic activity of
CoS,. In the following sections, we show through primarily
Raman and X-ray absorption spectroscopies that CoS, exhibits
a transient behavior, in which cobalt oxide and sulfide clusters
spontaneously transform into CoS,-like molecular domains
with a high sulfur active site density under HER operating
conditions. We stress that the XAS and Raman measurements
are conducted in true operando conditions that are identical to
those of the CoS, electrochemical testing.

B RESULTS AND DISCUSSION

The CoS, catalyst is synthesized through a simple electro-
deposition procedure, in which a conductive substrate is cycled
between negative and positive potentials in a precursor
electrolyte solution (Figure la). Cobalt chloride and thiourea
serve as cobalt and sulfur precursors, respectively, in a pH 7
aqueous phosphate buffered electrolyte. Beginning the cycle at
—12 V versus Ag/AgCl, the cyclic voltammogram (CV)
initially shows an anodic peak at —0.3 V versus Ag/AgCl, which
is attributed to the oxidation of aqueous divalent cobalt
ions."®'® When scanning in the negative direction, a cathodic
peak arises and is likely due to the reduction and
coprecipitation of cobalt and sulfur and formation of the
CoS, film. Control experiments (Supporting Information
Figure S1) that performed the CV cycles in a phosphate buffer
containing only thiourea showed neither anodic nor cathodic
peaks, while CV cycles in a phosphate buffer/cobalt chloride
solution exhibited only the first anodic peak. The Raman
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Figure 1. CoS, catalyst is electrodeposited through a series of CV
sweeps (A) A typical voltammogram shows an anodic peak at —0.3 V
versus Ag/AgCl, a cathodic peak at —0.5 V versus Ag/AgCl, and a
cathodic current at potentials more negative than —0.7 V versus Ag/
AgCl, which increases with increasing number of CV cycles.
Electrochemical double layer capacitance (B and C) indicates that
the CoS, film after 5 and 15 cycles of electrodeposition possesses a
surface area of 8 and 23 times higher than the bare FTO substrate. An
SEM image of the CoS, film (d) shows a rough, cracked surface.
Optically, the film has a reflective black appearance (inset).

spectra of the resulting electrodes revealed only the presence of
thiourea and cobalt oxide, respectively (Supporting Information
Figure S2). The cathodic current at potentials more negative
than —0.7 V versus Ag/AgCl is attributed to the HER. As an
increasing number of CV cycles is performed and consequently,
a thicker CoS, layer is deposited on the electrode, the HER
current increases (Supporting Information Figure S3). This
observation provides evidence for the electrodeposition of a
porous CoS, film with HER active sites exposed not only at the
surface but also throughout the film depth. If only the CoS, film
surface was catalytically active, the HER current with each CV
cycle would remain relatively constant or decrease from an
increased CoS, film series resistance. Additional evidence for
the porous nature of the film is provided by electrochemical
double layer capacitance measurements. This measurement is
conducted by recording capacitive current as a function of
voltage sweep rate in a non-Faradaic potential region, which
gives a first order approximation of the electrochemically active
surface area.’®?! The results of this measurement, shown in
Figure 1b,c, indicate that the CoS, films from S and 15
electrodeposition cycles have roughness factors, defined as the
ratio of electrochemically accessible surface area to projected
surface area, of 8 and 23 relative to the bare fluorine-doped tin
oxide (FTO) substrate on which the CoS, film is deposited.
The as-deposited film shows a rough surface with cracks
present throughout when observed using scanning electron
microscopy (SEM) (Figure 1d). Energy dispersive spectrosco-
py (EDS) indicates that the film has a uniform Co/S ratio of
1.4:1.0. Macroscopically, the CoS, has a shiny black appearance
as shown in the inset of Figure 1d, for a CoS, film deposited on
conductive FTO coated glass. A final annealing step under
argon atmosphere at 300 °C is performed before measure-
ments. X-ray diffraction (XRD) of the CoS, films presents no
noticeable peaks other than those from the conductive
substrate and only a broad background is observed.® Such an
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absence of diffraction peaks aside from those due to the
substrate indicates the lack of significant long-range crystalline
order.

We next use Raman spectroscopy to obtain an initial picture
of the as-made catalyst composition and structure. Raman
spectroscopy has proved to be an invaluable tool in materials
characterization.””*®> This type of vibrational spectroscopy
analyzes inelastically scattered light in which the energy lost
is used to excite molecular vibrations that feature a change in
polarizability. A representative Raman spectrum of the CoS,
catalyst is presented in Figure 2. Peaks at 682, 612, 518, 473,
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Figure 2. A typical Raman spectrum of the as-made CoS, film exhibits
Co0/C;0, and Co(OH), peaks, as well as a broad peak at 352 cm™.

and 192 cm™! are attributed to CoO or Co;0,, while the peak
at 242 cm™! is attributed to Co(OH),.**"?® These peak
positions are consistent with both the literature values and our
own spectra on standard CoO, Co;0,, and Co(OH), powders
(Supporting Information Figure S4). The broad peak at 352
cm™" cannot be matched to any standard nor to any well-
characterized Co—S$ phase, yet lies in the wavenumber region
where many transition metal sulfides exhibit Raman peaks and
is tentatively attributed to a Co—S vibration. The oxide fraction
in the CoS, likely forms upon exposure to air and its presence is
not surprising, given that cobalt metal readily oxidizes in air and
a porous, disordered film would likely have an even greater
propensity to be at least partially oxidized. Depth-resolved X-
ray photoelectron spectroscopy (XPS) (Supporting Informa-
tion Figure SS) indicates that an oxide is present throughout
the entire thickness of the film, with the surface having similar
chemical composition as the bulk. This is further evidence that
the film is porous in nature, and a CoS,—air interface exists
throughout the entire film thickness.

The electronic structure and local chemical environment of
the CoS, film are probed with X-ray absorption near edge
spectroscopy (XANES). For each XANES region, spectra of
several standards are acquired and used as a basis for
comparison. Cobalt K-edge XANES, which probes primarily
the 1s—4p transitions (Figure 3a), serves as a qualitative
spectroscopic fingerprint to aid in identification of the cobalt
species present in our film.”’ 7> Cobalt oxides have an intense
white line, while cobalt sulfide has a much broader absorption
edge, even though cobalt in these sulfides possesses the same
oxidation state as CoO and Co(OH),. Qualitatively, the CoS,
has a Co K-edge structure that resembles a mixture of an oxide
and sulfide material. Co L-edge XANES offers a more
quantitative determination of oxidation state, which is propor-
tional to the area under the Co L, edge.* ™** Analyzing the
CoS, white line area after normalizing the pre- and post-edge to
0 and 1, respectively (Supporting Information Figure S7),
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Figure 3. XANES characterization of CoS,. (A) Co K-edge spectra
indicate both oxide and sulfide characteristics in the CoS, spectral line
shape. (B) The average oxidation state is confirmed to be Co?* from L-
edge analysis. (C) Co M-edge absorption spectroscopy further indicate
oxide and sulfide character simultaneously present, (D) while the S is
determined from S K-edge to be sulfide-like with an average oxidation
state of S~

reveals an average oxidation state of 2+ for the cobalt in CoS,
(Figure 3b), consistent with previous XPS analysis.®

Transition metal M-edge spectroscopy is an emerging
materials characterization tool that utilizes extreme ultraviolet
(XUV) photons to probe 3p—3d transitions.”>>* The M-edge
line shape can reveal oxidation state, ligand field and spin state
of the probed transition metal that arises from coulomb and
exchange coupling between the 3d electrons and 3p core hole.
We compared the static XUV absorption of CoS,, Co;0,, and
CoS,. Qualitatively, the CoS, spectra have features associated
with both oxide and sulfides. The pre-edge feature at 58 eV and
rising edge at 61 eV have previously been assigned to Co®"
ions.”” The M-edge position in the CoS, spectrum suggests that
the main oxidation state of cobalt is Co**, unlike Co;0,, which
is a 1:2 mixture of Co** and Co* and has relatively more
absorption features at higher energies.

The sulfur component in the CoS, films is next studied with
S K-edge XANES. For sulfur compounds, the peak energy is
proportional to sulfur oxidation state, which can range from
2471 €V for S~ to 2483 for $**3°7* The S K-edge peak
position for CoS, indicates that the sulfur has an average
oxidation state of —1.5. Taken together, XANES analysis of
CoS, Co K, Co L, Co M, and S K-edges presents a picture of a
partially oxidized amorphous cobalt sulfide. The EDS Co/S
ratio of 1.4:1.0 would have cobalt in excess for any of the main
cobalt sulfide phases and it is likely that the excess Co is present
in the form of an oxide.

Ex situ experiments yield valuable information on the
chemical nature of CoS,, yet the origin of high catalytic activity
in this film remains largely unknown. To address this issue,
analogous operando experiments are performed on the same
catalyst. Raman spectroscopy is first utilized as a spectroscopic
means of observing any structural changes that may occur
during HER reaction conditions. At open circuit conditions, the
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same spectral features as those on the as-made catalyst are
observed (Figure 4a). As the CoS, electrode potential is
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Figure 4. Operando Raman spectroscopy of CoS,. With increasingly
negative potentials, two new peaks arise that are attributed to the
formation of CoS,-like domains (A). These peaks blue-shift with
increasing negative potential (B), potentially indicative of bond-
strengthening. Orange triangles represent the CoS, A-like peak and
green circles represent the CoS, Eglike peak. The CoS,-like mode
appearance is reversible and is maintained through multiple cycles (C).
The bottom spectrum represents the 1st Raman spectrum of the CoS,
film and the top represents the last.

systematically increased in the cathodic direction (more
negative versus the reversible hydrogen electrode, (RHE)),
new peaks in the Raman spectrum appear at 260 and 370 cm™.
The catalyst was held at the desired potential for 5 min before
acquiring each spectrum to reach steady state conditions. The
peaks previously attributed to CoO/Co;0, disappear and the
peak at 352 cm™ remains constant. These changes initially
become noticeable at +100 mV versus RHE and seem to occur
within the S min time frame after applying a cathodic potential.
An initial explanation for the disappearance of the oxide is
drawn from the cobalt—oxygen Pourbaix diagram, where at pH
7 the thermodynamically preferred state of cobalt transitions
from Co®" to metallic Co at a potential slightly positive of
RHE." As the potential of the electrode is shifted to more
negative potentials, the two new peaks grow in intensity and
dominate the Raman spectrum. These two peaks have the same
Raman shift as the A, and E; modes of CoS,, although their full
width at half-maximum intensity (FWHM) is 30 cm™’, which is
roughly twice that of crystalline CoS, (Supporting Information
Figure $8).%™* This line broadening is indicative of a
disordered material or small cluster size.” *

To the best of our knowledge, no experimentally or
theoretically determined cobalt—sulfur Pourbaix diagram exists.
However, one can draw analogy to the iron—sulfur Pourbaix
diagram, where at pH 7 the FeS, pyrite phase becomes
thermodynamically preferred at +300 mV versus RHE.*** The
CoS, Raman signature observed in combination with previous
electrochemical studies on analogous transition metal sulfide
systems suggests that the CoS, is spontaneously transforming
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into CoS,-like microdomains under cathodic polarization. One
observation of note is the blueshift of the CoS,-like Raman
peaks with increasingly negative potential (Figure 4b).
Potential-dependent Raman redshifts are commonly observed
in adsorbed molecules whose bonds are weakened or vice versa
where bonds are being strengthened from an electrochemical
process.”®>> Changes in electronic density have also been
attributed to potential-dependent Raman shifts.>* >° The
blueshift in our case suggests the possible strengthening of
Co—S bonds with increasingly negative potential. This CoS,-
like phase is stable only under reducing potentials, and upon
the return to open circuit, the Raman spectrum resembles that
of cobalt hydroxide with the majority of the CoS, signal gone.
This change is reversible for multiple cycles of switching
between cathodic polarization and open circuit conditions
(Figure 4c) though a small peak at 390 cm™' remains S min
after applying a negative potential, when the next spectrum at
open circuit is taken.

Complementary operando X-ray absorption experiments are
performed to more completely understand the structure of the
CoS, catalyst during reaction conditions. From the dry sample
to that immersed in electrolyte in open circuit conditions, there
is minimal change in the near edge spectrum (Figure Sa),
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Figure S. Operando Co K-edge XANES (A) reveals a line shape
change that suggests transformation from cobalt oxide to cobalt
sulfide. EXAFS (B) qualitatively indicates an increased average bond
length and decreased shell contributions. Open circles represent the
experimental data and solid lines represent the fit.

except for a slightly sharper white line characteristic of
Co(OH), (vide supra). However, under an applied potential
of —150 mV versus RHE, the Co K-edge white line disappears
and the spectrum resembles that of a transition metal sulfide.””
The disappearance of the oxide and formation of a cobalt
sulfide species is consistent with the operando Raman data. The
increase in intensity of the pre-edge peak, a dipole-forbidden
1s—3d transition, indicates increased p—d orbital mixing, which
can be explained by an increased p—d hybridization in cobalt
sulfides relative to oxides.”””>® Linear combination fitting of
XANES data using the spectra of reference compounds is
performed to obtain a first-order approximation of the CoS,
catalyst under dry and HER conditions. Through linear
combination fitting, the best fits yielded a composition of
60% CoO and 40% CoS in the dry state and 26% CoO and
74% CoS under HER conditions. Operando Co L-edge XANES
reveals that the oxidation state remains at +2, but features a
satellite peak increase that is also attributed to p—d hybrid-
ization (Supporting Information Figure $9).>”°°~% Likewise,
the S K-edge spectrum remains consistent from open circuit
conditions to reducing potentials (Supporting Information
Figure S10), indicating that the sulfur has a similar oxidation
state throughout the process and the overall change to CoS,
microdomains affects the Co K-edge more than the S K-edge.

DOI: 10.1021/jacs.5b03545
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XANES data is an important tool for oxidation state analysis
and qualitative spectroscopic fingerprint comparison, yet
quantitative information about the immediate chemical
surroundings of the investigated element is difficult to extract
due to multiple scattering processes and bound to bound
transitions. To this end, we utilize extended X-ray absorption
fine structure (EXAFS) analysis to obtain such information. In
essence, the EXAFS phenomenon is the modulation of the X-
ray absorption coeflicient of the absorbing atom due to
constructive or destructive interference of the forward
propagating and backscattered waves of the ejected photo-
electron due to scattering by neighboring atoms.®*~%° By
analyzing the fine structure of the X-ray absorption spectrum,
quantitative information about coordination number, coordi-
nation atoms, bond lengths, and structural disorder can be
obtained. We analyze the EXAFS spectra for two samples: an
as-made CoS, film and the same CoS, film operating at reaction
conditions at —150 mV versus RHE. The Fourier transform
EXAFS spectra for CoS, are plotted in R-space in Figure Sb. A
qualitative assessment of the two spectra reveals two main
differences between the as-made and operando samples. (1)
Upon cathodic polarization, the average bond length increases
slightly and (2) the second shell contribution decreases
significantly. Co—S bonds are typically ~12% longer than
Co—0 bonds and the increase in average bond length points to
an increase in the fraction of Co—S bonds in the CoS, film.
Compared to CoO,* the dry CoS, film has significantly weaker
features beyond the first shell and these features further
decrease in intensity under HER catalytic conditions, indicative
of Co—S clusters that are mainly composed of Co surrounded
by a single shell of S with little ordering beyond this first shell.
Since the dry film is partially oxidized and likely more ordered,
we see an increased amplitude in the second and third shells in
the EXAFS data.

Quantitative analysis is performed by modeling the EXAFS
spectra. Due to experimental evidence for the presence of CoO
and CoS, as the main cobalt species present (vide supra), these
two structures were used as initial models to fit the CoS,
experimental EXAFS data. CoO and CoS, both have Co
surrounded by octahedral O and S, respectively. Complete
fitting parameters and results can be found in the Supporting
Information. A best fit of the dry CoS, film yields a
combination of octahedral Co atom that has on average 2.1
O atoms and 2.1 S atoms in the first shell. Second shell
scattering paths with a coordination number approximately half
that of bulk CoO and CoS, are fit to the data. The second shell
paths give evidence for a slight phase segregation of cobalt
oxide and sulfide into these sub-nanometer clusters as opposed
to a homogeneous cobalt oxysulfide material. Data modeling
utilizing only one crystal structure (CoO, Co;0,, CoySg, or
CoS,) did not yield a reasonable fit.

A best fit for the operando CoS, film features the Co
surrounded by 5.2 S atoms and 0.8 O atoms, which serves as
further confirmation of the operando oxide—sulfide trans-
formation. Second shell Co—S$ scattering paths have minimal
contributions to the EXAFS fit likely due to the material
disorder or relatively poor scattering ability of sulfur, while Co—
Co scattering contributions in the second shell are fit to give a
coordination of ~3, suggesting that the operando CoS, film
consists of few-nuclei CoS, clusters.

Completely omitting the oxide fraction from the model
results in a significantly poorer fit (a misfit of 8.5% versus 1.3%,
Supporting Information Figure S13), suggesting that the there
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is a small oxide fraction remaining within the film, even under
HER operating conditions. This oxide fraction may not be in
electrical contact with the conductive substrate and therefore
does not transform into CoS,-like clusters. However, after
electrolysis for 3 h, the Co:S ratio, as measured by EDS,
decreases from 1.4:1 to 0.98:1, indicating that a fraction of the
cobalt dissolves into the electrolyte. This is consistent with the
formation of CoS,-like clusters under HER operating
conditions since the sulfur content would be the stoichiometri-
cally limiting reagent and some of the remaining cobalt is likely
to dissolve away.

From a comprehensive data set utilizing information from
Raman, XANES, and EXAFS, an atomic structural model of the
operando state of CoS, emerges (Figure 6). Immediately

Figure 6. Atomic model of CoS, catalyst derived from Raman,
XANES, and EXAFS data.

noticeable are the undercoordinated sulfur atoms on the
perimeter of the CoS, cluster. Operando XANES determines
the sulfur species to be sulfide-like even at open circuit
conditions; therefore, their oxidation to sulfates upon exposure
to electrolyte is not likely. Operando Raman measurements
indicate the presence of a disordered CoS,-like molecular
cluster state. This state is confirmed through XANES and
EXAFS as being the predominant form of cobalt. EXAFS
analysis reveals a near complete octahedral shell of S around the
central Co and partial second shell contribution of 3 additional
Co atoms yielding the best fit, giving a cluster size of several
cobalt nuclei. A small molecular CoS,-like cluster is rendered in
Figure 6. Additional renditions of the structural model are
presented in the Supporting Information.

Transition and precious metal disulfides such as MoS,, CoS,,
and RuS, were well-studied hydrodesulfurization (HDS)
catalysts before drawing attention for their HER catalytic
functionality.”’ "> For MoS,, edge sites featuring under-
coordinated S atoms were ascertained to be the primary HDS
active sites and in recent years, the same sites were determined
to also be the active sites for the HER reactions.”* From the
onset of this discovery, many efforts have been put forth to
engineer MoS, catalysts to feature an abundance of active sites
and have resulted in significant improvements of MoS, catalytic
efficiencies.”> "

It is plausible that disulfide anions (S,>”) play a similar role in
the HER reaction on CoS, surfaces and initial reports have
suggested likewise. Transition metal chalcogenides and
crystalline pyrite materials, especially CoS,, have been
previously demonstrated to be highly active HER catalysts.”"~**

DOI: 10.1021/jacs.5b03545
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The density of exposed sulfide atoms, presumably the active
sites for the HER, on a microscopic level has been linked to the
catalysts’ performance. Within this context, the operando CoS,
atomic model is an ideal structure for a CoS, based catalyst,
because a significant fraction of S atoms are accessible for
catalysis. The high catalytic activity observed for these
amorphous films relative to crystalline CoS, might be explained
by this high density of exposed active sites and possible
electronic differences between these molecular clusters and the
bulk pyrite structure, which warrants further study.

B CONCLUDING REMARKS

In summary, a highly active CoS, catalyst is investigated
through an operando spectroscopic approach. Through a
combination of Raman and XAS experiments, we find that
the as-made CoS, consists of a porous amorphous film
composed of small oxide and sulfide clusters. Upon the
application of cathodic polarization, the CoS, catalyst trans-
forms into CoS,-like molecular clusters. We speculate that the
origins of high HER activity lie in the presence of a high density
of accessible sulfur atoms along the cluster periphery, which
might exhibit different binding strength relative to the active
sites in bulk CoS,.

B EXPERIMENTAL SECTION

CoS, Electrodeposition and Electrochemical Measurements.
All electrochemical measurements were performed with a Biologic
VMP 300 potentiostat and EC-Lab software. The CoS, film was
electrodeposited from a solution of 0.5 M thiourea and S mM CoCl,
in a 0.5 M, pH 7, phosphate buffer. Between 5 and 50 electro-
deposition cycles were carried on a conductive substrate. Ag/AgCl and
FTO were used as reference and counter electrodes, respectively.
Cyclic voltammetry was carried out at a S mV/second sweep rate,
sweeping from —1.2 V versus Ag/AgCl to +0.2 V versus Ag/AgClL
After electrodeposition, the CoS, film was rinsed thoroughly with
deionized water. Before electrochemical measurements, an annealing
step was carried out at 300 °C for 2 h in an argon environment. For all
electrochemical measurements, the electrolyte was sparged with argon
gas for 30 min to remove dissolved oxygen.

Electron Microscopy. Scanning electron microscopy images were
collected with a JEOL 6340 FESEM operating at a 5 kV accelerating
voltage and 6 mm working distance. EDS elemental spectra were
acquired under 20 KV accelerating voltage at a 15 mm working
distance with TEAM EDAX analysis hardware/software.

X-ray Photoelectron Spectroscopy. XPS spectra were acquired
with a PHI 5400 X-ray photoelectron spectrometer equipped with a 4
kV argon ion gun and Al ka radiation. The angle between the source
and detector was 35°. The measurement chamber was maintained at
~107° Torr (~10—7 Pa) during measurement, and measurements
were taken at pass energy of 17.9 eV. All energies were calibrated to
spurious carbon at 285.0 eV.

Raman Spectroscopy. Raman spectroscopy was carried out with
a Horiba Jobin-Vyon Labram HR 800 Micro-Raman instrument and
Labspec software. All Raman spectra were acquired with 532 nm
excitation from a 250 mW diode laser. The incident laser power was
decreased by a factor of 100 to avoid sample damage. Operando Raman
spectroscopy was carried out in a home-built open spectroelec-
trochemical cell with Ag/AgCl and titanium foil as reference and
counter electrodes, respectively. The electrolyte used was a 0.5 M
phosphate buffered pH 7 aqueous solution. Acquisition of spectra at
steady-state conditions was performed after holding the catalyst at the
desired potential for S min. Each acquisition took between 5 and 10
min.

X-ray Absorption Measurements. All XAS measurements were
conducted at the Advanced Light Source at Lawrence Berkeley
National Lab with an electron energy of 1.9 GeV and current of 500
mA. Co K-edge and S K-edge experiments were performed at
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beamline 10.3.2, Co L-edge experiments were performed at beamline
6.3.1.2. Energy calibration was performed using a glitch in the incident
intensity, I, relative to a cobalt foil or calcium sulfate standard for K-
edge data acquisition. L-edge data was calibrated relative to a cobalt
foil standard. M-edge spectra were collected on 10 nm thin films of the
desired material deposited on 100 nm thick silicon nitride membranes.
To minimize the absorption of the incident photons, the measure-
ments were conducted in a home-built vacuum chamber, held at 1077
Torr (~107° Pa). The incident photon spot is raster scanned along the
sample to avoid any possible sample damage and degradation.
Operando XAS experiments were conducted using home-built
spectroelectrochemical cells. The cells were constructed of a PEEK
thermoplastic polyaryletherketone polymer body with small inlet ports
for gases, Ag/AgCl reference electrodes, and Pt counter electrodes.
Each operando measurement took between 2 and 4 h. The electrolyte
used was a 0.5 M phosphate buffered pH 7 aqueous solution. The
electrolyte compartment was separated from either an ambient or
UHV (107° Torr) atmosphere through a 6 um thick Mylar film or with
a 100 nm thick silicon nitride window. Diagrams of the electro-
chemical cells used are presented in the Supporting Information.

X-ray Data Processing. Near-edge data reduction was performed
with commonly used Athena software to remove the pre- and post-
edge contributions of the spectra and normalized the X-ray absorption
coefficient. Linear combination fitting of XANES spectra was also
performed with Athena software. EXAFS data was fit with Artemis,
IFEFFIT and Feff 6 software.*>™® Ab initio phases and amplitudes
were used in the EXAFS equation to fit experimental data:

N.
2R =82y kT’ZE(k)e_Zqzkze_ZR‘M‘k sin(2kR; — (k)

Neighboring atoms are divided into i shells with coordination
numbers N; at a distance of R; from the central atom. The amplitude
function for each shell is denoted F;(k). S is the amplitude reduction
factor and is intrinsic to the central atom, accounting for shakeup
processes at the central atom. From a a fit to a cobalt foil standard, S
was taken to be 0.76 and kept constant in the EXAFS fitting of CoS,.
The damping due to thermal or structural disorder is accounted for by
the Debye—Waller term, 2w, Amplitude losses due to inelastic
scattering are factored in with the mean free path term, ¢ 2R/AE where
A; is the photoelectron mean free path. The periodicity in the X-ray
absorption coefficient is reflected in the sinusoidal term: sin(2kR; +
@(k)), where ¢,(k) is the phase function for the coordination shell, i.
In the data fitting process, R, N, and o; were floating variables, while
other parameters were fixed.
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