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ABSTRACT: In-depth understanding of electrocatalytically active species
transformation during oxygen evolution reaction (OER) is highly guidable
to design effective electrocatalysts for water splitting. Herein, cobalt sulfide
(CoS,) nanovesicles decorated with iron sulfide (FeS,) heterophases were
successfully synthesized by using a metal—organic framework precursor
through a solvothermal method. The obtained CoS,/FeS, exhibited much
elevated OER activity as compared to pristine CoS, and even most
previously reported cobalt-based electrocatalysts, with the overpotential of
304 mV at 10 mA cm™? in 1 M KOH. As revealed by operando Raman and
X-ray absorption spectroscopy measurements, the electrocatalytically active
species transformation in CoS, nanovesicles could be stimulated by the
incorporated FeS, heterophases due to the increased average valence state
of cobalt and lowered coordination of cobalt sites. As a result, the
electrocatalytically active cobalt oxyhydroxides could be more easily formed
on the catalyst surface during OER and thus contributed to the highly improved performance. This real-time spectral and
electrochemical insight into the electrocatalytically active species transformation may guide the rational design of highly efficient
electrocatalysts for water splitting from the viewpoint of electronic structure-electrocatalytic activity relationship.

KEYWORDS: oxygen evolution reaction, cobalt sulfides, operando Raman spectroscopy, operando X-ray absorption spectroscopy,
active species transformation

B INTRODUCTION ments, suggesting a quasi-reversible Co%**/Co*" and Ni**/Ni2*
redox process catalyzing OER.” Further note that the oxidized
species prefer to serve as actual active sites for OER, so that the
as-prepared electrocatalysts have been always in situ electro-
chemically activated on purpose to improve electrocatalytic
performances. For example, Zhou et al. first synthesized Ni—Fe
disulfide nanosheets through a sulfidation annealing process,
which were then treated by an electrochemical oxidation
process to obtain the target Ni—Fe disulfide@oxyhydroxide
electrocatalyst.'” With the highly active sites provided by
electrochemically formed surface oxyhydroxide layer, the

Electrocatalytic water splitting for hydrogen production has
been widely regarded as a promising approach to solve energy
and environmental problems."”” However, the current indus-
trialized electrolyzer devices are based on platinum group
metals (PGM) with high material cost for proton exchange
membrane electrolyzers or PGM-free catalysts with high
energy consumption for alkaline electrolyzers.”* Compared
with hydrogen evolution reaction with only two electrons
involved in one hydrogen molecule production, the four-
electron-pathway oxygen evolution reaction (OER) is

recognized as the rate-limiting step for water splitting.’ catalyst exhibited an excellent OER performance with the
Therefore, it is critical to develop effective electrocatalysts overpotential decreased by 120 mV at the current density of 10
for high-performance OER, especially those noble-metal-free mA cm™ as compared with the noble-metal-based catalyst
materials, in consideration of the high cost and scarcity of (RuO,). For sure, it is necessary to investigate the morphology,
noble-metal elements on earth.

It is known that applying positive potentials usually causes Received: November 29, 2019
oxidation of the as-prepared electrocatalysts during the Revised:  December 31, 2019
electrochemical OER.°"® For example, Smith et al. found Published: January 3, 2020

that cobalt and nickel oxide catalysts experienced valence state
alternation during repeated cyclic voltammetry (CV) measure-
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Figure 1. Characteristics of CoS,: (a) SEM and (b) TEM images, and HRTEM images for (c) Co;S, (#PDF 47-1738) and (d) CoS, (#PDF 41-
1471). Characteristics of CoFe(,S,: (e) SEM and (f) TEM images. HRTEM images for (g) FeS, (#PDF 42-1340), (h) Co,S, (#PDF 47-1738),
and (i) CoS, (#PDF 41-1471). (j) XRD patterns. (k) Scanning TEM (STEM) image and EDS elemental mappings of (1) Co, (m) Fe, and (n) S.

structure, and electron configuration of the as-prepared catalyst
(the so-called “precatalyst”) and their contribution to the
electrocatalytic performance. More importantly, exploring the
phase transformation during OER can be highly informative to
identify the real surface-active species dominating the electro-
catalytic activity. However, it is still not easy to obtain the
firsthand data of electrocatalysts under real-time reactions,
which hinders the deep understanding of reaction mechanisms
and the development of superior electrocatalysts for water
splitting.

Thanks to the fast progress in experimental tools and
devices, it is feasible to realize real-time tracking for reactions
by integrating electrochemical measurement systems with
spectrometer devices to collect the operando spectra for phase
and active species transformation under reactive condi-
tions.'' ~'* Cheng et al. adopted a homemade cell for operando
Fourier transform (FT) infrared spectroscopy to monitor the
phase transformation on NiFe metal—organic frameworks
(MOFs) during OER," and successfully detected the surface
intermediate superoxide species generated under water
oxidation potential, which were crucial for the four-electron-
pathway OER. Raman spectroscopy is another powerful tool to
provide insightful information on phase and species trans-
formation during electrocatalytic reactions. For example, Louie
and Bell confirmed the y-NiOOH active phase generated on
the Ni—Fe oxide film and the conversion process, that the
electrochemical species transformed from Ni(OH), to
NiOOH under the increasing potentials during OER, by
collecting a series of operando Raman spectra.'® Chen and Cai
et al. observed structure transformation of NiCoO,H, catalysts
during OER via operando Raman spectroscopy, which revealed
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an initial transformation from spinel to a-CoO structure and
subsequent conversion to NiOOH-h-CoO, under increased
potentials."> In addition to the techniques above, X-ray
absorption spectroscopy (XAS) has been widely used to
determine the local geometric and/or electronic structure of
materials under the rapid development in synchrotron
radiation light sources, which would be then highly attractive
for exploring the in situ electrochemical structure and/or phase
evolution, especially when combined with electrochemical
measurements.' For example, as informed from the operando
XAS data of cobalt selenides under OER condition,'® Zhu et al.
demonstrated the structural transformation from precatalyst
into the real reactive species (i.e., cobalt oxyhydroxides) by
revealing the valence states of cobalt under different applied
potentials. Su et al. reported NiFe Prussian blue analogue as a
promising electrocatalyst for OER in alkaline conditions and
elucidated that the reversible potential-dependent deprotona-
tion process (Ni**(OH), + xOH™ — Ni®**OOH,_, + xH,0
+ xe”) contributed to the efficient electrocatalytic performance
through operando XAS measurements.'” Given these en-
couraging achievements, the operando spectral techniques
could be effective to deepen the fundamental understanding of
electrocatalytically active phase and/or species evolution
during electrochemical reactions, which is expected to guide
the design of superior electrocatalysts from the viewpoint of
phase and/or electronic structure regulation.

In this work, cobalt sulfide nanovesicles (CoS,) were
synthesized through a solvothermal method from MOF (i.e.,
ZIF-67). With iron sulfide (FeS,) heterophase decorated onto
CoS,, the obtained CoFe,S, exhibited much improved OER
performance, with overpotential at 10 mA cm™ reduced from

https://dx.doi.org/10.1021/acscatal.9b05170
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Figure 2. XPS results. (a) Co 2ps/, and (b) S 2p XPS results for CoFe,,S, and CoS,. (c) Fe 2p;/, and (d) S 2p results for CoFe,,S, and FeS,. FeS,
was synthesized by using a solvothermal method similar to CoFe,,S,, with Fe(NO,);-9H,0 (54.8 mg) but no ZIF-67 was added.

380 to 320 mV in 1 M NaOH (and even 304 mV in 1 M
KOH). As revealed by operando spectroscopy technologies
(Raman and XAS), cobalt oxyhydroxide (i.e., COOOH) active
species were in situ formed on the surface of CoS, during the
electrochemical process, which dominated the electrocatalytic
OER performance. Moreover, the introduced FeS, hetero-
phases would stimulate the electrochemically active species
transformation of CoS, nanovesicles, which promoted the
adsorption of hydroxide ions on cobalt sites and then
facilitated the structural transformation for the generation of
cobalt oxyhydroxide active species, thus contributing to the
remarkable improvement for OER activity. This study may
provide an insightful example for real-time tracking of the
active species transformation during electrochemical reactions
and elucidate the design of high-performance electrocatalysts
from the perspective of rational structure regulation.

B RESULTS AND DISCUSSION

As derived from hollow ZIF-67 (Figure S1) synthesized
according to previous method with some modification,”
cobalt sulfide (CoS,) was obtained through a solvothermal
process, with the hollow spherical structure of ZIF-67 well
inherited (Figure 1a). Interestingly, the obtained CoS, hollow
structure comprises small vesicles (Figures 1b and S2), which
are believed to be attributed to the faster outward diffusion of
Co ions and the slower inward diffusion of sulfur ions, given
the much smaller ionic radius of cobalt ions (74 pm) than that
of sulfur ions (184 pm).”' High-resolution transmission
electron microscopy (HRTEM) images (Figures lc,d and
S3) reveal that there are different cobalt sulfide species in
CoS,, as evidenced by the (311) and (200) planes of CosS,
(diz1) = 0.284 nm) and CoS, (d0) = 0.277 nm) phases,
respectively. With iron ions introduced in the solvothermal
process, the obtained CoFe,,S, maintains the hollow spherical
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morphology (Figure lef), with iron sulfide (e.g, FeS,) and
cobalt sulfide (e.g, Co;S, and CoS,) species formed, as
confirmed by HRTEM images (Figures 1g—i and S4) and X-
ray diffraction (XRD) patterns (Figure 1j). The energy
dispersive spectroscopy (EDS) elemental mappings of Co,
Fe, S, and O elements collected in Figures 1k—n and S$
demonstrate that the FeS, species are dispersed well in the
CoS, hollow spheres. In addition, the atomic ratio of Fe and
Co in CoFe,,S, is calculated to be about 0.19 (Figure S6),
which coincides well with their initial ratio in precursors. All of
the above indicate that the introduced FeS, phases would not
alter the morphology and structure of the hollow spherical
CoS,. Thus, other underlying reasons such as the altered
electronic configurations should be explored to reveal their
significant effects on electrocatalytic performance.

To probe the possible difference in electronic structures of
CoS, and CoFe,,S,, X-ray photoelectron spectroscopy (XPS)
measurements were carried out. All samples present oxygen
peaks (see details in Figure S7), which is almost inevitable in
sulfides.”” As shown in Figure 2a, two Co 2ps), peaks centered
at 778.58 and 781.37 eV are observed for CoFe,y,S,,
corresponding to Co** and Co** in Co—S bonds, respectively.
One should note that both peaks present a negative shift to
lower binding energies as compared to CoS,*"** In
comparison to the two S 2p peaks observed for CoS,, there
are four peaks for CoFe,,S, (Figure 2b), with two peaks at
162.53 and 163.80 eV for Fe—S (S—Fe) bonds and the other
two peaks at 161.44 and 162.51 eV for Co—S (S—Co)
bonds.”>** Moreover, the S 2p peaks related to Co—S bonds in
CoS, exhibit binding energies higher than CoFe,,S,. Notably,
both the binding energy shifts for the Co 2p and S 2p peaks
(Figure 2a,b) suggest charge redistribution at Co—S bonds for
CoFe(,S,, as triggered by the introduction of FeS,
heterophases. In addition, the binding energies of Fe 2p and
S 2p peaks (Figure 2c,d) for Fe—S (S—Fe) bonds exhibit

https://dx.doi.org/10.1021/acscatal.9b05170
ACS Catal. 2020, 10, 1855—1864
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Figure 3. Electrochemical measurements. (a) LSV plots for OER (10 mV s™!, 1 M NaOH). (b) Current-scan rate plots for calculating ECSAs and
(c) derived specific current densities. (d) EIS plots. Symbols are measured data; lines are fitted results according to the equal circuits (Figure S11).

(e) Tafel plots. (f) OER stability measurement.

negligible shift for CoFe,,S, in comparison to the reference
iron sulfides (FeS,),'”*>?° further evidencing that the
introduced FeS, species exist as heterophases which cause
the electronic structure alteration of CoS, species in CoFe,S..
Such heterophases-induced electronic structure alteration may
significantly benefit the electrocatalytic OER activity, as
revealed in the following part.

The electrocatalytic OER performance was evaluated in a
three-electrode system with well-cleaned glassy carbon as the
substrate (Figure S8), with linear sweep voltammetry (LSV)
plots shown in Figures 3a and S9. It is evident that with the
FeS, heterophase introduced, the obtained sulfides present
significantly enhanced OER performances as compared to
CoS,, with the overpotential at 10 mA cm™ reduced to 320
mV for CoFe,,S,, which is even superior to noble metal
catalyst (RuO,). It is believed that the major active species/
phase in a hybrid system can be verified by comparing the
respective performance of each component.”” Note that the
pure FeS, as reference has much poorer OER performance
than the pristine CoS,. Moreover, it was previously reported
that cobalt ions could act as major active sites for water
oxidation in a binary Co—Fe system.”® Thus, it can be
concluded that the CoS, phases dominate the OER activity in
CoFe,,S,, and the introduction of FeS, heterophases triggers
the electronic structure evolution of the CoS, phases (as
evidenced by the Co—S bond evolution from the XPS
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analysis), contributing to the considerable enhancement in
OER performance.

Considering the OER occurring at the catalyst/electrolyte
interface, the electrochemically active surface area (ECSAs)
would be informative to unravel the actual factor which
determines the OER activity. As measured by CV methods at
different scan rates (Figures S10 and 3b), CoFe,,S, possesses
ECSA (0.193 cm?) much smaller than CoS, (0.383 cm?),
indicating that there are fewer active sites in CoFey,S,,
possibly due to the partial surface coverage of the CoS,
nanovesicles by FeS, heterophases (Figure 1k—n). Interest-
ingly, as calculated from LSV and ECSA results, the specific
current densities (J;) imply that CoFey,S, has much higher
average activity per reactive site for OER than FeS, and CoS,
(Figure 3c). Electrochemical impedance spectroscopy (EIS)
plots were collected and fitted (Figures 3d and S11) to explore
the charge-transfer ability at the catalyst/electrolyte interface
that greatly reflected the electrochemical reaction activity. In
comparison to FeS, (1250 & cm?) and pristine CoS, (10.07 Q
cm?), CoFe,,S, (229 Q cm?®) displays much smaller charge-
transfer resistance (R,), implying the much-accelerated charge-
transfer process for electrocatalytic OER. Tafel slopes were
further extracted from the LSV results. As shown in Figure 3e,
CoFe,S, exhibits a Tafel slope (48.7 mV dec™") smaller than
FeS, (89.7 mV dec™), CoS, (71.5 mV dec™), and even RuO,
(55.1 mV dec™"), suggesting the accelerated electrochemical

https://dx.doi.org/10.1021/acscatal.9b05170
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Figure 4. (a) Schematic diagram of the setup, and operando Raman spectra at OCP and different applied potential (vs Ag/AgCl) in 1 M NaOH for
(b) CoS, and (c) CoFe,,S,. (d) Normalized Raman peak areas at 503 cm™ for CoS, and CoFe,,S,. (e) XPS spectrum of Co 2p for CoS, and

CoFe,S, after operando Raman measurement.

reaction kinetics for water oxidation.”” Given the accelerated
interfacial OER reaction kinetics as well evidenced above, it is
safe to suggest that the increase in activity of CoFe,,S, gives
rise to the enhanced OER performance due to the electronic
structure evolution of CoS, phases, as triggered by the
introduction of FeS, heterophases.

Current—time (i—t) plot was also recorded under a fixed
bias to evaluate the OER stability (Figure 3f). CoS, exhibited
poor OER stability with a quick attenuation, whereas CoFe,,S,
exhibited a very slight decrease in current density during the
long-time reaction (over 10 h), and the activity revived after
removing the bubbles with restarting, indicating that the
introduced FeS, heterophases could not only enhance the
activity, but also improve the OER stability. Furthermore, it is
encouraging that the obtained CoFe,S, shows excellent OER
activity (Figure S12) with overpotential decreasing to 304 mV
at 10 mA cm™ in 1 M KOH, which is higher than most of the
typical cobalt-based electrocatalysts (Table S1).

It has been demonstrated that for some non-oxide
electrocatalysts, a layer of metal oxides/oxyhydroxides would
form at the surface and act as the actual active species for
electrocatalysis during OER measurement.’’ > Herein, for
CoFey,S,, an amorphous layer is formed on the surface,
whereas the bulk remains crystallized sulfide phase after the
OER stability test (Figure S13). The electrochemically in situ
formed oxidative species on the surface is then supposed to
serve as the active sites for OER. To elucidate the active
species transformation during electrocatalytic OER process,
herein, operando Raman spectra were collected by integrating
an electrochemical cell with a Raman spectrometer, as shown
in Figure 4a. When the samples (CoS, and CoFe,,S,) are
immersed in the electrolyte, no obvious peaks appear (open
circuit in Figure 4b,c). With applied bias increasing, two peaks
centered at around 503 and 600 cm™' gradually appear,
indicating the generation of cobalt oxyhydroxides under
elevated potentials.'”'>"® It is worth noting that these two
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peaks can be hardly observed for CoS, at 0.1 V (Figure 4b),
whereas both of them notably appear for CoFe,S, at the same
potential (Figure 4c). This difference in potential-dependent
phase evolution implies that the phase transformation is
thermodynamically easier for CoFe,,S, than CoS, to form
cobalt oxyhydroxides under electrochemical reaction con-
ditions (Figure 4d). Furthermore, as demonstrated by the Co
2p XPS (Figure 4e) results, an amorphous oxide layer is
formed (Figure S14) after the operando Raman measurements.
The observations above indicate that the introduced FeS,
heterophases stimulate the phase transformation of CoS, and
promote the generation of cobalt oxyhydroxides as electro-
chemical active species, which should be responsible for the
improvement of OER performance achieved over CoFe,S,.
To further investigate the relationship between OER
performance and active species transformation from the
viewpoint of electronic structure, operando XAS measurements
were also carried out. As revealed in the X-ray absorption near
edge structure (XANES) spectra (Figure Sab), the incon-
spicuous prepeaks at around 7710 eV, that serve as a
fingerprint feature of metallic character originating from the
Co 4sp—Co 3d hybridization, imply the nonmetallic character
coinciding with the cobalt sulfide phases for both CoS, and
CoFe,,S,. The main absorption peaks at around 7725 eV are
derived from the electron transition from Co 1s occupied core
level to Co 4p unoccupied orbitals.” Interestingly, the main
peak intensities of CoS, and CoFe,S, are decreased when the
samples are dipped into the electrolyte [open circuit potential
(OCP) condition], which are further lowered with the applied
potentials increasing. This XANES evolution suggests that the
coordination environment of cobalt sulfides changes under
different electrochemical conditions.*® It has been previously
evidenced for cobalt phosphides that under alkaline condition,
the hydroxide ions would be adsorbed on the surface of cobalt
phosphide nanoparticles by replacing the surface phosphorous
species.”® In addition, note that Co—OH species appear for the
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Figure S. Operando XAS measurements. Operando XANES spectra at the Co K-edge of (a) CoS, and (b) CoFe,,S, in air and at OCP, at 1.123 V,
and at 1.623 V (vs RHE) in 1 M NaOH for OER, respectively. XPS results of Co 2p;, for (c) CoS, and (d) CoFe,,S, after being immersed in 1 M
NaOH. Corresponding k*-weighted FT spectra from EXAFS for (e) CoS, and (f) CoFe,,S,.

CoS, and CoFe),S, samples soaked into the electrolyte
(Figure 5¢,d).*® Thus, the decrease in main peak intensities
with bias applied indicates the continuous dissolution of sulfur
ions and adsorption of hydroxide ions. For more detailed
comparison, the XANES results of CoS, and CoFe,,S, were
overlaid (Figures S15—S18). It is clear that the average valence
state of cobalt in CoFe,,S, is higher than that of CoS, in air, at
OCP, at 1.123 V, and at 1.623 V, as revealed by the positively
shifted absorption edge and enhanced main peak intensity for
CoFe,,S,.”” It has been reported that the more positively
charged sites (i.e., higher average valence state) facilitated the
adsorption of hydroxide ions, which benefited the generation
of reactive intermediates and thus improved the OER
performance.”**** Moreover, the XPS peak area ratio of
Co—OH bond to Co**/Co’" is higher for CoFe,,S, (1.80)
than CoS, (0.46) (Figure Sc,d), indicating that more
hydroxide ions are adsorbed at Co sites for CoFe(,S, when
immersed in the electrolyte. Hence, the increase in the average
valence state of cobalt for CoFe,,S, is believed to promote the
generation of cobalt oxyhydroxides (as revealed in operando
Raman spectra in Figure 4) acting as active species during
OER measurement.

To reveal the coordination environments of Co sites during
OER, the FT of extended X-ray absorption fine structure
(EXAFS) spectra was conducted for CoS, (Figure Se) and
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CoFe,,S, (Figure 5f). The peaks centered at around 1.6 A,
attributed to the Co—S bonds, decrease successively for both
CoS, and CoFe,,S, in air, at OCP, at 1.123 V, and at 1.623 V.
This suggests that the amount of sulfur atoms coordinating
with cobalt atoms gets decreased because of the sulfur
dissolution along with the reaction proceeding. Interestingly,
a new peak at around 1.4 A, representing the Co—O bond,
arises at the potential of 1.123 V and continues to increase at
1.623 V for CoFe,,S, (Figure Sf), whereas the similar
evolution can be hardly observed for CoS, (Figure Se).*
This result indicates that it is easier for CoFe,,S, to generate
Co—0 species than CoS,, as also evidenced by the operando
Raman spectra (Figure 4). In addition, it has been previously
demonstrated that coordinatively unsaturated cobalt ions acted
as active sites to catalyze OER with the open sites for reactant
adsorption.”"*> Then, it is reasonable that the lower-
coordinated cobalt atoms in CoFe(,S, than those in CoS,
(Figure S15b) should assist hydroxide ions to be adsorbed on
the surface cobalt sites in CoFe,,S, and then facilitate the
subsequent reaction process.

For a more explicit presentation, the evolution of main peak
intensities and magnitudes of FT under various conditions
were well-concluded in Figure 6a. It is demonstrated that the
increased positive charges at cobalt sites and the lower-
coordinated cobalt atoms for CoFe,,S, lead to facilitated
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Figure 6. (a) Changes of the main peak intensity in XANES (black
solid lines) and the magnitude of FT for Co—S bonds (blue solid
lines) and Co—O bonds (blue dashed lines) under different
conditions. CoS, is marked by circles; CoFe,S, is marked by
triangles. A typical atomic structure illustration for in situ surface
transformation of cobalt species in (b) CoS, and (c) CoFe,,S, under
different conditions, with balls for Co (blue), Fe (orange), O (red), S
(yellow), and H (gray). The area bordered by orange dashed lines
represents a typical atomic structure of FeS,.

formation of cobalt oxyhydroxides during the electrochemical
process, as compared with CoS,. Based on the operando
spectral analyses above, a surface electrochemical trans-
formation mechanism for the improved OER performance
can be proposed. When the as-synthesized CoS, is immersed
in the aqueous electrolyte (at OCP) containing sufficient
hydroxide ions, some Co—S bonds at the surface of CoS, are
broken with sulfur ligands dissolved in the electrolyte, whereas
some hydroxide ions in the electrolyte are adsorbed onto the
Co sites (Figure 6b), which has been verified by the XAS and
XPS results in Figure 5. Consequently, with positive potential
applied for OER, hydroxide ions are further adsorbed onto Co
sites; simultaneously, cobalt oxyhydroxides are generated to
form a sulfide/oxyhydroxide heterostructure.*> Comparatively,
the introduction of FeS,, heterophases causes the Co sites to be
more positively charged with decreased sulfur ligands (as
discussed in Figures S and S15), thus resulting in the promoted
adsorption of hydroxide ions for CoFe,,S, immersed in the
electrolyte (Figure 6¢). Subsequently, as compared to CoS,,
when positive potential is applied, more cobalt oxyhydroxides
are formed and serve as reactive sites for OER, which endows
the significantly enhanced electrocatalytic performance for
CoFe,,S,.

B CONCLUSIONS

Cobalt sulfides decorated with iron sulfides were synthesized
through a solvothermal method derived from ZIF-67,
exhibiting promoted OER performance with overpotential of
304 mV at 10 mA cm™* in 1 M KOH and a long-time stability.
It was revealed that cobalt oxyhydroxide active species were
formed on cobalt sulfide surface during the OER process,
which dominated the electrocatalytic performance. Moreover,
the introduced FeS, heterophases stimulated the active species
transformation of cobalt sulfides for the improved OER
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performance: the higher average valence state of cobalt sites
and the decreased sulfur ligands promoted the adsorption of
hydroxide ions on cobalt sites, which facilitated the in situ
electrochemical generation of cobalt oxyhydroxide active
species. This work uses operando spectroscopy techniques to
explore the surface-active species transformation during the
electrocatalytic process, which may provide informative
guidance for the deep understanding of the electrocatalysis
mechanisms and the rational design of highly efficient
electrocatalysts for water splitting.

B EXPERIMENTAL SECTION

Materials. Cobalt sulfate (CoSO,-7H,O, analytical pure),
2-methylimidazole (99%), methanol (analytical pure), ethanol
(analytical), thioacetamide (TAA, analytical pure), ferric
nitrate [Fe(NO;);-9H,0, analytical pure], sodium hydroxide
(NaOH, analytical pure), potassium hydroxide (KOH,
analytical pure), and RuO, (99%) were purchased from
Sinopharm Chemical Reagent Co. Ltd (SCRC). Ultrapure
water (18.25 MQ cm) was used for the aqueous solutions.

Synthesis of Hollow ZIF-67. CoSO,-7H,0 (2342.5 mg)
and 2-methylimidazole (6568 mg) were dissolved in methanol
(200 mL) at room temperature, respectively. Then, the two
solutions were mixed and stirred for 1 h at 1000 rpm. Purple
powders were collected after several wash-centrifugation cycles
by methanol and subsequent drying at 60 °C for 6 h.

Synthesis of CoS,. ZIF-67 (30 mg) and TAA (120 mg)
were mixed in ethanol (60 mL), treated by ultrasonication for
10 min, and then put into a sealed autoclave under 180 °C for
12 h. After cooled naturally, the collected dark precipitation
was washed by ethanol several times and finally dried at 60 °C,
and marked as CoS,.

Synthesis of CoFe,,S,. CoFe,,S, was synthesized by a
solvothermal process similar to CoS,, with Fe(NO;);-9H,0
(mole ratio of Fe to Co set at 0.2) added into ethanol before
ultrasonic treatment.

Characterizations. Field emission scanning electron
microscopy (FE-SEM, JEOL JSM-7800F) and transmission
electron microscopy (TEM, G2F30 FEI) were used for
morphology and structure characterization. Energy dispersive
X-ray detectors (OXFORD MAX-80) were used for elemental
analysis. XPS measurements were conducted on a Kratos
spectrometer (AXIS Ultra DLD) with monochromatic Al Ka
radiation (hv = 1486.69 eV) and a concentric hemispherical
analyzer, and the calibration of binding energy was performed
with the C 1s line (284.8 eV) in the samples. Raman scattering
was performed with an argon ion laser at 20 mW (514.5 nm,
Jobin Yvon LabRAM HR800). XRD patterns were collected by
X-ray diffractometer (PANalytical, Cu Ka, 4 = 0.15406 nm).
The synchrotron XAS data were obtained at TPS44A at the
National Synchrotron Radiation Research Center (NSRRC),
Taiwan.

Electrochemical Test. The sample (4 mg) was dispersed
in a mixed solution of ultrapure water (1000 pL), ethanol
(1000 pL), and Nafion (10 wt %, 40 uL). After being treated
by ultrasonication for 30 min, the formed ink (S uL) was
dropped on the polished glassy carbon electrode (GCE) and
dried at room temperature to serve as the working electrode
with a final mass loading of 0.14 mg cm ™2 The electrochemical
measurements were carried out in a three-electrode cell
connected with an electrochemical workstation (CHI 760D),
in which Hg/HgO (1 M NaOH, CHI 152) and Pt wire (CHI
115) served as the reference electrode and counter electrode,
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respectively. NaOH aqueous solution (1 M) saturated with O,
was used as the electrolyte. Before the test, the sample was
swept by the CV method for several cycles between —0.1 and
0.7 V (vs Hg/HgO) until the current became stabilized. For
evaluating OER performance, LSV measurements were
conducted with a scan rate of 10 mV s™'. Tafel plots were
calculated from LSV results according to the equation: 7 = a +
b logljl, in which # is the overpotential, a is the intercept, b is
the Tafel slope, and ljl is the absolute value of current density.
EIS measurements were carried out with a frequency range of
0.1 Hz to 100 kHz at a controlled potential of 0.65 V (vs Hg/
HgO). CVs at scan rates from S to 100 mV s~ between —0.05
and 0.05 V (vs Hg/HgO) were carried out, then the double
layer capacitances (Cg) could be calculated as the quotient:
((J, = J.)/2)/v, where ], and ]. were the positive and negative
scan currents at 0 V (vs Hg/HgO), respectively. Thus, the
ECSA could be calculated by dividing Cy by a specific
capacitance (C,), where C, was assumed to be 40 uF cm2in 1
M NaOH. Roughness factor (RF) was obtained by dividing
ECSA by the geometric area of the GCE, and specific current
density (J,) was the quotient of geometric current density
divided by RF. The measurement for stability (i.e., i—t test)
was conducted in 1 M NaOH under a fixed bias with a two-
electrode configuration in a cell separated by a Nafion 117
membrane. The catalyst was dropped on a cleaned nickel foam
with a mass loading of 0.67 mg cm™2 as the working electrode,
whereas a Pt plate (1 X 1 cm) served as the counter electrode.
The potentials were calibrated to the reversible hydrogen
evolution (RHE) electrode by the Nernst equation: E(vs
RHE) = E(vs Hg/HgO) + 0.924 V.

Operando Raman Spectra. The operando Raman spectra
were collected by combination of a Raman spectrometer and
an electrochemical workstation. For Raman spectra collection,
the laser was set at 20 mW and at 514.5 nm, with lens of 10X/
0.25, attenuation of D1, and collecting time of 500 s. A three-
electrode configuration was adopted in a commercial Teflon
cell with a quartz window (031, Gaoss Union). The catalyst
was dropped on a conductive FTO glass as the working
electrode, whereas a Pt wire and Ag/AgCl (saturated KCl)
acted as the counter electrode and reference electrode,
respectively. NaOH (1 M) was used as the electrolyte. The
Raman spectra were collected when various potentials were
maintained.

Operando XAS Measurements. The measurements were
performed in a home-made Teflon cell with a window sealed
by Kapton tape by a three-electrode configuration in 1 M
NaOH, with a Pt wire serving as the counter electrode, Ag/
AgCl (saturated KCI) as the reference electrode, and the
sample loaded on carbon paper as the working electrode. X-ray
was allowed to transmit through the tape and the carbon
paper; thus, the signal could be collected in the transmission
mode. The XAS spectra were recorded in order of sample in
air, at OCP, at 0.1 V (vs Ag/AgCl), and at 0.6 V (vs Ag/AgCl).
The potentials were calibrated to the RHE electrode by the
Nernst equation: E (vs RHE) = E (vs Ag/AgCl) + 1.023 V.
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