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ABSTRACT: We report polymorphic CoSe, (p-CoSe,) with
mixed orthorhombic and cubic phases as a highly active
electrocatalyst toward hydrogen evolution reaction (HER).
The p-CoSe, is obtained by calcining CoSe, via electro-
deposition at 300 °C. The results of X-ray diffraction (XRD)
and high-resolution transmission electron microscopy
(HRTEM) demonstrated the crystal structure of p-CoSe,.
The p-CoSe, exhibits excellent electrocatalytic activity for
HER with a low onset overpotential of =70 mV and a small
Tafel slope of ~30 mV/decade, which are basically state-of-
the-art performance of earth-abundant electrocatalysts. The

HER performance of p-CoSe, was much higher than that of amorphous CoSe,, cubic CoSe,, and CoSe. This study offers a
competitive electrocatalyst for HER and opens up a new strategy to the synthesis of catalysts for energy conversion.

KEYWORDS: polymorphic CoSe,, hydrogen evolution reaction, electrodeposition, earth-abundant elements, electrocatalysis

B INTRODUCTION

Water splitting is a low-cost and environmentally friendly
method for obtaining hydrogen energy, which is clean and
sustainable. However, electrolysis of H,O consumes large
amounts of energy. In order to increase the efficiency of
electrolysis, it is necessary to develop highly active electro-
catalysts toward hydrogen evolution reaction (HER), which is
commonly the key step in H,O splitting."> Pt-based materials
are highly efficient HER electrocatalysts, but the scarcity and
high cost has prevented their application at large scale.”
Therefore, perusing highly active HER catalysts, which are
comprised of cheap and earth-abundant elements, is urgent and
necessary.

In the past decade, tremendous efforts have been made to
develop efficient HER electrocatalysts based on non-noble and
earth-abundant elements including metals, metal compounds,
and nonmetals (carbon based).>™"" Nickel and its alloys are
commercial HER electrocatalysts, but they are not stable in
acidic solution.*'* Many metal compounds such as transition
metal dichalcogenides (MX,) including MoS,,"> WS,,"*
MoSe,,"* Co0S,,"® CoSe,,"" ™" etc., metal carbides (Mo,C,”*°
WC?*'), metal boride (MoB),** metal nitrides (NiMN,),** and
metal phosphides (Ni,P,** CoP,***® MoP,”” and FeP*®) have
been identified as promising HER catalysts. Generally, most of
them exhibited low intrinsic activity toward HER as compared
with Pt. Consequently, various strategies have been investigated
to improve the HER performance of electrocatalysts: (1)
fabrication of nanostructured electrocatalysts with highly active
surface areas;”> > (2) supporting catalysts onto conductive
supports such as graphene;>>>° (3) chemically exfoliating and
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simultaneously converting the semiconducting phases to their
metallic phases (MoS,,*® WS,*"); (4) synthesis of amorphous
polymorphs containing a high density of catalytic sites;*® (S)

39,40
™ So far,

alloying or doping catalysts to increase active sites.
these approaches have greatly improved the HER performances
of catalysts, but most of them still have no match for Pt;
therefore, it is still highly desirable and imperative to fabricate
electrocatalysts with the activity comparable to Pt.

In this study, we report a HER electrocatalyst, ie.,
polymorphic CoSe, (p-CoSe,, a typical MX,) with mixed
orthorhombic and cubic phases by calcining amorphous CoSe,
fabricated by the electrodeposition method. The p-CoSe,
exhibits a much higher HER performance, with a Tafel slope
of ~30 mV/decade (similar to Pt), as compared with
amorphous CoSe, (~40 mV/decade),** cubic CoSe, (~40
mV/decade),'” " and CoSe (~55 mV/decade). Structural
characterizations using X-ray diffractometer, high resolution
transmission electron microscopy, and X-ray photoelectron
spectroscopy confirmed the crystal structure of p-CoSe,. This
work not only presents p-CoSe, as a cheap and highly active
electrocatalyst with an excellent stability toward HER but also
provides an effective strategy for improving the performance of
earth-abundant electrocatalysts in general.
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Figure 1. (A) Cyclic voltammograms recorded on a GD electrode during the CoSe, electrodeposition. The potential scan rate is 20 mV/s. (B) A
typical SEM image of as-synthesized CoSe, calcined at 300 °C. (C) A TEM image of CoSe, nanoparticles calcined at 300 °C.

B EXPERIMENTAL SECTION
Synthesis of CoSe, Supported on Graphite Disk (GD). The

preparation of amorphous CoSe, films on GD was carried out using
electrodeposition. The electrolyte solution was prepared by mixing 1
equiv of cobalt(Il) chloride and 1 equiv of selenium dioxide (see the
Supporting Information). Cyclic voltammograms (scan rate, 20 mV/s)
recorded an oxidation peak at E,, = 0.75 V vs Hg/Hg,Cl,, as shown in
Figure 1A, and the reduction peak was not significant due to the
multistep reactions. The electrodeposition of amorphous CoSe, films
was performed at —0.7 V vs Hg/Hg,Cl, for 40 min (see the
experimental details in the Supporting Information). First, the
precursor of SeO, is hydrolyzed to H,SeO;, which will be further
reduced to selenium. Subsequently, most of the selenium will be
reduced to Se,””. The Co** from the electrolyte will move to the
electrode surface, where the Se >  bonds with Co** to form
amorphous CoSe, films. We tentatively proposed that the deposition
process was achieved through the following four steps (eqs 1—4):*'~*

Se0, + H,0 — H,Se0, (1)
H,Se0; + 4H" + 4e” — Se(s) + 3H,0 (2)
Se(s) + xe” — Sexz_ 3)
Se,”” + Co*™ — CoSe,(s) (4)

Then, the as-synthesized CoSe,/GD samples were dried under a
vacuum at 40 °C, followed by calcination at different temperatures
(250, 300, 450, and 600 °C) under argon for 40 min in a homemade
tube reactor.

Electrochemical Measurements. The electrocatalytic activity of
samples for HER was studied in 0.5 M H,SO, solution purged with H,
(99.999%) and recorded on a Bio-Logic SP 300 Potentiostat at
ambient temperature. All tests were performed in a three-electrode
electrochemical cell with a saturated Hg/Hg,Cl, reference electrode
and a graphite rod counter electrode. CoSe,/GD, p-CoSe,/GD, c-
CoSe,/GD, and CoSe/GD were used as the working electrodes to
investigate their electrocatalytic activities toward HER. The reversible
hydrogen electrode (RHE) was calibrated using a platinum wire as the
working electrode to +0.260 V vs SCE, and H, was purged during the
reaction.

Characterization. Scanning electron microscopy (SEM) was
performed on a SIRON-100 (FEI America) field emission scanning
electron microscope coupled with energy dispersive X-ray (EDX)
spectra. The samples were pretreated by spraying gold for 30 s before
the observation. The crystal structures of samples were characterized
by an X'Pert PRO X-ray diffractometer (XRD) (PNAlytical Nether-
lands) using Cu Ka radiation (4 = 1.54056 A), employing a sampling
width of 0.033° in the 26 range 10—90°. X-ray photoelectron
spectroscopy (XPS) was performed using a VG ESCALAB MARK II
XPS system with an Al Ka source. Binding energies were calibrated to
the adventitious C 1s peak at 284.6 eV. The high-resolution
transmission electron microscopy (HRTEM) images were gained by
a field emission transmission electron microscope (TecnaiG2 F20 S-
TWIN America) at an accelerating voltage of 200 kV.
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B RESULTS AND DISCUSSION

Catalyst Structure and Composition. The morphology
of the as-prepared CoSe, calcined at different temperatures
(250, 300, 450, and 600 °C) grown on the graphite disk (GD)
was investigated with SEM. It was found that the as-synthesized
CoSe, films calcined at 300 °C (Figure 1B) consisted of
nanoparticles ranging from 50 to 100 nm in diameter, and most
of them were about 50 nm in diameter, which was also
confirmed by the TEM image, as shown in Figure 1C. The as-
synthesized CoSe, calcined at 450 °C (Figure S1C, Supporting
Information) and 600 °C (Figure S1D, Supporting Informa-
tion) showed a similar morphology (films consisted of
nanoparticles) with CoSe, calcined at 300 °C. Moreover, it
was found that the particles in CoSe,, calcinated at 450 °C were
about 70 nm in diameter (Figure S2A, Supporting Informa-
tion), while the particle size of 600 °C samples became larger,
with a size of about 100 nm in diameter (Figure S2B,
Supporting Information). The increase in the particle size of
CoSe, caused by the calcination temperature was attributed to
the growth and agglomeration of crystal particles. It was
noteworthy that CoSe, calcined at 250 °C was mainly
composed of amorphous CoSe, films and a small amount of
crystal particles, as shown in Figure S1A and B (Supporting
Information). The molar Se/Co ratio of the CoSe, films was
about 2.22, as shown in Figure S1F (Supporting Information).
The particle size of the crystal particles was about 1-2 pum,
which possibly resulted from the crystallization of amorphous
CoSe,. The crystal particles existed as cubic CoSe, confirmed
by XRD analysis, as shown in Figure 2.

The crystal structures of the as-prepared CoSe, products
calcined at different temperatures are revealed by XRD, as
shown in Figure 2. For the 250 °C sample, the XRD pattern
showed very weak diffraction peaks at 31.1 and 51.7° indexed
to the planes of cubic CoSe, (defined as c-CoSe,),** suggesting
the amorphous CoSe, and tiny amounts of c-CoSe,. Notably,
when the calcination temperature was 300 °C, the CoSe,
converted to polymorphic CoSe, (defined as p-CoSe,) with
mixed orthorhombic CoSe, (defined as o-CoSe,) (PDF 10-
0408, Pmnn (58), a = 3.6, b = 4.84, ¢ = 5.72) and c-CoSe,
(PDF 88-1712, Pa-3(205), a = b = ¢ = 5.8593).***° The peaks
at 30.81, 34.74, and 36.34° were attributed to characteristic
peaks of the 0-CoSe,, and the peaks at 43.6 and 51.7° were
assigned to c-CoSe, When the calcination temperature was
further increased to 450 °C, the product was pure c-CoSe,
confirmed by the XRD pattern (PDF 88-1712), where the
peaks at 34.2, 37.7, 51.9, and 58.9° were indexed to (210),
(211), (311), and (321) of c-CoSe,. It was concluded that the
crystal structure of CoSe, converted from an orthorhombic
space group to a cubic space group when the calcination
temperature rose from 300 to 450 °C. When the calcination
temperature increased to 600 °C, CoSe (PDF 89-2004, P6-
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Figure 2. XRD patterns of the as-prepared CoSe,/GD samples
calcined at different temperatures.

3mc, a = b = 3.6294, ¢ = 5.3006) with peaks at 33.41, 45.01, and
50.81° was observed, sug4gesting a conversion from c-CoSe, to
CoSe during calcination. A7

The crystal structures of CoSe, calcined at different
temperatures were further confirmed with HRTEM, as shown
in Figure 3. In the case of p-CoSe, (300 °C), as shown in
Figure 3A, the HRTEM image exhibited clear crystal lattices
belonging to 0-CoSe, and c-CoSe,. The resolved lattice fringes
of 0-CoSe, (012) plans with a spacing of 2.47 A and c-CoSe,
(200) plans with a spacing of 2.93 A were clearly revealed.
Moreover, the corresponding fast Fourier transform (FFT)
images further revealed the existence of mixed o0-CoSe, and c-
CoSe,, as shown in Figure 3A (right). The crystal structure of
c-CoSe, (450 °C) was confirmed using the resolved lattice
fringes of c-CoSe, (200) plans with a spacing of 2.93 A, c-
CoSe, (210) plans with a spacing of 2.62 A, and c-CoSe, (211)
plans with a spacing of 2.39 A, as shown in Figure 3B. The
crystal structure of CoSe (600 °C) was also confirmed by CoSe
(110) plans with a spacing of 1.81 A, as presented in Figure 3C.
These results are consistent with the XRD analysis of CoSe,
calcined at different temperatures, as illustrated in Figure 2.

The valence and chemical composition of samples were
gained through XPS measurements, as shown in Figure 4. In
the p-CoSe, (300 °C) sample, as shown in Figure 4A, the Co
2p;, signal can be fitted into two chemical states at binding
energies of 778.5 and 781.1 eV. The dominant peak (41%) in
the Co 2p;/, XPS spectrum at 778.5 eV indicates the presence
of Co—Co, and the relatively weak ?eak (25.2%) at 781.1 eV is
from Co*" coordinated to Se ions.””**** The peak at 793.5 eV
is assigned to Co 2p, /2.50 The Se 3d;/, signal of p-CoSe, (300
°C) can be fitted into two chemical states at binding energies of
54.8 and 56.3 eV, as shown in Figure 4B. The major peak at
54.8 €V is attributed to the Co—Se bond.*" The peaks at 56.3
and 59.2 eV correspond to Se 3ds,, (Se—Se) and Se 3d;,,*
respectively. In the case of CoSe (600 °C), as presented in
Figure 4C, the Co 2p;, signal can be fitted into four chemical
states, which are ascribed to some intermediate valence
generated in the conversion process from c-CoSe, to CoSe.
It can be observed that one characteristic peak at 778.7 eV is
attributed to the Co 2p,/, binding energies for a Co (II)
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Figure 3. HRTEM images and the corresponding fast Fourier
transform (FFT) images of p-CoSe, calcined at 300 °C (A), c-
CoSe, calcined at 450 °C (B), and CoSe calcined at 600 °C (C).

oxidation state, indicating the existence of CoSe.*”"? The Se
3ds,, (54.8 €V) and Se 3d;,, (59.2 €V) were also observed in
the XPS spectra of CoSe (600 °C), as shown in Figure 4D. It
was noteworthy that Se 3d;/,(Se—Se) at 56.3 eV disappeared,
suggesting the chemical state change of Se. The XPS spectra of
CoSe, calcined at 250 and 450 °C were illustrated in Figures
S3A/B and C/D (Supporting Information), respectively. These
two samples exhibited similar XPS characteristics as compared
with p-CoSe, (300 °C), which are obviously attributed to their
similar chemical compositions.

On the basis of the above structural characterizations, it
seemed that CoSe, conversion to CoSe, and decomposition of
CoSe, proceeded through the following possible reactions:

CoSe,(s) = 0-CoSe,(s) + c-CoSe,(s) + Se(g),

300 °C (8
0-CoSe,(s) — c-CoSe,(s), 450°C (6)
0-CoSe,(s) = CoSe + Se(g), 600 °C (7)

When CoSe, is calcined at 300 °C, the crystallization will
occur and results in the formation of CoSe,, and the excessive
Se in CoSe, (the molar Se/Co ratio >2), as shown in Figure
S1E and F (Supporting Information), would be released (eq S).
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Figure 4. XPS of the Co 2p and Se 3d regions for p-CoSe, calcined at 300 °C (A, B) and CoSe calcined at 600 °C (C, D).

Since the 0-CoSe, and c-CoSe, phases have the similarity
structure and the small lattice mismatch resulting in the easy
epitaxial growth between them,'®*® polymorphic CoSe, (p-
CoSe,) with mixed orthorhombic and cubic phases is produced.
When the calcination temperature is 450 °C, o0-CoSe, is
transformed to c-CoSe, (eq 6) because of the low activation
energy of the interfacial nucleation process of the formation of
c-CoSe,.>* %% A higher calcination temperature of 600 °C
results in the decomposition of c-CoSe, to CoSe (eq 7), which
is reported to be a thermodynamic favor process.””

HER Activities of Catalysts. The electrocatalytic HER
activities of amorphous CoSe, (250 °C), p-CoSe, (300 °C), c-
CoSe, (450 °C), and CoSe (600 °C), with the same
electrodeposition time (40 min) of CoSe,, were investigated
in 0.5 M H,SO, solution using a three-electrode setup (see the
Supporting Information for experimental details). Polarization
curves after iR corrected (see the Supporting Information for
correction details) showing the geometric current density (J)
plotted against the applied potential of various samples are
exhibited in Figure SA and B. It was interestingly seen that all
samples exhibited high current densities (Jiymogic > 100 mA
cm™2) under very low applied overpotentials; moreover, the
calcination temperature had a strong influence on the current
densities of samples. Notably, p-CoSe, (300 °C) showed an
onset of HER activity at about —70 mV (vs RHE) and
significant H, evolution (Jomoaic = 10 mA cm™2) at
approximately —0.15 V (vs. RHE). In contrast, the cathodic
overpotentials for significant H, evolution (Jouhoqic = 10 mA
cm ™) of CoSe, (250 °C), c-CoSe, (450 °C), and CoSe (600
°C) were 0.18, 0.20, and 0.27 V, respectively. The onset
potentials and the cathodic overpotentials for significant H,
evolution (Jmoqic = 10 mA cm™) of samples calcined at
different temperatures are summarized in Table S1 (Supporting
Information). It was seen that p-CoSe, (300 °C) exhibited the
highest overall HER performance, as shown in Table S1
(Supporting Information). The significant differences in HER
activities of different samples resulted from the significant
differences in the intrinsic activities, which were revealed by
comparing the Tafel slopes (Figure SC) of p-CoSe, (31.2 mV/
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decade), CoSe, (38.3 mV/decade), c-CoSe, (38.8 mV/
decade), and CoSe (55.4 mV/decade). We also measured the
double layer capacitances (Cy;) of samples calcined at different
temperatures, because it is considered to be a parameter
affecting the HER performance of samples. It was found that
Cy values of CoSe, (250 °C), p-CoSe, (300 °C), c-CoSe, (450
°C), and CoSe (600 °C) were 24.7, 20.4, 11.8, and 9.1 mF/
cm?, as shown in Figure S5 (Supporting Information). Cy is
commonly thought to be proportional to the effective
electrochemically active surface area of the electrode—electro-
Iyte interface of electron transfer in HER, and it is mainly
determined by the surface area of the electrode, surface
properties such as hydrophilicity/hydrophobicity, and electro-
catalytic activity (per-site turnover frequency) of samples. In
this study, samples calcined at different temperatures are films,
and the particle sizes of these samples did not change too
much, as shown in Figure 1C and Figure S2 (Supporting
Information), so the particle size would not have a strong
influence on the surface area of the samples. In contrast, the
intrinsic activities of samples (the Tafel slopes) were
significantly different, as shown in Figure SC. The differences
in Cy values were not mainly caused by the different particle
sizes of samples calcined at different temperatures. Therefore,
the differences of particle sizes would not play the key role in
the HER performances of these samples.

Of note, the intrinsic activity of p-CoSe, (a Tafel of 31.2
mV/decade) is close to Pt (a Tafel of 30 mV/decade®®) and
much lower than that of c-CoSe, (a Tafel of ~40 mV/
decade).'®" The HER performance of p-CoSe, compares
favorably with metal phosphides (Ni,P,** CoP,***° MoP,”” and
FeP*®), synthesized by the complicated processes or with the
use of the special organic precursors, which have state-of-the-art
value of HER performance of the low onset overpotential (~70
mV) and the high intrinsic activity (a Tafel of ~30 mV/
decade).

To explore the charge-transfer mechanism of HER on
samples calcined at different temperatures, electrochemical
impedance spectroscopy (EIS) ranging from 200 kHz to SO
mHz was used to investigate the reaction kinetics on the
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Figure S. Polarization curves at (A) higher and (B) lower applied overpotentials of CoSe, (250 °C), p-CoSe, (300 °C), c-CoSe, (450 °C), and CoSe
(600 °C). (C) Tafel slopes derived from I-V curves in part A. (D) Nyquist plots for the HER carried out under an overpotential of —0.5 V (vs
SCE). The data was fitted with the simplified Randles equivalent circuit (inset), and the fitting results were shown as solid traces. (E) Nyquist plots
carried out under different overpotentials (vs SCE) of p-CoSe,. (F) Bode curves corresponding to the Nyquist curves of part E. (G) Semilogarithmic
plot of the inverse charge-transfer resistance (R ") as a function of overpotentials. (H) Long-term stability measurement for a representative of p-
CoSe, (300 °C) suggesting the small change in the applied overpotential required to maintain a continuous electrocatalytic current density of —10
mA/cm? for 40 h. The electrodeposition time of all samples is 40 min.

electrode and to explore the different electrode/electrolyte
interfaces on various samples under the same operating
conditions.*®*® Figure SD shows the Nyquist plots for
amorphous CoSe, (250 °C), p-CoSe, (300 °C), c-CoSe,
(450 °C), and CoSe (600 °C). We further investigate the
difference of the charge resistance (R,), which is associated
with the reaction activity toward H,(g) evolution (Figure SD,
inset), as shown in Table S1 (Supporting Information).*® The
R values were the following: amorphous CoSe, (1.8 Q), p-
CoSe, (2.0 Q), c-CoSe, (4.1 Q), and CoSe (88.7 Q). These R,
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values basically followed the trend of increasing Tafel slopes of
the corresponding samples, suggesting the superior activities of
samples might be attributed to the more facile kinetics toward
H,(g) evolution (the lower Tafel slopes).

We further use EIS to calculate the Tafel slope of the proton
discharging step of HER on p-CoSe,.>**?% The Nyquist and
Bode plots of the EIS response conducted at different
overpotentials of p-CoSe, (300 °C) are shown in parts E and
F of Figure 5, respectively. It was seen that all spectra consisted
of a single semicircle, indicating the corresponding equivalent

DOI: 10.1021/am507373g
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circuit (the simplified Randles equivalent circuit) for the HER
kinetics could be characterized by one time constant.®’
Investigations into the dependence of the obtained impedances
with overpotentials demonstrated that the gradient of log-
(R4 ") versus overpotential corresponded to the Tafel slope of
the proton discharging step.”® The overpotential is plotted
versus the inverse R, on a logarithmic scale, as shown in Figure
5G. A good linear variation was observed for log(R.™") versus
overpotential with a slope of 33.8 mV/decade obtained from
the linear dependence (Figure SG), which was quite close to
the Tafel slope of 31.2 mV/decade derived from the linear
sweep voltammograms, as shown in Figure SC.

As we know, there are three possible main reaction steps for
the HER in acidic solutions, which are commonly named the
Volmer, Heyrovsky, and Tafel reactions, respectively:*>**®*

Volmer reaction:

H,0" + ¢~ - H, + H,0 (8)
Heyrovsky:

H,y + H,O" + ¢~ - H, + H,0 (9)
Tafel:

Hyg + Hygs = Hy (10)

According to previous reports, a slope of ~120 mV/decade
indicates that the Volmer reaction is the rate-determining step
of the HER. When the Heyrovsky or Tafel reactions are the
rate-limiting steps, Tafel slopes would be ~40 and ~30 mV/
decade, respectively. The Tafel slope is commonly an inherent
characteristic of the electrocatalyst. For the p-CoSe, electrode,
the Tafel slope of 31.2 mV/decade (Figure SC) suggests that
the Tafel reaction is the rate-limiting step of HER. Such a small
Tafel slope in this study is expected to be beneficial for practical
HER applications such as photoelectrochemical hydrogen
production, because the increase of applied overpotential can
result in a significant increase in current density. To the best of
our knowledge, a Tafel slope of ~30 mV/decade is the state-of-
the-art value achieved by electrocatalysts based on earth-
abundant elements. The reason why p-CoSe, is more active
than the single crystals (c-CoSe, and CoSe) and amorphous
CoSe, might be that the mixed crystals (c-CoSe, and 0-CoSe,)
give the benefit of chemisorbing of H atoms in the Tafel
reaction. More works such as theoretical calculation are
required to reveal the mechanism of HER on p-CoSe, at the
molecular level.

Galvanostatic measurements at a constant current density of
—10 mA/cm? were used to evaluate the stability of p-CoSe,
(300 °C) under HER operating conditions. It was found that
the cathodic overpotential required to maintain Jgoqc = —10
mA/cm? increased by only about 8 mV after 40 h, as shown in
Figure SH, indicating an excellent stability of p-CoSe,.

B CONCLUSION

In this study, we present a cheap and efficient HER catalyst, i.e.,
polymorphic CoSe, with mixed orthorhombic and cubic phases
by calcining CoSe, at 300 °C. The HER performance of
polymorphic CoSe, is quite superior to that of amorphous
CoSe,, cubic CoSe,, and CoSe. Polymorphic CoSe, exhibited a
Tafel slope of ~30 mV/decade, which is the smallest Tafel
slope reported for electrocatalysts based on earth-abundant
elements. The superior HER activity of polymorphic CoSe, is
possibly attributed to the enhanced chemisorbing of H atoms in
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the Tafel reaction. This work provides a new strategy for the
future development of highly active HER catalysts based on
earth-abundant elements.
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