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ABSTRACT: Development of a non-noble-metal hydro-
gen-producing catalyst is essential to the development of
solar water-splitting devices. Improving both the activity
and the stability of the catalyst remains a key challenge. In
this Communication, we describe a two-step reaction for
preparing three-dimensional electrodes composed of
CoSe, nanoparticles grown on carbon fiber paper. The
electrode exhibits excellent catalytic activity for a hydrogen
evolution reaction in an acidic electrolyte (100 mA/cm?* at
an overpotential of ~180 mV). Stability tests though long-
term potential cycles and extended electrolysis confirm the
exceptional durability of the catalyst. This development
offers an attractive catalyst material for large-scale water-
splitting technology.

ydrogen generation through electrolysis of water offers
an attractive avenue to store energy from renewable
sources such as the sun."> Many solar water-splitting devices
are designed to function in acidic electrolyte, in which the state-

of-the-art hydrogen-producing catalysts are based on noble Figure 1. (a) Crystal structure of CoSe, in cubic pyrite-type phase
metals like Pt. The scarcity of Pt makes it impractical for global- (left) and orthorhombic macarsite-type phase (right), in which Co and
scale applications.' > It is therefore attractive to develop low- Se are displayed in orange and yellow, respectively. (b) Photograph of
cost, acid-stable alternatives that are suitable for water splittin§; as-prepared CoSe, catalyst on a piece of 1.5 cm X 10 cm carbon fiber
a few successful examples are M052,4_12 MoSez,B’M WS,, s paper. (c) SEM image of a layer of CoSe, catalyst grown on carbon
WSe,, 14 MOB,16 Mo,C, 17 NiMoN,, 18 Ni,P, 19 d fiber paper..(d) High.-rt?solution SEM irpage ?eve;.aling t.he structure of
C00_6M01_4N2.20 We recently introduced first-row transition- CoSe, coating, consisting of nanoparticles in dimension of tens of
metal dichalcogenides as a new group of high-performance nanometers.

hydrogen evolution reaction (HER) catalysts, by measuring o ) o ) )
metal dichalcogenide thin films prepared through selenization/ aCthtYZl g‘s’g p HER .has been directly 1dent1ﬁeq In  experi-
sulfurization of e-beam-evaporated metal films.>' These ments.” """ Within these catalysts, CoSe, displayed the
catalysts exhibit high activity toward HER. The practical optimal activity, demonstrating it to be among the most a.ctive
application of these catalysts, however, is still hindered by the electrocatalysts based on non-noble metals. As shown in Figure

la, these metal dichalcogenides exist in cubic pyrite-type or

costly and low-throughput preparation procedures, involving
orthorhombic macarsite-type structures, where the metal atoms

metal film deposition under high vacuum. In this study, we !
develop a facile synthesis approach to grow CoSe, nano- are octahedrally bo.nc.led.to %d]acer?t chalcog?n atoms. The
particles on high-surface-area electrodes. The catalyst displays subtle struc.tural distinction is mainly associated ‘f’lth the
high activity for HER and excellent stability, which is readily octahedral hnkage'. The oct'ahgglra are corner'-shared in pyrite
integrated into photoelectrochemical hydrogen production and edge-shared in macarsite.” In our previous study, these

devices. transition-metal dichalcogenides were prepared by converting
First-row transition-metal dichalcogenides have been exten-
sively studied as a family of active catalzsts for oxygen reduction Received: February 12, 2014

reaction (ORR) in acidic electrolyte.”*~** Recently, their high Published: March 14, 2014
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from e-beam-evaporated metal thin films through a sulfuriza-
tion/selenization reaction.”’ Although the process allows easy
access to high-quality dichalcogenide films, it is likely too costly
to be deployed for large-scale applications.

In this study, we introduce a new approach to grow CoSe,
catalysts by preparing cobalt oxide nanoparticles on carbon
microfiber paper, followed by selenization under Se vapor
(details available in Supporting Information). These cobalt
oxide nanoparticles are obtained by pyrolysis of a precursor ink
consisting of cobalt nitrate and polyvinylpyrrolidone dissolved
in dimethylformamide, which is applied onto the electrode
through a drop-casting process. This synthesis procedure is
compatible with sizable electrodes, limited only by the
dimension of the tube furnace reactor. For example, Figure
1b presents a digital photo of 1.5 cm X10 cm carbon fiber paper
(CP) loaded with CoSe, catalyst by reactions in a 1l-in.-
diameter tube furnace reactor. In addition, the process also
allows facile preparation of HER catalyst on various electrodes.
We employed scanning electron microcopy (SEM) to study the
microstructure of as-grown CoSe, catalysts on CP and silicon
wafer, respectively. Figure 1c illustrates the catalyst prepared on
commercial CP (20504, from Fuel Cell Store Inc.), in which
the carbon fibers are conformally covered with a layer of
nanoparticulate CoSe, film. CP is a porous three-dimensional
(3D) electrode consisting of carbon fiber of ~8 yum in diameter
(see Figure S2). The highly textured surface of the carbon fiber
facilitates the nucleation and growth of a catalyst layer with
strong mechanical interaction. Apparently, the synthesis
procedure allows facile preparation of a catalyst coating layer
on 3D electrode with complicated geometry, which is
frequently employed in solar water-splitting devices."**™>>
High-magnification SEM images (Figure 1d) further reveal that
the catalyst layer consists of densely packed CoSe, nano-
particles in the dimension of tens of nanometers. The overall
structure of the CoSe, catalyst layer on silicon wafer is quite
similar, being also formed by packed CoSe, nanoparticles (see
Figure S3). The CoSe, layer on these electrodes serves as a
binder-free catalyst coating that can be readily used for
electrochemical studies. Notice that the synthesis approach is
generally applicable to other metal chalcogenides, exemplified
by the formation of NiSe, nanoparticles over CP with similar
procedures (see Figures S6 and S7).

Additional structural characterizations are acquired by X-ray
diffraction (XRD) and Raman spectroscopy. In Figure 2a, XRD
spectra were recorded at each synthesis step. In the first
reaction step, pyrolysis of precursor ink at 600 °C yields oxide
in a rocksalt-structure cobalt monoxide (CoO) phase (ICDD
PDF no. 00-048-1719). The following selenization step
converts most of the oxide into CoSe, in cubic pyrite-structure
phase (ICDD PDF no. 04-003-1990), whereas a small fraction
of CoSe, in macarsite-structure phase (ICDD PDF no. 00-053-
0449) is also observed. The structural similarity and the small
lattice mismatch between the two phases allow epitaxial growth
of macarsite on pyrite,34 which is widely observed in
experiments.””>> In addition, Raman spectra of as-grown
catalyst on CP and silicon wafer are shown in Figure 2b with
consistent spectral features, suggesting the film quality is less
sensitive to the choice of the substrates. The sharp peak at 190
cm™' corresponds to the Se—Se stretching mode of cubic
CoSe,,”*® whereas the broad peak around 250 cm™ is
associated with amorphous Se.”” Previous studies suggest the
Raman-active mode of orthorhombic phase is difficult to
observe in experiment, which is consistent with our result.*®

4898

(a) T T T T (b) T T
s — CoO — CoSe; NP/CP
8 CoSe; —— CoSe, NP/Si
= 5
S 8§ =
3 b 7] 3
© | | ©
> WHWWM >
‘B s ‘B
5 = 8 2
£ s 7 k=
S 88a 8T gTg
g &y 385 oad
a g ££a ocaa
I, WAV A W N W
30 50 60 180 240 300 360
Angl Wavenumber (cm-')
c d
© e 2p;, (@ Se 3dg, na Se 3d,,
E} £l
.2 .
g CoZbz g
§ é SeO,
770 780 790 800 810 50 55 60 85
Binding energy (eV) Binding energy (eV)

Figure 2. (a) XRD spectra from the sample at each synthesis step,
revealing the formation of CoO through pyrolysis followed by CoSe,
through selenization. (b) Raman spectra from CoSe, nanoparticles
grown on carbon fiber paper and silicon wafer. High-resolution XPS

spectra of (c) Co 2p and (d) Se 3d region.

The activity of HER catalyst is expected to be sensitive to the
valence state and coordination environment of the metal
center.'?® For first-row metal dichalcogenides, the low-spin,
divalent metal cations are octahedrally coordinated with S,>~ or
Se,>” dimers.***' In Figure 2c, our X-ray photoelectron
spectroscopy (XPS) data reveal the electron-binding energies of
Co 2p;3;, at 7784 eV and Co 2p;;, at 793.3 eV, which
correspond to Co** cations in CoSe,.”** In Figure 2d, the
binding energies of Se 3ds,, and 3d;/, at 54.6 and 55.3 €V,
respectively, are also consistent with CoSe,.>® We notice that
the d-electron configuration of metal cations largely impacts the
physical properties of these metal dichalcogenides. The 3d
bands arising from the metal atoms further split into t,; and e,
sub-bands by a crystalline field. For CoSe,, the Co 3d electrons
adopt a low-spin configuration in the form of t, 6egl, which
makes CoSe, a metallic conductor.”> The metallic property of
CoSe, permits efficient transport of charge from the electrode
to the surface of the catalysts, which is desired for high-
performance electrocatalysts.

The activity of our catalyst is evaluated in a typical three-
electrode cell setup with 0.5 M H,SO, electrolyte. The CoSe,
nanoparticles grown on CP and glassy carbon (GC) electrodes
are employed as the working electrodes. As shown in Figure 3a,
nanoparticles grown on CP exhibit much higher activity than
those on GC, benefiting from the 3D structure of CP. The
overpotentials required to drive cathodic current densities of
10, 20, and 100 mA/cm?® are 137, 150, and 181 mV,
respectively. These overpotentials are among the most active
for electrocatalysts based on non-noble materials (see Table
S2). Among the CoSe, nanoparticle/CP electrodes tested in
our study, their HER activities are also highly consistent (see
Figure S4 and Table S1). In contrast, CP exhibits negligible
HER activity in the measurement voltage range, which further
confirms that the high activity of the catalyst paper comes from
the coating layer of CoSe, nanoparticles. In Figure 3b, the
corresponding Tafel plots (log j, vs E) reveal small Tafel slopes
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Figure 3. (a) Polarization curves of CoSe, nanoparticle (NP)/carbon
fiber paper (CP) electrode in 0.5 M H,SO,, along with CoSe, NP/
glassy carbon (GC), CoSe, film/GC, and CP for comparison. (b)
Corresponding Tafel plots in comparison with a Pt wire. (c) Cyclic
voltammograms (CV) are taken in a potential window without faradaic
processes. (d) The capacitive currents at 0.25 V vs RHE as a function
of scan rate for CoSe, NP/CP and CoSe, film/GC electrodes.

of ~40 mV/dec for CoSe, nanoparticle-based electrodes. This
suggests that the HER occurs through a Volmer—Heyrovsky
mechanism, in which a fast discharge of a proton is followed by
rate—limitinsg electrochemical recombination with an additional
proton.***> The Tafel slopes of the CoSe, nanoparticle-based
electrodes are consistent with the value for a CoSe, film. This
suggests a similar surface chemistry in HER, as these catalysts
are formed by similar selenization reactions. Non-precious HER
catalysts usually exhibit Tafel slopes ranging from 40 to 120
mV/dec.5”72131%1% The gmall Tafel slope of 40 mV/dec
observed here is desirable to drive a large catalytic current
density at low overpotential. Noticeably, the linear region of the
Tafel plot of the CoSe, nanoparticle/CP electrode extends to a
high current density of ~80 mA/cm? so the catalyst offers
exceptional performance, especially at higher overpotentials. In
experiment, the logarithmic current density usuallgf deviates
from linear dependence at high overpotentials,"* > which is
strongly influenced by evolved hydrogen bubbles limiting the
available surface area or mass transport.”>° We observed the the
CoSe, nanoparticle coating significantly improves the release of
produced hydrogen gas from CP (see Movies S1 and S2),
which is a highly desired property for the practical application
of HER catalysts. The exchange current density of CoSe,
nanoparticle/CP electrodes is ~(4.9 + 1.4) X 107° A/cm?,
which is about 2 orders of magnitude larger than the value of
(59 + 1.7) X 107® A/cm?® for CoSe, films. Typically, the
exchange current density is expected to be proportional to
catalytically active surface area. An alternative approach to
estimate the effective surface area is to measure the capacitance
of the double layer at the solid—liquid interface with cyclic
voltammetry,* as shown in Figure 3c,d. The capacitance of
CoSe, nanoparticle/CP electrode is 14.1 mF/cm” In contrast,
the capacitance of smooth CoSe, film is 22 yF/cm? within the
typical range for a flat electrode.”’” Accordingly, the roughness
factor of CoSe, nanoparticle/CP electrode is ~640. The
electrochemical surface area serves as an approximate guide for
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surface roughness within an order-of-magnitude accuracy.*®
Therefore, the large exchange current density of the CoSe,
nanoparticle/CP electrode is associated with its high surface
area.

Stability is a critical aspect in the development of
electrocatalysts. To probe the durability of the catalyst in
acidic environment, long-term potential cycling was performed
by taking continuous cyclic voltammograms at an accelerated
scanning rate of 100 mV/s for 5000 cycles. We set the lower
potential limit to drive a large cathodic current density of 200
mA/cm?. As shown in Figure 4a, the polarization curve of a
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Figure 4. (a) Stability tests of CoSe, NP/CP catalyst through
potential cycling, in which the polarization curves before and after
5000 potential cycles are displayed. (b) Time dependence of cathodic
current density during electrolysis over 60 h at fixed overpotentials of
—155, —173, and —185 mV (after iR correction), respectively.

CoSe, nanoparticle/CP catalyst after 5000 cycles overlays
almost exactly with the initial one, with negligible loss of
cathodic current. This confirms the catalyst is highly stable to
withstand accelerated degradation. Furthermore, the practical
operation of the catalyst is examined by electrolysis at fixed
potentials over extended periods. At a lower overpotential of
155 mV, the catalyst current density remains stable at ~20 mA/
cm” for electrolysis over 60 h. At higher overpotentials to drive
high current densities of ~50 and ~100 mA/cm?, a little loss in
cathodic current density of less than 10% is observed in the
CoSe, nanoparticle/CP electrodes during the first several
hours. The catalytic current then fully stabilized for the rest of
the potentiostatic electrolysis. This exceptional durability shows
promise for practical applications of the catalysts over the long
term.

In conclusion, we have developed a facile and flexible
synthesis approach to grow a CoSe, nanoparticulate film over
3D electrodes. The CoSe, catalyst grown on carbon fiber paper
exhibits excellent HER activity, with a small Tafel slope of ~40
mV/dec. The catalyst is able to drive large cathodic current at
low overpotential and stably function over an extended period.
This material synthesis approach allows facile preparation of
advanced CoSe, HER catalysts on various electrodes, which
may be readily integrated with many solar water-splitting
devices.
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Complete experimental details, additional characterizations,
analyses of HER data, and movies of the catalyst in operation.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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