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ABSTRACT:

Pyrite-type CoSe; necklace-like nanowires (NWSs) were successfully grown on carbon
fiber paper (CFP) and proven to be an efficient electrocatalyst towards hydrogen
evolution reaction (HER). By combing the use of mesoporous CFP and the
nano-structuring of electrocatalyst, the highly active CoSe, necklace-like NWs on
CFP only need the modest overpotentials of 188 and 199 mV to afford the current
densities of 50 and 100 mA cm respectively. The small Tafel slope of 34 mV dec™
and charge transfer resistance of 7.05 Q illustrate the prominent electrocatalysis

performance. After continual electrolysis for 20 h or conducting cycling for 5000
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times, the high activity of CoSe, NWs toward HER is still perfectly preserved. The
outstanding electrocatalysis performance and stability make the CoSe, necklace-like
NWs on CFP a promising earth-abundant electrocatalyst for HER and other renewable

energy applications.
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Hydrogen as a clean, sustainable alternative fuel is deemed to be a promising
solution to the challenges of energy consumption in the future.> Electrocatalytic as
well as photoelectrochemical water splitting in acid electrolyte is the main method to
produce hydrogen. Although the noble metal Pt performs excellently in catalysis, the
high costs and low reserves severely hamper its practical application.* Therefore, the
design and synthesis of an advanced material acting as high-performance catalyst for
water splitting to replace Pt becomes the key issue and intrigues great interests.>’ Many
earth-abundant nanomaterials have been successfully synthesized and proven to be
candidates as electrocatalysts for hydrogen evolution reaction (HER); a few examples
are MoS,,%? C0S,,™ * NiS,,'% 2 FeP,® MoSe,,"® Mo,C** and CoSe.™® However, the
reported catalysts still suffered from insufficient activity and poor stability comparing
with Pt. Thus, fabricating earth-abundant catalysts of optimal nanostructure with both
prominent activity and durability towards HER is still the main challenge.

CoSe, has two common crystal structures of the cubic pyrite type and
orthorhombic marcasite type phases. Due to its unique electronic configuration, the
intrinsic metallic nature of CoSe; ensures the fast charge transport from the electrode
surface to the inside part which is an essential property of superior electrocatalysts.*® *’
CoSe, has been widely prepared as electrocatalysts for oxygen evolution reaction
(OER),"®%° oxygen reduction reaction (ORR),? % dye-sensitized solar cells®® and
Li-O, batteries.** Not until very recently has the CoSe;, been reported as the cathode for

|.16

HER with distinguished performance. Kong et al.™ reported the synthesis of CoSe,
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nanoparticles grown on carbon fiber paper; Zhang et al.?

successfully prepared CoSe,
nanoparticles on graphite disk; Xu and Gao with their co-workers combined CoSe,
nanobelts with nickel/nickel oxide nanoparticles®® or MoS,*’ to achieve a synergistic
effect in HER. However, the published works seldom focused on the nanostructure
design of CoSe,, which has been testified to be contributive to HER performances in
other electrocatalysts.® 28 2

Herein, we for the first time report the synthesis of the CoSe; necklace-like
nanowires (NWSs) supported by carbon fiber paper (CFP) as an earth-abundant,
high-performance and binder-free 3-dimensional (3D) integrated electrode for HER.
This electrode with the heterostructure that CoSe, NWs supported by micron-scale
porous CFP has the following merits: (i) CoSe, exhibits superior HER performance to
other transition dichalcogenide electrocatalysts such as MoS,, WSe, for the pristine

metallic property;*® %

(i) the necklace-like morphology increases the active sites by
exposing larger surface area to the electrolyte; (iii) comparing with common
nanoparticles, the nanostructure of NW arrays enjoy the advantages of higher
durability and performance by enhancing both the charge transport and hydrogen gas
release;"® ! (iv) directly growing the NWs onto the 3D substrate of CFP produces a
binder-free integrated electrode for HER which avoids the inactive binders and
enhances the full use of catalysts.® *® The reported necklace-like CoSe, NWs on

CFP as the integrated cathode for HER displays low overpotential, small Tafel slope

and great stability. It has been proven to be an excellent earth-abundant
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electrocatalysts for HER.

The synthesis of CoSe, NWs on CFP could be divided into 2 steps: (i) growth of
Co(OH)(CO3)o5 NWs on CFP hydrothermally; (ii) conversion of Co(OH)(COz3)os
NWs to CoSe; NWs by reacting with selenium vapor (Fig. 1). The XRD pattern of the
step 1 products, Co(OH)(CO3)os NWs, is presented in Fig. S1. The pattern of
Co(OH)(CO3)05 NWs perfectly matches the standard PDF card JCPSD No. 48-0058.
The crystal structures of bare CFP and products of step 2 are illustrated by their
patterns as shown in Fig. 2(a). According to Fig. 2(a), we found that temperature plays
a key role in the selenization process. When performed at 350 °C, the Co(OH)(CO3)o5
could hardly completely transfer to CoSe,, while the crystalline CoSe; phase is able to
achieve when the selenization temperature is raised to 400 °C and higher. However,
further element identification using EDS analysis (Fig. S2) demonstrates that
oxygen-free, pure, crystalline CoSe, (PDF JCPDS No0.03-065-3327) could not be
reached until the selenization temperature rises to 450 °C. This result is also in
agreement with Shi’s work.*® Avoiding the existence of oxygen in the catalyst is
crucial, because the cobalt oxide is an inert material toward HER and the oxidization
of selenium may cause the dissolving of materials. The chemical composition of
CoSe; NWs could be further confirmed by the XPS analysis. Fig. 2(b) and (c) show
the XPS survey of Se 3d and Co 2p regions of CoSe, NWs. The binding energies of
Se 3ds; and 3ds;, peaks located at 55.2 eV and 54.5 eV respectively are in good

coincidence with the reported data of Se in CoSe,.*® Moreover, the Co 2pi;, and
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Co2ps, centered at 793.3 eV and 778.4 eV also correspond to Co(ll) in CoSe,.'® 23
%2 Thus, it is confirmed that the pure and highly crystalline pyrite-type CoSe; has been
successfully synthesized through the two-step process.

SEM and TEM were used to observe the morphologies of bare CFP (Fig. S3(a)
and (b)), Co(OH)(CO3)os NWs (Fig. S4) and CoSe, NWs supported by CFP (Fig. 3).
As CoSe,; NWs selenized at 450 to 600 °C shows the similar morphology, only the
typical one is presented here. As revealed in Fig. S3(a), CFP shows a micro-porous
structure formed by interconnected carbon fibers. The high electric conductivity, large
surface area, smooth electrolyte diffusion tunnels and great mechanical property make
CFP the perfect substrate for electrocatalysts,” % fuel cells®* and supercapacitors.®* *°
Fig. S3(b) reveals the detailed surface morphology of an individual carbon fiber. The
rough surface of carbon fiber ensures the strong adhesion to CoSe, NWs which is
beneficial to the outstanding durability performance. Fig. 3(a) and (b) show the SEM
images of CoSe, NWs on CFP. As illustrated by the SEM images, the CoSe, NWs are
uniformly covered on every single carbon fiber in a well-aligned pattern. Moreover,
from the high-magnification SEM image (Fig. 3(b)) and low-magnification TEM
image (Fig. 3(c)), it is clearly observed that the single crystal CoSe, nanoparticles are
joined one by one in line forming a necklace-like NW morphology. The HRTEM
image (Fig. 3(d)) taken from a typical CoSe, NW shows clear grain boundaries and

the lattice fringes of (21-1) and (112) planes with the corresponding d-spacing of 0.24

nm. The STEM image and the EDS elemental mappings of CoSe, NWs testify that the
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Co and Se elements are uniformly distributed throughout the whole NW (Fig. S4). For
comparisons, the SEM and TEM images of Co(OH)(CO3)os NWs are presented in Fig.
S5. The morphology and crystal structure of the CoSe, are evidently different from
Co(OH)(CO3)o5, whereas the well aligned NW pattern is preserved. Besides, we also
found that the necklace-like NW morphology could change to the coral-like
morphology (Fig. S6(a) and (b)) when the selenization temperature reached 650 °C
due to the fast Oswald ripening. In summary, these results firmly illustrate the
formation of cubic pyrite-type CoSe, necklace-like NWs on CFP. The formation of
the necklace-like morphology should be mainly attributed to the fast reaction between
the single-crystalline Co(OH)(CO3)os NWs and the highly active selenium vapor.

The catalytic performances of CoSe, NWs synthesized at different temperatures,
bare CFP and 20%wt Pt/C on CFP with identical loading to CoSe, NWs toward HER
were examined in 0.5 M H,SO4 using a three-electrode configuration. All the results
are presented with iR-corrected data and the series resistance Rs was determined by
EIS measurements. Fig. 4(a) shows the polarization curves of bare CFP, 20%wt Pt/C
on CFP and the CoSe; NWs on CFP. According to the curves, Pt/C nearly shows zero
overpotential and excellent performance, whereas bare CFP exhibits poor activity
towards HER and makes negligible contribution to the performances of the integrated
electrodes. With respect to the CoSe, necklace-like NWs on CFP, they all show highly
activity toward HER and the electrode synthesized at 450 °C is testified to be the

optimal one. To afford the current densities of 10, 30, 50 and 100 mA cm, the CoSe,
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necklace-like NWs synthesized at 450 °C only require the overpotentials of 165, 181,
188 and 199 mV respectively. Among the CoSe, NWs/CFP electrodes measurements
in our investigation, the ones with the necklace-like morphology (selenized at 450 to
600 °C) exhibit small differences in activity. In order to drive a current density of 100
mA cm, the electrodes selenized at 500, 550, 600 °C need the overpotentials of 210,
208, 215 mV respectively. Tafel slope is another key parameter to evaluate the activity
of catalysts and smaller Tafel slope means that a lower overpotential is required to
afford an interested current density. As illustrated by Fig. 4(b), the small Tafel slopes
of the electrodes with the selenization temperature of 450, 500, 550, 600 and 650 °C
are 34.0, 35.7, 35.4, 38.3 and 39.8 mV dec™ respectively. The Pt/C shows a very small
Tafel slope of 30.4 mV dec™, which is in coincidence with reported data.*® The
electrode of optimal performance with the Tafel slope of 34.0 mV dec™ is also among
the best electrocatalysts ever reported (Table S1). The Tafel slopes lower than 40 mV
dec™ suggests that the HER takes place through the Volmer-Heyrovsky route, in
which the rate-limiting step is the electrochemical recombination between the
chemisorbed H and another proton.*”* All these results suggest the similar surface
chemistry and nanoscaled morphology of the samples synthesized at 600 °C and
below, as these catalysts are prepared by the same process. However, the relatively
low selenization temperature could help to reserve more defects and nanoscaled
roughness, which have been proved to be capable of promoting catalytic activity and

ensuring a larger accessible area.” ' % As a result, the sample selenized at 450 °C

8
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possesses a slightly better performance. The catalytic performance of necklace-like
CoSe; NWs toward HER compares favorably to the most recently reported
earth-abundant HER catalysts in acid media (Table S1).

However, the sample selenized at 650 °C exhibits a relatively modest
performance. With a Tafel slope of 39.8 mV dec™, the electrode has to require an
overpotential of 249 mV to maintain the current density of 100 mA cm™. In order to
quantitatively compare its coral-like morphology (Fig. S6) with the necklace-like one,
the double-layer capacity, Cq, is used to determine the electrochemically active
surface area. The cyclic voltammetry (CV) was conducted between 0.1 and 0.2 V (vs
RHE) at different scan rates to involve the double-layer capacitance only (Fig. S7(a)).
By linear fitting the double-layer capacitive currents against scan rates, the Cgy of the
electrode selenizied at 450 and 650 °C is determined to be 4.02 and 1.57 mF cm™
respectively (Fig. S7(b)), which is comparable to other electrocatalysts with the NW
morphology.® # EIS is believed to be an important technique as a supplement to the
characterization of interface reactions and electrode kinetics.™ *° As given in the inset
of Fig. S8, the equivalent circuit used to fit the EIS experimental data includes a series
resistance element R, a charge transfer resistance element R and a constant phase
element (CPE). By fitting the Nyquist plots of CoSe, synthesized at 450 and 650 °C,
the parameters in the equivalent circuit are determined (Fig. S8). Rather than the
similar Rs (<2 Q), the R of 7.05 and 69.8 Q corresponding to the sample synthesized

at 450 and 650 °C exhibit the evident difference. Both the higher Cgy and lower R
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illustrate the superior electrocatalytic activity of CoSe, necklace-like NWs on CFP to
the coral-like one synthesized at 650 °C. It is believed that the larger accessible
surface area ensured by the unique necklace-like structure and higher intrinsic activity
preserved by the low synthesis temperature mainly contribute to the better
performance.?> *!

The stability is also one of the essential aspects in evaluating electrocatalysts.
The stability of CoSe; NWs on CFP was firstly tested by conducting CV within the
potential range of 0.2 to -0.3 V (vs RHE) for 5000 cycles. The lower potential limit
was determined to drive a current density of approximately 30 mA cm™. Fig. 5(a)
shows the initial polarization curve and the one after 5000 cycles. It is evident that the
highly active nature of the CoSe, necklace-like NWs on CFP is preserved perfectly
and the cathodic current density suffers no loss after 5000 cycles. At the current
densities of 10 and 100 mV, the corresponding overpotential increases are only 1 and
2 mV. Besides, the Tafel slope only increases slightly from 34.0 to 36.0 mV dec™ after
5000 cycles, which further confirms the great stability. Moreover, the durability of the
electrocatalysts in working situation is also evaluated by electrolysis at a fixed
overpotential to drive an initial current density of 50 mA cm for 20 h. At the end of
the test, the cathodic current density exhibits no current density drop (Fig. 5(b)). The
outstanding stability in both the CV cycling and continual electrolysis guarantees its

prominent quality in practical applications. The morphology of CoSe, NWs after

stability tests was also examined by SEM (Fig. S9(a) and (b)). The
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nano-heterostructure was well maintained after the tests and only the slight bundle-up
of NWs is observed due to the surface tension. The excellent stability performance is
mainly due to the pure oxygen-free composition and high crystallization, both of

which help to eliminate the dissolution of electrocatalysts in acid media.> *?
Conclusions

In summary, we have successfully synthesized the CoSe, NWSs with
necklace-like morphology supported by CFP as an earth-abundant, high-performance
and binder-free 3D electrode for HER. The unique nanostructure ensures a large
contact area with the electrolyte and also enhances the hydrogen gas bubbles release
from the surface. In aqueous acid electrolyte, the overpotentials of only 188 and 199
mV are required to drive the current densities of 50 and 100 mA cm™. The small Tafel
slope of 34 mV dec™ ensures that it only needs a small overpotential to afford a large
current density. After the stability test of conducting CV for 5000 cycles and
electrolysis at a fixed potential for 20 h, the necklace-like NW morphology and the
prominent activity of the catalyst are perfectly preserved leading to the great stability.
The performance of CoSe; necklace-like NWs on CFP electrode is among the best of
the earth-abundant electrocatalysts ever reported. The integrated electrode with
optimal micro and nano structuring CoSe, has been proven to be an advanced catalyst

for HER and other renewable energy applications.
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3  Fig. 1. Schematic illustration of the preparation process of CoSe;, necklace-like NWs

4 on CFP. The inset exhibits the apparatus used in the selenization step schematically.

15



Journal of Materials Chemistry A Page 16 of 19

(a) [ ] Carbon Fiber Paper (b)

e 55.2eVSe3dd,  54.5eVSe3d,

650 °C
=fs

L "
-
L
[ |
Intensity (a.u.)

S . . . \ \
L --~—-'/“~l‘4 62 60 58 56 54 52 50
= 500 °C Binding energy (eV)
(2]
[ =
] _______..__Ju._L_J_,J__I__JLUs_.\__ S LY
£ (c)
450 °C
L i L 778.4eV Co2p
400 °C 3
‘,—JL&M A w s ‘E'
| - 793.3 eV Co 2p
&= 12
=
350 °C 5
| £
10 20 30 40 5 60 70 80 805 800 795 790 785 780 775
1 2 Theta (degree) Binding energy (eV)

2  Fig. 2. (a) XRD patterns of bare CFP and samples selenized at 350 to 650 °C. XPS

3 survey of (b) Se 3d and (c) Co 2p regions.

16



Page 17 of 19

Journal of Materials Chemistry A

Fig. 3. SEM images (a, b) and TEM images (c, d) of the necklace-like CoSe; NWs on

CFP (selenized at 450 °C).
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Fig. 4. (a) Polarization curves for bare CFP, 20%wt Pt/C on CFP and CoSe, NWs on

CFP synthesized at different temperatures. (b) Tafel plots for 20%wt Pt/C and CoSe;
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NWs on CFP synthesized at different temperatures.
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Fig. 5. Stability tests of (a) CoSe, necklace-like NWs on CFP selenized at 450 °C with
initial LSV polarization curve (line) and the one after 5000 cycles (dash); (b)
continual electrolysis for 20 h at the fixed overpotential to produce a current density
of 50 mA. The inset of Fig. 5(a) shows the corresponding Tafel plots before and after

5000 cycles.
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