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Development of electrocatalysts for hydrogen evolution reaction (HER) with low overpotential and ro-
bust stability remained as one of the most serious challenges for energy conversion. In this work, CoSe;
nanoparticles embedded in defective carbon nanotubes (CoSe,@DC) was synthesized by a carbonization-
oxidation-selenylation procedure of Co-based metal-organic frameworks (MOFs). The pre-oxidation
treatment was a crucial step in introducing an increasing number of defects into carbon nanotubes,
which promoted the reaction between Co@carbon and selenium and led to the enhanced HER perfor-
mance. The as-prepared CoSe,@DC exhibited excellent HER catalytic reactivity with a low onset potential
of —40 mV vs. RHE, a small Tafel slope of 82 mV dec~! as well as a high current density with robust
catalytic stability in 0.5 M H,SO4. This work may provide a generic methodology for rational design and
fabrication of the partially encased core-shell structure derived from MOFs as efficient HER electro-
catalysts.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen is considered as one of the promising alternatives for
replacing fossil fuels due to their high energy density and en-
vironmental friendliness. Electrochemical water splitting is one of
the clean and efficient methods to produce molecular hydrogen in
large quantity. To date, platinum-based materials are the most
efficient catalysts for hydrogen evolution reaction (HER), but the
high cost and low abundance significantly hamper their wide-
spread applications [1,2]. Thus, a great deal of research efforts
have been devoted to develop low-cost and earth-abundant cat-
alysts to replace Pt-based catalysts [3,4]. One is the transition-
metal based catalysts, including its chalcogenides [5,6], carbides
[7,8], phosphides [2,9,10] and nitrides [11,12]. The other is carbon-
based catalysts, nonmetal doped carbon (N, S, P) [13-15] and
metal@carbons (Fe, Co and alloy@C) [16-18]. However, how to
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combine the high catalytic activity of transition metals and the
great stability of carbon is still an urgent task in promoting water
splitting catalysis.

Metal-organic frameworks (MOFs) with diverse composition
and controllable porous structures are assembled by metal ions as
nodes and organic ligands as struts through coordination bonds
[19,20]. MOFs as both templates and precursors can be used to
synthesize functional carbon-wrapped metal nanoparticles via
direct pyrolysis under an inert atmosphere [15,18,21], and several
hybrid materials derived from MOFs have been employed as effi-
cient HER electrocatalysts [22-24]. For instance, Wen and Chen
et al. [25] synthesized a complicated hybrid electrocatalyst con-
sisting of N-doped graphene/cobalt embedded porous carbon by
pyrolysis of graphene oxide-supported Co-MOFs, which showed
apparent HER activity with an onset potential of —58 mV vs. RHE
and a stable current density of 10 mA cm~2 at 229 mV in acid
media. The theoretical calculation confirmed that the ultrathin
graphene shells, which should less than 2 nm, strongly promoted
electron penetration from the metal core to the graphene surface
to enhance HER activity. However, the thickness of carbon shell
was difficult to be controlled in the preparation of metal@carbon.
If the carbon shells were too thick (more than 2 nm), the catalytic
activities of metal@carbon electrocatalysts were weakened. In
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order to solve the above problems, the etching process of me-
tal@carbon by pre-oxidation was employed. Herein, metal com-
pound@carbon hybrids, such as CoSe, nanoparticles embedded
defective carbon (CoSe,@DC) derived from Co-based MOFs, have
been synthesized for HER. CoSe, is a kind of efficient catalysts for
HER [17,26]. Herein, benefiting from the synergic effect between a
CoSe, core and a defective carbon shell, the as-prepared CoSe,@DC
exhibited excellent HER activity with a low onset potential of
—40 mV vs. RHE, a Tafel slope of 82 mV dec~! as well as a high
current density with robust catalytic stability in 0.5 M H,SO4.

2. Experimental section
2.1. Chemicals

All reagents were of analytical grade and used without further
purification. Cobalt nitrate hexahydrate (Co(NOs), - 6H,0), cobalt
acetate tetrahydrate (C;H3Co0,-4H,0), 2-methylimidazole
(C4HgN>), selenium powder (Se), selenium dioxide (SeO,) powder,
sulfuric acid (H,SO,4), methanol, ethanediamine, dicyandiamide,
carbon nanotubes and 20 wt% Pt/C were purchased from Sino-
pharm Chemical Reagents Beijing Co. and used as received.

2.2. Synthesis of CoSe, nanoparticles embedded defective carbon
(CoSe>@DC)

ZIF-67 metal organic framework (Co based MOFs) were pre-
pared according to a previous report [27]. Then, the prepared ZIF-
67 samples were transferred to a furnace tube and pyrolyzed un-
der an Ar atmosphere at 800 °C for 2 h. The resulting product was
dispersed in 0.5 M H,SO, overnight to remove residual metallic
cobalt to obtain Co nanoparticles embedded carbon nanotubes
(Co@C). Subsequently, the Co@C powders were transferred into a
muffle furnace and heated at 350 °C for 2 h in air to synthesize
Co304 nanoparticles embedded defective carbon nanotubes
(Co304@DC). Finally, the Co304@DC powders were put into the
center of a tube furnace, and selenium powders were placed at the
upstream side of the furnace. The center of the furnace was quickly
heated up to 450 °C in 20 min under an Ar atmosphere and kept
for 30 min, the as-obtained product were denoted as CoSe,@DC.
For comparison, composites were also synthesized by the same
procedures but without the oxidation step, which was denoted as
Co@C-Se.

2.3. Synthesis of pure CoSe,

0.6 g C;H3C00, - 4H,0 were placed into a crucible and then put
into the center of a tube furnace. The subsequent selenylation process
was the same as for CoSe,@DC. The resulting product was dispersed
in 0.5 M H,SO4 overnight and then filtered and washed several times
with deionized water to finally obtain the CoSe, product.

2.4. Synthesis of defective carbon (DC)

The synthetic process of defective carbon (DC) was similar to
that for CoSe,@DC, except for using ZIF-8 (Zn based MOFs) as the
precursor instead of ZIF-67 (Co based MOFs). The XRD patterns of
ZIF-67 and ZIF-8 were shown in Fig. S1, which confirmed the
successful synthesis of MOFs.

2.5. Synthesis of CoSe, nanoparticles loaded defective carbon na-
notubes (CoSe,/DC)

Prior to the synthesis of CoSe,/DC, the defective carbon nano-
tubes were prepared by calcining carbon nanotubes in air at 350 °C

for 2 h. Typically, for the synthesis of CoSe,/DC, 1.2 mmol
C,H3C00,; - 4H,0, 4.8 mmol SeO, powders and 300 mg DC were
dissolved in 10 mL deionized water under magnetic stirring and
then sonicated for 30 min to form a homogeneous solution. Then,
25 mL ethanediamine was added under continuous stirring for
another 15 min, and the final solution was transferred into a 40 mL
Teflon-lined stainless steel autoclave and kept at 200 °C for 20 h.
The obtained black products were washed by deionized water for
at least 3 times, collected by centrifugation and dried at 60 °C in
air. Finally, the dried samples were annealed at 500 °C for 1h
under a N, atmosphere to obtain CoSe,/DC.

2.6. Characterization

Field-emission scanning electron microscopic (FESEM, NOVA
NANOSEM 430, FEI) measurements were employed to characterize
the morphologies of the as-prepared samples. Transmission elec-
tron microscopic (TEM) measurements were carried out with a
Tecnai G220 FEI microscope. Powder X-ray diffraction (XRD) pat-
terns of the samples were recorded on a Bruker D8 Advance
powder X-ray diffractometer with Cu Ko (A=0.15406 nm) radia-
tion. X-ray photoelectron spectroscopic (XPS) measurements were
performed using a PHI X-tool instrument. Raman spectra were
acquired on a RENISHAW invia instrument with an Ar laser source
of 488 nm in a macroscopic configuration. The thermogravimetry/
differential thermal analysis (TG-DTA) curves of Co@C under O,
atmosphere was carried out with a TGA/DSC (METTLER TOLEDO)
instrument at a heating rate of 10 °C/min. The samples were dried
at 200 °C in air to remove the absorbed water before testing.

2.7. Electrochemistry

Electrochemical measurements were performed with a CHI
760 C electrochemical workstation in a 0.5 M H,SO,4 aqueous so-
lution. A Hg/Hg,Cl, (saturated KCl, SCE) electrode and a carbon
cloth were used as the reference and counter electrode, respec-
tively. 5 mg of the catalyst powders was dispersed in 1 mL of 1:1
(v:v) water/ethanol mixed solvents along with 50 pL of a Nafion
solution (5% Nafion in ethanol) , and the mixture was sonicated for
30 min. Then, 5 pL of the above solution was drop-cast onto the
surface of a glassy carbon disk at a catalyst loading of
0.357 mg cm 2. The as-prepared catalyst film was dried at room
temperature. Polarization curves without ohmic compensation
were acquired by sweeping electrode potentials from 0 to —0.8 V
(vs. SCE) at a potential sweep rate of 5mV s~ . Electrochemical
impedance spectroscopy (EIS) was carried out with frequency
range from 100 kHz to 0.01 Hz. The main arc in the EIS spectra was
fitted using a simplified Randles equivalent circuit, which con-
sisted of a resistance (Rs, the total resistance from electrocatalyst,
electrode, electrochemical workstation and electrolyte), a charge-
transfer resistance (Rct, interface electrocatalytic reaction between
electrode and electrolyte) and a constant phase element (CPE), and
the fitting parameters were estimated through the application of
the Levenberg-Marquardt minimization procedure. Cyclic vol-
tammetry (CV) was used to probe the electrochemical double layer
capacitance at non-faradaic potentials as a means to estimate the
effective electrode surface area. Accelerated stability tests were
performed in 0.5 M H,SO4 at room temperature by potential cy-
cling between 0 and —0.5V (vs. SCE) at a sweep rate of
100 mV s~! for 1000 cycles. Current-time responses were mon-
itored by chronoamperometric measurements at —0.15V vs. RHE
for 20 h.

0.027 mg of the electrocatalyst was deposited onto a carbon
cloth electrode (1 x 1 cm?) and i-t tests were carried out at the
overpotential of 150 mV. The electrolytic tank was sealed by
sealing film and the gas mixture of hydrogen and oxygen was
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accumulated with the reaction time and collected by a micro-
syringe every five min. The hydrogen and oxygen have the dif-
ferent peak positions in gas chromatography (GC-2060) due to the
different molecular weights. The H, production was calculated
according to the formula Vy,=S¢/Ss x V/(22.4 x t), where S; was
the peak area of H, tested by GC for 1 mL gas collected from the
sealed cell, Sy was the peak area tested by 1 mL pure hydrogen
(99.9%), V was the volume of the electrolytic tank minus that of
the electrolyte, and t was the test time.

3. Results and discussion

The etching process of metal@carbon by pre-oxidation was
shown in Scheme 1a. The thermogravimetry/differential thermal
analysis (TG-DTA) showed that the oxidation reaction of Co@C
started at 330 °C and accelerated at 360 °C under O, atmosphere
(Fig. 1). So, the O, etching temperature of Co@C was determined at
350 °C. The TG results of Co@C at 350 °C for different etching time of
1h, 2 h and 3 h showed the negligible changes of carbon contents
(11-2.5 wt%, Fig. S2), implying that the oxidation reaction mainly
introduced more defects into carbon nanotubes, instead of forming
CO, because the etching temperature was lower than the combus-
tion temperature of carbon nanotubes (Fig. S3). After introducing the
more defects into carbon nanotubes, the diffusion process and phase
transformation of Co@C were easy to be achieved. According to the
above reaction mechanism, the three-step synthetic process of
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Fig. 1. TG-DTA curves of Co@C under O, atmosphere.

CoSe,@DC, carbonization-oxidation-selenylation, was illustrated in
Scheme 1b. Firstly, the polyhedral ZIF-67 as the precursor (Fig. S1a
and S4) were calcined under an Ar atmosphere to form Co nano-
particles embedded carbon (Co@C), which possessed a rough surface
and irregular morphology (Figs. S5a and S6a and b). Secondly, Co@C
was oxidized in air at 350 °C to form Co30,@DC (Figs. S5b and S6¢
and d). Finally, Co304@DC was further transformed to CoSe,@DC
through a selenylation process. It is worth mentioning that
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Scheme 1. Schematic illustration of (a) the etching process of metal@carbon by pre-oxidation and (b) the synthetic procedure for CoSe,@DC.
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Fig. 2. (a) FESEM image, (b-d) TEM images and (e) EDX spectra of CoSe,@DC. (f) The elemental mapping for C, N, Co, Se in CoSe,@DC, the bar scale was 100 nm. Inset of

Fig. 1a is the ZIF-67.

CoSe,@DC can not be synthesized by direct selenylation of Co@C
without pre-oxidation.

CoSe,@DC possessed uniform morphology with an average size
of ~300 nm and the surface was surrounded by various nanotubes
(Fig. 2a). Transmission electron microscopy (TEM) further dis-
closed that CoSe,@DC was composed of CoSe, nanoparticles em-
bedded in carbon nanotubes (Fig. 2b and c). The diameters of
carbon nanotubes were ~ 10 nm, similar to literature results [21],
but smaller than that derived from the Co-dicyandiamide system
[18,28]. High resolution transmission electron microscopy
(HRTEM) image in Fig. 2d showed that a CoSe, nanoparticle with a
size of ~10 nm was wrapped by a few carbon layers. There were
two lattice fringes in CoSe,@DC, 0.261 nm in the core and 0.34 nm
in the shell, corresponding to (111) of CoSe, and (002) of graphic
carbon, respectively. Energy-dispersive X-ray (EDX) analysis
(Fig. 2e) confirmed the presence of C, N, Co, Se elements in
CoSe,@DC, and the corresponding elemental mapping (Fig. 2f)
showed that Co and Se as discrete particles were embedded in the
uniform distribution of C and N.

X-ray diffraction (XRD) measurements confirmed the success of
the carbonization-oxidation-selenylation process in making the
hybrid materials (Fig. 3a). The broad characteristic peak at 26° for
graphic carbon appeared in all samples of Co@C, Co30,@DC,
CoSe,@DC and Co@C-Se. However, the (002) peak intensities of
graphic carbon became weaker after the pre-oxidation treatment,
suggesting that pre-oxidation treatment destroyed the ordered
structure of carbon. Raman spectra results also attested the above
conclusion (Fig. 3b) and the characteristic D band (disordered
carbon) and G band (graphic carbon) were observed. Comparing
with Co@C (0.98), the higher Ip/Ig values of Co;0,@DC (1.19) also
implied that more defects were introduced by pre-oxidation into
carbon nanotubes (Table 1). In addition, the phase transformation

of Co, Co304 and CoSe;, was also confirmed by XRD. Before the pre-
oxidation, only metal cobalt was detected in Co@C (JCPDS no. 15-
0806). After pre-oxidation, Co304 was observed in the XRD pattern
of Co30,@DC (JCPDS no. 65-3103), consistent with Raman spectra
results (Fig. 3b). Then, after selenylation, CoSe, was successfully
synthesized (JCPDS no. 53-0449, Fig. S7). As a comparison, Co@C
without pre-oxidation was directly selenided (Co@C-Se), and no
CoSe, was detected in the XRD patterns. So, the pre-oxidation
treatment as the crucial step introduced more defects into carbon,
leading to higher reactivity.

X-ray photoelectron spectroscopy (XPS) was applied to further
investigate the transformation process (Table 1). For Co@C, the Co
2p electrons yielded a peak at 778.3 eV, corresponding to metal
Co. After oxidation, the content of O element increased up to
8.3 at% (Fig. 3c). Meanwhile, the peak with binding energy of
780.2 eV was corresponding to the Co 2p*? of Co;04 phase
(Fig. 3d). After selenylation, the O atoms were replaced by Se
atoms to form CoSe, and the content of O element decreased to
2.6 at% (Fig. S8). As a comparison, Co 2p electrons in Co@C-Se only
possessed the characteristic peak of Co° at 778.3 eV, implying that
it was difficult to transform Co@C into CoSe,@DC without the pre-
oxidation procedure.

The electrocatalytic activities of CoSe,@DC for HER were tested
in a three-electrode system in 0.5 M H,SO,. For comparison, con-
trolled samples of DC, CoSe, and CoSe; loaded on DC (CoSe,/DC)
were successfully synthesized (Fig. S9). As shown in Fig. 4a, the
onset potential of CoSe,@DC was —40 mV vs. RHE (Fig. S10, the
potential to achieve 0.5 mAcm~2 and 10 mA cm~2 at 132 mV),
which was markedly better than those of DC (—206 mV) and
CoSe, (— 189 mV), but still inferior to that of 20 wt% Pt/C (—6 mV).
It's worth noting that the HER activity of CoSe,@DC was also su-
perior to that of CoSe,/DC (—169 mV), suggesting that both the
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Table 1
The comparison of Raman and XPS results for Co@C, Co30,@DC, CoSe,@DC and
Co@C-Se, including Ip/Ig, component and valence state.

Samples Ip/lc Component (at%) Valence state of Co

Co@C 0.98
Co30,@DC 119
CoSe,@DC 1.04

€ (92.0), N (3.3), 0 (3.9), Co (0.8) 0

C (87.6), N (3.3), 0 (8.3), Co (0.9) +2/+3
C(88.7), N (44), 0 (2.6), Co (11), Se  +2
(32)

C(89.1), N (6.4), Co (2.1), Se (2.4) 0

Co@C-Se  1.05

synergetic effect and core-shell structure played the important
role in enhancing HER activity. In Fig. 4b, CoSe,@DC also possessed
a much smaller onset potential than those of Co030,@DC
(=179 mV), Co@C (—124 mV), and Co@C-Se (—114 mV). After the
oxidation, the worse HER activity of Co30,@DC was due to the
oxidation state of Co [16]. The HER activity of Co@C-Se was also
worse than that of CoSe,@DC due to the unsuccessful phase
transformation from Co to CoSe, Besides, the Se-doped carbon
with the poor HER activity (—253 mV, Fig. S11) eliminated the
doping effect on the enhanced HER activity.

Tafel slope revealed the inherent reaction processes of HER, and
it can be calculated by the Tafel equation (n=Db log j+a, where j is
the current density and b is the Tafel slope) (Fig. 4c). The Tafel slope
value of CoSe,@DC (82 mV dec™!) was smaller than those of Co@C-
Se (84.5 mV dec™ 1), Co;0,@DC (89 mV dec~ '), CoSe,/DC (98.4 mV
dec™"), DC (923 mV dec™'), Co@C (83.3mV dec™!) and CoSe,
(91.4 mV dec!) and indicated a Volmer-Heyrovsky mechanism for

HER and the rate-limiting electrochemical desorption process. In
fact, the metal@carbon electrocatalysts [29] usually possessed lar-
ger Tafel slope than those of transition metals based electrocatalysts
(such as MoS,, CoP, CoS;,) [30-32]. In addition, CoSe,@DC also
possessed a larger exchange current density of 0.5 mA cm~2 than
those of CoSe, (0.005 mA cm~2), CoSe,/DC (0.325 mA cm~2) and
Co@C-Se (0.178 mA cm~2). Further, the favorable kinetics was ver-
ified by electrochemical impedance spectroscopy (EIS, Fig. 4d). The
charge transfer resistance (Rct) obtained from the semicircle in the
low frequency zone is related to the electrocatalytic kinetics at the
interface between electrocatalyst and electrolyte, and a lower value
corresponds to a faster electron transfer [7,33,34]. CoSe,@DC
modified electrode possessed a Rct value of 30.1 Q at a over-
potential of 200 mV, which was much smaller than those of other
electrocatalysts, suggesting a fast electron transfer and conse-
quently facile HER kinetics at the electrocatalyst/electrolyte inter-
face. Inset of Fig. 4d showed that the Rct values of CoSe,@DC de-
creased rapidly with the increased overpotentials, from 114.6 Q at
N=150 mV to 30.1 Q at 1=200 mV.

The electrochemical area of CoSe,@DC (511 mF cm~2) esti-
mated by cyclic voltammogram (CV) was larger than those of
Co@C (39.5mFcm~2), Co03;0,@DC (33.0mFcm~2), Co@C-Se
(16.3 mF cm~2) and CoSe,/DC (11.4 mF cm~2), as shown in Fig. S12
and Fig. 4e. The larger electrochemical area was associated with
more active sites at the solid-liquid interface. However, after being
corrected by electrochemical area, CoSe,@DC still possessed the
smallest onset potential (Fig. S13), implying that electrochemical
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area can only affect the catalytic current density, rather than the
intrinsic catalytic activity of catalysts.

As shown in Fig. 4f, both the continuous amperometric i-t
testing for 20 h and the polarization curves after 1000 cycles of CV
suggested that CoSe,@DC possessed the long-term extraordinary
durability. The bubbles gathered on electrode surface was con-
firmed to be hydrogen by gas chromatography (Fig. S14), and the
corresponding hydrogen production rate was 766.3 mmol g~ h~!
(Fig. S15). The obtained Faradaic efficiency (FE) for CoSe,@DC was
nearly 100%, implying that CoSe,@DC was an excellent HER elec-
trocatalyst with the superior stability in acid media.

Such a HER performance of CoSe,@DC (—40 mV vs. RHE,
82mV dec™!, exchange current density of 0.5mAcm~2) was
better than or comparable to leading metal@carbon and transition
metals-based HER powder catalysts. As shown in Table S1,
CoSe,@DC possessed the smallest onset potential, the smallest
overpotential to achieve 10 mA cm~2 and the largest exchange
current density among CoSe,-based electrocatalysts. However, the
Tafel slope of CoSe,@DC was larger than those of CoSe, based
electrocatalysts, but close to those of metal@carbon electro-
catalysts. The excellent HER activity as well as extraordinary sta-
bility of CoSe,@DC can be attributed to the following factors.
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(i) The multilevel structure composed of carbon nanotubes derived
from Co-MOF leading to a large electrochemical surface area with
more active sites for HER (Fig. 4e). (ii) The novel structure, CoSe;
nanoparticles partially embedded into defective carbon nanotubes,
was proposed in Scheme 1. On the one hand, the active sites of
CoSe, nanoparticles can be exposed in the electrolyte and con-
tributed to HER [35]. On the other hand, the electronic density
states of carbon were modulated by nonmetal doping [36] and
transition-metal compounds [28,37,38|, which introduced the
additional catalytic activities of carbon shell.

4. Conclusions

In summary, an efficient electrocatalyst (CoSe,@DC) derived from
Co-based MOFs was successfully synthesized by the three-step car-
bonization-oxidation-selenylation procedure. The pre-oxidization
was a crucial step for both the diffusion process of selenium atoms
to form CoSe,@DC and the introduction of defects into carbon na-
notubes to expose catalytic sites of CoSe,. The CoSe,@DC composed
of CoSe, nanoparticles as core were partially embedded defective
carbon nanotubes showed excellent HER activity with a low onset
potential of —40 mV vs. RHE with a Tafel slope of 82 mV dec™', a
high current density (132 mV, 10 mA cm~2) and robust stability in
0.5 M H,SO,4. Herein, the reported pre-oxidization strategy of me-
tal@carbon can expose active sites of the core, meanwhile, and
maintain the porous carbon skeleton, which hold great potential for
more applications in the electrocatalytic reactions.
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