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Constructing noble metal-free electrocatalytically active sites for the simultaneous hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) in alkaline solution is key to realizing electricity-
driven water splitting in practical applications. Here, we rationally designed Co(OH),@CoSe nanorods
(NRs) as an excellent bifunctional electrocatalyst by an in situ electrochemical transformation strategy,
where the Co-based nanorod template was converted into Co(OH),@CoSe at the cathode. The obtained
electrode exhibits superior electrocatalytic activity for both the HER (overpotential of 208 mV at 20 mA
cm™) and the OER (268 mV at 20 mA cm™2) at high current density in a 1 M KOH solution. The
theoretical calculations and experimental evidence indicate that the chemical coupling Co-OH active
site between Co(OH), and CoSe regulates the hydrogen adsorption and desorption energy and fast

electron transfer capability, which is responsible for the improved HER. Moreover, the Co(OH),@CoSe
Received 18th November 2019 NR be furth ted into CoOOH heets which OER acti ites. T d tical
Accepted 5th January 2020 s can be further converted into Co nanosheets which serve as active sites. Toward practica
electrolytic cell applications, the Co(OH),@CoSe nanorods as both the cathode and anode achieved

DOI: 10.1039/c9na00725¢ a current density of 100 mA cm~2 at 1.94 V for overall water splitting, better than that of noble metal-
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Introduction

Electricity-driven water splitting is one of the fastest developing
energy conversion technologies for renewable energy."* The
overall water splitting reaction consists of simultaneous elec-
trolysis processes of both the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction (OER) at
the anode. Due to the huge energy barriers in the H*/O*
adsorption/desorption process and mass transfer resistance
under high current during both the HER and OER, efficient
electrocatalysts are needed to reduce the overpotential and
accelerate the kinetics of the reaction.*® At present, noble
metal-based materials are considered state-of-the-art electro-
catalysts for water splitting, e.g. Pt-based alloys for the HER® and
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Ir or Ru-based oxides for the OER.” However, the high cost and
scarcity severely hinder their large-scale applications. Recently,
some efficient and stable nonprecious metal-based electro-
catalysts for the HER in acidic media and the OER in alkaline
media have been investigated.®'*> However, the problem with
these traditional electrocatalysts is that they lack HER activity in
strongly basic electrolytes, and good OER catalysts are unstable
in strongly acidic solutions.’*** Therefore, it is still a great
challenge to develop efficient bifunctional transition-metal
active sites to simultaneously realize overall water splitting to
H, and O, in the same electrolyte.

Recently, much effort has been focused on transition metal
oxides/hydroxides,'>"” sulfides,'®" selenide,*®** nitrides,** and
phosphides**~® as potential bifunctional electrocatalysts for
overall water splitting. In particular, cobalt selenide (CoSe),**~**
a typical transition metal chalcogenide, has attracted much
attention owing to its excellent HER performance and facile
conversion to CoOOH in alkaline electrolytes. But low active
surface area and poor conductivity limit the activity of pure
CoSe at high current. It is difficult to obtain uniform CoSe
nanostructures with a large accessible active surface using
conventional methods such as hydro/solvothermal®®3*3*-*
methods and selenization at high temperature.'>*"333%%” On the
other hand, cobalt hydroxide (Co(OH),) is widely accepted as
one of the best-performing OER catalysts.*>** In addition, the
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HER activity could be promoted by Co(OH), accelerating the
water dissociation process under alkaline conditions.**** Moti-
vated by these considerations, we assume that the coupling of
CoSe with Co(OH), could generate bifunctional active sites to
accomplish overall water splitting in an alkaline electrolyte.

Electrosynthesis is a facile and energy-saving synthetic and
preparative technology to obtain electrochemically active
materials directly anchored on conducting substrates without
extra binders.*”~** Sun and co-workers®*® reported on an electro-
chemical deposition method to fabricate a CoSe/Ti electrode as
a bifunctional electrocatalyst for water splitting. Switzer and co-
workers* reported that Co** and OH ™ could be electrodeposited
onto the cathode to form Co(OH),. In addition, we have devel-
oped a modified electrosynthesis method to realize controllable
preparation in terms of both the composition and morphology,
where a Co-based nanowire precursor was converted into CoO
without morphology destruction.®*** These considerations
inspire us to exploit an in situ electrosynthesis strategy to
fabricate one-dimensional (1D) Co(OH),@CoSe nanostructures.

Here, we report a novel in situ electrochemical trans-
formation strategy to fabricate Co(OH),@CoSe nanorods (NRs)
vertically oriented on conductive carbon cloth (CC). The
controllable electrochemical selenization process works at
a continuous negative voltage of —0.7 V (vs. the saturated
calomel electrode, SCE) in a SeO, solution, where Se*>~ derived
from Se*" and OH™ from H,O combined with Co*" ions from the
Co-based nanorod precursor at the cathode. Then, the vertically
oriented Co-based nanorods are in situ converted into
Co(OH),@CoSe NRs. The obtained Co(OH),@CoSe NRs with
a large accessible surface area and good charge transport
capability exhibit good electrocatalytic activity with small over-
potentials of 208 mV for the HER and 268 mV for the OER at
a current density of 20 mA ecm™? in alkaline solution. Theoret-
ical calculations reveal that chemical coupling Co-OH active
site between Co(OH), and CoSe regulates the H adsorption and
desorption energy to promote the HER kinetics, and the CoOOOH
converted from Co(OH),@CoSe during the OER acts as the real
active site for the OER. For an overall water splitting electrolytic
cell, the Co(OH),@CoSe NRs need a low voltage of 1.94 V at 100
mA cm > with catalytic activity and stability much better than
those of the (—)Pt/C//RuO,(+) cell.

Results and discussion

In situ electrochemical transformation was used to prepare
CC@Co(OH),@CoSe nanorods (NRs). As shown in Fig. 1, Co-
based NRs were first grown on carbon cloth (CC) as the
template through a solvothermal process. The transformation
process proceeded at —0.7 V (vs. Hg/Hg,Cl,, SCE) at 60 °C for
40 min in a SeO,/KCl solution. Scanning electron microscopy
(SEM) images show that the well-defined Co-based nanowires
(NWs) and nanorods (NRs) were vertically grown on the surface
of carbon cloth after hydrothermal and solvothermal treatment,
respectively (Fig. S1 and S2f). Subsequent electrochemical
transformation conserves the nanorod morphology with a very
rough surface (Fig. S3,f 2a and b), while the nanowires were
totally destroyed under the same conditions (Fig. S3b7). The
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Fig. 1 Schematic illustration of the Se redox active in situ trans-

formation of CC@Co(OH),@CoSe by the cathode electro-synthesis
process and CC@CoOOH by the anode water oxidation process.
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size and crystalline structure of individual NRs were investi-
gated by transmission electron microscopy (TEM). The TEM
images in Fig. S41 and 2c reveal that the diameter and length
are about 300 nm and 4 pm with a mass loading of 1.3 mg cm >
on the carbon cloth.

The chemical composition and bonding states were further
investigated by X-ray photoelectron spectroscopy (XPS). The
survey XPS spectrum in Fig. S5t shows that the
CC@Co(OH),@CoSe is composed of Co, O, C and Se. The high
resolution Co 2p spectrum shows four peaks of Co 2p;/, iden-
tified as Co-Se at 779 eV, Co-OH at 781 and 783.7 eV, and a Co**
shake up peak at 786.6 eV (Fig. 2d). Another four peaks of Co
2p1, are identified as Co-Se at 794.4 eV, Co-OH at 796.9 and
799.3 eV, and a Co>" shake up peak at 803.7 eV*** with energy
separation between Co 2p3/, and Co 2p,,, of about 15.5 eV. The
O 1s spectrum in Fig. 2e shows two peaks at 531.5 and 533.4 eV
corresponding to Co*>*-0 and O-H in Co(OH),. For the Se 3d
spectrum, the four peaks of Se 3ds,, and 3d;,, correspond Co-
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Fig.2 Structural, morphological and composition characterization for
CC@Co(OH),@CoSe nanorods. (a) Low-magnification and (b) high-
magnification SEM images of CC@QCo(OH),@CoSe nanorods. (c) TEM
image of an individual Co(OH),CoSe nanorod. (d) High resolution Co
2p, (e) O 1s and (f) Se 3d XPS spectra. The binding energy obtained with
reference to C 1s at 284.8 eV. (g) Raman spectra. (h) HRTEM image and
(i) SAED pattern.
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Se** and residual Se-Se with an energy separation of about
0.86 eV (Fig. 2f). The XRD patterns in Fig. S6bt show typical
Co(OH), diffraction peaks (PDF card 03-0443) without CoSe
diffraction signals, which may be due to the low crystallinity of
CoSe obtained by the electrochemical transformation. But the
Raman spectra provide evidence to support the formation of
CoSe, where the four peaks at 169, 465, 508 and 669 cm ™' are
assigned to freboldite CoSe,*> and the peak at 185 cm™ ' is
associated with the residual amorphous selenium powder
(Fig. 2g). Furthermore, the high-resolution TEM (HRTEM)
image also shows the Co(OH),@CoSe with interplanar spacings
of 0.24 nm for the lattice plane of Co(OH), (011) and 0.31 nm for
CoSe (110) (Fig. 2h). The corresponding selected area electron
diffraction (SAED) pattern further confirms that the NRs are
composed of Co(OH), and CoSe (Fig. 2i). The above results
demonstrate that the Co-based NRs are totally transformed to
Co(OH),@CoSe during the in situ electrochemical process. The
chemical reactions during the transformation to produce
Co(OH),@CoSe are shown in eqn (1)—(3).

8602 + HZO i H2S603 (1)
H,SeO; + H,O + 6e~ — Se*™ + 40H™ 2)
2C0** + Se*” + 20H™ — Co(OH), + CoSe (3)

To probe the key factors determining the Co(OH),@CoSe NR
formation, we also prepared CC@Co(OH),@CoSe-25 and
CC@Co(OH),@CoSe-95 at temperatures of 25 °C and 95 °C. It
was harder to form CoSe and maintain the Co(OH)F phase at
lower synthesis temperatures (Fig. S6e and S7ct), but at higher
synthesis temperatures it was easy to break the nanorod struc-
ture and form the Se powder phase (Fig. S6f and S7df).
CC@CoSe-ED was then fabricated using an electrodeposition
method and CC@CoSe-CS was obtained by a direct calcination
selenization method for comparison. For the CC@CoSe-ED, the
carbon cloth was covered by an amorphous CoSe film (Fig. S6c
and S7at). For the CC@CoSe-CS, the vertical nanorod arrays
were destroyed after the calcination treatment and were
replaced by the CoSe, particles (Fig. S6d and S7bt).

The electrocatalytic HER and OER activities were evaluated
using the polarization linear sweep voltammograms (LSVs)
recorded in a 1 M KOH aqueous solution, where all currents
were corrected with 95% (R compensation. The
CC@Co(OH),@CoSe NRs exhibit excellent activity for the HER
with an overpotential of 208 mV to reach a current density of 20
mA cm 2. In comparison, the overpotential is only 53 mV for
CC@Pt/C, 355 mV for CC@CoSe-ED and 300 mV for CC@CoSe-
CS (Fig. 3a and S10at). Moreover, a Tafel plot was constructed to
present the HER catalytic kinetics (Fig. 3b), where a Tafel slope
of 152 mV dec ' was obtained for CC@Co(OH),@CoSe NRs,
smaller than the 169 mV dec™' for CC@CoSe-ED and the
160 mV dec™' for CC@CoSe-CS. Although the Tafel slope is
higher than the 72 mV dec™' for CC@Pt/C, the
CC@Co(OH),@CoSe NRs show a remarkably high activity at
large current density and an overpotential of only 314 mV at 100
mA cm 2, smaller than those of CC@Pt/C.
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Fig. 3 Electrocatalytic HER and OER performances in 1 M KOH (pH =
14). (a) HER polarization curves and (b) Tafel plots for
CC@Co(OH),@CoSe, CC@CoSe-ED, CC@CoSe-CS and CC@Pt/C. (c)
Se 3d XPS spectrum of CC@QCo(OH),@CoSe after 50 h of the HER. (d)
OER polarization curves and (e) Tafel plots for CC@Co(OH),@CoSe,
CC@CoSe-ED, CC@CoSe-CS and CC@RuUO;. (f) Co 2p XPS spectra of
CC@Co(OH),@CoSe after 50 h of the HER and OER. (g) Plots of the
current density at OCP vs. the scan rate and (h) EIS spectra of
CC@Co(OH),@CoSe, CC@CoSe-ED, and CC@CoSe-CS (inset, EIS
spectrum of carbon cloth). (i) Chronopotentiometric measurements
for long-term stability of CC@Co(OH),@CoSe.

The CC@Co(OH),@CoSe NRs also exhibit excellent electro-
catalytic activity for the OER. Overpotentials of 297 mV and
303 mV are needed to achieve current densities of 100 mA cm 2
and 200 mA cm > (Fig. 3d and S10bt), in contrast to the 380 mV
at 100 mA cm ™ for RuO,. Even at a current density of 20 mA
cm 2, the overpotential is only 268 mV for CC@Co(OH),@CoSe
NRs, while it is 312 mV for CC@CoSe-ED, 316 mV for CC@CoSe-
CS, 421 mV for CC@Co(OH), and 285 mV for CC@RuO,.
Correspondingly, the Tafel slope of CC@Co(OH),@CoSe NRs is
65 mV dec ', smaller than the 72 mV dec™* for CC@CoSe-ED,
96 mV dec* for CC@CoSe-CS and 90 mV dec™* for CC@RuO,
(Fig. 3e). The effects of the electro-transformation reaction
temperature and morphology on electrocatalytic activity were
then investigated (Fig. S81). The CC@Co(OH),@CoSe NRs show
superior performances for both the HER and OER compared to
CC@Co(OH),@CoSe-25 and CC@Co(OH),@CoSe-95. The
Co(OH),@CoSe with broken NW morphology exhibits poor
activities for both the HER and OER (Fig. S91).

To investigate the surface active sites of CC@Co(OH),@CoSe
NRs during the electrocatalytic water splitting process, X-ray
photoelectron spectroscopy (XPS) was conducted. Fig. 3c
shows that only Co-Se bonds exist in the Se 3d spectrum after
50 h of the HER, which indicates that the residual Se powder
dissolved in the alkaline medium during the HER process. But
there is no difference in the Co 2p3/, and Co 2p,, spectra for the
as-prepared CC@Co(OH),@CoSe NRs and the NRs after 50 h of
the HER (Fig. 3f). After the OER process, the Co-Se bond dis-
appeared and the Co 2p spectrum of Co(OH), shifts to higher

This journal is © The Royal Society of Chemistry 2020
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binding energy related to CoOOH, indicating that the
Co(OH),@CoSe NRs undergo a second in situ phase trans-
formation during the OER. The O 1s spectrum in Fig. S117 shifts
to a lower binding energy further supporting the conversion
into CoOOH. Generally, this oxidation transformation is very
common in CoSe-based OER catalysts®*** and CoOOH is
considered the true active site for water oxidation. The SEM
images show that the NR morphology still remains after 50 h of
the HER process (Fig. S13at), but it is replaced by hexagonal
nanosheets after 50 h of the OER process (Fig. S13b¥). The XRD
pattern of CC@Co(OH),@CoSe after 50 h of the OER also
exhibits a typical hexagonal CoOOH phase (Fig. S147).

In order to further understand the excellent activity, the
electrochemically active surface area (ECSA) was calculated by
measuring the scan-rate dependent cyclic voltammograms
(Cvs) in a 1 M KOH solution. The electrochemical double-layer
capacitance (Cyq)) value of CC@Co(OH),@CoSe NRs is 4351 pF
cm >, higher than the 295 uF cm ™2 of carbon cloth, 288 uF cm™>
of CC@CoSe-ED and 331 uF cm ™2 of CC@CoSe-CS (Fig. 3g and
S12t). The roughness factor of CC@Co(OH),@CoSe NRs was
calculated to be 14.7, proving that the vertically oriented NR
morphology can provide a more exposed active surface than the
electrodeposition and calcination selenization methods. Elec-
trochemical impedance spectroscopy (EIS) analysis was per-
formed to gain an insight into the electron and mass transfer
during the electrocatalytic process, where the series resistance
(Rs) in the Nyquist plot reflects the resistance of the electrolyte
solution and the charge-transfer resistance (R.) indicates the
resistance of charge transfer in the catalyst. The
CC@Co(OH),@CoSe has the smallest Ry and R, which indi-
cates good electrical contact and fast charge transfer properties
(Fig. 3h). Moreover, the stability results present an increasing
overpotential for the HER changing from 208 mV to 270 mV and
for the OER from 268 mV to 300 mV over 50 h (Fig. 3i).

To deeply understand the catalytically active sites of the
Co(OH),@CoSe NRs, the key reaction coordinate in the alkaline
HER and OER on the Co(OH),@CoSe was investigated by DFT
calculations. Three structural models of pure CoSe, pure
Co(OH),, and Co(OH),@CoSe were constructed for the HER
(Fig. 4a—c). Generally, three states can be observed during the
HER process: an initial H' state, the adsorption of an inter-
mediate H*, and the final product of 1/2 H,. The Gibbs free
energy of intermediate H* adsorption, AGy«, is regard as
a major descriptor of HER activity for catalysts, and the Gibbs
energy change of |AGy-| is as small as zero represents a highly
efficient HER catalyst. A large positive AGy+ of 1.00 eV for pure
CoSe means that it has very weak H* adsorption, while a large
negative AGy» of —0.49 eV for pure Co(OH), indicates that H*
adsorption is too strong to desorb the final H, product (Fig. 4e).
For Co(OH),@CoSe, Co-1 (Co-OH site at Co(OH),), Co-2 (Co-Co
at CoSe), and Co-3 (octahedral coordinated Co-Se at CoSe)
represent three different Co sites (Fig. S15t), and the |AGyx|
values for these sites are 0.29, 0.34 and 1.05, respectively
(Fig. 4f). Thus, the Co-OH site is the most favourable site for H*
adsorption and desorption for the HER. The |AGy+| value of the
Co-OH active site is much smaller than that of pure-CoSe and
pure-Co(OH),, facilitating H, desorption. Additionally, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Co-OH active sites of CC@Co(OH),@CoSe NRs during the
HER and OER. DFT calculated structure models (upper: top view,
bottom: side view) of (a) pure CoSe, (b) pure Co(OH), (c)
Co(OH),@CoSe and (d) CoOOH. (e) H adsorption free energy profiles
of pure CoSe, pure Co(OH), and Co(OH),@CoSe. (f) H adsorption free
energy profiles of Co(OH),@CoSe at different adsorption sites. (g)
Density of states (DOS) of pure CoSe, pure Co(OH), and Co(OH),@-
CoSe. (h) Energy diagram for the OER pathway of CoOOH (012). White,
red, blue and green spheres represent H, O, Co and Se atoms,
respectively. A represents adsorption sites in the HER pathway.

density of states (DOS) results show that Co(OH),@CoSe has
higher DOS close to the Fermi level (Fig. 4g), which implies
a higher electron transfer capability for an enhanced chemical
activity. Therefore, chemical coupling of Co(OH),@CoSe can
regulate the adsorption and desorption energy of Co-OH active
sites to efficiently facilitate the HER kinetics.

Then, we investigated the tailoring of CoOOOH (012) on the
Gibbs free energy along the OER pathway for *OH, *O, and
*OOH (Fig. 4d). The most favourable site of CoOOH is the
unsaturated coordinated Co-OH site that can adsorb the above
three intermediates, with AG values of 0.59 eV, 1.78 eV, and
3.17 eV (Fig. 4h). The step from *O to *OOH is the rate-
determining step (RDS) due to its largest energy barrier of
1.39 eV. When increasing the potential (U) to 1.23 V, its AG values
for *OH, *O, and *OOH are —0.64 eV, —0.67 eV, and —0.51 eV.
The RDS is almost equal to zero until U increases to 1.39 eV. The
in situ converted CoOOOH shows a desired OER activity with the
Co-OH site serving as the reactive active site for tailoring the RDS
energy of these oxygenated intermediates in the alkaline envi-
ronment, which facilitates the overall OER Kinetics.

Accordingly, encouraged by the excellent OER and HER
performances of CC@Co(OH),@CoSe NRs at a large current
density, we assembled an overall water splitting electrolytic cell
in a 1 M KOH solution with the NRs as both the anode and the
cathode (Fig. 5a). For comparison, a CC@Pt/C//CC@RuO, cell
was also examined under the same conditions with CC@RuO, as
the anode and CC@Pt/C as the cathode. The CC@Co(OH),@-
CoSe cell needed a potential of 1.71 V to realize overall water
splitting at a current density of 10 mA cm ™2, slightly higher than
that of the CC@Pt/C//CC@RuO, cell (10 mA cm > at 1.64 V). But,
at high current density, the CC@Co(OH),@CoSe cell showed
a better performance, where it presented 100 mA cm™ 2 at 1.94 V
in comparison with the 70 mA cm ™2 at 1.94 V for the CC@Pt/C//
CC@RuO, cell. Moreover, the CC@Co(OH),@CoSe cell exhibi-
ted an excellent electrolytic stability. The operating voltage for

Nanoscale Adv., 2020, 2, 792-797 | 795
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Fig. 5 Electrolytic cell performance for overall water splitting. (a)
Polarization curves and (b) electrolytic stabilities at 10 mA cm~2 for
around 50 h for CC@Co(OH),@CoSe NRs and the CC@Pt/C//
CC@RuO; cell in the two-electrode configuration. (c) Experimentally
measured amount of H, and O,. (d) Faraday efficiencies of the HER and
OER versus time for the CC@Co(OH),@CoSe NR cell.

the CC@Co(OH),@CoSe cell required to sustain a current
density of 10 mA ¢cm > only underwent a 67 mV increase after
50 h (Fig. 5b). However, the CC@Pt/C//CC@RuO, cell exhibited
a remarkable potential increase in a very short period, which
may be due to the poor stability of RuO, in the alkaline medium.
The Faraday efficiency value was calculated from the experi-
mentally measured ratio of H, to O, (2:1) (Fig. 5¢) and it
remains above 94% during 2 h of electrolysis (Fig. 5d).

Conclusion

In summary, we have developed an in situ electrochemical
transformation method to fabricate Co(OH),@CoSe nanorods
as a bifunctional electrocatalyst. The obtained Co(OH),@CoSe
NRs exhibit an excellent electrocatalytic activity and stability for
the simultaneous HER and OER. The chemical coupling Co-OH
active site between Co(OH), and CoSe can optimize the
adsorption and desorption energy for hydrogen to efficiently
facilitate the HER. The CoOOH converted by a second electro-
transformation during the OER acts as the real active sites for
the OER. These merits make the practical electrolytic cell
exhibit high overall water splitting efficiency at a large current
density. This work provides a novel electro-synthesis technique
to develop noble metal-free chemical coupling active sites to
regulate electrocatalysts towards real-world water splitting
electrolytic cell applications.
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