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Three-dimensional tetsubo-like Co(OH), nanorods
on a macroporous electrically conductive network
as an efficient electroactive framework for the
hydrogen evolution reaction
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Conducting the hydrogen evolution reaction (HER) in an alkaline environment using a non-precious
transition metal catalyst with high efficiency is challenging. Here, we report excellent HER activity
achieved using three-dimensional (3D) tetsubo-like Co(OH), nanorods on a macroporous electrically
conductive network (MECN) synthesized by a hydrothermal method. This unique framework comprises
three levels of porous structures, including a bottom-ordered MECN substrate, an intermediate layer of
vertically porous Co(OH), nanowires with a mean diameter of 100 nm and length of about 2 um, and
outmost Co(OH), nanosheets (=20 nm). The 3D array structure with a large aspect ratio provides a large

0 2016 specific surface area and exposes more active sites to catalyze electrochemical reactions at the
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Accepted 22nd December 2016 electrode—electrolyte interface. Compared with Co(OH), nanosheets on an MECN and foamy Co(OH), on an
MECN structure, the synthesized architecture has excellent HER catalytic reactivity, including a low potential of

DOI: 10.1039/c6ta09728f —69.2 mV vs. RHE, a cathodic current density of 10 mA cm™2, a small Tafel slope of 61.9 mV dec™?, a high
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1 Introduction

Owing to increasing energy demands and concerns regarding
environmental impact, much effort has been made to develop
and utilize renewable energy and associated techniques to
minimize the use of fossil fuels."” In energy conversion tech-
nologies such as electrochemical water splitting, cost-effective
active catalytic materials are key.>* The hydrogen evolution
reaction (HER), which is a half reaction in water splitting, may
fulfill the energy requirements.® Although platinum (Pt) is the
most efficient HER catalyst, its high cost limits its large-scale
application.”® In this respect, transition metal compounds are
potential catalysts for the HER because of their low cost and
environmental friendliness.”*® Nonetheless, it is important to
identify economical non-precious transition metal compounds
with efficient electrocatalytic properties.'® To date, the catalytic
performance of a number of different materials has been

“Shanghai Key Laboratory of Multidimensional Information Processing, East China
Normal University, 500 Dongchuan Road, Shanghai 200241, P. R. China. E-mail:
dyxiong@ee.ecnu.edu.cn; lwwang@ee.ecnu.edu.cn; Fax: +86-021-54345119; Tel:
+86-021-54345200; +86-021-54345160

’Key Laboratory of Polar Materials and Devices, Ministry of Education, Department of
Electronic Engineering, East China Normal University, 500 Dongchuan Road,
Shanghai 200241, P. R. China

“Department of Physics and Material Science, City University of Hong Kong, Tat Chee
Avenue, Kowloon, Hong Kong, China

This journal is © The Royal Society of Chemistry 2017

current density, and robust catalytic stability in 1 M KOH, and is promising in HER applications.

studied,'** for example, transition metal chalcogenide
(NiCo,S4) nanowires (NWs)/Ni foam (NF), MoS, nanosheets
(NSs),*®** carbides (VC NSs, Mo0,C),***" nitrides (WN nano-
particles, Mo,N),?***¢* phosphides (FeP NWs, Ni,P, CoP nano-
crystals, etc.),*?* oxides (Co/Co;0, core/shell NSs, NiCo,O/
CNTs),””?® and transition-metal hydroxides such as nickel
hydroxide and cobalt hydroxides.?**® In particular, Co(OH), is
promising due to its low cost, environmental friendliness, and
high catalytic activity.>* There have been efforts to synthesize
Co(OH), structures with different morphologies, including
nanoparticles, nanocones, nanowires, and nanosheets.**** For
example, Feng et al. prepared Co(OH),@PANI hybrid nano-
sheets with a 3D network with good electrocatalytic HER activity
in 1 M KOH.* In another study, CoS-doped B-Co(OH),@-
amorphous MoS,., hybrid catalysts grown on nickel foam and
synthesized in a one-step reaction showed a HER current density
of 10 mA cm™? at an overpotential of 143 mV in 1.0 M KOH.*
In general, high catalytic performance stems from syner-
gistic effects rendered by the electroactive materials and the
substrate.®® Nanostructured cobalt hydroxide has been fabricated
on different substrates such as Ni foam,*® graphene composites,*”
carbon nitride,*® Ag nanowires,* and carbon fibers.* However,
owing to the disordered structure of these electrocatalysts, some
of the internal electrocatalytic sites cannot be fully utilized,
resulting in low electrocatalytic activity in the HER.*' It is thus
necessary to optimize the structure of the catalysts to improve the
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HER efficiency.®*** A new trend is to produce a structure with
a large surface area, porous nanostructure, and good adhesion on
a three-dimensional (3D) ordered substrate with a large surface-
to-volume ratio.*»** Although we have fabricated Co(OH), nano-
sheets on MECNSs as supercapacitors by electrochemical deposi-
tion or hydrothermally,**¢ 3D tetsubo-like Co(OH), nanorods
have never been prepared on a macroporous electrically
conductive network (MECN).

In this work, tetsubo-like Co(OH), nanorods are produced on
a MECN (tetsubo-like Co(OH), NRs/MECN) with a large aspect
ratio by a pressurized hydrothermal method and the HER
properties in an alkaline environment are investigated. The
Co(OH), nanosheets (NSs) are produced on Co(OH), nanowires
(NWs) as a tetsubo-like Co(OH), NR nanostructure, which
provides a large interfacial area and ample active sites. The SEM
and TEM images of the tetsubo-like Co(OH), NRs/MECN show
that the structure possesses a special nanostructure composed
of nanosheets with an average thickness of 20 nm and nano-
wires with an average diameter of 100 nm and length of around
2 pm. X-ray spectra, including X-ray diffraction and X-ray
photoelectron spectroscopy spectra, demonstrate the crystalline
phase structure and valence of the tetsubo-like Co(OH), NRs/
MECN. In addition, the tetsubo-like Co(OH), NRs/MECN shows
a low overpotential of —69.2 mV vs. RHE at a current density of
10 mA cm ™ ? and a Tafel slope of 61.9 mV dec " in the HER in
1 M KOH, and the performance of the structure is superior to
that observed for pristine MECNs, Co(OH), NSs/MECNs, and
foamy Co(OH),/MECNSs.

2 Experimental details
2.1 Chemicals and substrates

All chemicals were of analytical grade and used without purifi-
cation. Nickel chloride (NiCl,-6H,0) and ammonium chloride
(NH,4CI) were obtained from Aladdin Reagent. Sodium hypo-
phosphite (NaH,PO,-H,0), ammonia (NH,OH), cobaltous
nitrate hexahydrate (Co(NOs),-6H,0) and carbamide (CO(NH,),)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
Aqueous solutions were prepared with 18 MQ deionized water at
room temperature. The Si microchannel plates (Si-MCPs) were
fabricated by electrochemical etching*” and divided into 1 cm x
1 cm samples by laser cutting.*®

2.2 Preparation of the MECN

The macroporous electrically conductive network (MECN) was
prepared by electroless plating of Si microchannel plates (Si-MCPs)
as described previously.* The Si-MCP comprised a square array of
5 um x 5 pm pore array channels about 250 pm in depth and 1 pm
thickness of the wall. The nickel layer was deposited on the outer
surface and inner sidewalls of the Si-MCPs simultaneously. In
order to decrease the electrical resistivity, the porous nano-Ni was
produced by a drop flowing deposition method.* 5.0 g of NH,Cl
(complexing agent) and 1.2 g of NaH,PO,-H,O (reducing agent)
were dissolved in 90 mL of 24 mM NiCl,-6H,0 to form a green
mixture. The pH of the solution was adjusted to 9-11 using
NH,OH, and the solution was stirred for 30 min. The Si-MCPs were
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immersed in a HF solution (HF : C,HsOH : H,O, 100 : 125 : 10,
v/v) for 5 min to remove impurities, then transferred to the elec-
troless plating solution, stirred magnetically for 20 min at 90 °C in
a liquid flow instrument, and dried at 80 °C overnight under
vacuum. The reactions are:

H,PO, +30H — HPO;> + 2H,0 + 2¢~ (1)

Ni** +2¢~ — Ni (2)

2.3 Synthesis of tetsubo-like Co(OH), nanorods on the
MECN

A 1.5 mM cobalt nitrate solution was prepared with DI water
(50 mL), 7.5 mmol of urea was added as a reducing agent, and
then the mixture was stirred for 5 min to obtain a clear solution.
The solution was then transferred to a Teflon-lined stainless-
steel autoclave. For in situ growth of the catalyst, the MECN was
transferred to a buffer solution of Triton X-100 for at least
2 minutes to increase the hydrophilicity, and the surface-
cleaned MECN was then immersed in the cobalt nitrate solu-
tion. The autoclave was locked tightly and maintained at 150 °C
for 3 h in a vacuum oven. After a certain period, the uniform
tetsubo-like Co(OH), nanorod arrays on the MECN were
removed from the solution, washed several times with DI water
to remove unreacted residues and dried at 80 °C under vacuum
for 6 h. To compare the catalytic activity, Co(OH), nanosheets
and foamy Co(OH), were also prepared on the MECN by the
same method, but with different hydrothermal treatment times
(2 h and 4 h).

2.4 Material characterization

The microstructure, morphology, and size of the samples were
investigated by field-emission scanning electron microscopy
(FE-SEM, Hitachi $-4800, Japan). HR-TEM (JEM-2010F, JEOL)
was performed at 200 kV and the phase composition was
determined by X-ray diffraction (XRD, Rigaku, RINR2000,
Japan) with Cu K, radiation (A = 1.5406 A). The chemical
composition was determined by X-ray photoelectron spectros-
copy (XPS, AXIS ULTRA DLD XPS). The Raman scattering
spectra were acquired from 0 to 3000 cm ™' on a micro-Raman
instrument (T6400 Jobin Yvon triple monochromator, Tokyo,
Japan) equipped with a charge-coupled detector and an Ar laser
(633 nm).

2.5 Electrochemical measurements

The catalytic properties were determined using a three-elec-
trode setup on a CHI 660E electrochemical workstation
(Chenhua Instruments, Shanghai) at room temperature. The
MECN, 2 h Co(OH),/MECN, 3 h Co(OH),/MECN, and 4 h
Co(OH),/MECN served separately as the working electrodes,
and a saturated calomel electrode (SCE) and Pt foil were used as
the reference and counter electrodes, respectively. The
measurements were performed in 150 mL of 1 M KOH (pH =
13.6) prepared with 18 MQ DI water. The performance of the
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hydrogen evolution catalyst was assessed by linear sweep vol-
tammetry from —0.43 V to 0.2 V vs. RHE at a scanning rate of
5 mV s '. The Tafel plots were obtained from the potentio-
dynamic polarization tests conducted at sweeping rates of
1 mV s ' in the anodic direction. Electrochemical impedance
spectroscopy (EIS) was performed with the working electrode
without a bias or biased at a certain potential, while the
frequency was swept from 100 kHz to 0.01 Hz. All of the poten-
tials were determined with respect to RHE using the following
equation:®® Egryg = Escg + 0.0592 x pH + 0.2415. The over-
potential (n) of the HER was then obtained from®* nygr = —Erpe-

3 Results and discussion
3.1 Characterization of the Co(OH),/MECN catalyst

The top-view and cross-sectional morphologies of the Si-MCPs
and Ni/Si-MCPs (MECN) before and after plating were examined
by SEM. As shown in Fig. 1(a)-(d), before plating, the micro-
channels had a depth of about 250 pm and a size of 5 x 5 um,
giving an aspect ratio of around 50. Electroless deposition® of
Ni was carried out on the Si-MCPs with a low resistance of less
than 1 Q for 20 min. The uniform deposition of nickel onto the
sidewalls of the microchannels was facilitated by the abun-
dance of nanoparticles on the sidewalls; this is beneficial for the
further deposition of active substances on the inner sidewalls of
the Ni/Si-MCPs and provides good protection of the silicon
backbone in the KOH electrolyte. Fig. 2 displays a schematic
illustration of the in situ growth of the tetsubo-like Co(OH),
nanorod arrays on the 3D electrically conducting MECN by
a one-step hydrothermal method. The MECN is selected as the

Fig. 1
morphology of the MECN.
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substrate because of its excellent electrical conductivity, and
large-aspect-ratio 3D microchannel array structure (Fig. 2(a)). In
the first step, uniform Co(OH), nanosheets are produced on the
MECN (1 ecm x 1 cm) by hydrothermal treatment of Co*" in
water in the presence of urea at 150 °C for 2 h (Fig. 2(b)). The
Co(OH), nanowires are formed during a 2.5 h period (Fig. 2(c))
and then converted into tetsubo-like nanorods (Fig. 2(d)) over
a period of 3 h by a hydrothermal method, with the MECN
serving as the skeleton to anchor the nanorods. The sample
surface is completely covered with the tetsubo-like Co(OH),
nanorods, and FE-SEM confirms the formation of the nanorod
arrays on the 3D structure (Fig. 2(d)). As is well known, the use
of different synthesis times can affect the external structure,
and the crystal growth mechanisms in solution are so compli-
cated that the actual crystallization mechanism remains an
open question. Initial nucleation, oriented aggregation, and
Ostwald ripening, etc., have been suggested to account for the
process of crystal growth.*> Co(NO3),, H,O and CO(NH,), react
with each other to form Co(OH),. The reactions®* are described
as follows:

NO;~ + 7H,0 + 8¢~ — NH,* + 100H™ (3)

Co** + 20H™ — Co(OH), (4)

Subsequently, the nanoparticles begin to assemble together
and spontaneously aggregate into Co(OH), nanosheet struc-
tures.®® Due to a reduction in the high surface energy through
the process known as oriented aggregation, Co(OH), nanowires

(@) Top view of the Si-MCPs, (b) cross-sectional morphology of the Si-MCPs, (c) top view of the MECN, and (d) cross-sectional
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Fig.2 Schematic illustration of the formation of tetsubo-like Co(OH), nanorods on MECN and the corresponding cross-sectional morphology:
(@) MECN, (b) in situ growth of Co(OH), nanosheets on MECN (2 h), (c) in situ growth of Co(OH), nanowires on MECN (2.5 h), and (d) in situ growth
of tetsubo-like Co(OH), nanorods on MECN (3 h).

are formed.*® Ostwald ripening dictates the rate of growth and The morphology of the 3D Co(OH),/MECNs was examined by
recrystallization, and the Co(OH), nanowires are finally con- SEM and TEM. Fig. 3 displays the FE-SEM images of the cata-
verted into tetsubo-like nanorods through an Ostwald ripening lysts on the MECN support. The top-view and cross-sectional
process.*’ morphologies of the Co(OH),/MECNs (2 h) are shown in

Fig. 3 (a)-(c) Top view of the Co(OH),/MECN (2 h) at different magnifications; (d) cross-sectional morphology of Co(OH),/MECN (2 h); (e)-(g)
top view of the Co(OH),/MECN (3 h) at different magnifications; (h) cross-sectional morphology of Co(OH),/MECN (3 h); (i)-(k) top view of the
Co(OH),/MECN (4 h) at different magnifications; (1) cross-sectional morphology of Co(OH),/MECN (4 h).
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Fig. 3(a)-(d). The vertical Co(OH), nanosheets cover the inner
side and surface, forming the 3D Co(OH),/MECN array struc-
ture, as shown in Fig. 3(a)-(d). The porous Co(OH), NS network
has a pore size of 0.1-0.5 um and a thickness of about 20 nm.
Fig. 3(e)-(g) show images of the tetsubo-like Co(OH), nanorods
at different magnifications. Fig. 3(e) reveals that the MECN is
covered uniformly with the Co(OH), catalyst, forming 3D
porous nanorods (Fig. 3(g)), and Fig. 3(h) discloses that the
tetsubo-like Co(OH), nanorod arrays are also formed on the
inner side of the MECN. The Co(OH), nanorods have a mean
diameter of about 150 nm and a length of about 2 um. Similarly,
the foamy Co(OH), NRs (Fig. 3(i)-(1)) are uniformly distributed
on the surface and inner sidewall of the MECN. The Co(OH),
NRs on the surface resemble flowers and those formed on the
inner side of MECN are like foam, because of aggregation.

The TEM image of the Co(OH), in Fig. 4(a) confirms the
nanorod structure. The length of the Co(OH), nanorods is about
2 um and the diameter is about 150 nm, consistent with the
SEM images. The high-resolution (HR) TEM image of the
Co(OH), NSs on the tetsubo-like Co(OH), NRs in Fig. 4(b) shows
that Co(OH), has an obvious lattice fringe indicative of a crys-
talline structure. The interplanar spacing in Fig. 4(b) is 0.46 nm,
corresponding to the (001) lattice spacing of Co(OH),.**** The
HR-TEM image of the Co(OH), NRs in Fig. 4(c) further confirms
that the Co(OH), NRs have a crystalline structure. The inter-
planar spacings in Fig. 4(c) are 0.27 and 0.24 nm, corresponding
to the (100) and (011) lattice spacings of Co(OH),, respectively.
The selected-area electron diffraction (SAED) patterns in
Fig. 4(d) reveal several intense spots in random orientations
arising from the crystalline structure, which is consistent with
the HR-TEM images in Fig. 4(b) and (c).

Fig. 4
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To determine the chemical composition of the Co(OH), on
MECN, powder XRD and Raman scattering were conducted. As
shown in Fig. 5(a), the peaks of the Si-MCPs [(400), marked with
a square] with high intensities are not shown completely here.
All of the samples show three distinct (111), (200) and (220)
diffraction peaks (marked with a solid triangle) at 26 = 44.8°,
52.3° and 76.1° (Ni: JCPDS card no. 01-089-7128). In addition to
the three representative peaks from the MECN substrate, the
other sharp diffraction peaks with 26 values of 33.0° and 61.8°
(marked with a solid diamond) are indexed to Co(OH), (JCPDS
30-0443).** Fig. 5(b) shows the Raman spectrum of the Co(OH),/
MECN composite. There is a distinct peak at 520 cm ™' assigned
to the Co(OH), crystalline phase. The valence states of nickel
and cobalt in Co(OH),/MECN are determined by XPS. The
survey spectrum in Fig. 5(c) shows the presence of C, O, Ni, Co,
and Si. Comparison of the initial sample with the sample after
5000 CV cycles indicates that the Pt counter electrode does not
dissolve into the solution or become deposited on the working
electrode, and thus it does not contribute to the HER activity of
the working electrode. As shown in Fig. 5(d), the binding
energies of the Co 2p;, and Co 2p;, photoelectrons are
779.7 eV and 795.2 eV, corresponding to Co”" and Co’,
respectively, with an energy separation of 15.5 eV, in good
agreement with reported data for Co 2p;, and Co 2p;), in
Co(OH),.*® The weak satellite peaks indicate that the majority of
the Co atoms are in the Co®" state.** Similarly, in the Ni 2p XPS
spectrum (Fig. 5(e)), the binding energies at 853.2 eV for Ni 2p3/,
and 872.6 eV for Ni 2p,,, are spin-orbit characteristics of Ni*",
while the binding energies at 856.2 eV for Ni 2p;/, and 874.4 eV
for Ni 2py/, are spin-orbit characteristics of Ni**.”* Likewise, the
intense satellite peak suggests that Ni*" is predominant.* The O

(@) TEM image of Co(OH),/MECN (3 h); (b and c) HR-TEM images of Co(OH),/MECN (3 h); (d) SAED pattern.
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(a) XRD patterns of MECN, Co(OH),/MECN (2 h), Co(OH),/MECN (3 h), and Co(OH),/MECN (4 h); (b) Raman spectra of Co(OH),/MECN; (c)

XPS survey spectra of Co(OH),/MECN (3 h) before and after 5000 CV cycles; XPS spectra of (d) Co 2p, (e) Ni 2p, and (f) O 1s for Co(OH),/MECN (3 h).

1s spectrum shows three oxygen contributions denoted as O1
(528.9 eV), 02 (529.5 eV) and 03 (530.0 eV), ascribed to Co-O,
Co-OH, and physisorbed/chemisorbed oxygen at/near the
surface,” respectively. These results are in good agreement with
the observed XRD patterns of the Co(OH), on the MECN.

3.2 Electrocatalytic properties in the HER

To explore the suitability of the tetsubo-like Co(OH), NRs/
MECN catalysts in water splitting, the electrocatalytic HER
performance of all of the samples was assessed in 1 M KOH
using LSV in a three-electrode system. Fig. 6(a) presents the
polarization curves of MECNs, Co(OH),/MECNs (2 h), Co(OH),/
MECNS (3 h), Co(OH),/MECNSs (4 h), and Ni foam. The cathodic
current density is an important criterion in evaluating the HR
activity of catalysts. With regard to Co(OH),/MECNSs (3 h), only
—69.3 mV is required to generate a cathodic current density of
10 mA cm ™2, which is much smaller than the values (—94.2 mV
and —119.3 mV) required for the Co(OH),/MECNs (4 h) and
Co(OH),/MECNSs (2 h). The MECN requires an overpotential of
124.2 mvV for a current density of 10 mA cm ™ and the Ni foam

2634 | J. Mater. Chem. A, 2017, 5, 2629-2639

requires a very high overpotential of 229.7 mV to produce
a current density of 10 mA cm ™2 The unique 3D architecture
offers a large interfacial area for the reaction, numerous chan-
nels for rapid diffusion of electrolyte ions, and fast electron
transport leading to excellent HER performance. Fig. 6(b)
presents the overpotentials required by the electrocatalysts to
give current densities of 10 mA cm™> and 20 mA cm > in 1 M
KOH and Fig. 6(c) displays the corresponding Tafel plots. The
linear regions in the LSV curves are fitted to the Tafel equation
to measure the corresponding Tafel slopes. The Tafel slope of
the Co(OH),/MECNS (3 h) (61.9 mV dec™ ") is smaller than those
of the other electrocatalysts: 83.8, 90.8,98.9 and 110.2 mV dec ™
for Co(OH),/MECNS (4 h), Co(OH),/MECNSs (2 h), MECNs, and
Ni foam, respectively. The Tafel slope also reveals better HER
performance from the Co(OH),/MECNSs (3 h), in good agree-
ment with the LSV data. A small Tafel slope is desirable in prac-
tice because of the energy efficiency and enhancement of hydrogen
evolution at a small overpotential. The HER performance of
the tetsubo-like Co(OH),/MECNs//Co(OH), NSs/MECNs//foamy
Co(OH),/MECNs is comparable to that recently reported for

This journal is © The Royal Society of Chemistry 2017
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(a) HER polarization curves of Ni foam, MECN, Co(OH),/MECN (2 h), Co(OH),/MECN (3 h), and Co(OH),/MECN (4 h) at a scanning rate of 5
: (b) the overpotential required to achieve a current density of 10 mA cm™2 and 20 mA cm™ for the different electrocatalysts; (c) the

corresponding Tafel plots of the HER; (d) Nyquist plots of the MECN, Co(OH),/MECN (2 h), Co(OH),/MECN (3 h), Co(OH),/MECN (4 h) electrodes

for the frequency range between 100 kHz and 10 mHz in 1 M KOH.

Co-based electroactive materials (Table 1). In particular, the HER
activity observed from the Co(OH),/MECNSs (3 h) is excellent, due
to the 3D ordered architecture, large surface area, and abundant
active sites.

To elucidate the HER kinetics on the surface of the catalysts,
electrochemical impedance spectroscopy (EIS) was performed.
As can be seen from Fig. 6(d), the Nyquist plots are presented, in
which the square, round and triangular signs represent the
experimental data and the solid lines are the results fitted to an
equivalent circuit shown in the inset of Fig. 6(d). In the equiv-
alent circuit, R, represents the overall series resistance, CPEy is

the capacitance phase element of the depletion layer, R s is the
charge transfer resistance in the depletion layer, CPEq, is the
capacitance phase element in the double layer at the catalyst-
electrolyte interface, and R q is the charge transfer resistance
of the double layer at the catalyst-electrolyte interface. Ry q; is
correlated to the kinetics of the faradaic reaction across the
double layer, with a smaller value corresponding to a faster
reaction rate. The high-frequency response in EIS is attributed to
the charge transfer process in the depletion layer of the catalysts
(i.e., Co(OH),/MECN (3 h) and Co(OH),/MECN (4 h)). The low-
frequency response is associated with charge transfer across the

Table 1 Comparison of HER activity data among various catalysts in the literature

7 (Vvs. RHE) n (V vs. RHE) Tafel slope

Catalyst Support Electrolyte for 10 mA cm 2 for 20 mA cm > (mV dec™) Ref.
Tetsubo-like Co(OH), NWs MECN 1 M KOH 69.3 94.2 61.9 This work
Co(OH), NSs MECN 1M KOH 94.2 129.2 83.8 This work
Foamy Co(OH), MECN 1 M KOH 119.3 154.5 90.8 This work
Co(OH),@PANI HNSs Ni foam 1M KOH 65 95 91.6 35
C0S-Co(OH),@aMoS, Ni foam 1 M KOH 143 175 68 34
NiCo,S4s NW Ni foam 1M KOH 210 275 58.9 18
Co/Co;0, core/shell NSs Ni foam 1M KOH 90 135 44 27

CoP Carbon cloth 0.5 M H,SO, 67 100 51 59

CoP Ti foil 0.5 M H,S0, 85 50 60
C0p.cMo0; 4N, GCE 0.1 M HCIO, 202 267 57

Co CNF-700 1M KOH 196 263 96 58

This journal is © The Royal Society of Chemistry 2017
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Table 2 Fitted results of important parameters in the equivalent circuit
Rs (Q) Res (Q) Reeal (Q) CPE,-T CPE,-P CPE4-T CPEy-P
MECN 2.25 5.419 5.006 0.135 0.519 0.014 0.936
2 h Co(OH),/MECN 1.936 12.76 21.91 0.014 1.004 0.076 0.562
3 h Co(OH),/MECN 1.682 7.954 4.295 0.010 0.882 0.837 0.508
4 h Co(OH),/MECN 2.048 16.15 6.089 0.056 0.563 0.009 1.026
3 h Co(OH),/MECN 5000 cycles 1.686 0.181 152 1.086 0.602 0.410 0.906

double layer at the catalyst-electrolyte interface. The Co(OH),/
MECN (3 h) sample shows a smaller semicircle in the small-
frequency range, implying a smaller R. 4, in comparison with
MECN, Co(OH),/MECN (2 h), and Co(OH),/MECN (4 h). All of the
fitted values in EIS are listed in Table 2. The fitted values of R . q|
are 5.006, 21.91, 4.295, and 6.089 Q for MECN, Co(OH),/MECN (2
h), Co(OH),/MECN (3 h), and Co(OH),/MECN (4 h), respectively,
indicating that Co(OH),/MECN (3 h) has a faster reaction rate
than Co(OH),/MECN (2 h) and Co(OH),/MECN (4 h).

Fig. 7(a) compares the cyclic voltammetry (CV) curves of the
pristine MECN, Co(OH),/MECN (2 h), Co(OH),/MECN (3 h), and
Co(OH),/MECN (4 h) at a scanning rate of 5 mV s '. At the
potential of the HER, the larger current density of Co(OH),/
MECN (3 h) results in higher electrochemical activity arising
from the increased surface area and 3D structure. CV was per-
formed on the Co(OH),/MECN (3 h) in the potential range
between —0.35 and 1.65 V vs. RHE at scanning rates between 5
and 80 mV s~ '. Fig. 7(b) shows the typical curves of the
Co(OH),/MECN (3 h), revealing swift and reversible redox
peaks ascribed to more electron/ion paths and faster charge

Fig. 7

transportation due to the improved conductivity. The Co(OH),/
MECN (3 h) shows two anodic peaks and corresponding cathodic
peaks associated with the redox couples of Co>*/Co®" and Co*'/
Co™. As a result, the transition on the surface of Co(OH), can be
summarized by the following equations:*

Co(OH), + OH™ — CoOOH + H,O + ¢~ (5)

CoOOH + OH™ — CoO, + H,0 + ¢ (6)

Fig. 7(c) presents the polarization curves of the Co(OH),/
MECN (3 h) at different scanning rates between 2 and 10 mVs™ ',
indicating that the scanning rate has a negligible effect on the
HER activity of the Co(OH),/MECN (3 h). Fig. 7(d) shows the
corresponding results at —0.4 V vs. RHE. The increase in the
cathodic current density of the Co(OH),/MECN (3 h) can be
neglected as the scanning rate increases, indicating the advan-
tages of tetsubo-like Co(OH), nanorods with much better
stability and electron transfer efficiencies for significantly

(a) Cyclic voltammetry curves of MECN, Co(OH),/MECN (2 h), Co(OH),/MECN (3 h), and Co(OH),/MECN (4 h) at a scanning rate of 5 mV

s (b) CV curves of Co(OH),/MECN (3 h) at different scanning rates in 1 M KOH; (c) LSV curves of Co(OH),/MECN (3 h) at different scanning

rates; (d) the corresponding current densities at —0.4 V vs. RHE.
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Fig. 8
polarization curves; (c) Tafel plots; (d) Nyquist plots.

enhanced HER performance. The tetsubo-like Co(OH), nano-
rods were also believed to facilitate the electron and mass
transfer process via exposing more active centers to the
reactants.

Fig. 8(a) shows the polarization curves of the Co(OH),/MECN
(3 h) at different stirring rates between 0 and 450 rpm. As the
stirring speed is increased, the cathodic current density increases
at the same potential. Rapid stirring dislodges bubbles, enabling
rapid diffusion of electrolyte ions and expediting electron
transport. The durability of the Co(OH),/MECN (3 h) electro-
catalyst is evaluated by CV measurement at a scanning rate of
40 mV s~ . The polarization curves of the initial cycle and after
5000 CV cycles are displayed in Fig. 8(b), which shows a mere
40 mA cm 2 shift in the current density for the overpotential of
—0.4 Vvs. RHE in the initial 5000 CV cycles. The corresponding
Tafel slopes and Nyquist plots in Fig. 8(c) and (d) show that the
performance of the Co(OH),/MECN (3 h) is attenuated to
a different degree, partially due to corrosion of the tetsubo-like
nanorod structure in the alkaline solution. Nevertheless, these
overall results demonstrate the potential application of 3D tet-
subo-like Co(OH), NRs on MECNSs for high-performance energy
conversion.

4 Conclusion

Tetsubo-like Co(OH), nanorods are fabricated on a 3D macro-
porous electrically conductive network as efficient electrocatalysts
in an alkaline medium. The tetsubo-like Co(OH), catalysts were
coated on the MECN with a large aspect ratio to form 3D

This journal is © The Royal Society of Chemistry 2017
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(a) LSV curves of Co(OH),/MECN (3 h) at different stirring rates and stability evaluation of Co(OH),/MECN (3 h) before and after CV; (b)

networked nanorods with a large exposed surface area facili-
tating the electrochemical reactions at the interface between the
catalyst and electrolyte. Because of the large surface area, well-
separated nanorod structure, uniform growth, and enhanced
charge transport, the binder-free tetsubo-like Co(OH), NRs/
MECN electrode shows excellent HER activity, with a low
overpotential of —69.3 mV vs. RHE required to deliver
a hydrogen production current density of 10 mA cm ™2, a Tafel
slope of 61.9 mV dec *, and a high current density (—94.2 mV,
20 mA cm?) for the HER in 1 M KOH. The synergistic effects
between the tetsubo-like Co(OH), nanorods and the MECN
render the design useful for HER applications.
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