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Self-supported Nanoporous NiCo,0, Nanowires with Cobalt-nickel
Layered Oxide Nanosheets for Overall Water Splitting

Jie Yin,? Panpan Zhou,’ Li An,? Liang Huang,® Changwei Shao,‘Jun Wang," Hongyan Liu® and

L b
Pinxian Xi**

Water splitting via the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in producing H, and O, is a
very important process in the energy field. Developing an efficient catalyst which can be applied into both HER and OER is
crucial. Here, a bifunctional catalyst, CFP/NiC0,0,/Coqs;Nio.43LMOs, was successfully fabricated. It exhibits remarkable
performance for OER in 0.1 M KOH producing a current density of 10 mA cm?atan overpotential of 0.34 V (1.57 V vs.
RHE), better than that of the commercial Ir/C (20 %) catalyst. Simultaneously, good catalytic performance for HER in 0.5 M
H,SO, producing a current density of 10 mA cm?atan overpotential of 52 mV and a Tafel slope of 34 mV dec™,
approaching to that of the commercial Pt/C (20 %) nanocatalyst. Particularly, CFP/NiC0,04/Coo 5/Nio.43LMOs present better
durability under harsh OER and HER cycling conditions than commercial Ir/C and Pt/C. Furthermore, an H-type electrolyzer
was fabricated by applying CFP/NiC0,04/C0457Ni.43LMOs as cathode and anode electrocatalyst, which can be driven by a
single-cell battery. This bifunctional catalyst will be very promising in overall water splitting.

Introduction

Due to accelerated depletion of fossil fuels, splitting water into
hydrogen and oxygen has attracted great interest in recent
years.™?
evolution reaction (OER) and the hydrogen evolution reaction
(HER) are vital for its overall efficiency.3’4 Usually, the noble
metals are used to serve as the efficient catalysts for OER and
HER (e.g., Ir or Ru for OER? and Pt for HER4), but the high cost
limits their Therefore, developing
efficient and economical catalysts comprised of easily obtained

For the water-splitting reaction, both the oxygen

large-scale application.

materials for the OER and HER is becoming very crucial for
water splitting devices,s‘6 in which the water-splitting catalysts
made up of earth-abundant elements have been paid a lot of
attention.’ Recently, synthetic mimics of enzymes based on
Fe? (hydrogenase active site) and heterogeneous metal oxide
systems (e.g.,Co30, cIusters)9 have been applied in the water
splitting, and they show good performance in producing
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hydrogen and oxygen, respectively. While an interesting and
appealing subject being in the ascendant level is how to
produce hydrogen and oxygen simultaneously with good yields
by using an efficient and distinctive catalyst. Cobo et al.
reported a robust nanoparticulate electrocatalytic material
(H,-CoCat) composed of metallic cobalt coated with a cobalt-
oxo/hydroxo-phosphate layer in contact with the electrolyte,
which shows to be efficient in mediating H, evolution from
neutral aqueous buffer at modest overpotentials. On the other
hand, it is also effective in catalysing O, evolution when it was
converted on anodic equilibration into the amorphous cobalt
oxide film (O,-CoCat or CoPi).10a More recently, a series of
water-soluble copper complexes have been investigated by Liu
and coworkers, which can be used as catalyst precursors to
generate the copper-based bifunctional catalyst for both
hydrogen production reactions.’®
Evidently, these 3d-metal-based catalysts are very promising in
the water-splitting process.11 Noticeably, compounds of AB,X,
(A, B = metal, X = chalcogen) as 3d-metal-based catalysts have
good efficiency in OER, which can be used as cheap,

and water oxidation

sustainable and efficient electrocatalyst alternatives to noble
metal based materials.***? For instance, NiCo,0, shows great
effience in OER.™ It stimulates us to explore whether we can
fabricate another bifunctional catalyst based on NiCo,0,.

It is known that ternary nickel-cobalt metal oxide such as
nickel cobaltite (NiCo,0,) adopts a structure in which nickel
occupies the octahedral sites and cobalt distributes over both
octahedral and tetrahedral sites,*>* and it displays many
intriguing advantages like low cost, abundant resources and
easy to offer richer redox chemistry because of the
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combinedcontributions from both nickel and cobalt ions." It
has been reported that NiCo,0, performed better toward
OER.* To realize the overall water splitting, highly active HER
catalysts also need to be developed. Through optimize of the
surface structure of electrodes to improve their performance
is proved to be a prime method for the fabrication of the
electro catalysts.13 As an example, Hu and co-workers had
proved that layered double hydroxide is a kind of efficient
electro catalyst.19 To expand the HER performance of NiCo,0,,
meet the bifunctional requirement and extend the scope of
non-precious HER catalysts more active Co and Ni-based
layered mixed oxide nanosheets (Cogs7Nigs3LMOs) are
desirable candidate for alter the surface of CFP/NiCo,0, to
achieve the enhanced OER and better HER performance for
water splitting.

Results and discussion

Characterization Studies

A two-step strategy  was used to fabricate
CFP/NiC0,04/C0¢57Nip43LMOs.  First, NiCo,0, NWs s
hydrothermally grown on CFP according our previous

method,20 followed by an electro-deposition, a thin Cogs7Nig a3
DHs were coated on the NiCo,0, NWs, and then annealed at
300 °C in air  for 2 hours to get the
CFP/NiC0,04/C0¢57Nip43LMOs. Fig. 1a shows the X-ray
diffraction (XRD) patterns for NiCo,0, NWs grown on CFP and
the Cogs57Nig43LMOs which were coated on the CFP/NiCo,0,.
From the XRD patterns, we can found that the hybrid structure
contains cubic NiCo,0, with lattice constants a =b =c = 8.11 A
and a space group of F*3 (JCPDS Card No0.20-781). There are
two noticeable lattice planes (220) and (311) of NiCo,0,, which
at 20 of 31.21 and 36.78." The mixed oxide NiO and Co30,
with rhombohedral and cubic structure, which belong to the
space group of R-3m (JCPDS Card No. 22-1189) and Fd3m
(JCPDS Card No. 42-1467), respectively. There are two
noticeable lattice planes (220) at 20 of 43.78 for NiO and (311)
at 20 of 36.78 for Co304.21b Fig. 1b shows the scaning electron
microscopy (SEM) image illustrates that the NiCo,0, NWs
which uniform coated on the CFP. The NiCo,0, NWs are highly
porous and composed of 10-20 nm nanocrystallites with pores
of 2-4 nm in diameter (insert of Fig. 1b). The transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM) image and selected area
electron diffraction (SAED) pattern show that the mesoporous
NiCo,0, NWs are polycrystalline (Fig. S2). After the coating
process, the Cog 57Nig43LMOs were coated on the CFP/NiCo,0,
to form CFP/NiC0,0,/Coq.57Nig43LMOs, as illustrated in Fig. 1c.
The Cogs7Nig43LMOs thin film coatings on the surface of
NiCo,0, NWs have a thickness of several nanometers which is
observed in TEM image (Fig. 1d). Fig. 1e shows the HRTEM
image of amorphous Cog 57Nip43LMOs which presents different
domains and crystalline of NiCo,0,4, with a clearly identified
lattice fringe space of 2.4 A corresponding to the (311) plane
of the cubic NiCo,0, spinel phase. The spatial distributions of
the elements in the shell structures were characterized using

2| J. Name., 2012, 00, 1-3

energy-dispersive spectroscopy (EDS) in the form of individual
elements (Co, Ni, and O) (Fig. 1f), together verifying the
homogeneous distribution of closely interconnected NiCo,0,
NWs and layered mixed oxide nanosheets. These results
clearly confirm that NiCo,0,/Coqs7Nigs3LMOs have been
successfully prepared.

020
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20 (degre

Fig.1 (a) XRD of NiCo,0, NWs and CFP/NiC0,04/C0¢57Nip43LMOs. (b) SEM image
of CFP/NiCo,0, NWs. The oinset in (b) shows the TEM of the NiCo,0, NWs. (c)
SEM image of CFP/NiC0,04/C0057Nip43LMOs. Inset in (c) shows the SEM of the
CFP/NiC0,0,/Co0q 57Nig.43LMOs. (d) TEM image of single
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CFP/NiC0,04/Co0,57Nio.4sLMOs. () HRTEM image of CFP/NiC0,04/C0g.57Nio.43LMOs.

(f) EDS elemental mapping images of CFP/NiC0,04/C0¢.57Nip43LMOs.
Microscopic elemental compositions of
NiC0,0,/Coq 57Nig43LMOs were further investigated using
energy dispersive X-ray (EDX). The EDX measurements show
that Co, Ni and O are the component elements of the
NiC0,0,/Coq 57Nig 43LMOs (Fig. S1). The chemical compositions
of CFP/NiC0,0,/Coq.57Nig43LMOs were further analyzed by X-
ray photoelectron spectra (XPS). An elemental survey of XPS
indicates the presence of Co, Ni, O elements in
CFP/NiC0,0,/Co¢.57Nip.43LMOs (Fig. S3). The O1s spectra (Fig.
2a) show three oxygen contributions, denoted as O1 (529.5
eV), 02 (532.7 eV) and 03 (531.1 eV), corresponding to the
three different O in CFP/NiC0,04/Cog 57Nip43LMOs. The Co 2p
spectra (Fig. 2b) are composed of two spin-orbit doublets
characteristic of Co®" and Co®" and two shakeup satellites
(identified as “Sat.”). Two main peaks observed at 794.81 eV
and 779.65 eV with spin-orbit splitting of ~15 eV are attributed
to Co 2p;/; and Co 2p;/,. Additionally, there are two shake-up
satellite peaks at ~803.38 eV and ~789,35 eV.The energy gap
between the Co 2p main peak and the satellite peak is about
9.7 eV, which means the Co cation holds a valence of 3+
Similarly, the Ni 2p spectra (Fig. 2c) consist of two spin-orbit
doublets characteristics of Ni’* and Ni** and two Sat. Two main
peaks observed at 872.34 eV and 854.90 eV with spin-orbit
splitting of ~17 eV are attributed to Ni 2p;;; and Ni 2p;,.
Additionally, there are two shake-up satellite peaks at ~878.72
eV and ~860.59 eV.” Further, Raman spectroscopy was also
used to characterize the phase composition of the
CFP/NiC0,0,/Co0¢.57Nip.43LMOs hybrid structure. As shown in
Fig. S4, the peaks at 186, 480, 529, and 668 cm™ correspond to
Fyg, Eg, Fyg and A;gmodels of the NiCo,0, NWs, respectively.24
After Cogs7Nig43LMOs coating, a new peak at 564 em™ was
observed, corresponding to the well-known A;, models of the
Co30,4, which the peak at 638 em™ corresponds to the A

This journal is © The Royal Society of Chemistry 20xx
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models of NiO.”> The above results clearly demonstrate that
CFP/NiC0,0,/Cog.57Nip.43LMOs were successfully fabricated. To
investigate the conduction band (CB) and valence band (VB)
levels of CFP/NiCo,0, and CFP/NiC0,0,/Coq.57Nig43LMOs, cyclic
voltammetry (CV) analysis was performed with an Ag/AgCl
reference electrode (Fig. 55).26 The calculated CB, VB, and
electrochemical band gaps of  CFP/NiCo,0, and
CFP/NiC0,04/C0¢57Nip43LMOs (Table 1) are similar to the
reported band gaps that are suitable for water splitting
applications.27 Furthermore, the bandgap of the
CFP/NiC0,04/Cogq57Nip43LMOs have been reduced to 1.02 eV
from 1.49 eV of CFP/ NiCo,0, after Cogs;Nigs3LMOs coating,
which could lead to more charge carriers and higher intrinsic
conductivity.28
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Fig. 2 XPS spectrum of the (a) O 1s, (b) Co 2p and (c) Ni 2p of
CFP/NiC0,04/C0¢.57Nio.43LMOs.
Table 1. The CB and VB of CFP/NiC0,04 and CFP/NiC0,04/Cog 57Ni¢.43LMOs.
Ere Eox E E E,
Catalyst d @ v y
\] v) (eV) (eV) (eV)
CFP/NiCo0,0, -0.44 0.42 -4.01 -5.5 1.49
CFP/NiC0,04/Cog57Ni.43LMOs -0.37 0.38 -4.08 -5.1 1.02

Oxygen Evolution Activity

The OER activity of Cogs7Nips3LMOs was evaluated in O,-
saturated 0.1 M KOH (pH = 13) solution using a standard three-
electrode system with a scan rate of 2 mV s™. Commerecial Ir/C
catalyst (20 wt% Ir on Vulcan carbon black from Premetek Co.)
loading on CFP and CFP were also examined for comparison.
The OER polarization curves were recorded by linear sweep
voltammetry (LSV) curves, the as-measured reaction currents
do not directly reflect the intrinsic behavior of catalysts due to
the effect of ohmic resistance (iR), an iR correction was applied
to all initial data for further analysis.29 Fig. 3a shows the
polarization curves of CFP/NiCo,0,,
CFP/NiC0,04/Co¢.57Nip.43LMOs, CFP and Ir/C. It can be found
that CFP/NiCo0,04/Cog s7Nip43LMOs  exhibit  considerably
enhanced OER activity with an onset potential of 1.32 V lower
than Ir/C (1.47 V vs. RHE), a sharp rise of anodic current
resulted from a further positive potential suggests its highly
electrocatalytic activity toward the OER. In addition, the
overpotential of CFP/NiC0,0,/Coq.57Nig.43LMOs measured at 10
mA cm is 340 mV, which is lower than CFP/NiCo,0, (550 mV)
and even Ir/C (381 mV) (listed in Table 2). Compared to the
behaviors of most non-metal®® and even some metal catalysts
like N-doped graphene-NiCo,0,"* 3D NF/PC/AN,*

This journal is © The Royal Society of Chemistry 20xx

mesoporous Co30432 and Co3O4/SWNTs33 in alkaline
electrolytes (listed in Table S1), this overpotential is more
favorable. Furthermore, the OER kinetics of the above
catalysts were probed by Tafel plots (log j - n), more favorable
kinetic and superior catalytic activity can be seen from the
much lower Tafel slope (Table 2). As shown in Fig. 3b, the
resulted Tafel slopes are found to be 63, 123 and 53 mV dec?
for CFP/NiCo,0,/Cogs7Nig43LMOs, CFP/NiCo,0, and Ir/C,
respectively (Table 2), which suggesting that
CFP/NiC0,0,/Co0¢57Nip43LMOs acts as a high-performance
anode for generating oxygen from water.

To investigate the reaction mechanism, the rotating ring-
disk electrode (RRDE) technique was employed with a Pt ring
electrode potential of 1.50 V to oxidize the peroxide
intermediates formed at the CFP/NiCo,04/Cogs7Nip43LMOs
surface during the OER process. CFP/NiC0,0,/Coq.57Nig.43LMOs
were crushed and coated on a RRDE (see experimental for
details). As shown in Fig. 3c, a very low ring current (1A scale)
was detected, suggesting a desirable four electron pathway
without hydrogen peroxide formation for water oxidation (i.e.,
40H - 0, + 2H,0 + 4e').34 Furthermore, an RRDE with a ring
potential of 0.40 V was applied to reduce the generated O,,
rendering a continuous OER (disk electrode) - ORR (ring
electrode) process to calculate the Faradaic efficiency (Fig. $6).
With the constant disk current at 127 pA, O, molecules
generated from the disk electrode by the

CFP/NiC0,0,/Cog57Nip.43LMOs and sweep across the
surrounding Pt ring electrode that is held at 0.4 V (vs. RHE).
Consequently, a ring current of ~24.75 pA was detected (Fig.
3d), which can be attributed to OER with a high Faradaic
efficiency of 97.3 % (see detailed calculations in the
Experimental Section).

The electrochemical impedance spectroscopy (EIS) analysis
of CFP, CFP/NiCo,0, and CFP/NiCo,0,/Cog57Nip43LMOs were
also performed (Fig. 3e). The semicircles in the high- and low-
frequency range of the Nyquist plot are attributed to the
charge-transfer resistance (Rcr) and solution resistance (Rs),
which are related to the electro catalytic kinetics and a lower
value corresponds to a faster reaction rate.® The semicircular
diameter in the EIS of CFP/NiCo,0, is much larger than that of
CFP/NiC0,0,/Co¢.57Nip.43LMOs, the Nyquist plots reveal a
remarkable decrease of the charge-transfer resistance (R¢t)
from 13.5 Q (CFP/NiCo,0,) to 5.2 Q
(CFP/NiCo0,0,/Cog 57Nip 43LMOs) (Table S2), consistent with the
lower overpotential and better OER activity (Fig. 3a). These
findings suggest that CFP/NiC0,0,/Coq.5;Nip43LMOs have the
fastest charge transfer process among all those catalysts due
to the unique structure of nanoporous NiCo,0, NWs with
hierarchically cobalt-nickel layered mixed oxide nanosheets,
which exhibit outstanding OER property.

The stability of the catalysts is always an essential aspect in
their property evaluation because the durability is crucial for
long-term wutilization. Durability study of
CFP/NiC0,0,/Coq57Nip.43LMOs and commercial Ir/C with LSV
measurements were conducted in 0.1 M KOH (pH = 13). After
continuous CV scanning, negligible difference between the
curves measured at the initial cycle and those going through
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4000 CV cycles, while the durability of commercial Ir/C
reduced. Evidently, CFP/NiC0,0,/C0ogs7Nip43LMOs represents
much better durability in the OER (Fig. 3f). The
chronoamperometric response demonstrates the high stability
of CFP/NiC0,0,4/Coqs7Nig43 LMOs, showing a slight anodic
current attenuation of 7.56 % within 6 h, whereas Ir/C displays
a 3.66 times larger current attenuation of 27.67 % (the insert
of Fig. 3f),
materials

indicating the apparent advantage of active

directly grown on conductive substrates in

comparison to the post coated catalysts on electrodes.*®
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Fig. 3 (a) Linear scan voltammograms (LSV) of CFP/NiCo,0,,

CFP/NiC0,0,/Co0q57Nio43LMOs, CFP and Ir/C. The LSV was measured in 0.1 M KOH
with a scan rate of 2 mV s™. (b) Tafel plots (log j - n) of CFP/NiCo,0,,
CFP/NiC0,04/C0¢57Nip43sLMOs, CFP and Ir/C. (c) Ring current of
CFP/NiC0,04/C0¢57Nio.43LMOs on an RRDE (1600 rpm) in O,-saturated 0.1 M KOH
solution (ring potential 1.50 V). (d) Ring current of CFP/NiC0,04/Co0¢57Nig.43LMOs
on an RRDE (1600 rpm) in Ny-saturated 0.1 M KOH solution (ring potential 0.40
V). (e) Nyquist plots of CFP/NiC0,0,4, CFP/NiC0,04/C0¢s7Nio.43LMOs and CFP. Inset
in (e) shows corresponding Nyquist plot at the high-frequency range. (f)
Polarization curves of CFP/NiC0,0,/C0q57Nio43LMOs and Ir/C in 0.1 M KOH
before and after 4000 cycles between 1.26 and 1.66 V at a scan rate of 100 mV s~
' The inset in (f) shows chronoamperometric response at a constant potential of
1.52 V.

Table 2. Comparison of OER activity data for different catalysts

Meanwhile, after the stability test, there are no obvious
changes of CFP/NiC0,0,/C0ogs7Nig43LMOs from the XRD and
XPS results (Fig. S7 and Fig. S8), so the
NiC0,0,/Coq 57Nig 43LMOs are highly OER active and stable. To
further evaluate their OER catalytic ability, the mass activity
and turnover frequency (TOF) of above catalysts at n of 440
mV were also presented (Table 2). The calculated mass activity
for CFP/NiC0,0,/Co¢.57Nig43LMOs is 290 A g'l, superior to the
CFP/NiCo,0,. The CFP/NiC0,0,/C0q57Nig43LMOs exhibits the
high TOF of 0.0446 s than that of Ir/C (0.03744 s'l), implying
that the metal atom on the crystal surface was catalytically
active.”’ These results that
CFP/NiC0,0,/Cog.57Nig.43LMOs an effective
catalyst for water oxidation.

Hydrogen Evolution Activity

indicate

Can serve as

The HER performance of the CFP/NiCo,0,/Cogs7Nig43LMOs
were carried out using a three-electrode system in 0.5 M
H,SO, (pH = 0) with a scan rate of 2 mV s, Commercial Pt/C
catalysts (20 wt% Pt on Vulcan carbon black from Premetek
Co.) loading on CFP and CFP were also examined for
comparison. From the LSV curves in Fig. 4a, the Pt/C exhibits
the HER performance with negligible onsetpotential, while the
bare CFP shows little HER activity. The
CFP/NiC0,0,/Coq.57Nip.43LMOs exhibit current densities 10 mA
em? at an overpotential of 52 mV, whereas CFP/NiCo,0,
electrode needs an overpotential of 521.7 mV to reach to a
current density of 10 mA em? It suggests that
CFP/NiC0,0,/Co¢57Nip.43LMOs acts as a high-performance
cathode for HER. In addition, this electrode needs an
overpotential of 125 mV to drive current densities of 100 mA
ecm™. These overpotentials are more favorable compared to
most reported values for non-Pt HER catalysts in acidic
aqueous media (Table S3). Fig. 4b shows the iR-corrected Tafel
plots. The linear portions of the Tafel plots are fitted to the
Tafel equation (n = b logj + a, where j is the current density, b
is the Tafel slope, and a the intercept relative to the exchange
current density jo),17 which vyields Tafel slopes of 30, 34, 166
and 225 mV dec” for Pt/C, CFP/NiC0,0,/Cog 57Nig.43LMOs,
CFP/NiCo,0,, and CFP, respectively. The Pt/C exhibits a Tafel
slope of ~30 mV dec” and an exchange current density of 0.71
mA cm'z, which is consistent with the reported value.*® The
Tafel slopes for CFP/NiC0,0,/Coq.57Nig43LMOs catalysts do not
match the expected Tafel slopes of 39 mV dec'l, which reveals
that the HER proceeds via a Volmer-Heyrovsky mechanism.*
For hydrogen evolution in acid solutions on metal electrode
surfaces using CFP/NiC0,0,/Coq 57Nip43LMOs, the mechanism
typically involves three major reactions.*

TOF at
Onset potential nat Tafel slope Mass activity at
Catalyst 2 o n =440 mv 4
[V vs. RHE] J=10mAcm™ [mV] (mV dec™) 4 n=440mvs
s
CFP 1.63 148
CFP/ NiC0,04 1.52 550 123 0.00228 4.42
CFP/NiC0,04/C0¢57Nig.43LMOs 1.32 340 63 0.0446 290.00
Ir/C (20%) 1.47 381 53 0.03744 375.86
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H;0" + e-catalyst ¢<>H-catalyst + H,0

(Volmer reaction, Tafel slope 120 mV dec'l) (1)
2-H catalyst<> H,-catalyst
(Tafel reaction, Tafel slope 30 mV dec'l) (2)

H;0" + e-catalyst + H-catalyst<>H,-catalyst + catalyst + H,O

(Heyrovsky reaction, Tafel slope 40 mV dec'l) (3)

In these reactions processes, e-catalyst denotes metal-
bound electrons, and H-catalyst and H,-catalyst represent a
hydrogen atom and a hydrogen molecule adsorbed on to a
surface metal atom, respectively. These reactions are
dependent on the inherent (electro) chemical and electronic
properties of the catalyst surface. Two main pathways are
generally observed for HER, Volmer-Tafel reaction (eqs 1 and 2)
and Volmer-Heyrovsky reaction (eqs 1 and 3). In the present
study, the Tafel slope of 34 mV dec? for
CFP/NiC0,04/C0¢57Nip43LMOs suggests that HER is likely
controlled by both the first-electron reduction of protons and
electrochemical desorption of hydrogen (Volmer-Heyrovsky
reaction). The exchange current density (j,) of
CFP/NiC0,0,/Cog57Nip.43LMOs is calculated to be 0.21 mA cm?,
44 times larger than that of CFP/NiCo,0, (Table 3, Fig. S9).

To investigate the electrode kinetics under HER process, the
EIS measurements for CFP, CFP/NiCo,0, and
CFP/NiC0,04/Co¢57Nip43LMOs were carried out ranging from
100 MHz to 0.01 Hz (Fig. 4c). The semicircles in the high- and
low-frequency range of the Nyquist plot attributed to the
charge-transfer resistance (Rcr) and solution resistance (Rs),
respectively, are related to the electrocatalytic kinetics and a
lower value corresponds to a faster reaction rate.”! Similarly,
smaller Rer of 4.5 Q is realized on
CFP/NiC0,04/Coq57Nip43LMOs  compared CFP/NiCo,0,
(189.3 Q) (Table S4), consistent with the lower overpotential.
The superior activity of CFP/NiC0,0,/Cogs7Nig43LMOs for HER
may arise from the nanoporous NiCo,0, NWs with cobalt-
nickel layered mixed oxide nanosheets, which could vyield
easier mass transportation.41 Also, such a decrease of the EIS
of the Nyquist plots can be attributed to the enhancement of
interdomain conductivity.

The durability of CFP/NiCo0,0,/Cogq57Nip43LMOs was also
examined. As shown in Fig. 4d, after continuous CV scanning
for 10000 cycles in 0.5 M H,SO, at a scan rate of 100 mV s'l,
the polarization curve shows negligible difference compared
with the initial one. To further understand the stability of the
hybrid catalysts, SEM, XRD and XPS of
CFP/NiC0,04/Coq57Nip43LMOs electrode after durability test
were evaluated (Fig. S10, Fig. S11 and Fig. S12). It is found that
there is no obvious deformation of perpendicularly-oriented
CFP/NiC0,04/Cog 57Nip 43LMOs heterostructure after the

to

Table 3. Comparison of HER activity data for different catalysts.

durability test. The durability study suggests that the
CFP/NiC0,0,/Cog.57Nip 43LMOs electrode is inherently stable for
HER because both NiCo,0, NWs and CogssNig43LMOs are
produced in situ.
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Fig. 4 (a) Polarization curves of CFP/NiC0,04 CFP/NiC0,04/Coqs7Nig43LMOs, CFP and
Pt/C in 0.5 M H,SO4 with a scan rate of 2 mV st (b) Tafel plots of CFP/NiC0,0,,
CFP/NiC0,0,/Cog.57,Nig43LMOs, CFP and Pt/C. (c) Nyquist plots of different samples.
Inset in (c) shows corresponding Nyquist plot at the high-frequency range. (d)
Polarization curves for CFP/NiC0,04/Co057Nio.43LMOs before and after of 10000 cycles
between -0.23 V and +0.22 V vs. RHE at a scan rate of 100 mV s 'in 0.5 M H,S0,.

To gain further insight into the intrinsic catalytic activity of
CFP/NiC0,0,/Coq57Nig 43LMOs, the turnover frequency (TOF)
for each active site was estimated using the methods reported
previously.42 The number of active sites was first examined by
CV in phosphate buffer (pH = 7) at a scan rate of 50 mV st The
number of active sites on the catalyst modified GCE was
calculated to be 3.55x10°® mol. The calculated TOF are shown
in Fig. S13. As the most active catalyst, Pt shows a TOF of
0.8 st at n =20 mV.”® To achieve a TOF of 0.752 s'l,
CFP/NiC0,0,/Coq57Nig 43LMOs need an overpotential of ~46
mV, much smaller than that of defect-rich MoS, (300 mV).44 To
reach a TOF of 4 s*, the CFP/NiC0,0,/Cogs;Nig43LMOs
electrode needs an overpotential of 70 mV, 170 mV smaller
than self-supported nanoporous CoP nanowire arrays (240
mV).* Potentiostatic cathodic electrolysis was performed by
maintaining CFP/NiC0,0,/Coq 57Nig 43LMOs at an overpotential
of 300 mV for 60 minutes. By comparing the amount of
measured hydrogen with calculated hydrogen (assuming
100 % FE), we observed a FE close to 100 % for the hydrogen
evolution (Fig. 5).

Onset potential nat Tafel slope Exchange
Catalyst 2 1 . 2
[mV vs.RHE] J=10mAcm™ [mV] (mV dec™) current density (mA cm™)
CFP 244.5 793 225 2.4x10°
CFP/NiCo0,0, 149 521.7 166 4.8x10°
CFP/NiCOzOA/C00_57Ni0_43LMOS 29 52 34 0.21
Pt/C (20%) 0 14 30 0.71

This journal iS© The Royal Society of Chemistry 2OxX
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Fig. 5 The amount of theoretically calculated (red line) and experimentally
measured (black line) hydrogen versus time for CFP/NiC0,04/C057Nig43LMOs at -
0.3 V for 60 min.

Bifunctional Performance for OER and HER

Based on the above explanations, it can be concluded that
CFP/NiC0,0,/Coq57Nig43LMOs are highly efficient, noble-
metal-free bifunctional electrocatalysts for OER and HER. The
CFP/NiC0,0,/Cog57Nig43LMOs can be used for both OER and
HER in the same electrochemical cell under pH change
between 0 and 13 (Fig. 6). The current density for OER
performed at 0.804 V (1 h) is 7.3 mA cm™. Then the applied
potential was switched to -0.347 V for HER in 0.5 M H,SO,, the
current density is 5.3 mA cm?™. Obviously, the
CFP/NiC0,0,/Coq57Nig43LMOs are highly efficient and good
stability during water splitting.
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Fig. 6 (a) Current density and (b) charge density change when

CFP/NiC0,04/C057Nio 43LMOs used as a function of OER and HER bifunctional
electro catalyst for water splitting. CFP/NiC0,04/C0gs7Nio43LMOs used for OER
was performed at +0.804 V for 1 h, and then the applied potential was switched
to -0.347 V for HER.

As previously mentioned, oxygen vacancies play an
important role in the OER.*® Similarly, for Cogs57Nig43LMOs,
they possess rich oxygen vacancies, which were confirmed by
XPS. In the O 1s core level spectra, three peaks were clearly
identified (Fig. 7a). The peak at 529.5 eV is due to oxygen
atoms bound to metals,47 the peak at 532.7 eV is associated
with hydroxyl species of surface-adsorbed water molecules,43
and the peak at 531.1 eV is attributed to a high number of
defect sites with a low oxygen coordination.*® The area for the
peak at 531.1 eV is the largest for  the
CFP/NiC0,0,4/Cog.57Nip.43LMOs, indicating that Cog 57Nig43LMOs
obtained in the air possess more oxygen vacancies than the

6| J. Name., 2012, 00, 1-3

other counterparts. The chemical synergistic effect between
the Cogs7Nigs3LMOs and NiCo,0, also contributes to the
enhanced activity. Fig. 7b shows that the electron-binding
energy of Co 2p in NiCo,0, decreases by 0.2 eV after being
decorated by Cog 57Nig43LMOs. This is probably caused by the
electron transfer from the Cogs7Nig43LMOs to the NiCo,0,
NWs. The more Lewis acidic Cog 57Nig 43LMOs further facilitates
the activation of Lewis basic H,O through Lewis acid-base
interaction, which finally leads to an improved activity for the
HER.”’
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Fig. 7 (a) High-resoluton O 1s XPS spectra for CFP/NiCo,0, and

CFP/NiC0,04/Cog57Nig.43LMOs. (b) High-resolution Co 2p XPS spectra for CFP/NiC0,0,4
and CFP/NiC0,04/C0q.57Nio.43LMOs.

Finally, an H-type water electrolyzer was fabricated by
applying CFP/NiCo,0,/Coq 57Nip 43LMOs as the water reduction
catalyst in 0.5 M H,SO, and as the water oxidation catalyst in
0.1 M KOH which is separated by proton exchange membranes
(Nafion 117) (Fig. 8a).50 This H-type water electrolyzer
performed a current density of 1.47 mA cm? (25 °C) at 1.5 V
and 4.62 mA cm? (60 °C) at 1.5 V (Fig. 8b). Such H-type water
electrolyzer can be drived by a single-cell AA battery with a
voltage of 1.5 V (Fig. 8a and see Supplementary Movie 1 for a
video of water electrolysis by an AA battery). Excitingly, a
voltage of 1.5 V for overall water splitting using non-precious
catalysts for both electrodes was successfully achieved, in
which the CFP/NiC0,0,/Coq.57Nig43LMOs catalyst can be used
as a bifunctional catalyst for efficient electrolyzers with
ultralow overpotential for water-splitting devices.

(b) 30
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Fig. 8 (a) Optical photograph of the water-splitting device powered by an AA battery
with a voltage of 1.5 V showing the generation of hydrogen and oxygen bubbles on
CFP/NiC0,04/Co057Nig43LMOs.  (b) Polarization curves of electrolyzer using
CFP/NiC0,0,/Cog57Nio43LMOs as HER in 0.5 M H,SO,; and OER catalyst in 0.1 M KOH
under different temperature.

From the above results and discussions, we can find that the
as-prepared CFP/NiCo,0,/Coq57Nig43LMOs can be applied as

This journal is © The Royal Society of Chemistry 20xx
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an efficient catalyst for overall water splitting because: (1) the
excellent OER performance is originated from the
Cog57Nipa3LMOs on 3D CFP/NiCo,0, NWs structure with rich
oxygen vacancies, which can maximize the exposure of their
edge sites at the atomic scale and present a superior catalysis
activity for oxygen production; (2) the outstanding HER
performance is attributed to the compact configuration of the
Cog.57Nip43LMOs anchored onto the nanoporous CFP/NiCo,0,
NWs; the in situ incorporated carbon (from CFP) causes the
impaired electron density of Co atoms, which can make the
catalytically active species more nucleophilic and thus facilitate
the adsorption and reaction of H' groups with
NiC0,0,/Coq 57Nig43LMOs with enhanced HER activity in acid
solutions; (3) these layered mixed oxide nanosheets:
Cog.57Nip43LMOs promotes the conductivity of NWs and offers
rich accessible electro-active sites, short ion transport
pathways, and superior electron collection efficiency and
buffer the large volume change during the fast charging-
discharging process; (4) The direct growth of active materials
on CFP can greatly enhance the electron transport and
adhesion between nanowire arrays and substrates, promote
the structural stability and avoid utilization of polymeric
binders, leading to excellent water splitting activity and
stronger durability in comparison to those of commercial Ir/C
and Pt/C nanocatalysts.

Conclusions

In summary, the nanostructured NiC0,0,/Coq57Nip43LMOs
attached to CFP network has been developed as a highly
efficient bifunctional catalyst for both OER and HER. The
CFP/NiC0,0,/Coq57Nig43LMOs exhibit OER performance better
than the commercial Ir/C, while the HER performance is
comparable to that of Pt/C catalyst. Particularly,
CFP/NiC0,0,/Coq57Nig43LMOs presents good durability under
harsh OER and HER cycling conditions than commercial Ir/C
and Pt/C catalyst, respectively. The overall water splitting
performance of CFP/NiCo,04/Coq57Nig43LMOs is the best
among all the reported nanowire array electrodes and is better
than that of most of the highly active noble-metal/transition-
metal and nonmetal water splitting catalysts. The excellent
water splitting performance can be attributed to the porous
nanowire array electrode configuration and in situ
Cog57Nip43LMOs incorporation which inducing the rich oxygen
vacancies and electron transfer from the Cogs;Nig43LMOs to
the NiCo,0, NWs, leading to strong structural stability, and
improved mass/charge transport. Therefore,
CFP/NiC0,0,/Coq57Nig43LMOs can serve as a promising noble-
metal-free catalyst as anode and cathode for splitting water
into H, and O,, which have potential application in overall
water splitting.

EXPERIMENTAL SECTION

Chemicals and Materials

This journal is © The Royal Society of Chemistry 20xx
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Nickel nitrate hexahydrate (98.0 %), cobalt (IlI) nitrate
hexahydrate (99.0 %), urea (99.0 %), potassium hydroxide
(90.0 %), sulfuric acid (95.0 %) were purchased from Aladdin.
Rod GCEs were from the Chen hua Co. Ltd. (Shanghai, China).
The demonized (DI) water for solution preparation was from a
Millipore Autopure system (18.2 MQ, Millipore Ltd., USA). The
0.1 M KOH and 0.5 M H,S0, and was employed as a supporting
electrolyte in the electrochemical experiment. Commercial
carbon fiber papers (CFP) were purchased from Fuel Cell Store.
Nafion 117 (brand: Dupont) was purchased from Shanghai
Hesen Electrical Co., Ltd. All the other Chemicals and reagents
for electrochemical measurements were of analytical grade
and used as received.

Structural Characterizations

The morphologies of the samples were investigated using
field-emission scanning electron microscopy (FESEM, Zeiss) at
an acceleration voltage of 5 kV. All samples were coated with a
thin layer of gold prior to FESEM observations. The chemical
compositions were investigated by the energy dispersive X-ray
spectroscopy (EDX). Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM)
observations were performed under an acceleration voltage of
200 kV with a JEOL JEM 2100 TEM. Sample compositions were
determined by ICP-AES (HITACHI P-4010, Japan). X-ray
diffraction (XRD) experiments were conducted 26 from 10° to
80°on an X'Pert Pro X-ray diffractometer with Cu Ka radiation
(A = 0.1542 nm) under a voltage of 40 kV and a current of 40
mA. X-ray photoelectron spectroscopy (XPS) analyses were
made with a VG ESCALAB 220I-XL device. All XPS spectra were
corrected using Cls line at 284.6 eV.

Preparation of CFP/NiC0,0,/Cog 5;Nig 43LMOs

First, self-supported NiCo,04 NWs were prepared by a facile
hydrothermal synthesis method.ZOGenerally speaking 0.4145 g
Co(NO:s),-6H,0, 0.2063 g Ni(NOs),:6H,0, and 0.15 g urea were
dissolved in 50 mL DI water. After stirred for about 10 min, a
transparent pink colored solution was obtained. Then solution
was transferred into a 80mL Teflon-lined stainless steel
autoclave. Two pieces of carbon fiber paper (CFP) (3 x 4cm?)
vertically insert into the Teflon holder were subsequently
soaked in the solution following by heated the solution to
120°C in an electric oven, and kept at that temperature for
16h. The as synthesized electrodes were then taken out,
ultrasonically cleaned for 5mins in the DI water and rinse with
ethanol several times, dried at 80°C over night, and annealed
at 300 °C in air for 2 hours to get the NiCo,0, nanowire on the
CFP. Then, the self-supported NiCo,0, NWs were used as the
scaffold for Cog 57Nig 43LMOs nanosheet shell growth through a
simple cathodic electro-deposition method. The electrolyte for
electrodeposition of Cogs;Nip43LMOs was placed in 70 ml of
0.1 M solution which Niz+/Co2+ concentration ratio is 1:1, and
then deposited by the potential static with -1.0 V 15 mins. The
substrates were taken off and rinsed with DI water ethanol
several times, and annealed at 300 °C in air for 2 hours to get
CFP/NiC0,0,/Coyq 57Nig 43LMOs.
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OER Electrocatalytic Research

Electrochemical measurements were carried out in a typical
three-electrode glass cell connected to a CHI 760 E
Electrochemical Workstation (CHI Shanghai
Chenhua Instrument Corp., China) at a scan rate of 2 mV stin
an electrolyte solution of 0.1 M KOH. The synthesized
CFP/NiCo,0, and CFP/NiC0,0,4/Coq57Nip43LMOs were directly
used as the working electrode for electrochemical
characterizations. The potentials were referenced to the
reversible hydrogen electrode (RHE) through RHE calibration in
0.1 M KOH (pH = 13), Ejpugy = E(ag/ageny + 0.96 V. Potentials are
reported vs. Ag/AgCl reference electrode, and a Pt net was

Instruments,

employed as an auxiliary electrode. Also, a resistance test was
made and the iR compensation was applied by using the CHI
software. LSV was conducted in 0.1 M KOH with a scan rate of
2 mV s™. Onset potentials were determined based on the
beginning of the linear regime in the Tafel plot. The time
dependency of catalytic currents during electrolysis for the
catalyst was tested in 0.1 M KOH at n = 200 mV after
equilibrium. In this work, all electrochemical experiments were
carried out at 20 + 0.2 °C. Ir/C catalysts were prepared by
dispersing 2 mg of Ir/C (20 wt% Ir on Vulcan XC-72) in 500 uL of
EtOH with 17.5 pL of 5 wt% Nafion solution.” Then 300 uL of
the catalyst ink was loaded onto CFP surface (0.5x 0.5 sz) and
air-dried at room temperature.

HER Electrocatalytic Research

Electrochemical measurements were carried out in a typical
three-electrode glass cell connected to a CHI 760 E
Electrochemical Workstation (CHI Shanghai
Chenhua Instrument Corp., China) at a scan rate of 2 mV stin
an electrolyte solution of 0.5 M H,SO,. The synthesized
CFP/NiCo,0, and CFP/NiC0,0,/Coq57Nig.43LMOs were directly
the working electrode for electrochemical
characterizations. Saturated Ag/AgCl (in a saturated KClI
solution) was employed as a reference electrode, and a Pt net

Instruments,

used as

was employed as an auxiliary electrode. Also, a resistance test
was made and the iR compensation was applied by using the
CHI software. In 0.5 M H,S0,, the Ag/AgCl electrode was
calibrated with respect to reversible hydrogen electrode (RHE):
Erue = Eag/aga+ 0.197 V. Linear sweep voltammetry (LSV) was
conducted in 0.5 M H,SO, with a scan rate of 2 mV st The
time dependency of catalytic currents during electrolysis for
the catalyst was tested in 0.5 M H,SO, at n = 200 mV after
equilibrium. In this work, all electrochemical experiments were
carried out at 20 + 0.2 °C. Pt/C catalysts were prepared by
dispersing 2 mg of Pt/C (20 wt% Pt on Vulcan XC-72) in 500 pL
of EtOH with 17.5 pL of 5 wt% Nafion solution.>” Then 300 puL
of the catalyst ink was loaded onto CFP surface (0.5 x 0.5 cmz)
and air-dried at room temperature.

Determination of Bandgap

To investigate the conduction band (CB) and valence band (VB)
levels of CFP/NiCo,0,/Coq 57Nig43LMOs, cyclic voltammograms
(CV) analysis was performed with an Ag/AgCl reference

8| J. Name., 2012, 00, 1-3

electrode. And the ferrocene/ferrocenium redox couple (F./F.,
-4.8 eV) was used as the reference material for all the CV
measurements. The oxidation potential onset of ferrocene as
marked by the vertical dotted line (Figure S5) is estimated to
be 0.35 V (vs. Ag/AgCl). Using ferrocene as the reference
material, the CB and VB energy levels of the CFP/NiCo,0, and
CFP/NiC0,0,4/Co¢57Nip.43LMOs can be calculated by the
following equation:51
ECB/VB =- [(Ered/ox - Eferrocene) + 48] eV

RRDE measurements and Faradaic efficiency (FE)

To investigate the reaction mechanism for OER, rotating ring-
disk electrode (RRDE) voltammograms were conducted on a
RRDE configuration (RRDE-3A, Japan) consisting of a glassy
carbon disk electrode and a Pt ring electrode. The
CFP/NiC0,0,/Co¢.57Nip.43LMOs was crushed and coated on a
RRDE using Nafion as the binder. A scan rate of 2 mV standa
rotation rate of 1600 rpm were applied for RRDE tests.
Specifically, in order to determine the reaction pathway for
OER by detecting the HO, formation, the ring potential was
held constantly at 1.5 V (vs. RHE) for oxidizing HO,
intermediate in O,-saturated 0.1 M KOH; on the other hand, to
ensure that the oxidation current originates from oxygen
evolution rather than other side reactions and to calculate the
Faradaic efficiency of the system, the ring potential was held
constantly at 0.40 V(vs. RHE) to reduce the O, formed from the
catalyst on the disk electrode in N,-saturated 0.1 M KOH
solution. The Faradaic efficiency (g) was calculated as follows:
€=1/(IsN)

where /; denotes the disk current, /, denotes the ring current,
and N denotes the current collection efficiency of the RRDE. To
properly calculate the Faradaic efficiency of the system, the
disk electrode was held at a relatively small constant current of
127 pA (1 mA cm'z); this current is sufficiently large to ensure
an appreciable 0O, production and sufficiently small to
minimize local saturation and bubble formation at the disk
electrode.®

H-type water electrolyzer measurement

Furthermore, in order to prove the good performance of
CFP/NiC0,0,4/Coq57Nig43LMOs for water splitting a H-type
water electrolyzer was fabricated which is separated by proton
exchange membranes (Nafion 117). A typical two-electrode
glass cell connected to a CHI 760 E Electrochemical
Workstation. The temperature of this H-type
electrolyzer was adjusted through a water bath. Polarization
curves of electrolyzer using CFP/NiC0,0,/Coq57Nig43LMOs as
both cathode and andoe in 0.5 M H,SO, and 1.0 M KOH at a
scan rate of 2mVs™ from 1.2 Vt0 3.3 V. *°

water

Active sites calculation

The number of active sites (n) is examined using CVs with
phosphate buffer (pH = 7) at a scan rate of 50 mV s When
the number of voltammetric charges (Q) is obtained after
deduction of the blank value, n (mol) can be calculated with
the following equation:35

This journal is © The Royal Society of Chemistry 20xx
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n=Q/2F
where F is Faraday constant (96480 C mol'l). For the sample of
CFP/NiC0,04/Coq57Nip43LMOs, Q is 3.347x107 C, n (mol) =
3.347><10'2/(2><96480) 1.73x107  mol. Turnover
frequency (TOF, s'l) is calculated with the following equation:
52

mol =

TOF = I/(2Fn)
where | (A) is the current of the polarization curve obtained
from the LSVs measurements.
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