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Abstract: The development of efficient and durable electrodes for anion exchange membrane water electrolyzers (AEMWES) is
essential for hydrogen production. In this work, 2D NiFe layered double hydroxides (NiFe LDHs) nanosheets were grown on the 1D
cobaltous carbonate hydroxide nanowires array (Co-OH-CO;) and the unique 3D layered self-supporting nanorod array (NiFe
LDHs@Co-OH-COy/NF) electrode was obtained. Importantly, we demonstrated an efficient and durable self-supporting NiFe
LDHs@Co-OH-COy/NF electrode for oxygen evolution reaction (OER) and as the anode of the AEMWE. In a three-clectrode sys-
tem, the self-supporting NiFe LDHs@Co-OH-CO+/NF electrode showed excellent catalytic activity for OER, with an overpotential
of 215 mV at a current density of 20 mA -cm? in 1 mol-L"' KOH , and the promising AEMWE performance upon using as the an-
ode, with a current density of 0.5 A-cm? at 1.72 V in 1 mol-L"' KOH at 70 °C. The experimental results further revealed the out-
standing performance of the electrode with the special morphological structure. The 3D layered structure of nanorod array electrode
could effectively prevent the agglomeration of nanosheets, which is conducive to electron transfer and provides a large number of

edge active sites for water electrolyzer.
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1 Introduction

Hydrogen is a clean energy carrier with the advan-
tages of high energy density, clean and pollution-free,
which is considered as a “green” energy carrier![",
Among many hydrogen production methods, water
electrolysis has become the most potential “green”
hydrogen production method due to its advantages of
the environment-friendly process, high product puri-
ty, and zero carbon emission™. The water electrolysis
process involves two half-reactions: hydrogen evolu-
tion reaction (HER) and oxygen evolution reaction
(OER)® . Compared with HER, the OER involves a
complex multi-electron transfer process, which is es-

sentially slow in reaction kinetics and generally has
low electrocatalytic activity, leading to low efficiency
in energy conversion™¢,

To improve the efficiency of alkaline AEMWEs, it
is very important to construct active materials with
significantly enhanced OER performance!”. Due to
the strong acid and high oxidation potential of the
proton exchange membrane (PEM) water electrolysis
system®, traditional non-noble metal catalysts are un-
stable under such operating conditions and can hardly
meet the requirement of long-term stable operation.
Ir-based™ and Ru-based!” catalysts are still recog-
nized as the best OER catalyst, but their high cost
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and scarce shortage restrict their widespread applica-
tion™ 1?1, Therefore, it is of great significance to de-
velop OER electrocatalysts based on non-noble met-
als (Fe, Co, Ni, Mo, and Cu) with good catalytic activi-
ty, high stability, and low cost in an alkaline system! ",

In alkaline conditions, NiFe-based bimetallic com-
pounds, such as NiFe LDHs!"¥, NiFe-based metal-or-

[15, 16

ganic frameworks!"* '), NiFe-based (oxygen) hydrox-
ides or NiFe-based oxides!™", NiFe alloys®’, and
NiFe-based non-oxides?', have been studied for OER
electrocatalysts due to their low cost and abundant
resources®™. Among them, NiFe-based layered double
hydroxides have shown better activity than other
transition-metal compounds due to their unique elec-
tronic structure, appropriate electronic configuration,
rich valence states, and diverse compositions?: 1,
Various strategies have been developed to improve
the performance of NiFe-based OER electrocatalysts.
For example, the NiFe-based nanomaterials com-
bined with GO or CNT and metal substrates could
enhance the conductivity™*?!,

Recently, the self-supporting NiFe LDHs-based
electrodes have been studied in alkaline water elec-
trolysis®™ %!, Chi et al.® prepared the self-supporting
VA FeOOH/NiFe LDHs-NF OER electrode with the
overpotential of 208 mV at the current density of 10
mA -cm? Zhu et al.™ prepared the self-supporting
Crl/FeNi-LDH-SS OER electrode with the overpo-
tential 0f 202 mV at the current density of 10 mA -cm?™
Jiao et al.”® studied the self-supporting CoP@NiFe-
OH/SPNF OER electrode with the overpotential of
220 mV at the current density of 20 mA -cm?. These
nanomaterials were directly grown on the conductive
substrates (such as nickel foam, copper foam, and
stainless steel mesh) without using the binder, which
can effectively improve the conductivity and stability
of the materials. Morcover, the 2D NiFe LDHs
nanosheet materials have the edge site coordination
and can expose a large number of active sites, which
can provide rich active sites. However, the pure 2D
NiFe LDHs nanosheets are prone to stacking in the
process of synthesis, which will reduce the exposure

of active sites and catalytic efficiency.

Efforts have been made to develop an effective strate-
gy to optimize the performance of the electrodes™ .
Studies have proved that the effective methods to op-
timize the OER -catalytic activity of NiFe-based
LDHs were electronic structure modification and mo-
rphological control®-3, Therefore, it is of great sig-
nificance to design a 3D layered NiFe-based nanorod
array OER electrode to enhance catalytic activity and
stability.

Here, we synthesized the 3D layered ordered
nanorod array as the self-supporting NiFe LDHs@Co-
OH-CO+/NF electrode for both the alkaline water
electrolyzer OER electrode and the AEMWE anode
electrode. In particular, the inner layer of Co-OH-CO;
can effectively prevent the agglomeration of NiFe
LDHs nanosheets, which is conducive to electron
transfer and provides a large number of edge and in-
terface sites for water electrolyzer. The outer layer of
NiFe LDHs nanosheets crosses each other to form
rich and regular pores, which not only can signifi-
cantly increase the catalytic active sites, but also can
reduce the ion diffusion distance and transmission re-
sistance. As a result, the optimized NiFe LDHs@Co-
OH-CO,/NF electrode showed a low overpotential of
215 mV at a current density of 20 mA -cm? In addi-
tion, the electrode was used as the anode of
AEMWE, with the current density of 0.5 A -cm? and
the cell voltage of 1.72 V. This is attributed to the
unique morphology of the electrode, which not only
provides more active sites, but also is conducive to
electrolyte penetration and gas release during the
catalytic reaction process.

2 Experimental
2.1 Chemicals and Materials

Nickel foam (NF, Ni = 99.9%, thickness of 1
mm) was purchased from Lizhiyuan Co., Ltd (Shanxi
China). Cobalt nitrate hexahydrate (Co(NO); +-6H,0,
= 99.99%), nickel nitrate hexahydrate (Ni(NO); -
6H,0, = 98%), ammonium fluoride (NH,F, = 98%),
urea ((NH,),CO, = 98%), boracic acid (H;BOs;, =
98%), ammonium oxalate ((NH,),C,0,, = 98%) and
potassium hydroxide (KOH, = 99.99%) were pur-
chased from Shanghai Aladdin. Ferrous chloride
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Figure 1 Schematic preparations of NiFe LDHs@Co-OH-COyNF and AEMWE single-cell. (color on line)

(FeCl,-4H,0, = 98%), absolute alcohol, acetone
(C;H(O), and hydrochloric acid (HCI, 36% ~ 38%)
were purchased from Damao Co., Ltd. Pt/C (70wt%)
was purchased from Johnson Matthey. All chemicals
were used as received without any further purifica-
tion. Millipore water was used in all experiments.
2.2 Catalyst Preparations
2.2.1 Preparation of Co-OH-CO+/NF

First, the NF (2 cm x 5 cm) was cleaned in acetone
solution, 3 mol-L"' HCI, absolute alcohol, and deion-
ized water to remove the nickel oxides on the sur-
face. In a typical procedure, Co(NO);-6H,0 (1.176 g)
and NH,F (0.148 g) were added into 30 mL deionized
water and stirred for 10 min, then CO(NH,), (0.485 g)
was dissolved in 42 mL deionized water and stirred
for 10 min; The two parts of the solution were mixed
and stirred for 30 min to complete the precursor solu-
tion. Subsequently, the precursor solution was trans-
ferred to the 100 mL Teflon-liner stainless steel auto-
clave, and the NF was vertically immersed in the pre-
cursor solution. The sealed autoclave was maintained
at 120 °C for 5 h. After the reaction was finished and

cooled to room temperature, the obtained self-sup-
porting cobaltous carbonate hydroxide nanowires ar-
ray electrode was washed with abundant distilled wa-
ter and dried for next experiment use. The self-sup-
porting cobaltous carbonate hydroxide nanowires ar-
ray electrode was denoted as Co-OH-COy/NF.
2.2.2 Preparation of NiFe LDHs@Co-OH-COy/NF
Since the Co-OH-CO,/NF electrode has a low
overpotential of 295 mV at a current density of 20
mA -cm™ Therefore, it is necessary to further optimize
the structure and morphology of the Co-OH-COy/ NF
electrode to improve OER activity. In a typical pro-
cedure, the Co-OH-COy/NF was used as the pre-
electrode. The preparation process of the electrode-
position solution was as follows: deionized water was
saturated with N, to remove the dissolved oxygen.
Ni(NO),-6H,0 (0.037 g), (NH,),C,0, (0.089 g), H;BO;
(1.550 g), and FeCl,-4H,0 (0.075 g) were added into
250 mL deionized water and stirred for 5 min. The
electrodeposition process proceeded in a three-elec-
trode system, and the temperature was controlled at
30 °C.
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A saturated calomel electrode was used as the ref-
erence electrode, a graphite plate electrode was used
as the counter electrode. The Co-OH-CO+/NF (2 cm x
2.5 cm) was used as the working electrode. The syn-
thesis of the electrode had an electrodeposition time
of 600 s at the current density of 5 mA cm™ The ob-
tained self-supporting electrode was denoted as NiFe
LDHs@Co-OH-COy/NF. To optimize the ordered
nanorod electrode, different electrodeposition current
densities of 0.2 mA -cm? 2 mA-cm? and 10 mA -cm?
were also studied. The obtained self-supporting elec-
trodes were denoted as NiFe LDHs@Co-OH-CO+/
NF-0.2, NiFe LDHs@Co-OH-CO+/NF-2, and NiFe
LDHs@Co-OH-COs/NF-10, respectively.

2.2.3 Preparation of NiFe LDHs/NF

For comparison, the NiFe LDHs nanosheets were
prepared on the NF substrates by electrodeposition
method. Typically, deionized water needed for
preparing the solution was bubbled with N, for 30
min to remove the dissolved oxygen. Ni(NO);- 6H,O
(0.037 g), (NH,),C,0,4 (0.089 g), H;BO, (1.550 g), and
FeCl,-4H,0 (0.075 g) were added into 250 mL deion-
ized water and stirred for 5 min to obtain the elec-
trodeposition solution. The electrodeposition process
was carried out in a three-electrode system at 30 °C.
The graphite plate was used as the counter electrode,
the saturated calomel electrode was used as the refer-
ence electrode, and the previous NF (2 cm x 2.5 cm)
was used as the working electrode. The electrode was
obtained by an electrodeposition current density of
5 mA -cm? and an electrodeposition time of 600 s.
Finally, the obtained self-supporting NiFe LDHs nano-
sheets electrode was denoted as NiFe LDHs/NF.

2.2.4 Preparation of the AEMWE Single-Cell

In a typical procedure, the AEMWE single-cell
consisted of an anode (NiFe LDHs@Co-OH-CO,/NF,
2 cm x 2 cm), a cathode (0.4 mg-cm? of 70wt.% Pt/C)
coated on an anion exchange membrane (A201,
Tokuyama), 2 cm x 2 cm, and a gas diffusion layer
(carbon paper, Toray)? ). Then, the anode, the cath-
ode coated on the alkaline anion exchange mem-
brane, and the carbon paper were hot-pressed at 60

°C and 0.1 MPa for 2 min to obtain the membrane

electrode assembly (MEA, NiFe LDHs@Co-OH-CO5/
NF|[70% Pt/C)**%. Then, the MEA was encapsulated
with the anode end plate and the cathode end plate.
Finally, the AEMWE was assembled (Figure S1).
2.3 Material Characterizations

The morphologies and microstructures of the cata-
lysts were characterized by scanning electron micro-
scope (SEM, JSM-7800F) and transmission electron
microscope (TEM, JEM-2100F), respectively. X-ray
photoelectron spectra (XPS) were recordedon the ES-
CALAB 250Xi (Thermo escalab), using Al K, mono-
chrome X-ray diffraction (XRD) measurements were
performed on D8-ADNANCE X-ray diffraction spec-
trometer (GRE, Bruker) using Cu K, resource.
2.4 Electrochemical Measurements

All electrochemical measurements were carried
out on Gamry Interface 1000e electrochemical work-
station in 1 mol-L"' KOH (pH = 14, O, saturated) at
room temperature. In a three-electrode system, the
voltage has been converted to reversible hydrogen
electrode (RHE) based on””*";

ERI-HE = EHg/HgO + 0059pH +0.098 (1)
The overpotential is calculated according to™*”
n=Ens— 123V ©)

The electrode was activated by cyclic voltammetry
(CV) for 30 cycles. Linear sweep voltammetry (LSV)
was used to evaluate the activity of the catalysts be-
tween 0~ 1V (V vs. Hg/HgO) at a scan rate of 5mV+s™.
Electrochemical impedance spectroscopy (EIS) was
employed to test the catalysts at 0.6 V (V vs. Hg/HgO),
with an amplitude of 5 mV in a frequency range from
0.1 Hz to 100 kHz. The multi-step chron-opotentio-
metric experiment was carried out sequentially at 50,
100, 150, 200, 250, and 300 mA -cm™ for 300 s. The
single chronopotentiometric test was carried out at a
current density of 20 mA -cm? for 30 h. The electro-
chemically active surface area (ECSA) was measured
by the CV method at different scan rates in the
non-Faradaic region®*",

The NiFe LDHs@Co-OH-CO,/NF was further as
sembled into an AEMWE single-cell (2 cm x 2 cm) for
performance testing. Current-voltage (I-V) curves were

measured at 70 °C. 1 mol-L"' KOH was supplied into
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the anode at a flow rate of 5 mL -min™. The stability
test was conducted at a current density of 0.5 A -cm?
for 100 h. The AEMWE single-cell charge transfer
resistance and ohmic resistance were analyzed by
measuring EIS at 1.7 V¥, The amplitude was 10 mV
and the frequency range was from 100 mHz to 10
kHz.

3 Results and Discussion

3.1 Structure and Characterization

Figure 2 shows the SEM images of NF and Co-OH-
COy/NF. The porous morphology was observed from
the NF substrate (Figure 2a), while the Co-OH-CO;
nanowires arrays were uniformly distributed on the
NF substrate (Figure 2b-d). Most of the nanowires
showed a length of about 3 pm.

SEM images of NiFe LDHs/NF at different magni-
fications are given in Figure 3a-d. It can be seen that
the NiFe LDHs nanosheets grew vertically and
crossed each other in the NF substrate to form a
porous array, which exposes a large number of active
sites.

The uniform and ordered self-supporting NiFe
LDHs@Co-OH-COy/NF nanorod array electrodes

were obtained by optimizing the current density in

| |[/€o-OH-CO4N

Figure 2 SEM images of NF (a) and Co-OH-COy/NF (b, c, and d).

electrodeposition (Figure S2). Figure 4a-d presents
the SEM images of the NiFe LDHs@Co-OH-COy/NF
electrode at different magnifications. The surface of
the Co-OH-CO,/NF was uniformly coated with the
interlaced NiFe LDHs nanosheets to form the new or-
dered nanorod array structure, the nanorod had a di-
ameter of about 300 nm in Figure 4b-d. The elemen-
tal mapping images shown in Figure 4e-i implied that
the Co, Ni, Fe, and O elements were highly dispersed.
The results showed that the self-supporting NiFe
LDHs@Co-OH-CO4/NF ordered nanorod array elec-
trode has been successfully prepared.

TEM image of the NiFe LDHs@Co-OH-CO; given
in Figure 5a shows the nanorod surface covered with
folds and flakes. The diameter of the nanorod was
about 300 nm. Figure 5b-e shows the element map-
ping images, while the contents of Co, Ni, Fe, and O
elements, and the EDS spectra are given in Table S1
and Figure S3, respectively. This is consistent with
the SEM results as shown in Figure 4. These results
further show that the self-supporting NiFe LDHs@
Co-OH-CO+/NF electrodes have been successfully
synthesized. The layered structure leads to the expo-

sure of more active sites® **3, which is conducive to
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NiFe LDHs/NF

Figure 4 SEM images of the NiFe LDHs@Co-OH-COy/NF (a, b, ¢, and d) and EDS mapping images (e, f, g, h, and i). (color on line)
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(a)

Figure 5 TEM images of the NiFe LDHs@Co-OH-CO (a), and the EDS of mapping images (b, ¢, d, and e). (color on line)

rapid electron transfer and gas diffusion®,

The phase information of the prepared NF, Co-OH-
CO,/NF, NiFe LDHs/NF, and NiFe LDHs@Co-OH-
COy/NF electrodes is provided in Figure 6a. As evi-
dent in XRD patterns shown in Figure 6a, Three
stronger diffraction peaks at 44.3°, 51.7°, and 76.2°
corresponded to the (111), (200), and (220) crystal
planes of metal Ni (PDF#87-0712) fragment from
NF®4, The diffraction peaks at 17.2°, 28.7°, 30.4°, 33.8°,
35.4°, 39.5°, and 47.3° corresponded to the (020),
(121), (300), (221), (040), (231), and (340) crystal
planes of the Co-OH-COs/NF (PDF#48-0083)F!, The
peaks at 11.4°, 23.1°, 34.3°, 38.8°, 46.3°, 59.8°, and
61.2° corresponded to the (003), (006), (012), (015),
(018), (110), and (113) crystal planes of NiFe LDHs
(PDF#40-0215)B"% 1 This further confirms that the
NiFe LDHs nanosheets were coated onto Co-OH-CO,
nanowires array self-supporting NiFe LDHs@Co-OH-
CO4/NF electrode.

The chemical properties of the element and va-
lence state were characterized by X-ray photoelectron
spectroscopy (XPS)**, Figure 6b shows the XPS sur-
vey scan of the self-supporting NiFe LDHs@Co-OH-
COy/NF electrode, which can further verify the exis-
tences of Fe, Ni, Co, and O elements. The XPS spec-
tra for the fitted results of Co 2p, Ni 2p, Fe 2p, and
Ols are given in Figure 6¢-6e, respectively. Figure 6¢
shows the Co 2p spectrum has two characteristic
peaks at 780.7 eV and 796.7 eV, which are ascribed
to the Co 2p;, and Co 2pip, respectively, with two
satellite peaks (defined as Sat.), corresponding to Co*
in the Co-OH-COy/NF electrode**. Figure 6d shows
the Ni 2p spectrum having two characteristic peaks at
855.5 eV and 873.3 eV, which are ascribed to the

Ni 2p;, and Ni 2p,,, respectively, with two Sat.
peaks, indicating that Ni** has the typical characteris-
tic peak of Ni(OH),"*”*", Figure 6e shows the Fe 2p
spectrum with two characteristic peaks at 711.2 eV
and 725.3 eV, ascribed to the Fe 2p;, and Fe 2p,p, re-
spectively, and two Sat. peaks,. These peaks are typi-
cal characteristic peaks of Fe*, which indicates that
iron ions exist in the form of Fe*' in the compound™.
As shown in Figure 6f, there are three types of oxygen
species, namely, metal-oxygen (529.2 eV), the -OH
functional group in oxyhydroxide (530.8 eV), and the
C=0 functional group (532.5 eV)**], Previous studies
have shown that the existences of transition metals
Fe, Co, and Ni species are beneficial to improving
OER performances®™.
3.2 OER Performance in Alkaline Media
The OER performance of the self-supporting NiFe
LDHs@Co-OH-COy/NF electrode was tested in a
three-electrode system and 1 mol L' KOH at 25 °C.
For comparison, the OER performance of the NF
electrode, Co-OH-CO,/NF electrode, and NiFe LDHs/
NF electrode were also tested as shown in Figure
7a-b. The LSV (without iR-correction) curves showed
that the NF electrode performance was poor, and the
overpotential of 330 mV at the current density of 20
mA -cm? is given in Figure 7a. When the Co-OH-CO;
nanowire array was vertically coated onto the NF, the
Co-OH-CO4«/NF electrode performance was improved
(295 mV at 20 mA -cm?). The NiFe LDHs nanosheets
were vertically coated onto the NF by electrodeposi-
tion (NiFe LDHs/NF) with the overpotential of 255
mV at the current density of 20 mA -cm?. The perfor-
mance of the NiFe LDHs/NF electrode (255 mV at
20 mA -cm? and 350 mV at 100 mA -cm?) was better
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Figure 6 (a) XRD patterns of NF, Co-OH-COy/NF, NiFe LDHs/NF, and NiFe LDHs@Co-OH-COy/NF electrodes; XPS survey spec-
tra (b) and XPS fine spectra (c-f) of NiFe LDHs@Co-OH-CO,/NF electrode. (c) Co 2p; (d) Ni 2p; (e) Fe 2p; (f) O 1s. (color on line)

than those of the Co-OH-COy/NF electrode (295 mV
at 20 mA -cm? and 400 mV at 100 mA -c¢cm?) and the
NF electrode (330 mV at 20 mA -cm? and 435 mV at
100 mA -cm?) in Figure 7b. The result reveals that
the nanosheets in the NiFe LDHs/NF electrode are
crosslinked to produce a large number of voids,
which makes the NiFe LDHs/NF electrode easy to

access electrolyte and has better OER performance.

Among them, the self-supporting NiFe LDHs@Co-
OH-CO,/NF electrode showed the best performance
with overpotentials of only 215 mV and 310 mV at
the current densities of 20 and 100 mA -cm?, respec-
tively. There is an obvious oxidation peak in the LSV
curve of the Co-OH-CO4/NF electrode, which is the
oxidation peaks of Ni and Co""*, while in the LSV
curve of the NiFe LDHs@Co-OH-COy/NF electrode,
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the oxidation peak shifts to the left®™** and the peak
intensity decreases, indicating that Fe has been suc-
cessfully doped, and the NiFe LDHs have uniformly
distributed and coated onto the Co-OH-CO/NF elec-
trode. The different electrodeposition current densi-
ties in the preparations of NiFe LDHs@Co-OH-CO,/

(a) 320 ;
‘E 280 f —— Co-OH-CO,/NF
© 240 } — NiFe LDHs/NF
?:5 200 —— NiFe LDHs@Co-OH-CO,/NF
2160}
c
S 120} ,
§ 801
5 40 + 215 mV
0 N — = o ! !
10 1.1 1.2 13 14 15 1.6 1.7 1.8
Potential/(V vs.RHE)
(©0.45— NiFe LDHs@Co-OH-CO4/NF
4 NiFe LDHs/NF
> 0.40r | Co-OH-CO4/NF
=
g 0.35¢ 126 mV-dec™!
- A
o
£0.30} /f
o 110 mV-dec’!
©025F
90 mV-dec™!
0.2() 1 1 L 1
1.2 1.4 1.6 1.8 2.0
log(j/(mA-cm™))
(€)1.76 — —
NiFe LDHs@Co-OH-CO/NF 300 mA-cm™
)
E 1.68F e | .
1 250 mA-cm”™
~ 1,60 [7200 mA-cm™
> = 150 mA-cm™
;1 >2 1100 mA-cm™
<
E 1.44 f 50 mA-cm”
Q
°
(=}

—
(98]
(o)}

—_
[\
e e}

0 300 600 900 1200 1500 1800
Time/s

NF-0.2 electrode, NiFe LDHs@Co-OH-COs/NF-2
electrode, and NiFe LDHs@Co-OH-CO,/NF-10 elec-
trode at 20 mA -cm?, the overpotential reaches 255
mV, 250 mV, and 245 mV, respectively (in Figure S4).
The NiFe LDHs@Co-OH-CO,/NF electrode has pre-

viously shown the excellent OER performance (see
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Figure 7 The OER performances tested in a three-electrode system and 1 mol-L* KOH. (a) LSV curves of NF electrode, Co-OH-
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perature; (b) the comparison of overpotential at 20 and 100 mA -cm? for NiFe LDHs@Co-OH-CO4/NF electrode and other elec-
trodes; (c) the corresponding Tafel plots; (d) Nuquist plots of NF electrode, Co-OH-CO,/NF electrode, NiFe LDHs/NF electrode,
and NiFe LDHs@Co-OH-COy/NF electrode; (¢) multi-step chronopotentiometric curves of NiFe LDHs@Co-OH-COy/NF electrode
by varying current density from 50 to 300 mA - cm? with an increment of 50 mA - cm? for 300 s; (f) chronopotentiometric curves of
NiFe LDHs@Co-OH-CO,/NF electrode at 20 mA -cm? for 30 h. (color on line)



BAb22 (). Electrochem.) 2022, 28(9), 2214003 (10 of 17)

table 1)1 *-33 The result is attributed to the self-
supporting NiFe LDHs@Co-OH-COy/NF electrode
with a unique ordered nanorod array structure, which
exposes more active sites and accelerates electron
transfer and gas diffusion, so it shows good OER per-
formance®.

The Tafel slope was obtained by linear fitting to an-
alyze the kinetics of the OER reaction process. As
presented in Figure 7c, the Tafel slopes of the NF
electrode, Co-OH-CO4/NF electrode, NiFe LDHs/NF
electrode, and NiFe LDHs@Co-OH-COy/NF elec-
trode were 141, 126, 110, and 90 mV -dec’, respec-
tively. Particularly, the NiFe LDHs@Co-OH-CO,/NF
electrode had the smallst slope, which further indi-
cates that the NiFe LDHs@Co-OH-CO4/NF electrode
achieves a significantly fast OER kinetics™.

EIS was used to test the charge transfer resistance
(R4), which is the diameter of the semicircle in the

impedance diagram, and reflects the charge transfer

efficiency of the OER electrode. The Nyquist plots of
the NF electrode, Co-OH-COs/NF electrode, NiFe
LDHs/NF electrode, and NiFe LDHs@Co-OH-COy/NF
electrode are given in Figure 7d. It can be seen that
the R, decreasing order of the four OER electrodes
were NF > Co-OH-CO,/NF > NiFe LDHs/NF > NiFe
LDHs@Co-OH-COy/NF. The R, value of the Co-OH-
CO;@NiFe LDHs/NF electrode was the smallest
(about 0.3 (), indicating a better charge transferabili-
ty in an alkaline OER.

Stability is an important index to evaluate the
performance of catalysts™®.. Firstly, the potential-time
curves of NiFe LDHs@Co-OH-CO,/NF electrode
were tested by chronopotentiometry (Figure 7¢), and
the current density was increased every 300 s from 50
mA -cm? to 300 mA -cm™ It can be seen that the po-
tential could be stable in a certain range under differ-
ent current densities, indicating that the NiFe
LDHs@Co-OH-COy/NF electrode has good stability

Table 1 Summary of various non-noble metal catalysts for OER in alkaline solutions (25 °C).

 for OER. a . Tafel slope e
Electrocatalyst Substrate corresponding j (mV -dec”) Stability test Reference
(mV@mA cm?)
Fe: Ni/Ni,P 10 nickel foam . 285@20 48 20 mA-cm? for 100 h [53]
(iR-compensated)
lassy carbon
Ni-Fe LDH DSNCS glassy . 246@20 71 20 mA -cm? for 50 h [42]
electrode (iR-compensated)
FeOOH/Co/FeOOH . 250@20 5
HNTAs-NF nickel foam (iR-compensated) - 20 mA-cm? for 50 h [54]
lassy carbon
NiS,/NiSe, glassy . 290@20 119 100 mA -cm? for 20 h [55]
electrode (iR-compensated)
Cu@CeO,@NFC-0.25 r foam 231@10 32.7 10 and 20 mA -cm? for 30 h [56]
e ’ copper o (without iR compensated) ’ emie
249@20
NiFe-OH-PO,/NF nickel foam . @ 41.8 100 mA -cm? for 10h [57]
(iR compensated)
CoP@NiFe-OH nickel foam . 220@20 49.6 20 mA-cm? for 24 h [28]
(iR-compensated)
CoO@NiFe LDH/NF nickel foam . 225@20 65 20 mA-cm? for 80 h [44]
(without iR-compensated)
lassy carbon
NipoFe, PS; NSs glassy . 329@20 69 30 mA-cm? for 50 h [58]
electrode (iR-compensated)
Nife LDHs@Co-OH- nickel foam 215@20 90 20 mA-cm? for 30 h this work

CO,/NF

(without iR compensated)




B fk27 (L Electrochem.) 2022, 28(9), 2214003 (11 of 17)

under different current densities®!. In addition, the
stability of the NiFe LDHs@Co-OH-COy/NF elec-
trode was evaluated by measuring the chronopoten-
tiometric curve at a current density of 20 mA -cm?
for 30 h. The potential could still maintain 99.6% of
the original one (Figure 7f). LSV curves and mor-
phology of the NiFe LDHs@Co-OH-COs/NF elec-
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o
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trode after the stability test in a three-electrode sys-
tem are supplied in Figure S5 and Figure S6. The
morphology of the NiFe LDHs@Co-OH-COs/NF
electrode remained almost unchanged after the stabil-
ity test.

The electrochemically surface area (ECSA) of the

catalyst was measured by cyclic voltammetry (CV)
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Figure 8 CV curves of NF electrode (a), Co-OH-COy/NF electrode (b), NiFe LDHs/NF electrode (c), and NiFe LDHs@Co-OH-CO,/
NF electrode (d) in the double-layer region at scan rates of 100, 200, 300, 400, and 500 mV -s™ in 1 mol-L"' KOH; (e) the Cy values
of NF electrode, Co-OH-COy/NF electrode, NiFe LDHs/NF electrode and NiFe LDHs@Co-OH-COy/NF electrode determined by

plots of Aj/2 = (j,, — j.)/2 as a function of scan rate for with different shells. j, represents the anode current density, j. represents the

cathode current density. (color on line)



B b2 (). Electrochem.) 2022, 28(9), 2214003 (12 of 17)

according to the double-layer capacitance (Cy). The
C4 of the catalyst is positively correlated with ECSA.
The greater ECSA of the electrode, the better the cor-
responding catalytic performance™" ® . Figure 8a-d
shows the CV curves of the NF electrode, Co-OH-CO5/
NF electrode, NiFe LDHs/NF electrode, and NiFe
LDHs@Co-OH-COy/NF electrode at 0.76 ~ 0.86 V
(vs. RHE) with scanning speeds of 100, 200, 300,
400, and 500 mV +s"'. The ECSA of the materials can
be calculated by CV curves. Figure 8e shows that the
Cy values of NF electrode, Co-OH-CO+/NF electrode,
NiFe LDHs/NF electrode, and NiFe LDHs@Co-OH-
CO4/NF electrode were 0.614, 0.821, 1.01, and 1.34
mF -cm? respectively. It can be seen that the NiFe
LDHs@Co-OH-COy/NF electrode had the largest Cy
of 1.34 mF -cm? which further indicates that the
NiFe LDHs@Co-OH-CO+/NF electrode has more ac-

tive sites and excellent OER performance®. In addi-

()

Gas diffusion layer (NF) &
¢
(NiFe LDHs@Co-OH-CO,) Anode catalyst layer
Aem *
Cathode (70% Pt/C) catalyst layer *

Carbon paper ¢

Gas diffusion layer &

~~
(g
~

NiFe LDHs@Co-OH-CO,/NF || 70% Pt/C

2.0 .
0.5A-cm™

Mm
1.6
97.7%

Cell voltage/V

80

0.0 1 1 1
0 20 40 60
Time/h

100

tion, the ECSA normalized LSV curves of the
Co-OH-COy/NF electrode, NiFe LDHs/NF electrode,
and NiFe LDHs@Co-OH-COy/NF electrode are pre-
sented in Figure S7 to reflect the intrinsic activity of
different samples. The NiFe LDHs@Co-OH-COy/NF
electrode exhibited the enhanced relative ECSA nor-
malized OER activity than those of the NiFe LDHs/NF
electrode and the Co-OH-COs/NF electrode.
3.3 Performance of NiFe LDHs@Co-OH-
CO4/NF Electrode as the Anode of the

AEMWE Single-Cell
To test the potential application of the NiFe
LDHs@Co-OH-COy/NF electrode as an anode of the
AEMWE in 1 mol-L! KOH at 70 °C, the cell was as-
sembled as shown in Figure 9a. Figure 9b shows the
I-V curves (without iR-correction) of NiFe LDHs@
Co-OH-CO4/NF||70% Pt/C. When the current densi-

ties were 0.5 and 1 A -cm?, the cell voltages reached

()1.2 NiFe LDHs@Co-OH-CO,/NF || 70% PUC
< 1.95 'V S--
g 1.0

2
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Figure 9 (a) Schematic illustration of AEMWE, (b) Current-voltage curves of the NiFe LDHs@Co-OH-CO+/NF electrode as the an-
ode for AEMWE single-cell at 70 °C, (c) Cell voltage-time curve from the stability test at 0.5 A -cm?, (d) Nyquist plot at 1.7 V.

(color on line)
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Table 2 Comparison of AEMWE performance 1 mol-L"' KOH

Cell voltage V@

Cell

Stability test

(anodefjcathode) A-cm? temperature (°C)  (hours @ A-cm?) Reference
NiFeCo LDH||NiFeCo phosphide 1.75@0.5 50 40 @ 0.5 [34]
FeOOH/NiFe LDHs@CCH NAs-NF||70 wt% Pt/C 1.768@0.5 70 100 @ 0.5 [31]
(0.4 mg-cm?)
Co(OH),/Ag/Co(OH),||40 wt% Pt/C ( not mention) 1.8@0.6 50 24 @ 0.6 [33]
VCoCO,@NF || VCoCO,@NF 2.01@0.2 45 12 @0.25 [36]
CE-CCO||70 wt% Pt/C (1 mg-cm?) 1.8@1.39 45 64 @ 0.5 [65]
1.72@0.5 70 100 @ 0.5 This work
NiFe LDHs@Co-OH-COyNF||70 wt% Pt/C(0.4 mg-cm?)
1.95@1 70 - This work

1.72 and 1.95 V, respectively. According to the low
calorific value of hydrogen, the electrolytic efficien-
cies were 86.0% and 75.9%, respectively. In addition,
the prepared AEMWE single-cell required a lower
cell voltage than those previously reported for
non-noble metals based on AEMWESs under the sim-
ilar operating conditions (Table 2)B!33436.63,

The stability of AEMWE single-cell was tested at a
constant current density of 0.5 A -cm? for 100 h. The
cell voltage remained at 97.7% of the original voltage
( Figure 9¢). The ohmic resistance and charge-trans-
fer resistance were evaluated by the measurement of
EIS at 1.7 V (about 0.5 A -cm?), As shown in Fig-
ure 9d, the R, of the AEMWE single-cell was small,
which means that the NiFe LDHs@Co-OH-COs/NF
electrode has efficient charge transfer capability .
These results indicate that the NiFe LDHs@Co-OH-
COy/NF electrode is highly effective as a non-noble
metal-based OER electrode in an AEMWE single-cell.

4 Conclusions

In summary, the 3D layered self-supporting NiFe
LDHs@Co-OH-COy/NF nanorod array electrode has
been successfully prepared. The unique morphologic
structure of the NiFe LDHs@Co-OH-CO+/NF elec-
trode revealed the following characteristics: (1) The
inner layer of Co-OH-CO; can effectively prevent the
agglomeration of NiFe LDHs nanosheets, which is
conducive to electron transfer, and provides a large

number of edge and interface sites for water elec-

trolyzer. (2) The outer layer of NiFe LDHs nanosheets
crosses each other to form rich and regular pores,
which not only can significantly increase the catalytic
active sites, but also reduce the ion diffusion distance
and transmission resistance. (3) The strong interaction
can enhance the conductivity of the NiFe LDHs@Co-
OH-CO,/NF electrode between NiFe LDHs@Co-OH-
CO; and NF substrate. As a result, the excellent per-
formances were achieved both in a three-electrode
system and in an AEMWE single-cell as the anode.
The NiFe LDHs@Co-OH-CO,/NF electrode exhibit-
ed the excellent OER activity with a low overpoten-
tial 215 mV at the current density of 20 mA - cm? and
good stability for 30 h in 1 mol-L"' KOH. In addition,
the NiFe LDHs@Co-OH-CO,/NF electrode as the an-
ode of the AEMWE also showed the good perfor-
mance in 1 mol L' KOH at 70 °C. The cell voltage
was 1.72 V at the current density of 0.5 A -cm? with
the excellent stability for 100 h. This study provides
useful guidance for the design of the anode for
AEMWEs.
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