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ation of amorphous structure to
improve the oxygen evolution reaction
performance of a CoNi LDH†

You Ye,a Yan Shan,*a Hongli Zhu,b Kezheng Chena and Xuegang Yu *a

The morphology design of layered double hydroxides (LDHs) is an important way to determine the catalytic

performance of LDHmaterials. A novel structure of CoNi LDH sheets with amorphous structure on the edge

was prepared by electrooxidation. It was characterized by XRD, SEM, TEM and XPS. It was found that during

the electrooxidation, some of the Co2+ ions were oxidized to Co3+ to form amorphous CoOOH

intermediates, which promoted the OER performance. The electrochemical test results show that CoNi

LDH treated by electrooxidation for 6 hours has an ultra-low overpotential of 206 mV at a current

density of 10 mA cm−2, and can work stably under alkaline conditions for more than 10 hours. This work

suggests that introducing an amorphous structure on LDH through electrooxidation produces abundant

active sites, which is an easy and efficient method to improve the OER performance of CoNi LDHs.
1. Introduction

With the increasing consumption of fossil fuels, fossil energy is
on the verge of exhaustion, and people are facing a serious
energy crisis. So the scientists have to develop renewable and
pollution-free energy to replace traditional energy.1–5 Hydrogen
energy is one of the most promising potential alternatives to
traditional fossil fuels due to its high specic energy density,
environmental benignity and abundant sources.6–9 The elec-
trolysis of water is an effective way for large-scale hydrogen
production.10,11 Hydrogen evolution reaction (HER) and oxygen
evolution reaction12–15 are the two parts of water splitting, and
both of them need suitable catalysts to achieve excellent cata-
lytic performance and good stability. Compared with HER, the
OER possesses low energy conversion efficiency and sluggish
kinetics, due to a four-electron process at the anode.16,17 The
development of high-efficiency OER electrocatalysts can greatly
improve the hydrogen production rate and energy conversion
efficiency of water splitting. To date, noble-metal-based mate-
rials12,18,19 are considered as the most efficient catalysts toward
water splitting (i.e. Pt/C for HER and RuO2 for OER). Never-
theless, the high cost and scarcity limit their widespread
applications. As consequence, it is necessary to design and
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fabricate high-efficiency non-precious-metal-based catalysts to
overcome this defect.

To date, earth-abundant 3d transition20,21 metals have been
extensively researched for water electrolysis. Among of the
superior electrocatalysts, CoNi layered double hydroxide
(LDH),22–24 which have been notably validated as attainable
electrocatalyst for OER due to their exible adjustability in
chemical composition, morphology and thickness, has aroused
widespread concern among researchers. Chu et al. reported
a hybrid Ni3S2/vertical graphene@CoNi LDH catalyst. The
introduction of vertical graphene could promote charge and ion
transport, and could form optimized two-dimensional hetero-
structure.24 Tian et al. prepared CoNi-LDH with nanobundle-
like structure as an efficient catalyst for OER.25 This catalyst is
a novel class of mesoporous structure with high specic surface
area, and it show an overpotential value of 266 mV to reach 10
mA cm−2 current density. Feng et al. studied CoNi-LDH with
nanoower structure rich in oxygen vacancies.26 This LDH
material can be slightly etched to obtain an open 3D structure
through a simple solvothermal method and can provide a large
specic surface area and abundant oxygen vacancies, and it
show overpotential of 260 mV at 10 mA cm−2. Tian et al. re-
ported a core branch Co3O4@CoNi-LDH of OER catalyst. Co3O4

is introduced through metal organic frameworks template, and
CoNi-LDH is indirectly loaded through atomic layer deposition
technology. There are coupling interactions between these two
components, and the 3D structure constructed together signif-
icantly improves the catalytic performance of OER.27 Xu et al.
presented in situ growth of brush like Co3S4@CoNi-LDH elec-
trocatalyst. The prepared catalyst is convenient for charge
transfer due to its unique structure and has a large specic
surface area. The in situ growth method ensures the stability of
RSC Adv., 2023, 13, 2467–2475 | 2467

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra06447b&domain=pdf&date_stamp=2023-01-14
http://orcid.org/0000-0001-9514-6034
https://doi.org/10.1039/d2ra06447b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06447b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013004


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/1

2/
20

26
 9

:5
4:

45
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the catalyst. The synergistic effect between Co3S4 and NiCo-LDH
is also one of the reasons for the high-efficiency OER catalytic
activity.28 Hu et al. found the hybrid Ti3C2Tx MXene@CoNi LDH
has excellent OER performance. Ti3C2Tx MXene as support has
prominent electronic coupling and strong interfacial interac-
tion, and the OER activity of CoNi LDH can be further
enhanced.29 To sum up, CoNi-LDH can improve the catalytic
efficiency in the OER process However, the catalytic activity of
CoNi-LDH itself is insufficient, and few people have further
studied it. Herein, this research adopts a simple and gentle
method to fully expose the catalytic active sites to solve the
above problems.

In this work, we have developed a CoNi double hydroxide on
nickel foam by hydrothermal method. Then CoNi double
hydroxide was modied by electrooxidation, which can obtain
an amorphous heterogenous structure with plentiful active
sites. The emerge of amorphous structure can adjust the
interface structure and signicantly improve the density of
catalytic active sites, which provides an opportunity to improve
the catalytic performance. Finally, the coexistence of amor-
phous structure and crystal structure show better OER perfor-
mance than single crystal structure, which provides a new way
to improve LDH catalyst performance and a good prospect in
industrial energy storage.

2. Experimental section
2.1 Materials

Cobalt nitrate hexahydrate (Co(NO3)2), ethanol (CH3CH2OH),
urea (CO(NH2)2), ammonium uoride (NH4F) and potassium
hydroxide (KOH) were purchased from Sinopharm Chemical
Reagent Co. Ltd. All above chemicals were of analytic grade and
used directly without further purication. Ni foam (NF) was
bought from Qingdao Zhengye Chemical Reagent Co. Ltd.

2.2 Synthesis of CoNi-LDH-Ex@NF

Ni foam was sonicated in hydrochloric acid, ethanol and DI for
15 min respectively, to eliminate the interference of surface
impurities, and then the Ni foam was dried under vacuum at
60 °C. 0.5 mmol Co(NO3)2 was dissolved in 50 mL DI water.
Fig. 1 Schematic illustration of the preparation for CoNi-LDH-E6@NF c

2468 | RSC Adv., 2023, 13, 2467–2475
Then 2 mmol NH4F and 5 mmol urea were added. The solution
was vigorous stirred for 15 min and ultrasonic treatment for
15 min, it was transferred into a 100 mL Teon-lined autoclave,
where the cleaned Ni foam (1*5 cm2) was placed at a 45° angle
to the bottom. Then the sealed autoclave was kept temperature
at 120 °C for 6 h to synthesize CoNi-LDH@NF. The obtained
CoNi-LDH@NF was rinsed with DI water and ethanol for more
than three times, and kept in vacuum at 60 °C for 6 h to dry.
Aer drying, CoNi-LDH@NF was electrooxidized at the poten-
tial of 1.7 V (vs. RHE) in 1 M KOH solution to obtain CoNi-LDH-
Ex@NF (x is the processing time of electrooxidation, and the
sample CoNi-LDH-E0@NF represents CoNi-LDH@NF without
electrooxidation). The electrooxidation process was conducted
on a CHI660E electrochemical workstation (CH Instruments,
Inc, shanghai),using a standard three-electrode system. The
CoNi-LDH@NF was working electrolyte, platinum wire
(CHI115) was used as counter electrode, and Hg/HgO electrode
was served as reference electrode. The synthesis process of
CoNi-LDH-Ex@NF is shown in Fig. 1. At rst, CoNi-LDH was
loaded on a piece of clean foam NF by hydrothermal reaction.
Secondly, the prepared CoNi-LDH@NF was electrooxidized to
obtain the desired morphology.
2.3 Material characterizations

X-ray diffraction (XRD, D/MAX/2500PC, Japan) was used to
characterize the phase analysis of samples. The surface
morphologies, structure and element composition of samples
were observed by scanning electron microscopy (SEM, JSM-
6700F, Japan) with energy-dispersive X-ray spectroscope and
transmission electron microscopy (TEM, JEM-2100PLUS,
Japan). The composition and chemical valence states of the
elements were detected by X-ray photoelectron spectroscopy
(XPS, ESCALAB XI+, Thermo sher).
2.4 Electrochemical measurements

Electrochemical workstation (CH Instruments, Inc, shanghai) is
used for electrochemical measurements. The experiment was
carried out with a three electrode system in 1MKOH electrolyte.
All prepared CoNi-LDH-Ex@NF (1 cm*0.5 cm) were used as the
omposites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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working electrode with Ag/AgCl reference electrode (CHI111,
0.222 V vs. RHE, at 25 °C) as the reference electrode and plat-
inum wire (CHI115) as the counter electrode. Linear sweep
voltammetry (LSV) was tested from 0.6 V to 0 V (vs. Ag/AgCl) with
a scan rate of 5 mV s−1 for avoiding the interference of oxidation
peak of Ni foam. Electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency from 100 000
to 0.01 Hz with an AC potential amplitude of 5 mV, and the
applied voltage was 0.5 V (vs. Ag/AgCl). Electrochemical active
surface area (ECSA) is estimated by electric double layer
capacitor (Cdl) and the electrical double layer capacitor was
measured from double-layer charging curves using cyclic vol-
tammetry (CV) at scan rates from 20 to 100 mV s−1 in a non-
faradaic potential range of 0.05–0.15 V (vs. Ag/AgCl). To test
stability of material, chronoamperometric measurements were
got at a constant current density of 9 mA cm−2 for 10 h. Tafel
slope is calculated by the following formula: h = b*log j + a,
where h represents the overpotential, b refers to the Tafel slope,
and j is the current density. The potential of Ag/AgCl converted
to RHE follows Nernst equation: ERHE = EAg/AgCl + 0.059 pH +
0.222. The overpotential (h) is calculated by the following
simple formula: h = ERHE − 1.23(V).

3. Results and discussion

Through the simple hydrothermal method and electrooxidation
method, CoNi-LDH-Ex@NF was successfully synthesized. The
structural information of CoNi-LDH-Ex@NF was characterized
by XRD. Fig. 2a shows the XRD patterns of the CoNi-LDH@NF
with different electrooxidation time treatment. All samples
show three sturdy and sharp peaks at 44.6°, 51.9°, and 76.4°,
corresponding to (110), (200), and (220) of Ni (JCPDS No.01-
1258). Moreover, all samples have poor crystallization, due to
the fact one broad diffraction peak is located in each sample.
And the proportion of broad peak was increased to some extent
with the electrooxidation time. This result indicates that there is
a small amount of amorphous structure in the samples aer
hydrothermal reaction, and the degree of amorphization of the
samples increases greatly aer the electro oxidation process.
There is low level of crystalline phase of CoNi-LDH in the CoNi-
LDH-Ex@NF, and it is the reason why the diffraction peak of
Fig. 2 (a) XRD patterns of the CoNi-LDH@NF with different electrooxid

© 2023 The Author(s). Published by the Royal Society of Chemistry
CoNi-LDH crystal phase is not observed in XRD patterns. In
order to determine the main components of the sample on NF,
the powder in the autoclave were collected for XRD character-
ization. The XRD pattern of the CoNi-LDH powder without
electrooxidation was shown in Fig. 2b, and the pattern is
matched the standard pattern (JCPDS No.30-0443, JCPDS No.43-
1003, JCPDS No.14-0117) and the results reveal that Co(OH)2,
Co3O4, CoOOH and Ni(OH)2 were included in the powder. In the
hydrothermal reaction, Co(OH)2 may be directly formed by
precipitation reaction (eqn (1)), while Co3O4 may be
a compound of high valent cobalt formed by oxidation of
a small part of Co2+ (eqn (2)), and Ni(OH)2 may be formed by
oxidation–reduction reaction between elemental Ni and high
valent Co and precipitation reaction with OH−(eqn (3)). There-
fore, the components of the prepared compound are Ni2+ and
Co elements in different oxidation states as the cation layer, and
OH− and oxygen ions as the adjacent anion layer. The cation
layer and the anion layer are naturally stacked adjacent to each
other to form CoNi-LDH. These results successfully prove that
CoNi-LDH is loaded on NF, which makes CoNi-LDH have
a suitable place for electrooxidation.

Co2+ + OH− / Co(OH)2 (1)

3Co2+ + 2O2 / Co3O4 (2)

2Co3+ + Ni + 6OH− / Ni(OH)2 + 2Co(OH)2 (3)

Fig. 3a and b are SEM images of NF, and it can be seen that
the NF skeleton has a certain 3D structure and the surface is
relatively smooth and clean. Fig. 3c and d display SEM images of
the surface morphology of CoNi-LDH-E0@NF. Under the
hydrothermal reaction at 120 °C for 6 h, sheet structure CoNi
LDH was successfully and uniformly loaded on NF. It can be
seen that the thickness of the CoNi LDH sheet is about 450 nm,
and the surface of sheets is relatively at. The reason for this
may be that the LDH materials prepared by hydrothermal
method inevitably make the nanosheets stack to form large
sheet. Fig. 3e and f show the SEM images of the sample of CoNi-
LDH-E6@NF. Notice that, compared with CoNi-LDH-E0@NF,
ation time treatment, (b) XRD pattern of the CoNi-LDH powder.

RSC Adv., 2023, 13, 2467–2475 | 2469
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Fig. 3 (a and b) SEM images of NF with different magnifications, (c and d) SEM images of CoNi-LDH-E0@NF with different magnifications, (e and
f) SEM images of CoNi-LDH-E6@NF with different magnifications, (g) elemental mapping of CoNi-LDH-E6@NF.
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the edges of each CoNi-LDH-E6@NF nanosheets are very rough,
where nanorods emerge.

In addition, the overall structure of CoNi-LDH-E6@NF has not
been damaged, and the size has hardly changed, maintaining the
original 2D structure. The presence of a large number of uniform
nanosheets and nanorods will expand the specic surface area of
the material and present 3D nanostructures, which will expose
extra active sites. Moreover, obviously, it can be further seen that
CoNi-LDH materials prepared by hydrothermal method have
a stacking effect, and large nanosheets are formed by stacking
small nanosheets with a thickness of 40 nm. The thickness of
CoNi-LDH-E6@NF sheets is about 650 nm, 200 nm more than
that of CoNi-LDH-E0@NF sheets. This shows that the electro-
oxidation treatment opens the gap between the nanosheets and
solves the stacking effect of LDH materials. The SEM images can
clearly show that the CoNi-LDH material will undergo certain
morphological adjustment along its growth direction, that is, the
edge, aer electrooxidation.30 In addition, the elements Co, Ni
and O are uniformly distributed on the whole CoNi-LDH-E6@NF
electrode, as indicated by Fig. 3g.

To conrm the difference of surface structure before and
aer electrooxidation, the internal structure and morphology of
CoNi-LDH-E0@NF (Fig. S1†) and CoNi-LDH-E6@NF (Fig. 4) are
characterized by transmission electronmicroscopy. As shown in
the Fig. S1,† the CoNi-LDH nanosheet (CoNi-LDH-E0@NF)
without electrooxidation treatment is relatively smooth, espe-
cially in the edge area. Aer electrooxidation treatment, from
the Fig. 4a, it can be seen that the edge of CoNi-LDH nanosheet
(CoNi-LDH-E6@NF) is rough, and a layer of amorphous
2470 | RSC Adv., 2023, 13, 2467–2475
structure may be wrapped around the edge of the nanosheet. As
shown in Fig. 4b, some CoNi-LDH-E6@NF nanosheets have
holes, which makes the nanosheets have a network structure
and a larger specic surface area. Therefore, it was found that
the morphology of the nanosheets was damaged to a certain
extent aer electrooxidation treatment. This newly formed
amorphous structure and porous structure expose more active
sites and is conducive to better contact between active sites and
electrolytes in the OER process. The HRTEM images of CoNi-
LDH-E6@NF were shown in Fig. 4c and d. As can be seen, the
nanosheets consists of well-dened crystalline phase in the core
part, and an ultrathin layer (∼5 nm) of amorphous nano-
domains on the surface. In addition, the lattice fringe of the
CoNi-LDH-E6@NF nanosheets was 0.2659 nm, corresponding
to the (101) plane (JCPDS No.38-0715).22,31,32 This result further
indicates that LDH is successfully and uniformly loaded on NF.

In order to further determine the chemical states and
valence states of CoNi-LDH-E6@NF and understand the trans-
formation of components before and aer electrooxidation, the
sample was characterized by X-ray photoelectron spectroscopy
(XPS). As shown in the Fig. 5a, the XPS survey spectrum of CoNi-
LDH-E6@NF reveals the presence of Ni, Co, O and C species. In
the Co 2p region (Fig. 5b), the peaks at the binding energies
(BEs) of 781.1 and 785.7 eV were assigned to 2p3/2 of Co

3+ and
Co2+ respectively; While the peak at 796.4 and 798.6 eV belong
to 2p1/2 of Co

3+ and Co2+ respectively; The other peaks at 804.6
and 790.6 eV corresponded to satellite peaks. Compared with
the XPS survey spectrum of CoNi-LDH-E0@NF (Fig. 6b), the
peaks of Co2+ were decreased, which indicates the oxidation of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) TEM images of CoNi-LDH-E6@NF with different magnifications, (c and d) HRTEM images of CoNi-LDH-E6@NF.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/1

2/
20

26
 9

:5
4:

45
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the element Co in the course of electrooxidation, and it explains
the increase of amorphous materials. In Fig. 5c, the satellite
peaks can be found with their binding energy at 862.0 and
Fig. 5 (a) XPS spectra of CoNi-LDH-E6@NF, high-resolution XPS spectr

© 2023 The Author(s). Published by the Royal Society of Chemistry
880.0 eV, and the peaks at 855.9 and 873.5 eV belong to Ni 2p3/2
and 2p1/2 respectively, which shows the existence of Ni2+. As
shown in Fig. 5d, the peaks with binding energies of 529.3 eV,
um of (b) Co 2p, (c) Ni 2p, (d) O 1s.

RSC Adv., 2023, 13, 2467–2475 | 2471
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Fig. 6 (a) XPS spectra of CoNi-LDH-E0@NF, high-resolution XPS spectrum of (b) Co 2p, (c) Ni 2p, (d) O 1s.
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531.2 eV and 532.2 eV are corresponded to the metal–oxygen,
metal–OH and adsorbed oxygen, respectively.

Fig. 6 shows the XPS spectra of sample without electro-
oxidation treatment. As shown in Fig. 6a, the CoNi-LDH-E0@NF
without electrooxidation also reveals the presence of Ni, Co, O
and C species. It can be seen from Fig. 6c that the chemical state
of element Ni is almost the same as that before electrooxidation
treatment. For O 1s in Fig. 6d, the peak of metal–oxygen at
529.3 eV can't be observed, which may due to the low content of
metal oxides, and it indicates that the electrooxidation process
introduces some Co oxides into the amorphous structure. These
results indicate that the valence of Co in the sample changes
aer electrooxidation during the surface experiment, and since
Co is changing from bivalent to trivalent, the catalyst compo-
sition also has a change process. However, when the catalyst
recombines to form new cobalt valence compounds, the growth
rate of crystal nuclei is relatively slow. In the edge region of the
nanosheet, the particles show that they do not repeat periodi-
cally in the three-dimensional space, and have the isotropic
properties, which may be the reason for the formation of
amorphous structure.

The electrochemical tests result of CoNi-LDH-Ex@NF and
commercial RuO2 are shown in the Fig. 7. From the LSV curve
(Fig. 7a), it can be concluded that the OER performance of CoNi-
LDH@NF is positively correlated with the electrooxidation
treatment time. As in shown Fig. 7b, the Tafel plot of CoNi-LDH-
2472 | RSC Adv., 2023, 13, 2467–2475
E6@NF is 60.27 mV dec−1 in the overpotential region of 160–
190 mV, which is smaller than those of CoNi-LDH-E0@NF, CoNi-
LDH-E2@NF, CoNi-LDH-E4@NF, indicating that the CoNi-LDH-
E6@NF sample has the superior catalytic kinetics for the OER
process. Overpotential at 10 mA cm−2 was measured for the
catalytic performance of the materials. As shown in Fig. 7c, with
the increase of electrooxidation time, the OER performance of
CoNi-LDH@NF is signicantly improved. When the electro-
oxidation time of CoNi-LDH@NF is 6 h, the overpotential of
CoNi-LDH@NF catalyst is the smallest (the overpotential is 206
mV), at the current density of 10 mA cm−2. The electrochemical
OER properties of CoNi-LDH-E6@NF and the corresponding
results in some recent articles are compared in Table 1. The cyclic
voltammetry curves of the samples are measured in the no
faradaic processes interval, and the curves are used to t the
double-layer capacitance (Cdl) of the samples (Fig. S2†). In this
way, the electrochemical active surface area (ECSA) of the
samples can be calculated. As shown in Fig. 7d, the relationships
between the scanning rate and the CV curve were drawn. It can be
seen that the ECSA of each sample has little difference and it may
be that the activity of these samples is related to their intrinsic
activity. Stability is an important parameter to judge the prop-
erties ofmaterials, which is the key factor in practical application.
As presented in Fig. 7e, there are no obvious current decay is
observed aer 10 h occurred for CoNi-LDH-E6@NF. The elec-
trochemical impedance spectroscopy (EIS) curves of the samples
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) LSV curves of different samples and RuO2; (b) Tafel plots derived from LSV curves; (c) overpotential of different samples and RuO2 at the
current density of 10 mA cm−2; (d) capacitive currents at 0.1 V (vs. Ag/AgCl) as a function of scan rates; (e) i–t curve of CoNi-LDH-E6@NF; (f) EIS
curves.

Table 1 Comparison of OER performance of CoNi-LDH-E6 catalyst
with recently reported other electrocatalysts

Material Electrolyte h10 Tafel slope Ref.

NiFe LDHs 1 M KOH 307 mV 40 mV dec−1 42
NiMn-LDH/C3N4 1 M KOH 316 mV 65 mV dec−1 43
NiMn (Cl)-LDH 1 M KOH 420 mV 79 mV dec−1 44
CoMn-LDH 1 M KOH 350 mV 43 mV dec−1 45
CoCr LDHs 1 M KOH 417 mV 74 mV dec−1 46
CoAl LDHs 1 M KOH 400 mV 83 mV dec−1 47
CeO2/NiFe LDH 1 M KOH 246 mV 65 mV dec−1 48
Co–C@NiFe LDH 1 M KOH 249 mV 57.9 mV dec−1 49
CoNi-LDH-E6@NF 1 M KOH 206 mV 60.27 mV dec−1 This work
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were measured to further study the effect of electrooxidation on
the properties of the samples. The EIS spectra of CoNi LDH
treated with four kinds of electrooxidation time are shown in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 7f. The sample with the lowest charge transfer resistors is
CoNi-LDH-E6@NF, which indicates that the formation of amor-
phous structure can effectively enhance the charge transfer of
materials.

The excellent electrochemical performance of CoNi-LDH-
E6@NF may be attributed to the following reasons: rstly,
LDH materials contain a large number of multivalent metal
cations. These multivalent metal cations have redox features at
a certain potential, which makes LDHmaterials with 2D layered
structure have good charge transfer. During the electrochemical
reactions process, the dynamic change of positive charges
between layers will be balanced by the migration of intercalated
anions in the interlayer space.33–35 Secondly, NiOOH and
CoOOH are suitable substances for OER,36,37 while Ni and Co in
LDH can be oxidized in situ to NiOOH and CoOOH under
alkaline conditions, which is also the reason why CoNi-LDH is
considered to be a catalyst for OER under alkaline conditions.
RSC Adv., 2023, 13, 2467–2475 | 2473
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Fig. 8 The schematic illustration for OER.
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In the OER process, the four-electron transfer process of tran-
sition metal-based catalyst under alkaline conditions is shown
in Fig. 8. The Mn+ goes through four processes, forming M–OH,
M–O and MO–OH respectively by adsorbing OH−, and nally
producing O2 (eqn (4)–(7)).38

Mn+ + OH− / MOH + e− (4)

MOH + OH− / MO + H2O + e− (5)

MO + OH− / MOOH + e− (6)

MOOH + OH− / M + O2 + H2O + e− (7)

Additionally, under alkaline conditions, the OER process is
usually accompanied by proton-coupled electron transfer (eqn
(8)).37,39 The rich Co3+ in CoNi-LDH-E6@NF may lead to more
extra charges to conduct proton and electron migration, and it
makes the reaction more kinetic and lower energy barrier. In
addition, the chemical properties of catalysts are mainly
dominated by surface effects. The growth direction of LDH
nanosheets is also due to the different coordination of atoms on
the surface and edge. The lack of coordination edge has a great
impact on the formation of nanosheets, which is also the active
site of OER reaction. The Co2+ in the material is changed into
Co3+ by electrooxidation, which makes the LDH edge atoms
have larger coordination number and stronger surface effect.
This makes CoNi-LDH-E6@NFmore capable of adsorbing OH−.

[CoIII–OH] / [CoIV–O] + H+ + e− (8)

Thirdly, for general LDH materials, the active center may be
covered up, which cannot play a catalytic role, and the OER
performance of the materials will be reduced.16,40 The amor-
phous structure of CoNi-LDH-E6@NF increases the specic
surface area and forms a large reaction interface, which is
conducive to the diffusion of electrolyte and the release of
evolved gas bubbles.41 Moreover, CoNi-LDH-E6 is directly grown
on NF to obtain an integral electrode, which can avoid the use of
2474 | RSC Adv., 2023, 13, 2467–2475
binder such as Naon, reduce resistance, promote electron
transmission between electrode and electrolytic interface and
improve catalytic activity. The above advantages may be the
reasons for the excellent OER performance of LDH.

4. Conclusions

In this work, the coexistence of amorphous and crystalline
structures by electrooxidation is proposed to improve the OER
performance of CoNi LDH. The as-prepared CoNi-LDH-E6@NF
displays excellent OER activity with ultralow overpotentials of
206 mV at j = 10 mA cm−2 and a small Tafel slope of 60.27 mV
dec−1 in alkaline electrolyte, and the sample also exhibits good
stability with working at 9 mA cm−2 current density for more
than 10 hours. The Co and Ni cation in LDH can adsorb OH−

and undergo four electron transfer reaction. They are the active
sites in which oxygen is generated. By introducing amorphous
structure, this active sites can be fully exposed, so as to improve
the performance of OER. This study provides an electro-
oxidation method to solve the drawbacks of LDH self-stacking
effect, and opens up a new way to improve the catalytic
performance of LDH catalyst.
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