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Sulfidation and NaOH etching in CoFeAl LDH
evolved catalysts for an efficient overall water
splitting in an alkaline solution†

Xiaolong Deng, *a Shanshan Wang,a Yi Liu,a Jiafeng Cao,*a Jinzhao Huang *b

and Xingwei Shi c

In this study, a hierarchical interconnected porous metal sulfide heterostructure was synthesized from

CoFeAl layered double hydroxides (LDHs) by a two-step hydrothermal process (sulfidation and a NaOH

etching process). Among the as-made samples, the CoFeAl-T-NaOH electrode exhibited excellent

oxygen and hydrogen evolution reaction catalytic activities with overpotentials of 344 mV and 197 mV at

the current density of 100 mA cm−2, respectively. Meanwhile, small Tafel slopes of 57.7 mV dec−1 and

106.5 mV dec−1 for water oxidation and hydrogen evolution were observed for the CoFeAl-T-NaOH,

respectively. Serving as both the cathode and anode for overall water splitting, the CoFeAl-T-NaOH elec-

trode reached a current density of 10 mA cm−2 at a cell voltage of 1.65 V with excellent stability. The

enhanced electrocatalytic activity could be attributed to: the hierarchical interconnected nanosheet

structure facilitating mass transport; the porous structure promoting electrolyte infiltration and reactant

transfer; the heterojunction accelerating charge transfer; and the synergistic effect between them. This

study offered a new clue for in situ synthesizing porous transition-metal based heterojunction electroca-

talysts with a careful tuning of the sequence of sulfuration and alkaline etching to enhance the electro-

catalytic performance.

1. Introduction

The development of green energy and a sustainable energy
system is essential to alter the use of transitional fossil fuel
resources in response to the worldwide environmental and
energy crises.1 Oxygen and hydrogen generated from water
splitting has been considered one of the most promising
approaches for electrochemical energy storage and conver-
sion.2 The involved two half-reactions, the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), were
driven by the theoretically thermodynamic overpotentials of 0
V and 1.23 V respectively.3,4 However, there still remain chal-
lenges for the practical application due to the much higher
overpotential and unclear underlying mechanism. Therefore,
the development of an efficient electrocatalysts is a promising

approach to achieve a high current density at a relatively low
overpotential.5 In order to lower the overpotential, many
efforts have been made, including catalyst selection, structure
design and regulation.2,6–10 The development of non-precious
metal based electrocatalysts with a high activity and durability
has the potential for large-scale practical applications.11

Among these, transition-metal based layered double hydroxides
(LDHs) have attracted tremendous interest due to their unique
structure and physicochemical properties.12–14 However, their
practical applications were limited due to the poor conductivity
and easy aggregation of LDHs.15 Thus, many efforts have been
made to further improve the electrochemical performance of
LDHs by tuning the species and the molar ratio of metal
cations, exchanging the interlayer anions, expanding the inter-
layer distance, and anchoring metal atoms and modulating
defects in the layered structure and so on.12,16–19

Among these modification approaches, the generation of
LDH derivatives was one of the most promising clues to
enhance the electrocatalytic properties.20,21 For example, Fu
et al. had successfully synthesized anion-modulated 3D Ni–V
based transition metal interstitial compound (TMIC) hetero-
junctions on nickel foam through a hydrothermal method
followed by a phosphorization treatment. It was demonstrated
that the excellent water splitting performance could be
ascribed to the heterointerfaces, good conductivity, intimate

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr01276j

aSchool of Microelectronics and Data Science & Institute of Optoelectronics and New

Energy, Anhui University of Technology, Ma’anshan 243032, Anhui Province,

P. R. China. E-mail: dengxl84@ahut.edu.cn, jiafengcao@126.com
bSchool of Physics and Technology, University of Jinan, Jinan 250022, Shandong

Province, P. R. China. E-mail: ss_huangjinzhao@ujn.edu.cn
cBeijing Key Laboratory of Ionic Liquids Clean Process, CAS Key Laboratory of Green

Process and Engineering, Institute of Process Engineering, Chinese Academy of

Sciences, Beijing 100190, China

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 9049–9059 | 9049

Pu
bl

is
he

d 
on

 2
5 

ap
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
7.

06
.2

02
4 

09
.4

2.
47

. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-1284-4978
http://orcid.org/0000-0001-5930-6651
http://orcid.org/0000-0002-4037-9823
https://doi.org/10.1039/d3nr01276j
https://doi.org/10.1039/d3nr01276j
https://doi.org/10.1039/d3nr01276j
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr01276j&domain=pdf&date_stamp=2023-05-22
https://doi.org/10.1039/d3nr01276j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015020


contact, and porous structure.22 It was reported that Co3S4/
Fe3S4 heterostructures on nickel foam evolved from CoFe LDH
by a two-step hydrothermal method has an outstanding
bifunctional catalytic performance due to the interconnected
structure and a synergistic effect.23 Moreover, transition-metal
chalcogenides have been widely investigated due to their excel-
lent electrocatalytic performance partially induced by the
porous structures and heterostructures.24–27 Sulfur was incor-
porated into NiFe (oxy)hydroxide (S-NiFeOOH) grown on nickel
foam by a galvanic corrosion method and a hydrothermal
method and showed an enhanced overall water splitting
activity, which was attributed to the change in the local struc-
ture and chemical states.28 In other words, the formation of
heterojunctions and sulfurization could enhance the electro-
catalytic activities.

Recently, the NaOH etching effect was also investigated to
improve the electrocatalytic activity. For example, a NaOH-
assisted thioacetamide etching strategy was also applied to
prepare a hollow nanostructured ZIF bimetallic sulfide with
enhanced OER/HER catalytic activities.29 Most importantly,
the amphoteric Al in LDH could be selectively etched by an
alkaline solution to construct a porous structure, favorable for
the electrocatalytic performance. Wang et al. reported that the
CoAl LDH etched by a NaOH solution accompanied by sulfuri-
zation and phosphorization as the electrocatalyst exhibited
outstanding OER and HER performances.30,31 In addition,
different etchants, such as NaOH and HF, were used to investi-
gate the etching effect of the catalysts.32 However, few reports
studied the electrocatalytic performance of metal LDH via a
sequential sulfidation and NaOH etching process.

Herein, a facile two-step hydrothermal approach was
applied to synthesize bifunctional overall water splitting elec-
trocatalysts derived from CoFeAl LDH through sulfidation and
NaOH etching with a reverse sequence (named as CoFeAl-
T-NaOH and CoFeAl-NaOH-T). Among these, the best CoFeAl-
T-NaOH electrode showed excellent OER and HER perform-
ances with overpotentials of 343 mV and 197 mV to deliver
100 mA cm−2 and Tafel slopes of 57.7 mV dec−1 and 106.5 mV
dec−1, respectively. In addition, CoFeAl-T-NaOH reached a
current density of 10 mA cm−2 for the overall water splitting at
a cell voltage of 1.65 V with excellent stability. The enhanced
electrocatalytic activity could be ascribed to the interconnected
hierarchical structure, nanopores and heterostructures for
accelerated mass transport, product diffusion and charge
transfer. This work proposes a new strategy to synthesize
porous structures of transition-metal chalcogenide hetero-
structures from LDHs and emphasizes the importance of the
synthesis sequence for an enhanced electrocatalytic
performance.

2. Experimental section
2.1. Materials

Cobalt chloride hexahydrate (CoCl2·6H2O), iron chloride hexa-
hydrate (FeCl3·6H2O), aluminum chloride hexahydrate

(AlCl3·6H2O), ammonium fluoride (NH4F), urea (CH4N2O),
thiourea (CH4N2S), 5.0 M sodium hydroxide analytical titrant
(NaOH), and 1.0 M potassium hydroxide analytical titrant
(KOH) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Absolute ethanol (C2H6O) was obtained
from Sinopharm Chemical Reagent Co., Ltd. All the chemical
reagents were analytical grade and used as received without
further purification.

2.2. Preparation of the CoFeAl LDH precursor

The nickel foam was treated ultrasonically with deionized
water and ethanol for 5 min each, and then dried in a vacuum
oven at 60 °C for 12 h. The CoFeAl LDH precursor was hydro-
thermally in situ grown on the Ni foam with a typical pro-
cedure depicted as follows: first, the homogeneous solution
was prepared by mixing 0.8 mmol CoCl2·6H2O, 0.4 mmol
FeCl3·6H2O, 0.4 mmol AlCl3·6H2O, 4 mmol NH4F, and
28 mmol urea in 40 mL of deionized water and stirred for
30 min. Then, the above solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave with several pieces of Ni
foam (size of 1 cm × 2 cm) and kept in an oven at 100 °C for
6 hours. After cooling down to room temperature naturally, the
products grown on the Ni foam were cleaned by deionized
water and absolute ethanol several times. Finally, the CoFeAl
LDH precursor was obtained by drying at 60 °C for 12 hours in
a vacuum oven.

2.3. Synthesis of the CoFeAl-T-NaOH catalyst

First, the CoFeAl LDH precursor was placed in an autoclave
with 40 mL of aqueous solution containing 0.6 mmol thiourea
and reacted at 140 °C for 5 h. After cooling to room tempera-
ture naturally, the product was washed with deionized water
and ethanol, and dried at 60 °C for 12 hours in a vacuum to
obtain the CoFeAl-T catalyst. Then, the CoFeAl-T sample was
immersed in 30 ml of NaOH solution and transferred into a
50 mL Teflon-lined stainless steel autoclave. After keeping at
120 °C for 12 hours and then cooling down naturally to room
temperature, the sample was washed by ethanol and deionized
water followed by drying to obtain the CoFeAl-T-NaOH catalyst.

In addition, blank nickel foam (size of 1 cm × 2 cm) was
vulcanized by 40 mL of aqueous solution containing only
0.6 mmol thiourea in the autoclave at 140 °C for 5 hours, fol-
lowed by naturally cooling to room temperature, washing with
deionized water and ethanol, and drying in a vacuum oven at
60 °C for 12 hours to obtain Ni foam-T as a control sample.

2.4. Synthesis of the CoFeAl-NaOH-T catalyst

The CoFeAl LDH precursor was put into 30 ml of a 5.0 M
NaOH solution and then transferred into a 50 mL Teflon-lined
stainless steel autoclave. After reacting at 120 °C for 12 h and
cooling to room temperature naturally, the product was
washed with deionized water and ethanol, and dried at 60 °C
for 12 hours in a vacuum to obtain the CoFeAl-NaOH. Then,
the CoFeAl-NaOH was transferred into an autoclave along with
40 mL of aqueous solution containing 0.6 mmol thiourea (T)
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and kept at 140 °C for 5 hours. After washing and drying, the
CoFeAl-NaOH-T catalyst was obtained.

2.5. Characterization

The structures of the as-prepared samples were characterized
by an X-ray diffractometer (Bruker D8 Advance diffractometer)
equipped with a monochromatic Cu Kα radiation (λ =
0.15406 nm). The morphologies and microstructures of the as-
prepared samples were observed by a JEOL JSM-6700F scan-
ning electron microscope (SEM) coupled with an energy-dis-
persive X-ray spectroscope (EDS) and transmission electron
microscope (TEM, JEOL JEM-3000F). The surface chemical oxi-
dation states of the samples were recorded by X-ray photo-
electron spectroscopy (XPS) using a Thermo Scientific
ESCALAB Xi+ spectrometer equipped with a monochromatic Al
Kα X-ray source (1486.6 eV). All the XPS peaks were calibrated
with a C 1s peak binding energy at 284.8 eV for adventitious
carbon.

2.6. Electrochemical measurement

The electrochemical measurement was carried out on an
electrochemical workstation (CHI 760E, Chenhua, Shanghai,
China) at room temperature with 80 mL of a 1.0 M KOH
aqueous solution as the electrolyte. A traditional three-elec-
trode cell was assembled by employing an Ag/AgCl reference
electrode, a carbon rod counter electrode and the electrocata-
lyst used as the working electrode. In addition, all the poten-
tials measured with the three-electrode system were calibrated
to a reversible hydrogen electrode (RHE), according to the fol-
lowing equation:

Evs: RHE ¼ EAg=AgCl þ 0:198 V þ 0:059� pH: ð1Þ
The linear sweep voltammetry (LSV) was evaluated at a

sweep rate of 10 mV s−1 with a 95% iR compensation. The
samples were activated by scanning the cyclic voltammogram
(CV) for 20 cycles to reach the stable state with a scan potential
range from 1.1 to 1.8 V (vs. RHE) for OER and from −0.5 to 0 V
(vs. RHE) for HER. Electrochemical impedance spectroscopy
(EIS) was recorded with a frequency range from 0.01 Hz to 100
kHz and an amplitude of 5 mV. A chronopotentiometric curve

was collected at a current density of 150 mA cm−2 to evaluate
the electrochemical stability of the electrocatalysts. The CVs,
from 0.948 to 1.1 V (vs. RHE) for OER, were collected at scan
rates of 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV s−1 to
estimate the double layer capacitance (Cdl),

21 which was used
to appraise the electrochemical surface area (ECSA). The ECSA
was estimated from a linear plot of the charging current
density at 1.024 V (vs. RHE) versus the scan rate. The current
density was obtained according to

Δj ¼ ja � jb: ð2Þ

3. Results and discussion
3.1. Structural and morphological characterization

The as-prepared samples show strong characteristic peaks at
44.7°, 52.1° and 76.5°, which are indexed to the (111), (200)
and (220) planes of Ni (JCPDS no. 70-1849) from the Ni foam
substrate (Fig. 1 and Fig. SI1†). For the CoFeAl LDH pre-cata-
lyst (Fig. SI1a and b†), the peaks at 11.8°, 23.4°, 34.5°, 39.1°
and 46.8° are assigned to the (003), (006), (012), (015) and
(018) planes (JCPDS no. 25-0521).33–35 After NaOH etching, the
characteristic peaks of CoFeAl LDH disappeared (Fig. SI1a†),
which is consistent with a previous report.30 Meanwhile, the
XRD pattern of the sample generated by the sulfidation treat-
ment of CoFeAl LDH is recorded in Fig. SI1a and c† (named as
CoFeAl-T). As can be seen, besides the three strong peaks from
the Ni foam substrate and the remaining CoFeAl LDH reflec-
tions, the newly appeared peaks are assigned to (220), (311),
(400), (511) and (440) of Co3S4 (JCPDS no. 42-1448), (222), (422)
and (440) of Fe3S4 (JCPDS no. 16-0713), (101), (110), (003),
(202), (113) and (300) of Ni3S2 (JCPDS no. 44-1418), and (222),
(400), (511) and (440) of Al2S3 (JCPDS no. 26-0037).23,36–38

However, after sulfidation and NaOH etching (CoFeAl-NaOH-T
and CoFeAl-T-NaOH), the characteristic reflections of Al2S3
from XRD patterns disappeared, leaving only the Co3S4, Fe3S4,
and Ni3S2 reflections (Fig. 1a and b). This confirmed the suc-
cessful sulfidation and etching of the Al element from CoFeAl
LDH30 with a heterostructure.23 Furthermore, by changing the

Fig. 1 (a) XRD patterns of the samples: CoFeAl-NaOH-T and CoFeAl-T-NaOH, (b) the enlarged XRD pattern of CoFeAl-T-NaOH.
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sequence of sulfidation and NaOH etching, the intensities of
the XRD patterns were varied, which affects the structure of
the as-prepared samples (in Fig. 1 and Fig. SI1,† see below).

The scanning electron microscopy (SEM) micrographs were
investigated to show the morphological structures of the
samples. The sphere-like structure is composed of inter-
connected nanosheets with a thickness of ∼100 nm for the Ni
foam-T sample (Fig. SI2a and b†), and the Ni and S elements
are homogeneously distributed (Fig. SI2c†). For the CoFeAl
LDH precursor, similar spheres are formed with rough surface,
composing interconnected nanosheets with thickness of
∼70 nm (Fig. SI2d and e†) and uniformly distributed Co, Fe,
and Al elements (Fig. SI2f†). After etching with NaOH, the
sample CoFeAl-NaOH showed the porously wrinkled film struc-
ture (Fig. SI2g†). The enlarged SEM image showing the films
were composed of nanosheets with a homogeneous distri-
bution of the Co and Fe elements (Fig. SI2h and i†), demon-
strating that NaOH etching helps the generation of a porous
structure. However, the sulfidation of CoFeAl LDH (CoFeAl-T)
formed the interconnected dense flakes with a thickness of
∼20 nm and a smooth surface (Fig. SI2j and k†) and the Co,
Fe, Al and S elements were homogeneously distributed

(Fig. SI2l†), elucidating that the sole sulfidation process also
varied the morphological structure. Furthermore, by treating
with NaOH etching and sulfidation one after another, the mor-
phology of CoFeAl-NaOH-T exhibited a dense nanosheet struc-
ture composed of nanoparticles with destructured irregular
pores and a homogeneous distribution of the Co, Fe, S and Ni
elements. However, the CoFeAl-T-NaOH morphology changed
significantly compared with that of CoFeAl-NaOH-T. As shown
in Fig. 2d–f, CoFeAl-T-NaOH shows a porous film structure
composed of interconnected nanosheets. In addition, the
interconnected nanosheets comprise nanoparticles with
homogenously distributed Co, Fe, S and Ni elements.
Moreover, the molar ratio of Co : Fe : S was estimated to be
1.7 : 1.9 : 1 for CoFeAl-T-NaOH and 1.0 : 1.4 : 10 for CoFeAl-
NaOH-T by SEM-EDS analysis. The porous structure of the as-
prepared electrocatalysts has the advantage that it promotes
electrolyte diffusion and mass transfer, resulting in an
enhancement of the electrocatalytic activity (see below).

The morphology of the as-prepared samples was further
investigated by transmission electron microscopy (TEM). The
CoFeAl LDH sample in Fig. SI3a† exhibits an interconnected
flake-like structure and a lattice fringe of 0.198 nm was

Fig. 2 SEM images and corresponding elemental mapping images of the as-prepared samples: CoFeAl-NaOH-T (a–c) and CoFeAl-T-NaOH (d–f ).
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observed by HRTEM (Fig. SI3b†), matching well with the (018)
plane of CoFeAl LDH.33–35 After NaOH etching (CoFeAl-NaOH),
the morphology evolves to nanosheets formed porous structure
(Fig. SI3d and e†). Moreover, CoFeAl-T depicts dense flakes
constructed of a hierarchically interconnected structure
(Fig. SI3g and h†). All the samples show a homogeneous
elemental distribution (Fig. SI3c, f and i†). Fig. 3a exhibits the
dense flake structure of CoFeAl-NaOH-T, in good consistency
with the SEM observation. The HRTEM of CoFeAl-NaOH-T
shows d-spacing distances of 0.236, 0.202 and 0.205 nm,
corresponding to the (400), (422) and (202) crystalline planes
of Co3S4, Fe3S4 and Ni3S2, respectively (Fig. 3b), indicating the
formation of the metal sulfide heterostructures of Co3S4/Fe3S4/

Ni3S2. The EDS mapping (Fig. 3c) shows a uniform distribution
of the Co, Fe, Ni and S elements over CoFeAl-NaOH-T. In com-
parison, the CoFeAl-T-NaOH is made up of interconnected
porous nanosheets which are assembled by the nanoparticles
(Fig. 3d) contributing to the hierarchical porous nanostructure.
The lattice fringes of 0.236, 0.247 and 0.204 nm, correspond to
the (400), (400) and (202) crystalline planes of Co3S4, Fe3S4 and
Ni3S2, respectively (Fig. 3e), showing the formation of a metal
sulfide heterostructure. In addition, the EDS elemental
mapping confirms the homogeneous distribution of the Co,
Fe, Ni and S elements over CoFeAl-T-NaOH (Fig. 3f). In
addition, the content of Al in the different catalysts was evalu-
ated by the molar ratio Fe/Al through a TEM-EDS analysis, as

Fig. 3 TEM image, HRTEM image and corresponding elemental mapping image of the as-synthesized samples: CoFeAl-NaOH-T (a–c) and CoFeAl-
T-NaOH (d–f ).
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shown in Table SI1,† demonstrating the almost complete
removal of Al with NaOH etching. Comparison of the TEM
observations for CoFeAl-NaOH-T and CoFeAl-T-NaOH eluci-
dates the effect of the sequence of sulfidation and NaOH
etching on the morphological structure (Fig. 3a and d).

Fig. 4 and Fig. SI4† depict the XPS spectra to further
analyze the surface chemical oxidation states of the samples.
From Fig. SI4a,† the XPS survey spectrum shows the elements
Co, Fe, Al, Ni, and O for the CoFeAl LDH sample, demonstrat-
ing the successful growth of CoFeAl LDH on nickel foam.5

Moreover, the disappearance of the signal of the Al element in
CoFeAl-NaOH illustrates the successful etching of Al
(Fig. SI4a†), which is consistent with the elemental mapping
change of Al (Fig. SI3c and f†) with the molar ratio of Fe/Al
changing from 3.9 : 1 to 6.1 : 1. The Co 2p and Fe 2p XPS core
spectra (Fig. SI4b and c†) for CoFeAl-NaOH and CoFeAl LDH
exhibit similar curves, elucidating the non-destructive NaOH
etching for the Co and Fe components in CoFeAl LDH. For
CoFeAl-T, there is no change for the survey and core spectrum
of Al (Fig. 4a and SI4d†), except for the appearance of the S
element in CoFeAl-NaOH, confirming the successful sulfida-
tion. Meanwhile, the high-resolution Al 2p XPS spectra of
CoFeAl LDH and CoFeAl-T in Fig. SI4d† show a pair of peaks at
68.8 eV (Al 2p3/2) and 73.5 eV (Al 2p1/2), indicating the exist-
ence of Al3+.5 From Fig. 4a, the XPS survey spectra show the
elements of Co, Fe, Ni, and S for CoFeAl-T, CoFeAl-T-NaOH,
and CoFeAl-NaOH-T, demonstrating the formation of metal
sulfides by a sulfidation process. The high-resolution Co 2p

XPS spectra (Fig. 4b) show a pair of peaks at binding energies
of ∼781.2 eV (Co 2p3/2) and ∼797.8 eV (Co 2p1/2), with two satel-
lite peaks at ∼784.8 eV and ∼803.2 eV, demonstrating the exist-
ence of Co2+.39–41 In Fig. 4c, the high-resolution Fe 2p XPS
spectra are deconvoluted to give two major peaks located at
711.1 eV (Fe 2p3/2) and 724.5 eV (Fe 2p1/2) with two satellite
peaks located at 716.4 eV and 732.5 eV, demonstrating the exist-
ence of Fe3+.40,42 After sulfidation and/or NaOH etching process,
both the Co 2p and Fe 2p core spectra show a slight down-shift
compared with that of CoFeAl LDH (Fig. SI4b and c†), indicating
the higher valence of Co (Co3+) and the lower-valence state of Fe
(Fe2+).42–44 The high-resolution S 2p XPS spectra in Fig. 4d and
Fig. SI4d† show two main peaks at the binding energies of 162.5
eV and 168.8 eV, corresponding to unsaturated S2− and S6+

(SvO), being favorable for the electrocatalytic process.45,46

3.2. OER catalytic performance

The OER performance was evaluated through a three-electrode
system at room temperature in 1.0 M KOH with a scanning
speed of 10 mV s−1. From the linear sweep voltammetry curves
(LSV) in Fig. 5a, the CoFeAl-T-NaOH catalyst shows the lowest
overpotential of 344 mV to reach a current density of 100 mA
cm−2, which is much lower than those of 367 mV, 373 mV,
390 mV, 401 mV and 415 mV for CoFeAl-T, CoFeAl-NaOH,
CoFeAl-NaOH-T, CoFeAl LDH and Ni foam-T, respectively. In
addition, the overpotential of CoFeAl-T-NaOH only increased
to 368 mV at 300 mA cm−2, manifesting its potential for high
current catalytic applications. The Tafel slopes were calculated

Fig. 4 XPS analysis of the as-prepared samples: XPS survey spectra (a), high-resolution spectra of (b) Co 2p, (c) Fe 2p and (d) S 2p.
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from the polarization curves and are plotted in Fig. 5b. The
CoFeAl-T-NaOH electrode shows the smallest Tafel slope of
57.7 mV dec−1, demonstrating its fast reaction kinetics.45

Furthermore, electrochemical surface area (ECSA), usually
used to reveal the catalytic mechanism, was estimated by
measuring the double layer capacitance (Fig. SI5†). As seen in
Fig. 5c, the CoFeAl-T-NaOH has the largest ECSA value, illus-
trating more exposed catalytic active sites.47

Similarly, electrochemical impedance spectroscopy (EIS)
was adopted to estimate the electrical conductivity of the elec-
trocatalyst. Nyquist plots were fitted using the equivalent
circuit of R(Q(R)) (Fig. 5d), where RS, Rct and CPE represent the
solution resistance, charge transfer resistance and constant
phase element, respectively.23,48 The Rct values of the electroca-
talysts were estimated to be 5.03, 8.04, 11.25, 15.61, 20.22 and
53.88 Ω for CoFeAl-T-NaOH, CoFeAl-T, CoFeAl-NaOH, CoFeAl-
NaOH-T, CoFeAl LDH and Ni foam-T, respectively. Therefore,
the CoFeAl-T-NaOH catalyst has the smallest charge transfer
resistance, exhibiting a fast charge transfer capability among
the synthesized catalysts. The small charge transfer resistance
of CoFeAl-T-NaOH may be ascribed to the synergistic effect of
the heterostructure, interconnected structure and porous struc-
ture, offering more conductive and numerous active sites,
which is favorable for electrolyte ion filtration and thus facili-
tate charge transfer.19

Furthermore, multistep chronopotentiometry was used to
investigate the mass transfer capability and stability of the as-
made catalysts. Fig. 5e shows the multistep chronopotentiome-
try curves with the current density increasing from 10 to
150 mA cm−2 at a time interval of 5 min. Each step exhibits an
abrupt response of the OER potential and is steady without
fluctuation, indicating an outstanding mass transport and
charge transfer performance. Furthermore, the long-term

stability was assessed by measuring the potential at a current
density of 150 mA cm−2 (Fig. 5f). A stable curve without a
detectable degradation was recorded, illustrating the long-term
robustness of CoFeAl-T-NaOH. The XRD pattern, SEM obser-
vation and XPS spectra after long-term OER measurement
were further studied to prove the stability of the catalyst. The
XRD pattern remains almost constant as the pristine CoFeAl-
T-NaOH (Fig. SI6a†) and SEM image exhibit a slight mor-
phology change (Fig. SI6b–d†), confirming the stable activity
of the electrocatalyst. The XPS survey spectrum, and XPS data
of Co 2p and Fe 2p, exhibit no significant difference before
and after the long-term test (Fig. SI7a–c†). However, Fig. SI7d†
depicts a weakened peak at 162.5 eV after the OER test,
suggesting a partially oxidized S element during the OER
process.23,37 The high resolution XPS spectrum of O 1s
(Fig. SI7e†) shows peaks at 530.8 eV, 531.5 eV and 532.3 eV,
corresponding to lattice oxygen, oxygen defects and adsorbed
oxygen species, respectively, indicating the existence of metal
oxides on the surface due to the unavoidable electrochemical
oxidation.30,49 These results confirm that the metal oxides are
the true active sites for OER. In other words, the CoFeAl-
T-NaOH catalyst exhibits an outstanding and stable OER cata-
lytic performance, which is ascribed to the porous structure
offering more exposed active sites, the interconnected struc-
ture facilitating mass transport, and the heterojunction accel-
erating charge transfer and enhancing the synergistic effect.

3.3. HER catalytic performance

The hydrogen evolution reaction (HER) performance of the as-
prepared catalysts was also investigated. The CoFeAl-T-NaOH
catalyst possesses the smallest overpotential (197 mV) at a
current density of 100 mA cm−2, which merely increased to
237 mV at 300 mA cm−2 (Fig. 6a). Moreover, the Tafel slope

Fig. 5 The electrochemical performance of the as-synthesized samples for OER: (a) the polarization curves with 95% iR compensation. (b) The
corresponding Tafel plots. (c) ECSA values for the as-made catalysts. (d) Nyquist plots measured at 1.55 V (vs. RHE); the inset is the equivalent circuit
of the EIS. (e) Multistep chronopotentiometry response without iR compensation with current densities of 10, 30, 75, 100 and 150 mA cm−2. (f )
Chronopotentiometric curves of the as-prepared catalysts measured at 150 mA cm−2 for 20 hours.
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Fig. 6 HER catalytic performances of the as-synthesized samples: (a) LSV curves at a scan rate of 10 mV s−1 with a 95% iR compensation. (b) The
corresponding Tafel slopes. (c) Nyquist plots measured at −0.226 V (vs. RHE). (d) Multistep chronopotentiometry response without iR compensation
with current densities of −10, −30, −75, −100 and −150 mA cm−2.

Fig. 7 Catalytic performances of the two electrodes for overall water splitting. (a) The samples were scanned by LSV measurements at a scan rate
of 10 mV s−1 without iR compensation. (b) The relationship between the current density difference Δj and the scan rate. (c) Nyquist plots measured
at 1.352 V (vs. RHE). (d) Multistep chronopotentiometry response without iR compensation with current densities of 10, 30, 75, 100 and 150 mA
cm−2.
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curves plotted in Fig. 6b show the smallest value of 106.5 mV
dec−1 for CoFeAl-T-NaOH, illustrating its fast reaction kinetics
for HER among the prepared electrocatalysts. The electro-
chemical impedance spectra also exhibit the smallest charge
transfer resistance for CoFeAl-T-NaOH (Fig. 6c), revealing its
fast charge transfer capability. Fig. 6d depicts the fast chrono-
potentiometry response from −10 to −150 mA cm−2 without a
fluctuation for each step, further manifesting the excellent
mass transport and charge transfer performance. In addition,
the long-term stability of these catalysts was evaluated by
chronopotentiometric analysis, as shown in Fig. SI8.† The
CoFeAl-T-NaOH remained steady without obvious fluctuation
at 150 mA cm−2 (Fig. SI8†). All these results point to the fact
that CoFeAl-T-NaOH possesses an excellent HER performance
among these catalysts.

3.4. Overall water splitting

With the excellent OER and HER activities of CoFeAl-T-NaOH
in hand, a two-electrode system was assembled with CoFeAl-
T-NaOH serving as both anode and cathode for the overall
water splitting and the CoFeAl-NaOH-T was used as a control
sample. From the LSV curve of the overall water splitting in
Fig. 7a, the CoFeAl-T-NaOH catalyst only requires a cell voltage
of 1.65 V to reach 10 mA cm−2, which is lower than that of
CoFeAl-NaOH-T (1.73 V). The ECSAs of the CoFeAl-T-NaOH
and CoFeAl-NaOH-T were evaluated to be 15.55 and 1.11 mF
cm−2, respectively (Fig. 7b and Fig. SI9a, b†). Moreover, the EIS
shows the lower charge transfer resistance of CoFeAl-T-NaOH
than that of CoFeAl-NaOH-T, which is favorable for charge
transfer (Fig. SI7c†). The fast multistep chronopotentiometry
responses (Fig. 7d) and long-term stability (Fig. SI9c†) both
verify that the CoFeAl-T-NaOH catalyst possesses an excellent
mass transport and charge transfer performance, as well as the
robustness of the electrode for overall water electrolysis. Taken
together, CoFeAl-T-NaOH shows a superior electrocatalytic per-
formance to that of CoFeAl-NaOH-T, due to the effect of the
sequence of NaOH etching and the sulfidation process on the
catalytic properties of the CoFeAl LDH evolved catalysts.

4. Conclusions

In summary, the hierarchically interconnected porous CoFeAl-
T-NaOH catalyst was successfully synthesized from CoFeAl
LDH by a sulfidation and NaOH etching process. The as-pre-
pared CoFeAl-T-NaOH catalyst exhibits an excellent OER and
HER catalytic activity and long-term robustness at room temp-
erature in 1.0 M KOH. Moreover, serving as both cathode and
anode electrode for overall water splitting, the CoFeAl-T-NaOH
catalyst shows a relatively lower cell voltage to deliver a 10 mA
cm−2 current and excellent stability at the large current
density. The hierarchically interconnected nanosheets, porous
structure, metal (Fe, Co and Ni) sulfide heterojunctions and
synergetic effect effectively facilitate the electrolyte infiltration,
charge transfer and mass transport during the electrocatalytic

process, and are responsible for the enhanced electrocatalytic
activity.
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