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Se4/NiCo-LDH/CF catalyst for the
co-production of value-added formate and
hydrogen via selective methanol electro-oxidation†

Jiaxin Li, Hongmei Yu, * Jun Chi, Xu Luo, Tongzhou Li and Zhigang Shao

The sluggish kinetics of the anodic oxygen evolution reaction (OER) and the valueless product O2 are tricky

issues for water splitting. Replacing the OER with a more thermodynamically favorable selective methanol

oxidation reaction (SMOR) to combine with the hydrogen evolution reaction can not only lower the applied

voltage but also simultaneously produce value-added formate in the anode and hydrogen energy in the

cathode. Herein, a mirror-like heterostructure of NiCoSe4@NiCo-LDH supported on cobalt foam (NCS/

CF) was synthesized by partial selenidation of NiCo-LDH to facilitate the SMOR. Experimental tests and

theoretical calculations revealed the “shuttle-like” role of Se in NCS/CF, by which electrons of Ni were

first transferred to Se and then to Co. Moreover, the superiority of the bimetallic compound was also

proved by comparing the activity of NCS/CF to that of the counterparts NiSe2@Ni(OH)2/CF (NS/CF) and

CoSe2@Ni(OH)2/CF (CS/CF). Owing to the unique electronic effect of the strongly coupled hetero-

interface and the bimetallic synergism, more accessible active sites, fast charge transfer ability, facilitated

catalytic kinetics, and modulated electron redistribution were achieved. Therefore, improved SMOR

performance was obtained with ∼100% faradaic efficiency of methanol-to-formate. The potential at 10

and 100 mA cm−2 was only 1.274 and 1.432 V vs. RHE, respectively, outperforming most existing

catalysts. In addition, the two-electrode electrolyzer of methanol-assisted water electrolysis with NCS/

CF as both the anode and cathode only required an applied cell voltage of 1.380 V to reach 10 mA cm−2,

253 mV less than that of pure water splitting. Meanwhile, outstanding catalytic stability was achieved by

continuously delivering a current density of 100 mA cm−2 for 100 hours without obvious attenuation.

The inference of the “shuttle-like” role of Se will provide new insight into the electronic redistribution in

the NiCo-LDH derivative that is incorporated with foreign atoms. The integration of methanol

upgradation and hydrogen generation exploits an energy-saving way to simultaneously obtain value-

added organic substances and green hydrogen.
1. Introduction

Green hydrogen generated from water electrolysis by using
renewable energy is signicant for tackling the energy crisis and
mitigating environmental pollution.1 However, the inevitable
bottleneck of water electrolysis is the multistep proton-coupled
electron transfer process of the anodic oxygen evolution reac-
tion (OER), which leads to intrinsic slow kinetics and large
overpotential.2,3 Though the equilibrium potential of water
electrolysis is 1.23 V, the applied voltage even increases to 1.8–
2.0 V in practical use to conquer the extra resistance and provide
sufficient thermodynamic driving force.4 In addition, the
anodic product O2 is less valuable and has the risk of explosion
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f Chemistry 2024
when mixed with H2 produced in the cathode.5 An effective way
to address these drawbacks is to replace the OER with a more
thermodynamically favorable organic upgrading reaction,
which can simultaneously lower the overpotential and yield
value-added products.6,7 In recent years, the nucleophile
oxidation reaction (NOR) has been widely studied as a substi-
tute for the OER,8,9 where nucleophilic groups (hydroxyl, alde-
hyde, amino groups, etc.) containing active hydrogen in organic
substrates (alcohols, aldehydes, amines, etc.) act as the reaction
site.10–13 Therein, the electro-reforming of methanol (CH3OH) to
formate (HCOOH) attracts much attention due to the simple
structure, high solubility, and good oxidization reactivity of
methanol molecules.14–16 Moreover, the equilibrium potential of
partial methanol oxidation to formate involving a 4-electron
transfer process is 0.103 V vs. standard hydrogen electrode
(SHE), largely reducing the energy input.17 Most attractively, the
industrial value of formate (1300 USD per t) is much higher than
that of methanol (350 USD per t),18,19 meanwhile, the electro-
synthesis of formate under mild conditions is superior to the
J. Mater. Chem. A, 2024, 12, 25791–25800 | 25791
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traditional multi-step and high energy-consuming industrial
procedures.20 Therefore, the selective methanol oxidation reac-
tion (SMOR) is an ideal alternative to the OER for the energy-
saving co-generation of value-added chemicals and green
hydrogen.

Since noble metal-based catalysts are more inclined towards
completely oxidizing methanol to the environmentally
unfriendly CO2,21 non-noble metal-based catalysts are preferred
to be used for the SMOR because their moderate activity is
benecial to control the methanol oxidation process.22–24

Among them, NiCo layered double hydroxide (LDH) and its
derivatives were proved efficient for the SMORwith good activity
and selectivity.25–28 NiCo-LDH nanosheets were reported to have
95% faradaic efficiency of methanol electrooxidation to formate
(FEformate).27 The in situ formed Ni3+ species in Ni-containing
hydroxides were believed to be the active sites. The 2D proper-
ties of LDH provide restrained space for the directed growth of
functional materials via the additional ultra-edge strategy.29

However, LDH faces the restrictions of relatively low electronic
conductivity.30 Considering these properties, strategies such as
phase transition and heterostructure construction were
employed to modify NiCo-LDH catalysts for further improving
the activity. For example, a novel Ni(OH)2/MnCO3 hetero-
structure catalyst was fabricated for methanol oxidation; the
synergism derived from the Jahn–Teller distortion effect over-
comes the disadvantage of inactive MnCO3 and low intrinsic
conductivity of Ni(OH)2, thereby yielding enhanced activity for
methanol oxidation.31 In another research study, hetero-
nanosheet arrays of CoxP@NiCo-LDH were synthesized by
a combined electrodeposition and phosphorization method.32

Beneting from the fast charge transfer induced by CoxP and
the abundant active sites in the hetero-interface, a current
density of 10 mA cm−2 could be yielded at a small potential of
1.24 V vs. RHE, the FEformate reached nearly 100%. Similarly,
NiCoxP@NiCo-LDH nanosheets were also found to be excellent
for the SMOR due to the synergistic effect between NiCoxP and
NiCo-LDH.33 Nevertheless, these studies of NiCo-LDH deriva-
tives mainly focused on the synergism of hetero-components,
and the role of incorporated foreign elements (like P) in
metallic compounds was not fully discussed. In particular, in
bimetallic NiCo compounds, the similar electronic structures of
Ni and Co make valence electron substitutions and charge
transitions more likely to occur, which yield a synergistic effect
to induce better electrochemical properties than monometallic
compounds.34 Thus, the inuence of the incorporated foreign
element on the electronic interaction of bimetallic NiCo in
NiCo-LDH derivatives is attractive to explore.

In recent years, metal chalcogenides have gained increasing
attention as electrocatalysts due to their unique physical and
chemical properties.35,36 Compared to O and S elements in the
same main group, the mild electronegativity of Se permits
a facile articial modulation of electronic conguration and
bonding state between Se and metal atoms, allowing for an
appealing electrochemical reaction.37 In addition, the electronic
properties of transition metal selenides (TMSe) are reported to
be inuenced by the lling of the d-bands of the transition
metal.38,39 Meanwhile, TMSe displays more metallic properties
25792 | J. Mater. Chem. A, 2024, 12, 25791–25800
since the 3d orbital of Se is involved in bonding with metal
atoms, enhancing the ability of electron transport and charge
transfer in the electrocatalytic process.40,41 Therefore, in this
work, we synthesized a heterostructure of NiCoSe4@NiCo-LDH
on cobalt foam (NCS/CF) via a hydrothermal method and the
subsequent selenidation treatment for the SMOR and meth-
anol–water hybrid electrolysis. Beneting from the partial
selenidation, largely exposed active sites, accelerated electrical
conductivity, tuned electronic structure, and strong synergism
of the coupled hetero-interface were achieved. Therefore, a high
selectivity (∼100%) of methanol electrooxidation to value-added
formate was achieved, and current densities of 10 and 100 mA
cm−2 were reached at pretty low potentials of 1.274 and 1.432 V
vs. RHE, respectively. In addition, the two-electrode system
equipped with NCS/CF as both the anode and cathode delivered
10 mA cm−2 at a cell voltage of 1.380 V, which was 253 mV less
than that of overall water splitting. A long-term stability of
continuous 100 h operation at the current density of 100 mA
cm−2 was also achieved.
2. Experimental section
2.1 Synthesis of materials

2.1.1 Synthesis of mirror-like NiCoSe4@NiCo-LDH on Co
foam (NCS/CF). Initially, a piece of bare Co foam (1 × 1.3 cm2)
was cleaned by sonicating in C3H6O, 10 wt% HCl, C2H5OH, and
deionized water, respectively. Then, successive hydrothermal
and selenidation treatments were performed. In the hydro-
thermal process, the cleaned Co foam was immersed into
a precursor solution containing 0.8 mM Ni(NO3)2$6H2O,
0.8 mM Co(NO3)2$6H2O, 4 mM NH4F, 8 mM CO(NH2)2, and
20 mL deionized water in a Teon-lined stainless autoclave with
a volume of 50 mL. Next, a stainless autoclave was heated at 120
°C for 6 h in an oven. The resultant electrode was taken out aer
cooling down to room temperature. Aer washing with deion-
ized water, the electrode material was dried in a vacuum oven at
60 °C for 8 h. The as-obtained electrode was NiCo-LDH/CF.
Subsequently, a selenidation process was performed. The
NiCo-LDH/CF and 80 mg Se powder were separately placed at
both ends of a porcelain boat with Se powder at the upstream
side. The selenidation treatment was carried out under
a nitrogen atmosphere and the tube furnace was heated to 400 °
C at a heating rate of 2 °C min−1 and maintained for 3 h. Aer
cooling down to ambient temperature, the nal product,
mirror-like NiCoSe4@NiCo-LDH on Co foam (NCS/CF), was
obtained. Meanwhile, catalysts with different selenidation
treatments of 1 and 5 h were prepared. They are abbreviated as
NCS/CF-1 and NCS/CF-5, respectively.

2.1.2 Synthesis of hydrangea-like NiSe2@Ni(OH)2 on Co
foam (NS/CF). All the steps were the same as in Section 2.1.1,
except for replacing Ni and Co metal salt precursors with
1.6 mM Ni(NO3)2$6H2O in the hydrothermal process. The ob-
tained NiSe2@Ni(OH)2 is abbreviated as NS/CF.

2.1.3 Synthesis of urchin-like CoSe2@Co(OH)2 on Co foam
(CS/CF). All the steps were the same as in Section 2.1.1, except
for replacing Ni and Co metal salt precursors with 1.6 mM
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRD patterns and (b) Raman spectra of NCS/CF, NS/CF, and
CS/NF.
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Co(NO3)2$6H2O in the hydrothermal process. The obtained
CoSe2@Co(OH)2 is abbreviated as CS/CF.

2.2 Structural characterization

The crystal structures of the electrodes were characterized by X-
ray diffraction (XRD, Empyrean-100) using Cu Ka radiation (l =
0.1541 nm) with 2q = 10o–90o. The Raman spectra were
collected from a RENISHAW NanoWizard with 532 nm of laser
beam. The morphology of the obtained electrodes was exam-
ined by eld-emission scanning electron microscopy, energy
dispersive X-ray spectroscopy (SEM & EDS, JEOL JSM-IT800),
and transmission electron microscopy (TEM, JEOL
JEM2200FS). X-ray photoelectron spectroscopy (XPS) was per-
formed in a Shimadzu AXIS SUPRA+ spectrometer with
a monochromatic Al Ka (hn = 1486.6 eV) X-ray resource.

2.3 Electrochemical measurements and product analysis

The catalytic activity of methanol oxidation and electrolysis
were tested in three-electrode and two-electrode systems by
cyclic voltammetry (CV) and linear scan voltammetry (LSV)
curves. The catalytic kinetics were explored from the Tafel slope
and electrochemical impedance. The catalytic stability was
examined by the chronopotentiometry test. The electrochemical
surface area (ECSA) was determined by calculating the double-
layer capacitance (Cdl). The detailed testing device and
methods are shown in the ESI.†

To analyze the products, chronoamperometry (CA) curves
were recorded for 6 h in 1 M KOH solution containing 1 M
methanol at various potentials of 1.38, 1.43, 1.48, 1.53, 1.58,
1.63, and 1.68 V vs. RHE. The electrolyte aer the CA tests was
collected and analyzed by 1H nuclear magnetic resonance
(NMR) (Avance III 400 MHz, Bruker BioSpin) and Ion Chroma-
tography (IC) (Eco IC 1, Metrohm) equipped with a Metrosep A
Supp 5-250/4.0 anion chromatographic column. The Faraday
efficiency of methanol to formate was calculated using the
following equation.42

FEformateð%Þ ¼ 4� n� F

Q
� 100%

where 4 is the electron transfer number in the SMOR, n is the
amount of formate produced (mol), F is the Faraday constant
(96 485C mol−1), and Q is the total charge passed (C).

2.4 Theoretical calculation method

Density functional theory (DFT) calculation was performed to
give a deep insight into the electronic interaction of catalysts
and the role of Se atoms. The detailed calculation method is
provided in the ESI.†

3. Results and discussion
3.1 Composition and microstructures

The target electrode NiCoSe4@NiCo-LDH loaded on Co foam
(NCS/CF) was prepared by combined hydrothermal and seleni-
dation methods. In the former process, NiCo-LDH was synthe-
sized on cleaned CF via a hydrothermal method involving NH4F
This journal is © The Royal Society of Chemistry 2024
as a chelating agent and CO(NH2)2 as an alkaline environment
creator, which has been commonly used in many other NiCo-
LDH-relevant literature studies.43–45 In the latter process, a sele-
nidation treatment was performed to realize the partial phase
transition of NiCo-LDH. The other two counterparts, NiSe2@-
Ni(OH)2 on Co foam (NS/CF) and CoSe2@Co(OH)2 on Co foam
(CS/CF), were fabricated in the same way, except for the differ-
ence in the metal salt. The crystal structures of all the as-
prepared electrodes were probed by X-ray diffraction (XRD)
(Fig. 1a). The well-identied typical diffraction peaks of cubic
CoSe2 (PDF#09-0234),46 NiSe2 (PDF#41-1495),47 and NiCoSe4
(PDF#97-062-4483)48 were obviously observed in CS/CF, NS/CF,
and NCS/CF, respectively. However, no characteristic peaks of
hydroxide were detected in all three samples. Thus, we adopted
the Raman scattering technique to collect information on
molecular vibration or rotation to further probe the molecular
structure of electrodes (Fig. 1b). In CS/CF, the Se–Se stretching
mode of cubic CoSe2 at 190 cm−1 was detected.49 The peaks at
469, 514, and 670 cm−1 also conrmed the constitution of cubic
CoSe2 phases.50,51 In NS/CF, the characteristic peaks located at
around 151, 170, 214, and 242 cm−1 corresponded to NiSe2.52

They represent the Tg (libration), Eg (libration), Ag (stretching),
and Tg (stretching) modes of NiSe2, respectively.53 Similarly,
Guo et al. also used the Raman technique to study the structural
transformation of Ni3Se4/NiSe2.54 They found that the peaks at
low wavenumbers (149 and 169 cm−1) could be attributed to the
libration mode and the peaks at high wavenumbers (212 and
240 cm−1) corresponded to the stretching modes of selenide. In
another research study, Wang et al. obtained the characteristic
peak at 210 cm−1 in the Raman spectrum, the authors attrib-
uted it to the stretchingmodes of cubic NiSe2,55 whereas in NCS/
CF, both the Raman characteristic peaks of NiSe2 and CoSe2
were observed. The peaks at 152 and 175 cm−1 were assigned to
the Tg and Eg modes of NiSe2, and the peaks centered at 192 and
671 were attributed to the crystalline structure of CoSe2.56 It was
noteworthy that weak Raman peaks of Co–OH (610 cm−1),57 Ni–
OH (527 cm−1),58 and NiCo-LDH involving the stretching modes
of Co–O (513 cm−1) and Ni–O (468 cm−1)59,60 can be observed in
CS/CF, NS/CF, and NCS/CF, respectively. This result conrmed
that a small portion of the metal hydroxide remained aer the
partial selenidation treatment. Therefore, no obvious diffrac-
tion peaks of metal hydroxide were detected in XRD patterns.
Moreover, the XRD signal of the cobalt foam (CF) support was
almost negligible compared to that of the strong crystalline
selenide due to its weak diffraction peaks (Fig. S1†).
J. Mater. Chem. A, 2024, 12, 25791–25800 | 25793
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The nemorphology features of all the samples were studied
via the electron microscopy technique. The cleaned CF support
displayed a smooth skeleton structure with open pores
(Fig. S2†). When loaded with hybrid metal hydroxide and sele-
nide, unique morphologies of urchin-like CS/CF (Fig. 2a),
hydrangea-like NS/CF (Fig. 2b), and mirror-like NCS/CF (Fig. 2c)
were obtained. The magnied scanning electron microscopy
(SEM) images showed that the urchin-like CS/CF was composed
of individual nanoneedles with lengths of several microns and
diameters ranging from ∼50 nm (needle tip) to ∼300 nm
(needle root) (Fig. 2d and S3†). All the elements present, Co, Se,
and O, were uniformly distributed throughout the CS/CF
(Fig. S4†).

In addition to surface oxidation, the O element was also
found to come from the remaining Co(OH)2 aer partial sele-
nidation. The hydrangea-like NS/CF was found to consist of
interconnected nanosheets of Ni(OH)2 and the surface-
embedded NiSe2 nanoparticles (NPs) (Fig. 2e and S5†). The
distribution of the elements Ni, Se, and O evidenced the
composition and heterostructure (Fig. S6†). As for the mirror-
like NCS/CF, it seemed to combine the morphological charac-
teristics of both CS/CF and NS/CF. The central NiCo-LDH
nanosheets and the numerous surrounding NiCoSe4 nano-
needles formed the unique mirror-like structure (Fig. 2f and
S7†). The diameter of NiCo-LDH nanosheets was similar to that
of Ni(OH)2. Nevertheless, the length of NiCoSe4 nanoneedles
(hundreds of nanometers) was shorter than that of CS/CF
nanoneedles (Fig. 2g). By further observation using a trans-
mission electron microscope (TEM), the NiCoSe4 nanoneedles
were revealed to be composed of connected NPs with an average
particle size of ∼58 nm (Fig. 2h). The spacing of the lattice
fringe on the whole NPs was measured as 0.26 nm in high-
resolution TEM (HRTEM) images, corresponding to the (2, 1,
0) plane of NiCoSe4 (Fig. S8†).61,62 Meanwhile, the selected area
Fig. 2 SEM images of CS/CF (a and d), NS/CF (b and e), and NCS/CF (c,
f and g). TEM image of NCS/CF (h). HRTEM image of NCS/CF (i).
Elemental mapping and the overlapping images of NCS/CF (j–n).

25794 | J. Mater. Chem. A, 2024, 12, 25791–25800
electron diffraction (SAED) pattern showed a regular single-
crystal diffraction lattice with a relatively consistent lattice
direction (Fig. S9†). Clear diffraction spots on crystal planes
including (2, 1, 0), (−2, 5, 0), and (−4, 4, 0) can be observed.
Combining the analysis of HRTEM and SAED, it can be proven
that the NPs were constituted of a single crystal of NiCoSe4,
mainly exposing the crystal plane of (2, 1, 0). The corresponding
EDS mapping and line scan images conrmed the main
constituent elements to be Ni, Co, and Se with negligible O
(Fig. S10 and 11†). Moreover, an interplanar spacing of 0.20 nm
was also measured in another HRTEM image (Fig. 2i), which
was attributed to the (1, 0, 7) crystal plane of NiCo-LDH
(PDF#33-0429).63,64 Note that the intensity of the (1, 0, 7)
crystal plane was pretty low, this was the reason why the NiCo-
LDH diffraction peaks cannot be detected in the XRD pattern.
The elemental distribution images of the entire NCS/CF can
clearly show the unique mirror-like heterostructure (Fig. 2j–n
and S12†). Ni and Co elements were distributed on the whole
surface of NCS/CF, while the O element was concentrated in the
nanosheets at the centre, representing the NiCo-LDH. In sharp
comparison, the Se element was only distributed in the
surrounding area, corresponding to NiCoSe4. The EDS line scan
images further demonstrated that the NCS/CF heterostructure
was composed of surrounding selenides and central hydroxides
(Fig. S13†). By quantitatively identifying all the concerned
elements by EDS patterns (Fig. S14†), the atomic percentage of
Ni, Co, Se, and O was 17.05, 16.34, 35.71, and 26.83%, respec-
tively (Table S1†). The atomic ratio of Ni/Co/Se was close to 1/1/
2, which was nearly consistent with the nominal composition.
The O element came from both LDH and surface oxidation,
while the C element was derived from the conductive adhesive
used in the test.

The chemical environment and chemical states of all the
samples were explored by the X-ray photoelectron spectroscopy
(XPS) technique to study the role of the incorporated foreign
element Se in the electron interaction of NCS/CF. In high-
resolution Ni 2p and Co 2p spectra (Fig. 3a and b), two spin–
orbit doublets of 2p1/2 and 2p3/2 components were observed,
and oxidative state Ni and Co accompanied by the corre-
sponding satellite peaks were tted, indicating that Ni and Co
mainly existed in the form of divalent and trivalent ions. It can
be seen that some chemical shis occurred because of the
distinct chemical environment derived from the different
compositions and structures. For NS/CF, the peaks of Ni2+ were
located at 853.04 and 870.34 eV, and the Ni3+ peaks were situ-
ated at 855.48 and 873.91 eV (Table S2†),65 while the binding
energies (BEs) of Ni2+ and Ni3+ for NCS/CF both shied to
higher values. The shi of BE can be used to evaluate the
changes in electron density.66 It is known that the atomic
nucleus and the surrounding electrons have a certain BE
through the Coulomb effect, in the meantime, the BE is also
inuenced by the outer electrons.67 Thus, the increased BE of Ni
indicated the decreasing electron density of Ni atom.68 That is to
say Ni atoms in NCS/CF lost more electrons than the Ni atoms in
NS/CF aer the incorporation of Co. Then we found that all the
peaks of Co2+ and Co3+ for NCS/CF are located at a slightly lower
BE compared with CS/CF (Table S3†), revealing that Co gained
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) XPS spectra of the Ni 2p region for NCS/CF and NS/CF. (b)
XPS spectra of the Co 2p region for NCS/CF and CS/CF. XPS spectra of
the Se 3d region (c) and O 1s region (d) for NCS/CF, NS/CF, and CS/CF.

Fig. 4 (a) Positive scanning curves of CV test measured at 0.1 mV s−1

without IR corrections (inset: potential at 10mA cm−2). (b) Negative CV
curves of NCS/CF in 1 M KOH with and without 1 M CH3OH without IR
corrections. (c) Tafel slope and (d) EIS for all the samples. (e) Non-
faradaic CV curves at different scan rates for NCS/CF. (f) Cdl values of
NCS/CF, NS/CF, CS/CF, and CF.
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electrons in the heterostructure NCS/CF. A similar phenom-
enon was also discovered in another study of NiCoSe4@CNFs.69

As for Se 3d spectra, the signal peaks of Se 3d5/2, Se 3d3/2, and
oxidative state Se can be tted in all three samples (Fig. 3c). The
BEs of Se 3d5/2 and Se 3d3/2 in NS/CF were 54.51 and 55.35 eV
(Table S4†),70 while the corresponding values in CS/CF were
54.86 and 55.62 eV due to the different chemical environments
of NS/CF and CS/CF.71 It was an interesting nding that each
sub-deconvolution peak of Se 3d in NCS/CF was located between
the corresponding peaks of NS/CF and CS/CF.72 In particular,
the BE of Se 3d peaks for NCS/CF was higher than those of NS/
CF but lower than those of CS/CF. This chemical shi indicated
that Se atoms in NCS/CF received more electrons in comparison
with Se atoms in CS/CF aer the introduction of Ni. But when
compared with NS/CF, the Se atoms in NCS/CF showed a trend
of losing electrons due to the existence of Co. Therefore, it was
inferred that the Se atom in NCS/CF played a shuttle-like role
where electrons of Ni were rst transferred to Se and then
owed to Co. This conclusion revealed the effect of Se on the
electron structure modulation in bimetallic NiCo in NiCo-LDH
derivatives. Last but not least, metal–O (M–O), metal–OH (M–

OH), and surface-adsorbed water (H2Oads) were also tted in O
1s spectra (Fig. 3d), verifying the existence of metal hydroxide.73

The larger intensity of the M–OH peak in NCS/CF indicated that
more metal hydroxides were exposed in the middle nanosheets.

3.2 Evaluation of the electrocatalytic performance

To evaluate the electrocatalytic performance for the SMOR, the
as-prepared samples were directly used as self-supported elec-
trodes in a typical three-electrode system. Cyclic voltammetry
(CV) curves were tested in 1 M KOH containing 1 M CH3OH, and
an ultra-slow scan rate of 0.1 mV s−1 was employed during the
test to minimize the contribution of the electric double-layer of
CF.74 A very strong current derived from the CF electric double-
layer would interfere with the evaluation of the overpotential
This journal is © The Royal Society of Chemistry 2024
and overestimate the catalytic ability of the active phases,
especially for the catalyst with a porous substrate. In addition,
to clearly show the difference of activity, only the positive
scanning curves are displayed (Fig. 4a). It can be seen that NCS/
CF delivered the highest current density of 335.6 mA cm−2 at
1.73 V vs. RHE, about 1.60 times and 2.07 times higher than that
of NS/CF (210.1 mA cm−2) and CS/CF (162.4 mA cm−2),
respectively, showing its excellent catalytic activity for the
SMOR. Note that CF as a support also had certain catalytic
ability with a current density of 81.32 mA cm−2 at the same
potential. However, it was achieved at the expense of a large
overpotential. We further compared the potential needed for all
the samples at the current density of 10mA cm−2, which was the
predicted current density for a 10% competent solar-to-fuel
conversion device under 1 sun illumination.75,76 CF required
a large potential of 1.491 V vs. RHE to obtain 10 mA cm−2 (inset
of Fig. 4a), while NS/CF and CS/CF had similar values of 1.338
and 1.362 V vs. RHE, respectively. Surprisingly, aer the heter-
ostructure catalyst NCS/CF was assembled, the potential greatly
decreased to 1.274 V vs. RHE, proving its immensely enhanced
catalytic activity for the SMOR. In addition, to deliver 100 mA
cm−2, NCS/CF only demanded a potential of 1.432 V vs. RHE,
showing superior catalytic activity to many other catalysts
(Table S5†). To probe the advantage of NCS/CF for the SMOR
over the OER, CV curves were also conducted in 1 M KOH
solution at a scan rate of 0.1 mV s−1 (Fig. 4b). The potential at 10
J. Mater. Chem. A, 2024, 12, 25791–25800 | 25795
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mA cm−2 for the OER was 1.457 V vs. RHE corresponding to the
overpotential of 227 mV, which was comparable to other cata-
lysts with similar elemental composition (Table S6†). By
contrast, the potential used for the SMOR at the same current
density was 183 mV lower than that of the OER, implying the
energy-saving merit of the SMOR. Then, the catalytic kinetics of
the as-prepared electrodes for the SMOR was evaluated from the
Tafel slope and charge transfer resistance (Rct). NCS/CF showed
the smallest Tafel slope of 115.28 mV dec−1 (Fig. 4c), lower than
that of NS/CF (132.92 mV dec−1), CS/CF (174.71 mV dec−1), and
CF (247.49 mV dec−1). A small Tafel slope indicates that a large
current density increase can be achieved via a small potential
change,77 therefore the NCS/CF electrode exhibited the most
favorable reaction kinetics. The Rct was probed by electro-
chemical impedance spectroscopy (Fig. 4d). The recorded
Nyquist plots were rst tted with an equivalent circuit model
consisting of resistance, constant phase element, and capaci-
tance (Fig. S15†). Results indicated that the modication of CF
greatly reduced the resistance. The pristine CF had a large Rct of
32.52 U (Table S7†). The Rct values of NS/CF and CS/CF
descended to 0.74 and 1.30 U, respectively. When it comes to
the heterostructure NCS/CF, the Rct further decreased to 0.49 U,
conrming its improved charge transfer ability. In addition, the
solution resistance (Rs) of NCS/CF, NS/CF, CS/CF, and CF was
quantied to be 0.99, 1.06, 1.00, and 0.98 U, respectively. The
similar Rs values indicated the constant and consistent elec-
trolyte conditions during the test. To explore the exposure of
active sites derived from the unique morphology, the double-
layer capacitance (Cdl) was calculated by recording CV curves
in the non-faradaic regions with different scan rates to evaluate
the electrochemical active surface area (ECSA) (Fig. 4e and
S16†). The Cdl was determined by plotting the average of the
positive and negative charging current densities at the middle
potential against the scan rate, the linear slope represents Cdl

and was proportional to the ECSA.78,79 CF only had a small Cdl of
0.05 mF cm−2, indicating its negligible contribution to the
active area. However, NCS/CF increased the ECSA to 2.36 mF
cm−2 due to the large exposure of active sites in the hetero-
interface. In order to probe the inuence of the different
morphologies of NCS/CF, NS/CF, and CS/CF, we normalized the
Cdl by the specic capacitance on metal foam in alkaline solu-
tion.80 The resultant ECSA values of NCS/CF, NS/CF, and CS/CF
were 59.00, 50.00, and 29.25 cm2, respectively. It was noted that
the ECSA of NCS/CF was 1.18 times and 2.02 times higher than
that of NS/CF and CS/CF, respectively, which was lower than the
corresponding multiplication of activity improvement revealed
by the CV test (1.60 and 2.07 times). Therefore, though the
morphologies of the samples differed signicantly and may
affect the kinetics of the SMOR process, the intrinsic activity
of NCS/CF was still the highest. This demonstrated that the
optimized shuttle effect and bimetallic synergism of NCS/CF
can yield higher catalytic activity.

To further probe the inuence of Se content on catalytic
performance, different selenidation treatments of 1 and 5 h
were carried out on NiCo-LDH/CF, and the corresponding NCS/
CF-1 and NCS/CF-5 were obtained. Meanwhile, the catalytic
activity of the non-selenized sample NiCo-LDH/CF was also
25796 | J. Mater. Chem. A, 2024, 12, 25791–25800
probed and compared (Fig. S17†). It can be seen that the sele-
nidation treatment optimized the onset potential and peak
current density of NiCo-LDH/CF. The catalytic ability and
activity of selenized samples were all better than those of NiCo-
LDH/CF, proving the superiority of selenization. As for the
inuence of Se content, NCS/CF-1 exhibited worse catalytic
performance with larger onset potential and smaller peak
current density when compared to NCS/CF. This may be
because the insufficient selenidation led to less generation of
NiCoSe4 (Fig. S18†), thereby reducing the hetero-interface and
weakening the synergistic effect, whereas NCS/CF-5 derived
from long-time selenization showed a smaller onset potential
but an even lower peak current density than that of NCS/CF-1.
Hence one can see that excessive selenization can enhance
the shuttle-like role of Se and increase the catalytic ability,
however, the redundant NiCoSe4 may cover the hetero-interface
and hinder its exposure, thus yielding a relatively lower current
density (Fig. S19†). Furthermore, the Tafel slope proved the
inferiority of NCS/CF-1 and NCS/CF-5 (Fig. S20†), their Tafel
slope values were both smaller than that of NiCo-LDH/CF but
higher than that of NCS/CF. This result implied that only
appropriate selenization can balance the shuttle-like role and
the hetero-interface effect, and then yielded the optimized
catalytic performance.

Aer screening the catalysts, NCS/CF with the highest activity
was employed to trace the anodic product of the SMOR and
calculate the faradaic efficiency (FE). 6 h chronoamperometry
(CA) tests were conducted at the potentials of 1.38, 1.43, 1.48,
1.53, 1.58, 1.63, and 1.68 V vs. RHE to collect the liquid product
aer the reaction (Fig. S21†). Then the nal product was quali-
tatively identied by 1H nuclear magnetic resonance (NMR)
spectroscopy and quantitatively analyzed by ion chromatography
(IC). In the 1H NMR spectrum (Fig. 5a), the value-added formate
was detected at around 8.27 ppm,81 it was evidenced as the only
product of the SMOR. Aerward, the practical production of the
formate was quantitatively calibrated with chromatographic
grade formate of known concentrations via the IC technique
(Fig. S22†). Until the potential of 1.63 V vs. RHE, the signal
intensity of HCOO− increased gradually, but when the potential
reached 1.68 V vs. RHE, the peak intensity began to decrease
(Fig. 5b). Within the testing potential window, all the FEformate

was greater than 80% (Fig. 5c). In particular, at the potential of
1.53 and 1.58 V vs. RHE, the FEformate was up to 103.06 and
99.65%, respectively, indicating the near 100% rate of conversion
of methanol to formate. It can be explained that formate was not
fully produced at a lower potential and the competitive OER will
be involved at a higher potential, thereby leading to insufficient
conversion of methanol to formate. Considering the high activity
and good selectivity of NCS/CF for the SMOR, a two-electrode
system was constructed by using NCS/CF as both the anode
and cathode to conduct energy-saving SMOR-assisted water
splitting (co-electrolysis) for simultaneousmethanol upgradation
and hydrogen harvest. The co-electrolysis showed an apparently
small onset potential and high current density (Fig. 5d). NCS/
CF‖NCS/CF only required a low cell voltage of 1.380 V to deliver
10 mA cm−2 for co-electrolysis, 253 mV lower than that of pure
water electrolysis. Furthermore, only a low current density of 46.4
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) The 1H NMR spectrum of the electrolyte after the electro-
chemical test. (b) IC traces of the electrolyte and (c) corresponding
FEformate at different potentials. (d) LSV plots of methanol electrolysis
and overall water splitting on the NCS/CF‖NCS/CF electrode without
IR corrections. (e) 100 h durability test of the NCS/CF‖NCS/CF elec-
trode for methanol electrolysis at 100 mA cm−2.
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mA cm−2 was achieved at 1.8 V in 1 M KOH solution, while the
current density was boosted to 149.2 mA cm−2 at the same
voltage with the assistance of methanol, which was 3.2 times
higher than that of traditional water splitting. This result
conrmed the superiority of SMOR-assisted water splitting with
low energy consumption and high current density. The reaction
phenomenon can be seen in the digital photograph of the elec-
trolytic cell (Fig. S23†). In the co-electrolysis process, H2 evolution
on the cathode is signicant with large amounts of bubbles. In
contrast, the SMOR at the anode did not produce any bubbles,
even with the current density at 100 mA cm−2. This further
indicated that formate was the only product without the gener-
ation of O2 or CO2, demonstrating the high selectivity of SMOR
and suppression of the competitive OER. Moreover, an excep-
tional robustness of NCS/CF‖NCS/CF was achieved. Aer
a continuous operation of 100 h, the large current density of 100
mA cm−2 could still be achieved at a near-constant voltage,
demonstrating its brilliant catalytic stability (Fig. 5e and Tabel
S5†).
3.3 Mechanism study

To explore the structural evolution and catalytic mechanism of
the catalyst, the phase composition, morphology, and surface
chemical state of NCS/CF were thus probed aer the SMOR
electrocatalytic reaction. The XRD pattern showed a very weak
This journal is © The Royal Society of Chemistry 2024
diffraction peak intensity of NiCoSe4 due to the surface recon-
struction, but the signal of the (2, 1, 0) crystal plane can still be
observed, conrming that it is the most exposed and primarily
functional phase (Fig. S24†). The morphology of NCS/CF aer
the SMOR reaction underwent signicant changes due to the
harsh alkaline electrolyte and the strong oxidative environment
(Fig. S25†).82 The long NiCoSe4 nanoneedles disappeared and
only irregular particles were retained. The at NiCo-LDH
nanosheets also underwent deformation. This phenomenon
indicated the existence of elemental dissolution or leaching
during the reaction process, but the hetero-interface between
NiCoSe4 and NiCo-LDH still existed. The variation of the
elemental composition of NCS/CF before and aer the reaction
was investigated by EDS analysis (Fig. S26 and Table S8†). The
increased O element meant the partial surface oxidation and
the formation of metal oxyhydroxide. In contrast, the content of
Se element decreased a lot, which was in consistence with the
observation of SEM images, indicating the leaching out of Se.
The atomic ratio of Ni and Co was nearly kept constant. The K
element came from the KOH electrolyte. The surface chemical
state change aer the SMOR was also probed by XPS. In Ni 2p
spectra (Fig. S27a†), Ni2+ peaks disappeared and Ni3+ became
the dominant species, indicating the sufficient surface recon-
struction of Ni element. As for Co 2p spectra (Fig. S27b†),
though the content ratio of Co3+/Co2+ became larger, the Co2+

species still existed, suggesting that Co element also underwent
surface reconstruction to some degree but not as strong as Ni.
When it comes to Se 3d spectra (Fig. S27c†), the Se element at
the surface of NCS/CF was oxidized, covering the internal
metal–selenium bonds. The enhanced intensity of the M–OH
peak in O 1s spectra also evidenced the surface oxidation and
reconstruction (Fig. S27d†).83 These results revealed that the
high valent metal oxyhydroxide was generated during the
SMOR, including NiOOH and CoOOH. They were both involved
in the catalytic process, and NiOOH was the species that played
a more important role due to its complete reconstruction.

To further explore the role of Se in bimetallic NiCo in the
NiCo-LDH derivative, we performed density functional theory
(DFT) calculations by building a heterostructure model
composed of NiCoSe4 (2, 1, 0) and NiCo-LDH (1, 0, 7) faces
(Fig. 6a and S28†). The differential charge density and Bader
analysis demonstrated the electron redistribution. An intense
disturbance of electrons was found at the interface of NiCoSe4
and NiCo-LDH, where the blue and yellow regions represented
electron depletion and accumulation, respectively (Fig. S29†). It
can be seen that the depletion domain was mainly concentrated
on the NiCo-LDH side, meanwhile, the NiCoSe4 side exhibited
both electron gain and electron loss phenomena. On the whole,
there was a trend of electron owing from NiCo-LDH to
NiCoSe4. This electronic effect was benecial for the generation
of high valent active metal species, which was consistent with
the results of post-catalysis XPS characterization. Bader analysis
quantitatively determined the charge of all the atoms in the NCS
model (Tables S9 and S10†). The total Bader charge indicated
that both Ni and Co lost electrons and Se gained electrons as
a whole. It was surprisingly found that the Se19 atom at the
hetero-interface lost 0.06e. As shown in the local magnication
J. Mater. Chem. A, 2024, 12, 25791–25800 | 25797
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Fig. 6 (a) The structural model of NCS. (b) The local magnification of
differential charge density around the Se atom at the interface of NCS.
(c) Density of states of NCS.
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of differential charge density around the Se19 atom (Fig. 6b), all
the metal atoms connected to Se19 lost electrons, whereas, the
Bader charge number of Co2 (0.31) was much lower than that of
Co10 (1.22). Thus, we inferred that the electrons lost from Se19
owed towards Co2, resulting in its smaller Bader charge.
Furthermore, by probing the density of states (DOS) (Fig. 6c),
the metallic properties of NCS/CF were revealed because its
Fermi levels passed through the conduction band.84 This sug-
gested that the modication of NiCo-LDH by partial selenida-
tion was benecial to improving the electrical conductivity and
electron transfer, compensating for the disadvantage of LDH.
4. Conclusion

In this study, a mirror-like heterostructure of NiCoSe4@NiCo-
LDH loaded on cobalt foam (NCS/CF) was synthesized
through a partial selenidation strategy to modify NiCo-LDH for
the selective methanol oxidation reaction (SMOR). A shuttle-like
role of Se in NCS/CF was found by observing electron transfer
from Ni to Co via Se based on the experimental test and theo-
retical calculation. Except for this electronic effect, the interface
formed between NiCoSe4 and NiCo-LDH was also proved to
create more active sites, minimize the charge transfer resis-
tance, and yield favorable synergism. In the end, a ∼100%
faradaic efficiency of methanol upgradation to formate
(FEformate) was achieved. When used as an anode in a three-
electrode system, the potential needed to achieve a current
density of 10 and 100mA cm−2 for the SMORwas only 1.274 and
1.432 V vs. RHE, surpassing most of the catalysts reported in the
literature. The potential of 1.274 V vs. RHE was much smaller
than the 1.457 V vs. RHE of the OER, showing its strong
possibility of replacing water oxidation from an energy saving
point of view. Moreover, the SMOR activity of NCS/CF was 1.60
times and 2.07 times larger than that of NS/CF and CS/CF,
25798 | J. Mater. Chem. A, 2024, 12, 25791–25800
respectively, highlighting the advantage of bimetallic synergy.
When used as a bifunctional electrode in the two-electrode
system, NCS/CF‖NCS/CF only required a cell voltage of
1.380 V at the current density of 10 mA cm−2 for the co-
electrolysis of methanol and water, 253 mV lower than that of
pure water splitting. In addition, its robust catalytic ability was
also proved by continuously carrying out the operation at 100
mA cm−2 for 100 h at a near constant cell voltage, promising the
satisfying stability of NCS/CF for the simultaneous harvest of
value-added formate and green hydrogen.
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