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Unraveling a bifunctional mechanism for
methanol-to-formate electro-oxidation on
nickel-based hydroxides

Botao Zhu1, Bo Dong1, Feng Wang1, Qifeng Yang1, Yunpeng He1, Cunjin Zhang2,
Peng Jin 2 & Lai Feng 1

For nickel-based catalysts, in-situ formed nickel oxyhydroxide has been gen-
erally believed as the origin for anodic biomass electro-oxidations. However,
rationally understanding the catalytic mechanism still remains challenging. In
this work, we demonstrate that NiMn hydroxide as the anodic catalyst can
enable methanol-to-formate electro-oxidation reaction (MOR) with a low cell-
potential of 1.33/1.41 V at 10/100mAcm−2, a Faradaic efficiency of nearly 100%
and good durability in alkaline media, remarkably outperforming NiFe
hydroxide. Based on a combined experimental and computational study, we
propose a cyclic pathway that consists of reversible redox transitions of NiII-
(OH)2/Ni

III-OOH and a concomitant MOR. More importantly, it is proved that
the NiIII-OOH provides combined active sites including NiIII and nearby elec-
trophilic oxygen species, which work in a cooperative manner to promote
either spontaneous or non-spontaneous MOR process. Such a bifunctional
mechanism can well account for not only the highly selective formate forma-
tion but also the transient presence of NiIII-OOH. The different catalytic activ-
ities of NiMnandNiFe hydroxides can be attributed to their different oxidation
behaviors. Thus, our work provides a clear and rational understanding of the
overall MOR mechanism on nickel-based hydroxides, which is beneficial for
advanced catalyst design.

Hydrogen (H2) as a carbon-free and high-energy density fuel has
been considered one of the most important alternatives to con-
ventional fossil fuels1. Recently, the overall water splitting (OWS)
technique has been well developed2,3, which enables the green
and sustainable generation of H2 and benefits instituting a zero-
carbon society. Nevertheless, the OWS normally requires a cell-
potential higher than 1.6 V due to the sluggish oxygen evolution
reaction (OER) with a high standard potential of 1.23 VSHE at the
anodic side4,5. Systematic cost analysis reveals that the energy
consumed for OER occupies ca. 95% of total energy for OWS6,
leading to low cost-efficiency of H2 generation. To further
increase the cost-efficiency, it is highly desired to replace energy-

consuming OER with other anodic reactions with low energy
consumption and/or with a value-added product.

Methanol (350 $ per ton) has been long used as a precursor to
produce formate (1300 $ per ton) with higher value, an important
chemical in rubber and pharmaceutical industries7,8. However, con-
ventional synthesis of formate involves multiple steps under harsh
conditions9. Alternatively, methanol-to-formate electro-oxidation
reaction (MOR) has been of great interest very recently due to the
mild synthesis condition and low standard potential of 0.103 VSHE

5,10,11.
A variety of electro-catalysts have been designed as the anode to boost
MOR and hence to realize the combined production of H2 and value-
added product of formate12–15.
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Nickel-based anode catalysts have been widely used for OER and
various biomass electro-oxidations. As many biomass (i.e., methanol,
ethanol, furfural, and furfuryl amine) have a nucleophilic group (i.e.,
hydroxyl, aldehyde, and amino groups), their oxidations are defined as
nucleophile oxidation reactions (NOR)16–20. To more efficiently pro-
duce value-added products from biomass, many efforts have been
devoted to understanding the NOR process21–25. In a state-of-the-art-
work, Wang et al. focused on the change of Ni(OH)2 catalyst under the
EOR conditions and proposed a one-electron reaction consisting of an
endothermic oxidation of NiII-(OH)2 to NiIII-OOH and an exothermic or
spontaneous reduction of NiIII-OOH to NiII-(OH)2 along with the dehy-
drogenation of ethanol23. Subsequently, Shalom et al. surveyed on the
electrocatalytic process of MOR and revealed that the overall rate of
MOR is bottlenecked by the C–H bond oxidation of methanol, rather
than the formation of NiIII-OOH on the surface of NiFeOx

24. Another
group also afforded similar results based on an uphill energy barrier
upon the conversion from *OCH2 to *OCH during the MOR of Ni(OH)2
with NiIII-OOH species25. Thus, the in-situ formed NiIII-OOH was gen-
erally believed as the origin of MOR or EOR. However, experimental
identification was blocked due to the transient stability of NiIII-OOH,
especially under optimal MOR or EOR conditions (i.e., at a potential of
<1.5 VRHE with a high alcohol concentration). To date, how these
transient species promote alcohol oxidation remains ambiguous. The
most typical mechanism proposed the electrophilic oxygen of NiIII-
OOH as the single active site towards MOR25, which may well account
for the selective formation of formate but not the rapidly diminishing
of NiIII-OOH during the MOR. To further address both phenomena, an
alternative catalytic mechanism is required.

In this work, we employ NiM-LDHs (M=Mn, Fe, LDH: layered
double hydroxide) as model catalysts toward MOR. As compared to
NiFe-LDH, NiMn-LDH exhibits enhanced MOR activity, requiring only
1.33/1.41 V to reach 10/100mA cm−2 with a formate Faradaic efficiency
of nearly 100% and gooddurability in alkalinemedia.OperandoRaman
spectroscopic observations reveal, for the first time, the transient
formation of NiIII-OOHon the surface of NiM-LDHs under optimalMOR
conditions. Meanwhile, a H/D kinetic isotope effect (KIE) study is
employed to identify the potential-determining step (PDS) and rate-
determining step (RDS). Furthermore, based on the experimental
results, density functional theory (DFT) computations suggest a cyclic
pathway consisting of reversible NiII/NiIII redox transitions and a

concomitant MOR. More importantly, it is verified that the electro-
catalytic MOR involves two active sites including NiIII and nearby
electrophilic oxygen species of NiIII-OOH, which work in a cooperative
manner to promote theMOR. Such amechanism is different from that
based on a single active site and hence defined as the bifunctional
mechanismby considering the combined functionalities of both active
sites26.

Results
Synthesis and characterizations
A series of NiMn and NiFe-LDHs have been synthesized on the surface
of nickel foam (NF) using a modified hydrothermal method. The
scanning electron microscopy (SEM) images (Fig. 1a, b and Supple-
mentary Fig. 1) show that both LDHs are formed as nanosheets, which
densely and uniformly cover the surface of NF. Their nanosheet-like
morphologies were confirmed by transmission electron microscopy
(TEM) images (Supplementary Fig. 2). The high-resolution TEM (HR-
TEM) characterizations (Fig. 1c, e) reveal their crystalline natures with
lattice spacing distances of 2.35 Å for NiMn-LDH and 2.69 Å for NiFe-
LDH, in line with X-ray diffraction (XRD) analysis (Supplementary
Fig. 3). The high-angle annular dark field (HAADF) image and corre-
sponding energy dispersive spectroscopy (EDS) mapping demon-
strates the uniform distribution of O, Ni, and Mn or Fe elements in
NiMnor NiFe-LDH nanosheet (Fig. 1d, f). Chemical compositions of the
as-synthesized NiM-LDHs were probed by using the X-ray photoelec-
tron spectroscopy (XPS) technique, revealing the valence states ofNi2+,
Mn3+, and Fe3+ (see Supplementary Fig. 4, 5 and Note 1, 2). This result is
in line with literature reports27,28. The atomic ratio of Ni/Mn and Ni/Fe
were identified to be 4.4 and 4.6, respectively, by using the inductively
coupled plasma-optical emission spectrometer (ICP-OES) method
(Supplementary Table 1).

Electro-catalytic performance evaluation
The MOR performance of NiMn and NiFe-LDHs were investigated in
1M KOH solution with 3M CH3OH using the linear sweep voltam-
metry (LSV) technique. NiMn-LDH exhibits a remarkable lower MOR
onset potential (at 2mA cm−2) of 1.30 VRHE (or a smaller onset over-
potential of 1.20 V) as compared to that (1.37 VRHE or 1.27 V) of NiFe-
LDH, indicating that NiMn-LDH canmore efficiently boostMORunder
the applied conditions (Fig. 2a, Supplementary Fig. 6 and Note 3).

NiMn-LDH NiFe-LDH

1 μ m 1 μ m

5 nm
Mn

O

50 nm1 nm

d = 0.235 nm

Ni

200 nm

d = 0.269 nm

5 nm

Fe

Ni

O

1 nm

a b

c d fe

Fig. 1 | Preparationand characterizations of the catalysts.SEM images of the aNiMn andbNiFe-LDHs. HR-TEMandHAADF, elementalmapping images of c,dNiMn and
e, f NiFe-LDHs.
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A similar trend is also observed at the higher current density of
100/500mAcm−2, where NiMn-LDH requires a lower working poten-
tial of 1.41/1.49 VRHE as compared to that (1.45/1.62 VRHE) of NiFe-LDH.
To rule out the impacts of LDH nanostructures and estimate the
intrinsic activities of NiMn and NiFe towards MOR, their current
densities are normalized by the electrochemical active surface area
(ECSA) (1.22 and 1.17 cm2 for NiMn and NiFe-LDH, respectively). Their
ECSA are estimated by using an equation of ECSA = Cdl/Cs, where Cdl

and Cs are double-layer capacitance (see Supplementary Fig. 7 and
Note 4) and specific capacitance (see Supplementary Fig. 8), respec-
tively. As plotted in Fig. 2b, NiMn delivers a specific activity of
250.1mA cmECSA

−2 towards MOR (at 1.45 VRHE), almost 3.3-fold higher
than that (75.8mA cmECSA

−2) of NiFe. Nevertheless, we found that
NiMn-LDH is more inert than NiFe-LDH under OER conditions
(Fig. 2a), in good agreement with literature reports29,30. By using the
same method, the OER-specific activity of NiMn-LDH is almost one-
sixteenth that of NiFe-LDH (Fig. 2b). Thus, the above results demon-
strate that NiMn-LDH is intrinsically more active thanNiFe-LDH under
the MOR conditions, though it is less active for OER. These results
indicate that the MOR mechanism significantly differs from that
of OER.

Furthermore, the two-electrode electrolyzer for HER/MOR
electrolysis was set up by using Pt/C as the cathode andNiMn-LDH as
the anode to concurrently produce H2 and formate. The polarization
curves recorded before and after 3000 CV sweeps in alkaline media
are provided in Fig. 2c. It is seen that the Pt/C//NiMn electrode pair
required a cell-potential of 1.33/1.43 V to achieve the current density
of 10/100mA cm−2, much lower than that (1.40/1.49 V) of a fully
commercial pair of Pt/C//RuO2. After 3000 CV sweeps, the Pt/C//
NiMn pair displayed an almost constant polarization curve, indica-
tive of its good stability in alkalinemedia. In comparison, Pt/C//RuO2

pair showed remarkable decay under the same condition probably
due to the gradual dissolution of Ru4+ in alkaline media31. The good
stability of Pt/C//NiMn pair was confirmed by the chron-
opotentiometry (CP) tests (Fig. 2d), in which no significant increase

in cell potential was observed at 10 and 100mA cm−2 after 20-h
electrolysis. It is clearly seen that gas bubbles (H2) were con-
tinuously produced on the cathode, while no bubble was produced
on the anode. The anodically produced formate was quantified by
analyzing electrolyte using ion chromatography (IC) (Supplemen-
tary Fig. 9, 10) and its Faradaic efficiency (FE) was found to be con-
stant with a value of nearly 100% along the continuous electrolysis
(Supplementary Table 2). The electrolysis conducted in a double-
chamber electrolyzer yielded similar results (Supplementary Fig. 11
and Table 3). The 1H and 13C nuclear magnetic resonance (NMR)
spectra (Supplementary Fig. 11d) of the electrolyte show only for-
mate signals. As no CO3

2- signal (δ = 162 ppm) could be detected, the
production of CO2 could be ruled out, again confirming the selective
conversion from methanol to formate. The anode catalyst after
the 20-h CP test was checked again by using SEM and XPS (Supple-
mentary Fig. 12, 13), which showed no obvious decay in the catalyst
morphology and compositions. These results confirm the long-term
durability of NiMn catalyst under the MOR conditions.

Insight into the MOR mechanism
To investigate the intermediates or structural change of NiM-LDH-
based anode, we conducted a series of operando Raman measure-
ments under theMORconditions and compared them to those ofOER.
As shown in Fig. 3a and Supplementary Fig. 14, Note 5, the Raman
bands of NiMn-LDH at open circuit potential (OCP) appear at 468, 533,
and 600 cm−1, corresponding to NiII-O and MnIII-O bending and/or
stretching vibrations, respectively23,32,33. Under the OER conditions, a
pair of feature bands of NiIII-O (at 473 and 551 cm−1) newly emerges at
the applied potential of 1.37 VRHE and remains dominant in the fol-
lowing anodic and cathodic potential sweep (i.e., 1.42–1.52–1.12 VRHE).
This result is in linewith the anode color change frombrownish-yellow
to black (see Supplementary Movie 1, 2), indicating that the in-situ
formed NiIII-OOH could remain stable once it formed and act as
the origin of OER29. In comparison, under the MOR conditions, the
feature bands of NiIII-O also emerge at 1.37 VRHE, which are less
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Fig. 2 | Electrocatalytic performance of the catalysts. a IR-corrected LSV curves
of NiMn and NiFe-LDHs both recorded in 1M KOH without and with 3M CH3OH.
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obtained via continuous electrolysis).
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remarkable relative to the primary bands of NiII-O in the potential
rangeof 1.37–1.52VRHE.When the appliedpotential decreases from1.52
to 1.12 VRHE, the feature bands of NiIII-O gradually weaken and vanish.
All the above observations reveal that the Ni ions of NiMn-LDH shuttle
between NiII and NiIII during the MOR catalysis. Meanwhile, the MnIII-O
band (at 600 cm−1) remains the same throughout the potential
sweeping, indicating that theMn ions of NiMn-LDH are not involved in
the redox transition. To confirm the NiII-(OH)2/Ni

III-OOH transition,
additional operando Raman measurements were performed in deu-
terium media (i.e., CD3OD/D2O) under the MOR conditions. As shown
in Fig. 3a, more pronounced NiIII-O bands (at 473 and 551 cm−1) were
detected in the potential range of 1.42–1.52–1.32 VRHE with deuterium
media, indicating that the methanol-induced reduction of NiIII-OOH

was retarded due to the more robust O–D or C–D bond of the absor-
bate. Meanwhile, the color change of NiMn anode could be detected
from brownish-yellow to dark and then to the original, which is
otherwise negligible in the aqueous media. Additionally, Ni0.85Mn0.15-
LDH with more Ni content shows more evident Raman bands of NiIII-O
under the same MOR conditions (see Supplementary Fig. 15 and
Note 6), as compared to those of NiMn-LDH, which again confirms the
transient formation of NiIII-OOH.When switching the anode catalyst to
NiFe-LDH, the operando Raman measurements deliver similar results
(Fig. 3b, Supplementary Fig. 16 and Note 7). Thus, by using the oper-
ando spectroscopic technique, we can verify the transient and limited
formation of NiIII-OOH in NiM-LDHs under optimal MOR conditions,
which is likely the origin of MOR catalysis.

Fig. 3 | Evidence for in-situ formation and reduction of NiIII-OOH under the
optimal MOR conditions. Operando Raman spectra of a NiMn and b NiFe-LDHs
both obtained at various potentials under optimal MOR (the subscript H or D
denotes CH3OH/H2O or CD3OD/D2O solution) and OER conditions, respectively.
The blue circles indicate the feature bands of NiIII-OOH.Multi-potential step curves

of cNiMn anddNiFe-LDHs in 1MKOH solutions without andwith 3MCH3OH. In all
panels, the pink, yellowish, and pale green shaded areas indicate the application of
a constant voltage of 1.62 VRHE, an open-circuit process and the application of an
open circuit voltage of 1.02 VRHE, respectively.
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In addition, to probe if the reduction of NiIII-OOH by methanol is
exothermic or spontaneous, intermittentMORandOERmeasurements
were performedby applying different potentials. As shown in Fig. 3c, d,
the initially applied potential was set at 1.62 VRHE for NiM-LDH-based
anode to generate NiIII-OOH. Then, after an open-circuit state, the
applied potential was switched to 1.02VRHE. Under theOERcondition, a
remarkable reduction current could be observed at 1.02 VRHE for both
NiMn and NiFe-LDHs, implying the non-spontaneous reduction of
NiIII-OOH in absence of methanol19,21. In comparison, when methanol
was added upon an open-circuit state (90s), negligible reduction cur-
rent could be observed for both LDHs at 1.02 VRHE, indicative of the
spontaneous reduction of NiIII-OOH to NiII-(OH)2 under the MOR con-
ditions. Alternatively, whenmethanol was added beforemeasurement,
amuch higher current density (180–210mAcm−2) could be observed at
1.62 VRHE as compared to that (80–130mAcm−2) attained under OER
condition, indicating the occurrence of MOR. After the open-circuit
state, no current density was detected at 1.02 VRHE, thus confirming the
spontaneous reduction of NiIII-OOH to Ni-(OH)2 under the MOR con-
ditions. Nevertheless, afterward, further dehydrogenations of absor-
bate are necessary for the formation of formate, which remains to be
explored (vide infra).

Furthermore, aH/DKIE studywas conducted forNiM-LDHs,which
helps to identify both the PDS and RDS in the catalytic MOR
reaction34,35. The former defines the onset potential of MOR, while the
latter settles the MOR current beyond onset. Figure 4a and Supple-
mentary Fig. 17a show the CVs starting with an anodic sweep for the
overall MOR of NiMn-LDH in aqueous and deuterium media. It is seen
that the NiII-(OH)2/Ni

III-OOH oxidation occurs at a low potential of
around 1.35 VRHE, closely followed by the catalytic MOR with sharply
increased current. As compared with CH3OH/H2O, the use of CD3OD/
D2O leads to a positively-shifted onset potential of the catalytic MOR
along with remarkably reduced current density at the given potential
of 1.37–1.50 VRHE and a higher Tafel slope (91.5 versus 39.4mVdec−1).
The positively shifted onset indicates that the proton-coupled electron

transfers (PCETs: i.e., O-H(D) or C-H(D) bond breaking) are involved in
the PDS of catalytic MOR34,35. We also quantify the KIE as JH/JD > 1.5 in
the Tafel range (Fig. 4b)36,37, regardless of the methanol concentration
(Supplementary Fig. 18a and Note 8), suggesting a normal KIE. This
indicates that the PCETs are also involved in the RDS of catalytic MOR,
probably as a consequence of PDS38.

On the other hand, the CVs for the overall MOR on NiFe-LDH are
provided in Fig. 4c and Supplementary Fig. 17b, 18b. We can observe a
very close overlap between NiII-(OH)2/Ni

III-OOH oxidation current and
catalytic MOR current, indicating the concurrent occurrence of pre-
catalytic oxidation and catalyticMOR. Nevertheless, it is found that the
onset potential of MOR is negatively shifted in the duterio media,
indicating that the PCETs in the catalytic MOR are not involved in the
PDS. In addition, by comparing the MOR currents and Tafel slopes
(21.6 versus 55.0mV dec−1) in the deuterium and aqueous media, an
inverse KIE is suggested based on JH/JD < 1.0 (Fig. 4d), indicating that
the PCETs are not involved in the RDS. Thus, this result suggests that
the catalytic MOR on the in-situ formed NiFe oxyhydroxide is fully
exothermic or spontaneous39.

To probe the precatalytic oxidation process, we studied the H/D
isotope effects of NiMn and NiFe-LDH in alkaline H2O or D2O without
methanol. As shown by their CVs (Supplementary Fig. 19 and Note 9),
NiMn-LDHdelivers aNiII/NiIII oxidationpeakat oxEH/

oxED = 1.34/1.33 VRHE

(H and D denote H2O and D2O, respectively), while NiFe-LDH shows an
oxidation peak at oxEH/

oxED = 1.44/1.42 VRHE. Based on these experi-
mental results, there are three features to emphasize. First, it is clearly
seen that the NiII/NiIII oxidation potential is shifted either cathodically
for NiMn-LDH or anodically for NiFe-LDH compared to those of
Ni(OH)2 (Supplementary Fig. 20), in line with the literature report23.
Second, replacing aqueous media by deuterium media leads to easier
NiII/NiIII oxidations for both NiMn and NiFe-LDHs. Considering the
constant Cdl of either LDH, the easier NiII/NiIII oxidation might be
attributed to the enhanced adsorption of OD- with amore polar nature
on the NiII site (Supplementary Fig. 21 and Note 10). Third, it is noted
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that the NiII/NiIII oxidation of NiMn-LDH is quasi-irreversible, while that
of NiFe-LDH is fully reversible. Based on the above findings, we con-
clude that theMnIII doping notonly facilitates theNiII/NiIII oxidationbut
also stabilizes the in-situ formed NiIII-OOH, which is beneficial for the
following catalytic MOR process. On the other hand, FeIII doping
obviously retards the NiII/NiIII oxidation, which well accounts for why
the MOR on the in-situ formed NiFe oxyhydroxide is triggered at a
higher onset potential relative to that for NiMn oxyhydroxide.

Based on the experimental results, we propose that the overall
MOR of NiM-LDHs (M =Mn, Fe) involves two concomitant processes,
including reversible redox transitions of NiII-(OH)2/Ni

III-OOH and an
electrocatalytic MOR (Fig. 5a). DFT computations were then per-
formed to investigate the overall MOR by using two four-layered LDH
models of NiM (M=Mn, Fe) (Supplementary Fig. 22a, d)40–42. It is
noteworthy that the above operando Raman studies have suggested
the very limited formation of NiIII-OOH for both NiM-LDHs under the
MOR conditions. To match the experimental results and also simplify
the computational models, we propose a one-electron oxidation
(reaction 1)25 to generate NiIII-OOH on the surface of LDH model
(Supplementary Fig. 22b, e).

NiM +OH� ! NiMð�HÞ+H2O+ e� ð1Þ

The oxidation product (i.e., NiM oxyhydroxide) is denoted as
NiM(-H) (M=Mn, Fe), indicating that one hydrogen in NiM-LDH com-
bines with the adsorbed OH- and leaves as water along with the one-
electron oxidation of NiII/NiIII. The calculated Gibbs free energy change
(ΔGOX, see Fig. 5b) shows that the precatalytic process (reaction 1) is
endothermic for both LDHs, indicating it is thermodynamically unfa-
vorable. Particularly, the ΔGOX (2.04 eV) of NiFe is much higher than
that (1.38 eV) of NiMn. It suggests that a higher oxidation potential is
required for NiFe-LDH to achieve NiIII-OOH as compared to that
of NiMn-LDH, fully consistent with their oxidation behaviors.

To understand the different effects of Mn and Fe dopants on the
reaction 1, the projected density of state (PDOS) of Ni-3d electrons was
calculated for both LDHs. As shown in Supplementary Fig. 23, the
d-band center (−2.75 eV) of NiMn is more approaching to the Fermi
level as compared to that (−2.98 eV) of NiFe model, indicating the
stronger adsorption of OH- on the surface of NiMn and hence verifying
the lower ΔGOX relative to that of NiFe model.

Afterward, we investigated the reaction pathway of catalytic MOR
by using NiMn(-H) as the initial catalyst model. The computations
reveal a pathway that beginswith themethanol adsorption (reaction 2)
on the Ni site of NiIII-OOH species and proceeds via a series of dehy-
drogenations (reactions 3 and 4) to finally form formate (reaction 5):

NiMð�HÞ=* +CH3OH ! NiMð�HÞ=*CH3OH ð2Þ

NiMð�HÞ=*CH3OH +OH� ! NiM=*OCH2 +H2OðlÞ+ e� ð3Þ

NiM=*OCH2 +OH
� ! NiM=*CHO+H2OðlÞ+ e� ð4Þ

NiM=*CHO+OH� ! NiM=*HCOOH + e� ð5Þ

where * indicates the active site. It is noteworthy that in reaction 3 the
O-H and C-H dehydrogenations synchronously occur along with the
one-electron reduction of NiMn(-H) to NiMn (Supplementary Fig. 24).
Thus, reaction 3 involves two catalytic sites, which work in a
cooperative manner. Particularly, the exposed NiIII provides a site for
methanol adsorption, while the nearby electrophilic oxygen acts as a
hydrogen acceptor, resulting in a concerted hydrogen-transfer from
the adsorbed methanol to NiMn(-H). Thus, these results suggest that
the NiIII-OOH species provides two active sites for the catalyticMORon
NiMn(-H), which could be defined as the bifunctional mechanism by
considering the combined functionalities of active sites.
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Fig. 5 | MOR mechanism revealed by experiment and DFT calculation.
a Reaction scheme for the overall MOR on NiM-LDHs (M=Mn, Fe). The blue and
yellow arrows indicate the proton-transfers during the precatalytic oxidation pro-
cess and that associated with the reduction of NiM(-H) to NiM during the catalytic
MOR process. The hydrogens of methanol or derived from methanol are high-
lighted in yellow. Gibbs free energy diagrams for the b precatalytic process and

c catalyticMORprocess. Optimized structures of the intermediates inMORprocess
on dNiMn and eNiFe-LDHs, where, Ni: wathet, Fe: purple, Mn: blue, N: gray, O: red,
H: white, C: brown. The yellow and green circles indicate the hydrogen-deficient
and hydrogen-added oxygens in NiM(-H), respectively. f An unconventional
bifunctional mechanism proposed for the overall MOR process.
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The corresponding Gibbs energy diagram and the optimized
intermediate structures are presented in Fig. 5c, d and Supplementary
Fig. 25, respectively. Reactions 2, 3, 5 are exothermic, while reaction 4
is endothermic with ΔG=0.40 eV. These results are fully consistent
with the experimental observations that reveal a spontaneous reduc-
tion of NiIII-OOH to NiII-(OH)2 under theMOR conditions. Nevertheless,
as the reaction 4 provides a thermodynamic barrier, the catalyticMOR
process on NiMn(-H) is endothermic or non-spontaneous with the
*OCH2 dehydrogenation as the PDS, in line with the H/D KIE study. In
addition, we also demonstrate that further electrocatalytic conversion
from formate to CO2 via reactions 6 and 7 is thermodynamically
unfavorable due to a much higher energy demand (ΔG= 1.69 eV), as
compared to that for the formate formation.

NiM=*HCOOH +OH� ! NiM=*HCOO+H2OðlÞ+ e� ð6Þ

NiM=*HCOO+OH� ! NiM=* +CO2ðgÞ+H2OðlÞ+ e� ð7Þ

This result is in good agreement with the experimental result,
which demonstrates highly selective production of formate instead of
CO2. This is very different from that reported for the highly selective
methanol-to-CO2 oxidation over NR-Ni(OH)2, where the dehy-
drogenation of *CH2O to *CHO is thermodynamically less favored than
that of *COOH to *CO2

43.
Alternatively, when using NiFe(-H) as the catalyst model (Sup-

plementary Fig. 22e), the catalyticMOR process was considered with a
similar bifunctional mechanism. Nevertheless, if the reaction 3 is
applied for NiFe(-H), the following reaction 4 is highly thermo-
dynamically unfavorable with ΔG= 1.03 eV (Supplementary Fig. 26 and
Note 11), which is contradict with the KIE study that suggests a fully
spontaneous MOR. Alternatively, we propose that, following the O-H
dehydrogenation (reaction 3ʹ), the reductionofNiFe(-H) toNiFeoccurs
along with the double C-H dehydrogenation of methanol (reaction 4ʹ),
as listed below.

NiMð�HÞ=*CH3OH +OH� ! NiMð�HÞ=*OCH3 +H2OðlÞ+ e� ð3ʹÞ

NiMð�HÞ=*OCH3 +OH
� ! NiM=*COH +H2OðlÞ+ e� ð4ʹÞ

where M represents Fe and the related intermediate structures are
provided in Fig. 5e and Supplementary Fig. 27. As a result, the formate
formation could be achieved via consecutive exothermic reactions
(Fig. 5c). Such a pathway can well account for the fully spontaneous
MOR on the NiFe-LDH, as suggested by the H/D KIE study, so it shall
have high rationality. Thus, the catalyticMORon either NiM(-H) can be
summarized as the reaction 8.

NiMð�HÞ=* +CH3OH +3OH� ! NiM=* +HCOOHðlÞ+ 2H2OðlÞ+ 3e�
ð8Þ

To this end, we can verify that the catalytic MOR process is either
spontaneous or non-spontaneous depending on the nature of dopant.
Nevertheless, considering the high thermodynamic barrier in the
precatalytic process, the overall MOR on either LDH is also limited by
the NiII-(OH)2/Ni

III-OOH transition. In another computation, NiM rather
than NiM(-H) was used as the initial model for the electrocatalytic
MOR, resulting in much higher thermodynamic barriers during the
MOR (Supplementary Fig. 28 and Note 12). As it is contradictory with
the experimental results, NiM could be ruled out as the origin of cat-
alytic MOR process. In addition, we also conducted computations for
OER, which reveal NiFe oxyhydroxide as a better catalyst than NiMn
oxyhydroxide (see Supplementary Fig. 29-32 and Note 13). The good

agreement between computations and experiments again justifies the
feasibility of our computational method.

Based on the above experimental and computational results, a
cyclic pathway is proposed for the overall MOR on the NiM-LDH
(Fig. 5f). Briefly, it proceeds via aprecatalytic oxidationprocess to form
NiIII-OOH species that provides the combined active sites for the MOR.
The followingprocess involves a series ofmethanoldehydrogenations,
meanwhile the NiIII-OOH is reduced back to the NiII-(OH)2, namely the
initial oxidation state in the NiM-LDHs. Along this cyclic pathway, the
Ni ions shuttle between NiII and NiIII, while the dopant M (M=Mn, Fe)
always remains asMIII, which, however, exerts influence onnot only the
NiII-(OH)2/Ni

III-OOH redox transitions but also the catalytic dehy-
drogenations of adsorbed methanol, hence determining the catalyst
activity. Thus, the data described here constitute the first evidence to
support the bifunctional mechanism of MOR, which well accounts for
both the reversible redox transitions of NiII-(OH)2/Ni

III-OOH and the
concomitantly occurred MOR that is either spontaneous or non-
spontaneous, as observed in the experiments.

Discussion
In summary, we have reported that the highly selective and continuous
productionof formate couldbe achieved at a low cell-potential of 1.33/
1.41 V with a current density of 10/100mAcm−2 by using NiMn-LDH
instead of NiFe-LDH as the anode catalyst. Through a combined study
of operando Raman spectroscopy, H/D KIE survey and DFT computa-
tions, we demonstrated a cyclic pathway for the overall MOR, which
consists of reversible NiII-(OH)2/Ni

III-OOH redox transitions and con-
comitantly occurred MOR. More importantly, we proposed that the
key species NiIII-OOH provides two combined active sites (i.e., NiIII and
nearby electrophilic oxygen) to promote the MOR, which defined as
the bifunctional mechanism can well account for both the highly
selective formation of formate and the transient presence of NiIII-OOH
during the MOR. Moreover, the different catalytic performance of
NiMn and NiFe-LDHs could be attributed to their different NiII-(OH)2/
NiIII-OOH oxidation behaviors, which trigger either non-spontaneous
or spontaneous MOR process. Thus, our work presents a clear
understanding on the MOR mechanism of nickel-based hydroxides,
which could be expanded to encompass the electro-oxidations of
various primary and secondary alcohols that have at least one hydro-
gen atomon the carbon attached to the hydroxyl group. The survey on
the bifunctional mechanism of MOR provides a new principle for cat-
alyst design in the field of electro-oxidations of alcohols.

Methods
Materials
Details for materials can be found in Supplementary Note 14.

Catalyst synthesis
The preparation of NiMn-LDH on Ni foam (NiMn-LDH/NF) was used by
a modified hydrothermal method. First, Ni(NO3)2·6H2O (0.24mmol),
KMnO4 (0.06mmol) and CO(NH2)2 (2.00mmol) were added to deio-
nizedwater (15mL) and stirred for 20min. ApieceofNF (2× 3 cm2)was
ultrasonically cleaned with diluted HCl solution (2M), ethanol and
deionized water for 15min respectively, and then dried for use. Then,
the reaction mixture was transferred to a Teflon-lined autoclave
(35mL) with a piece of cleaned NF and treated at 120 oC for 12 h. After
cooling to room temperature, the NiMn-LDH/NF was rinsed with
deionized water, ethanol each for 3 times, and dried at 60 °C over-
night. Alternatively, NiFe-LDH/NF was synthesized under the same
conditions by using Ni(NO3)2·6H2O (0.24mmol) and Fe(NO3)3·9H2O
(0.06mmol) as the precursors. To synthesize Ni(OH)2/NF, only
Ni(NO3)2·6H2O (0.30mmol) was used as the precursor. To optimize
theM content (M=Mn, Fe) in NiM-LDH, themolar ratio of Ni2+ andMx+

precursors was varied from 0.95:0.05 to 0.90:0.10, 0.85:0.15,
0.80:0.20, 0.75:0.25, meanwhile the total molar amount of precursors
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were kept constant. The synthesized products could be denoted as
Ni1-yMy-LDH, where y represents the relative molar content of Mx+

precursor. The optimized precursors ratio could be determined by
checking their MOR activities (Supplementary Fig. 33 and Note 15).

Characterization
Scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM) images and high-resolution TEM (HR-TEM) images along
with element analysis mapping were recorded using Hitachi S-8010
and Titan Themis Cubed G2300 instruments, respectively. The cata-
lysts grown on NF are used as the SEM samples. To prepare the TEM
sample, the catalyst was removed from NF by sonication in ethanol
solution for 1 h and a drop of supernatant was deposited on a duplex
Cu mesh. X-ray diffraction (XRD) patterns were measured using a
Bruker D8 Advance instrument with a Cu Kα radiation source
(λ = 1.54178 Å). The XRD samples were synthesized without the addi-
tion of NF in the reactor. X-ray photoelectron spectroscopy (XPS)
measurements were conducted with a Thermo Fisher Escalab 250Xi
instrument. The catalysts grown on NF (see Supplementary Fig. 1) are
used as the XPS samples. Inductively coupled plasma (ICP) was con-
ducted on an OPTIMA 8000 instrument. The sample for ICP mea-
surement was prepared by dissolving the catalyst in concentrated
hydrochloric acid. The formate concentration in electrolyte was
detected by a Thermo Scientic Dionex ion chromatography (IC) sys-
tem. 1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded with a BRUKER AVANCEIII HD 400MHz NMR instrument by
using D2O as solvent and methanol (CH3OH) as the internal reference.

Electrochemical measurements
Details for electrochemicalmeasurements and calculations of Faradaic
efficiency can be found in Supplementary Fig. 34, 35 and Note 16, 17.

Operando Raman measurements
The Operando Ramanmeasurements were implemented in a confocal
Raman microscope (HR Evolution, Horiba Jobin Yvon) with a 50x
objective and the excitation source of laser wavelength of 633 nm.
Charge coupled device (CCD) detector was working at −60 °C to col-
lect the scattered light from sample surface. Spectral shifts were cali-
brated based on the value of 520.7 cm−1 of a silicon wafer. Operando
Raman spectra were acquired under controlled potentials using a
tailor-made Teflon cell connected to a CHI 760E electrochemical
workstation. The as-prepared catalysts loaded on NF, graphite rod and
Ag/AgCl (Saturated KCl) were served as working, counter and refer-
ence electrode, respectively. The electrochemical-Raman measure-
ments were executed by chronopotentiometry.

Computational methods
Details for computational methods can be found in Supplementary
Note 18.

Data availability
The experimental data generated in this study are provided in the
Supplementary Information/Source Data file. Additional data are
available from the corresponding author upon reasonable
request. Source data are provided with this paper.

References
1. Schlapbach, L. & Züttel, A. Hydrogen-storage materials for mobile

applications. Nature 414, 353–358 (2001).
2. Seh, Z. W. et al. Combining theory and experiment in electro-

catalysis: insights into materials design. Science 355,
eaad4998 (2017).

3. Yu, M., Budiyanto, E. & Tüysüz, H. Principles of water electrolysis
and recent progress in cobalt-, nickel-, and iron-based oxides for

the oxygen evolution reaction. Angew. Chem. Int. Ed. 61,
e202103824 (2022).

4. Bard AJ, Inzelt G, Scholz F. In Electrochemical dictionary (Springer-
Verlag Berlin Heideberg, 2008).

5. Lide, D. In CRC handbook of chemistry and physics (CRC
press, 2005).

6. Wei, X., Li, Y., Chen, L. & Shi, J. Formic acid electro-synthesis by
concurrent cathodic CO2 reduction and anodic CH3OH oxidation.
Angew. Chem. Int. Ed. 60, 3148–3155 (2021).

7. Li, Y., Wei, X., Chen, L., Shi, J. & He, M. Nickel-molybdenum nitride
nanoplate electrocatalysts for concurrent electrolytic hydrogen
and formate productions. Nat. Commun. 10, 5335 (2019).

8. Tang, C., Zheng, Y., Jaroniec, M. & Qiao, S.-Z. Electrocatalytic
refinery for sustainable production of fuels and chemicals. Angew.
Chem. Int. Ed. 60, 19572–19590 (2021).

9. Bulushev, D. A. & Ross, J. R. H. Towards sustainable production of
formic acid. ChemSusChem 11, 821–836 (2018).

10. Li, R., Xiang, K., Peng, Z., Zou, Y. & Wang, S. Recent advances on
electrolysis for simultaneous generation of valuable chemicals at
both anode and cathode. Adv. Energy Mater. 11, 2102292 (2021).

11. Chen, G., Li, X. & Feng, X. Upgrading organic compounds through
the coupling of electro-oxidation with hydrogen evolution. Angew.
Chem. Int. Ed. 61, e202209014 (2022).

12. Li, M. et al. CoxP@NiCo-LDH heteronanosheet arrays as efficient
bifunctional electrocatalysts for co-generation of value-added for-
mate and hydrogenwith less-energy consumption. J. EnergyChem.
50, 314–323 (2020).

13. Xiang, K. et al. Boosting H2 generation coupled with selective oxi-
dation of methanol into value-added chemical over cobalt hydro-
xide@hydroxysulfide nanosheets electrocatalysts. Adv. Funct.
Mater. 30, 1909610 (2020).

14. Yang, Q. et al. Synergistic modulation of nanostructure and active
sites: Ternary Ru&Fe-WOx electrocatalyst for boosting concurrent
generations of hydrogen and formate over 500 mA cm−2. Appl.
Catal. B: Environ. 296, 120359 (2021).

15. Zhao, B. et al. Hollow NiSe nanocrystals heterogenized with carbon
nanotubes for efficient electrocatalytic methanol upgrading to
boost hydrogen co-production. Adv. Funct. Mater. 31,
2008812 (2021).

16. Wang, Y. et al. Atomically targeting NiFe LDH to create multi-
vacancies for OER catalysis with a small organic anchor. Nano
Energy 81, 105606 (2021).

17. Wu, Y.-j et al. Evolution of cationic vacancy defects: A motif for
surface restructuration of OER precatalyst. Angew. Chem. Int. Ed.
60, 26829–26836 (2021).

18. Wang,W. et al. Vacancy-rich Ni(OH)2 drives the electro-oxidation of
amino C−N bonds to nitrile C≡N bonds. Angew. Chem. Int. Ed. 132,
17122–17129 (2020).

19. Ge, R. et al. Selective electro-oxidation of biomass-derived alcohols
to aldehydes in a neutral medium: Promoted water dissociation
over a nickel-oxide-supported ruthenium single-atom catalyst.
Angew. Chem. Int. Ed. 61, e202200211 (2022).

20. He, Z. et al. Promoting biomass electro-oxidation via modulating
proton and oxygen anion deintercalation in hydroxide. Nat. Com-
mun. 13, 3777 (2022).

21. Ohzu, S. et al. Mechanistic insight into catalytic oxidations of
organic compounds by ruthenium(IV)-oxo complexes with pyr-
idylamine ligands. Chem. Sci. 3, 3421–3431 (2012).

22. Qi, Y. et al. Insights into the activity of nickel boride/nickel hetero-
structures for efficient methanol electro-oxidation. Nat. Commun.
13, 4602 (2022).

23. Chen,W. et al. Activity origins anddesign principles of nickel-based
catalysts for nucleophile electro-oxidation. Chemistry 6,
2974–2993 (2020).

Article https://doi.org/10.1038/s41467-023-37441-9

Nature Communications |         (2023) 14:1686 8



24. Mondal, B. et al. Unraveling the mechanisms of electrocatalytic
oxygenation and dehydrogenation of organic molecules to value-
added chemicals over a Ni-Fe oxide catalyst. Adv. Energy Mater. 11,
2101858 (2021).

25. Hao, J. et al. In situ facile fabrication of Ni(OH)2 nanosheet arrays for
electrocatalytic co-production of formate and hydrogen from
methanol in alkaline solution. Appl. Catal. B: Environ. 281,
119510 (2021).

26. Bai, L., Lee, S. & Hu, X. Spectroscopic and electrokinetic evidence
for a bifunctional mechanism of the oxygen evolution reaction.
Angew. Chem. Int. Ed. 60, 3095–3103 (2021).

27. Chala, S. A. et al. Hierarchical 3D architectured Ag nanowires
shelled with NiMn-layered double hydroxide as an efficient
bifunctional oxygen electrocatalyst. ACS Nano 14,
1770–1782 (2020).

28. Yu, L. et al. Cu nanowires shelled with NiFe layered double hydro-
xide nanosheets as bifunctional electrocatalysts for overall water
splitting. Energy Environ. Sci. 10, 1820–1827 (2017).

29. Wang, Y., Yan, D., El Hankari, S., Zou, Y. &Wang, S. Recent progress
on layered double hydroxides and their derivatives for electro-
catalytic water splitting. Adv. Sci. 5, 1800064 (2018).

30. Dionigi, F. et al. Intrinsic electrocatalytic activity for oxygen evolu-
tion of crystalline 3d-transition metal layered double hydroxides.
Angew. Chem. Int. Ed. 60, 14446–14457 (2021).

31. Yu, J. et al. Recent advances and prospective in ruthenium-based
materials for electrochemical water splitting. ACS Catal. 9,
9973–10011 (2019).

32. Chala, S. A. et al. Tuning dynamically formed active phases and
catalyticmechanisms of in situ electrochemically activated layered
double hydroxide for oxygen evolution reaction. ACS Nano 15,
14996–15006 (2021).

33. Pan, S. et al. Efficient and stable noble-metal-free catalyst for acidic
water oxidation. Nat. Commun. 13, 2294 (2022).

34. Bukas, V. J. et al. Combining experiment and theory to unravel the
mechanism of two-electron oxygen reduction at a selective and
active co-catalyst. ACS Catal. 8, 11940–11951 (2018).

35. Kim, H. W. et al. Mechanisms of two-electron and four-electron
electrochemical oxygen reduction reactions at nitrogen-doped
reduced graphene oxide. ACS Catal. 10, 852–863 (2020).

36. Sakaushi, K. Quantum electrocatalysts: theoretical picture, elec-
trochemical kinetic isotope effect analysis, and conjecture to
understandmicroscopicmechanisms.Phys. Chem.Chem.Phys.22,
11219–11243 (2020).

37. He, Z. et al. Activating lattice oxygen in NiFe-based (oxy)hydroxide
for water electrolysis. Nat. Commun. 13, 2191 (2022).

38. Koper, M. T. M. Analysis of electrocatalytic reaction schemes: dis-
tinction between rate-determining and potential-determining
steps. J. Solid State Electrochem 17, 339–344 (2013).

39. Tse, E. C. M., Hoang, T. T. H., Varnell, J. A. & Gewirth, A. A. Obser-
vation of an inverse kinetic isotope effect in oxygen evolution
electrochemistry. ACS Catal. 6, 5706–5714 (2016).

40. Wang, B. et al. Structure inheritance strategy from MOF to edge-
enriched NiFe-LDH array for enhanced oxygen evolution reaction.
Appl. Catal. B: Environ. 298, 120580 (2021).

41. Dionigi, F. et al. In-situ structure and catalytic mechanism of NiFe
and CoFe layered double hydroxides during oxygen evolution. Nat.
Commun. 11, 2522 (2020).

42. Bi, Y. et al. Understanding the incorporating effect of Co2+/Co3+ in
NiFe-layered double hydroxide for electrocatalytic oxygen evolu-
tion reaction. J. Catal. 358, 100–107 (2018).

43. Wang, X. et al. Materializing efficient methanol oxidation via elec-
tron delocalization in nickel hydroxide nanoribbon. Nat. Commun.
11, 4647 (2020).

Acknowledgements
This work was supported in part by the National Key Research and
Development Program of China (2020YFB1506401, L.F.), the National
Natural Science Foundation of China (Grant no. 52172050, L.F. and
22171068, P.J.), Natural Science Research Project of Jiangsu Higher
Education Institutions (21KJA480002, L.F.), six talent peaks project in
Jiangsu province (XCL-078, L.F.) and Suzhou Key Laboratory for
Advanced Carbon Materials and Wearable Energy Technologies. We
also thank for the support from Soochow Municipal laboratory for low
carbon technologies and industries.

Author contributions
B.T.Z. and B.D. performed themain experiments. F.W., Q.F.Y., and Y.P.H.
are responsible for part of experiments and analysis. B.T.Z., C.J.Z., and
P.J. are responsible for DFT calculations. B.T.Z., P.J., and L.F. designed
the project, analyzed the results and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37441-9.

Correspondence and requests for materials should be addressed to
Peng Jin or Lai Feng.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-37441-9

Nature Communications |         (2023) 14:1686 9

https://doi.org/10.1038/s41467-023-37441-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unraveling a bifunctional mechanism for methanol-to-formate electro-oxidation on nickel-based hydroxides
	Results
	Synthesis and characterizations
	Electro-catalytic performance evaluation
	Insight into the MOR mechanism

	Discussion
	Methods
	Materials
	Catalyst synthesis
	Characterization
	Electrochemical measurements
	Operando Raman measurements
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




