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a b s t r a c t

Glycerol oxidation reaction has got lots of attention in an electrocatalytic system of simultaneous hydro-

gen production and valuable chemicals generation. However, the lack of electrochemical dehydrogenation

capability of the active phase is hard to deliver a large current density at a low potential. Furthermore,

high selectivity of products is also still far from being completed due to the adsorption-desorption dis-

equilibrium of glycerol and the obtained products, reducing the economic feasibility and limiting the

practical application. Here, we propose a strategy to boost the electrocatalytic glycerol oxidation through

electron-deficient Ni sites induced by electron transfer of heterojunction interface. Taking Ni3S2/Cu2S as

a pre-catalysts, we demonstrate that the electron-deficient Ni site can favor the dehydrogenation of the

active phase to facilitate the rapid transformation of Ni2+/Ni3+ in the electrooxidation process of glyc-

erol. Furthermore, electron deficient Ni sites balance competitive adsorption of active species, improving

the activity and selectivity of glycerol oxidation. As expected, the electrocatalysts exhibit selectivity of

93.3 % for formate at the 1.35V, and require only 1.45V to drive an industrial-level current densities of

600mA/cm2. This work provides valuable insights into constructing highly active and selective electro-

catalysts for organic electrosynthesis in hybrid water electrolysis.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, rapidly depleting fossil fuels and increasing envi-

ronmental pollution make storage and conversion technologies of

clean energy a priority [1–3]. Hydrogen, as a green energy source,

is seen as an ideal alternative to traditional chemical fuels [4–7].

Electrocatalytic overall water splitting has attracted attention as

a simple, low-cost mean of producing hydrogen [8–11]. However,

the slow kinetics of the anodic oxygen evolution reaction (OER)

in electrocatalytic overall water splitting limits the cathodic hydro-

gen production efficiency and significantly reduces energy utiliza-

tion efficiency and economic feasibility [12–14]. Hydrogen produc-

tion from hybrid electrolytic water, which utilizes electrocatalytic

oxidation of small organic molecules to replace the OER, can not

only reduce the energy consumption of hydrogen production but

also realize the virtuous cycle of biomass [15–18]. Among various

electrooxidation reactions of small organic molecules, glycerol oxi-

∗ Corresponding authors.

E-mail addresses: wangwenbin@swu.edu.cn (W. Wang), herx@swu.edu.cn (R.

He).

dation reaction (GOR) is considered as a one of the ideal substi-

tute for OER due to low onset potential [19–21]. Meanwhile, as

the main product of GOR, formate has been used in the produc-

tion of fine chemicals [22,23]. Therefore, coupling the GOR with

the hydrogen evolution reaction (HER) is economically beneficial as

it not only reduces the energy consumption for hydrogen produc-

tion, but also allows for the simultaneous production of high value-

added chemicals at the anode [24,25]. Great efforts have been de-

voted to developing advanced electrocatalysts for efficient glycerol

electrooxidation [26,27], however, it is hard to achieve targeted se-

lectivity for GOR products due to OER competition in anode and

complex multi-electron transfer processes across multiple reaction

pathways in GOR, limiting the economic potential of GOR [28,29].

Ni-based catalysts are currently one of the most potential non-

precious metals for achieving high selectivity of glycerol oxidation

products [30]. In GOR, Ni ions are oxidized to NiOOH by adsorbing

OH∗ and applying potentials, which serves as the active site for

glycerol oxidation [31]. Upon contact with NiOOH, glycerol under-

goes redox reactions, being oxidized to formate etc., while NiOOH

is reduced back to Ni(OH)2. NiOOH is regenerated by the adsorp-
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Fig. 1. Structural analysis of Ni3S2/Cu2S. (a) TEM, (b) HRTEM and (c) HAADF-STEM images and the corresponding EDS element mapping of Ni3S2/Cu2S. (d) XRD of Ni3S2/Cu2S.

(e) High-resolution Ni 2p XPS spectra of Ni3S2/Cu2S and Ni3S2. (f) High-resolution Cu 2p XPS spectra of Ni3S2/Cu2S and Cu2S.

tion of OH∗ and applied potential, thus initiating a new cycle [32].

Therefore, promoting the generation and deprotonation of highly

active phase is essential to improve the current density and prod-

uct selectivity during GOR. In addition, it is worth noting that the

catalytic process typically involves electron transfer and the ad-

sorption and desorption of reactants and products on the catalyst

surface, also affecting selectivity and large current density [33]. Ap-

parently, the electrocatalytic performance of catalysts largely de-

pends on the surface charge state of the constructed materials.

Constructing heterointerfaces could effectively optimise the elec-

tronic structure of active sites in electrocatalysts and accelerate the

charge transfer at the heterogeneous interface [34], thus possibly

generate high content of metal hydroxide on the surface under ox-

idation conditions, providing multiple GOR active sites, as well as

boosting the electrocatalytic performance [35,36].

Herein, we proposed interface effect induced electron-deficient

Ni site for promoting in situ construction of NiOOH/Cu(OH)2 het-

erojunction with SO4
2- adsorption. Using Ni3S2/Cu2S heterojunc-

tion as a pre-catalyst, it was confirmed that the electron-deficient

Ni sites were more likely to form the highly active phase NiOOH

due to the charge redistribution of the catalyst surface. During

the GOR, in which Cu sites acted as an activator made electron-

deficient Ni3+ active sites easier to deprotonate by reacting with

nucleophilic reagents, promoting electrooxidation glycerol to for-

mate. The electronic interaction of the two components at the het-

erogeneous interface facilitated generation of Ni3+ active species

and accelerated the reversible conversion of Ni2+ ↔ Ni3+ to im-

prove electrochemical deprotonation of the active phase, enhancing

the intrinsic activity of active sites. Density functional theory (DFT)

calculation further revealed that the SO4
2- adsorption promoted

the loss of electrons at Ni sites. Besides, the electron-deficient Ni

site balances the adsorption of the active species to boost activ-

ity and selectivity for GOR. Therefore, the catalysts required only

1.45V to offer a 600mA/cm2 current density and showed a 93.3%

selectivity for formate at 1.35V. This work shows that designing

surface electronic structures through heterostructure is a promis-

ing strategy to enhance the catalytic performance of electrocata-

lysts in GOR.

The Ni3S2/Cu2S supported on the Ni foam (Ni3S2/Cu2S) was fab-

ricated by simple hydrothermal method. The scanning electron mi-

croscopy (SEM) and transmission electron microscope (TEM) im-

ages show that the morphology of Ni3S2/Cu2S is composed of

curled wire-like nanobelts structures (Fig. 1a and Fig. S1 in Sup-

porting information) [37]. High-resolution TEM (HRTEM) images

present the distinct lattice fringe with 0.172 and 0.239nm (Fig. 1b),

corresponding to the (112) plane of Cu2S and the (003) plane of

Ni3S2, respectively. Interestingly, elemental mapping images show

the uneven distribution of Ni and Cu elements in Ni3S2/Cu2S, in-

dicating that Ni3S2 and Cu2S are randomly distributed in assem-

bled heterostructure nanobelts (Fig. 1c) [38]. Furthermore, the X-

ray diffraction (XRD) patterns confirm the coexistence of Ni3S2
and Cu2S in Ni3S2/Cu2S heterojunction (Fig. 1d). Obviously, the

above results demonstrate that the Ni3S2/Cu2S heterostructure

nanosheets are successfully prepared. Meanwhile, Fig. S2 (Support-

ing information) shows that the Ni3S2 and Cu2S as comparison

samples were also successfully prepared. In addition, the chemical

states of the Ni3S2/Cu2S were further examined by X-ray photo-

electron spectroscopy (XPS). As shown in Fig. 1e, the binding en-

ergy for Ni 2p in the Ni3S2/Cu2S heterostructure exhibits a positive

shift of 0.12 eV compared to that of Ni3S2, while the binding en-

ergy for Cu 2p in the Ni3S2/Cu2S heterostructure has a negative

shift of 0.37 eV with respect to that of Cu2S (Fig. 1f). This implies

that partial electrons transfer from Ni3S2 to Cu2S at the heteroint-

erface of Ni3S2/Cu2S heterostructure, suggesting a decreasing elec-

tronic density for Ni atoms after the formation of Ni3S2/Cu2S het-

erostructure. This local charge redistribution could adjust the sur-

face electronic structure of Ni3S2/Cu2S, expecting to facilitate the

formation of active phase during reconstruction [39].

To evaluate the GOR performance for Ni3S2/Cu2S, Ni3S2 and

Cu2S as a comparison were also carried out. The electrocatalytic

OER performance of the Ni3S2/Cu2S was explored in a 1mol/L KOH

electrolyte, while GOR performance was subsequently explored in

0.1mol/L glycerol with 1mol/L KOH electrolyte. As shown in Fig.

2a, the Ni3S2/Cu2S exhibits higher GOR catalytic activity than that

of OER. Particularly, at a current density of 100mA/cm2, the re-

quired potential for GOR is about 210mV lower than that of OER.

Meanwhile, the redox couples of Ni2+/Ni3+ disappear, indicating

more active Ni3+ is formed and the dehydrogenation ability of the

Ni3+ is superior in GOR [30]. Furthermore, Ni3S2/Cu2S exhibited

much higher current density than Ni3S2 and Cu2S (Fig. 2b). Espe-

cially, Ni3S2/Cu2S requires only a low potential of 1.45V (vs. RHE)

to deliver an industrial-scale current density of 600mA/cm2, which

current density at 1.45V (vs. RHE) is three and seven times higher

than Ni3S2 (208.8mA/cm2) and Cu2S (79.5mA/cm2), respectively.

Thus, these results confirm the promoting impact of the heteroin-

terface. Moreover, Ni3S2/Cu2S displays the smallest Tafel slope of
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Fig. 2. Electrocatalytic glycerol oxidation performance. (a) LSV curves of Ni3S2/Cu2S in 1mol/L KOH with or without 0.1mol/L glycerol electrolyte, (b) LSV curves of

Ni3S2/Cu2S, Ni3S2 and Cu2S in 1mol/L KOH with 0.1mol/L glycerol electrolyte, (c) Tafel slopes, (d) EIS data, (e) Cdl values of Ni3S2/Cu2S, Ni3S2 and Cu2S, (f) FE of prod-

ucts for Ni3S2/Cu2S, (g) FE of formate for Ni3S2/Cu2S, Ni3S2 and Cu2S, (h) FE and productivity of formate for the thirteen successive cycles, (i) LSV curves of Pt/C||Ni3S2/Cu2S

in 1mol/L KOH with or without 0.1mol/L glycerol electrolyte.

70.5mV/dec (Fig. 2c), suggesting the fastest electronic transfer in

comparison with Ni3S2 (143.1mV/dec) and Cu2S (227.9mV/dec).

Additionally, Ni3S2/Cu2S also shows smaller charge-transfer resis-

tance in 0.1mol/L glycerol with 1mol/L KOH electrolyte among

studied samples by electrochemical impedance spectroscopy (EIS),

suggesting the fast GOR kinetics of Ni3S2/Cu2S (Fig. 2d). The elec-

trochemical active surface area (ECSA) of electrocatalysts is an im-

portant parameter to affect catalytic performance. We used elec-

trochemical double-layer capacitance (Cdl) to estimate the ECSA of

Ni3S2/Cu2S (Fig. 2e and Fig. S3 in Supporting information), reveals

that the Cdl of Ni3S2/Cu2S is 2.84 mF/cm2, which is larger than that

of Ni3S2 (2.11 mF/cm2) and Cu2S (0.73 mF/cm2). These results sug-

gest that Ni3S2/Cu2S has more active sites, which is conductive to

the improvement of GOR activity, indicating that the establishment

of heterointerface between Ni3S2 and Cu2S significantly enhances

the electrocatalytic activity. The normalized LSV curves by ECSA

(Fig. S4 in Supporting information) demonstrate the outstanding

intrinsic activity of Ni3S2/Cu2S for the GOR process. Expectedly,

Ni3S2/Cu2S possesses the highest turnover of frequency (TOF) of

2.16 s-1 (Fig. S5 in Supporting information), which is larger than

that of Ni3S2 (1.87 s-1) and Cu2S (1.2 s-1), confirming the highest

intrinsic activity of Ni3S2/Cu2S in the GOR process. Combined with

the increase of active surface area, enhancement of the electrocat-

alytic glycerol oxidation activity of Ni3S2/Cu2S could be attributed

to the increased intrinsic activity and active surface area. In ad-

dition, the GOR performance of the catalyst powder samples was

tested using a glassy carbon electrode, and Fig. S6 (Supporting in-

formation) shows that the heterojunction catalyst exhibits the bet-

ter catalytic activity compared to the comparison sample. The se-

lectivity of electrooxidation products and stability of catalysts are

important evaluation indicators of catalysts for the organic’s oxida-

tion reaction. Therefore, 1H NMR spectroscopy was implemented

to probe the products obtained by electrolysis of the electrolyte

at different potentials. As Fig. S7 (Supporting information) depicts,

three peaks referring to formate, glycolic acid and lactic acid are

yielded after GOR (performed at each given potentials), while the

concentration of formate is much larger than glycolic acid and lac-

tic acid, indicating that formate is the main product (Fig. 2f). At

each applied potential, Ni3S2/Cu2S presented higher productivity

and Faraday efficiency (FE) for GOR to formate than Ni3S2 and

Cu2S (Fig. S8 in Supporting information and Fig. 2g). Obviously,

the Ni3S2/Cu2S exhibits FE values of 93.3 % for formate at 1.35V,

while Ni3S2 and Cu2S only achieved FE of 81.7 % and 69.7%. This

result suggests that the Ni3S2/Cu2S manifests excellent capability

for C–C bond cleavage of glycerol. Upon the applied potential ex-

ceeding 1.4V, the selectivity and FE of formate simultaneously re-

duce, which is due to overoxidation of formate or glycerol as well

as the increasingly competitive OER. In addition, the glycerol oxi-

dation stability of Ni3S2/Cu2S is conducted at a constant potential

of 1.35V. As shown in Fig. 2h and Fig. S9 (Supporting information),

the current density, productivity and FE of Ni3S2/Cu2S are appar-

ently unchanged under thirteen consecutive electrolysis cycles (39

h). To further investigate the promising Ni3S2/Cu2S electrode for

industrial production, a membrane-free hybrid electrolyzer with

Ni3S2/Cu2S as the anode and the Pt/C catalyst as the cathode im-

mersed in the electrolyte of 1mol/L KOH with 0.1mol/L glycerol

was constructed (Fig. 2i). The electrolyzer output a current density

of 100 and 300mA/cm2 at the voltages of 1.53 and 1.64V. Appar-

ently, the required voltage at 100mA/cm2 for the cell is 235mV

lower than that of a pure water splitting electrolyzer. In addition,

the FE of the GOR-HER coupled electrolyzer for formate production

at the current density of 50–200mA/cm2 is above 80% (Fig. S10

3
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Fig. 3. The characterization of the Ni3S2/Cu2S after OER (T-Ni3S2/Cu2S) and GOR (F-Ni3S2/Cu2S). (a) XRD patterns, (b) ex-situ Raman, (c) FT-IR of P-Ni3S2/Cu2S, T-Ni3S2/Cu2S

and F-Ni3S2/Cu2S. (d, e) HRTEM, (f) SAED image and the corresponding EDS element mapping of F-Ni3S2/Cu2S. (g) Structure transformation diagram.

in Supporting information), which indicates that the electrolyzer

has the potential for formate and hydrogen production simultane-

ously. These composite indicators suggest that Ni3S2/Cu2S presents

a comparable activity and selectivity for GOR among the reported

NiCu-based GOR catalysts (Table S1 in Supporting information).

To understand the mechanisms for the enhanced activity of

Ni3S2/Cu2S in-depth, the realistic structure and chemical state of

Ni3S2/Cu2S after OER (T-Ni3S2/Cu2S) and GOR (F-Ni3S2/Cu2S) were

investigated. As shown in Fig. 3a, the XRD pattern shows that the

(110) and (103) planes of Cu2S disappear after OER, while the

presence of Cu(OH)2 XRD signal after GOR, indicated that Cu2S

gradually transforms into Cu(OH)2 during OER and GOR process.

At the same time, the ex-situ Raman was done to complement

the structural evolution of the catalyst (Fig. 3b). It revealed that

both T-Ni3S2/Cu2S and F-Ni3S2/Cu2S exhibited characteristic peaks

of Cu(OH)2 at 490 cm-1 [40], but the signal of Cu(OH)2 in F-

Ni3S2/Cu2S was stronger than that of T-Ni3S2/Cu2S, which is con-

sistent with the XRD result. The XRD and Raman results illus-

trate that the generation of Cu(OH)2 during the GOR process. In-

terestingly, the Ni-S peak absented after OER and a new peak at

556 cm-1 appeared, which is ascribed to the NiOOH [41,42]. The

NiOOH peak can be found to be weakening, while Ni(OH)2 sig-

nal (519 cm-1) enhances during GOR process [43], which confirms

the NiOOH as the active phase for the oxidation of glycerol. More-

over, the clear SO4
2- characteristic peaks (980 cm-1 and 1060 cm-1)

appear in the spectrum after OER [39,44], while it can be found

that the signal of SO4
2- disappears during the GOR process, which

is due to the gradual desorption of SO4
2- adsorbed on the cata-

lyst surface during the surface construction process. The results

of Fourier transform infrared (FT-IR) spectra showed that the ab-

sorption bands of SO4
2- at 1130 cm-1 still existed in F-Ni3S2/Cu2S

(Fig. 3c) [45], confirming a little SO4
2- ion adsorbed on the sur-

face of the catalyst. In addition, after OER process, the catalyst

still retains the wire-like nanobelts structures, but the nanobelts

surface transformed into a needle-like nanostructure (Fig. S11 in

Supporting information). Subsequently, the nanobelts structures

were transformed into the nanosheets during the GOR process.

(Fig. S12 in Supporting information). The HRTEM exhibited that

the lattice fringe distances of 0.193 and 0.269nm were accord-

ing with the (112) lattice faces of Cu(OH)2 and the (110) lattice

faces of Ni(OH)2 (Figs. 3d and e), respectively, while many amor-

phous phases were wrapping in the surface of nanosheets. Com-

bined with Raman’s results, the amorphous phase is considered to

be NiOOH, as it is widely believed to be deeply involved in the

GOR process, enhancing electrocatalytic activity [16,27]. Further-

more, the uneven distribution of Ni, Cu elements in F-Ni3S2/Cu2S

confirms that Ni(OH)2, amorphous NiOOH and Cu(OH)2 are ran-

domly distributed in assembled heterostructure nanosheets (Fig.

3f). The random distribution of the reconstructed phases could

keep the active Ni ion in an electron-deficient state through sta-

bilizing interfacial charge transfer effect during the GOR process,

favouring the electrochemical dehydrogenation of Ni(OH)2 and the

spontaneous dehydrogenation on NiOOH. In addition, amorphous

NiOOH wrapped Cu(OH)2/Ni(OH)2 heterojunction with SO4
2- ad-

sorbing is a stable active phase for GOR (Figs. S13-S15 in Support-

ing information). Obviously, the surface of Ni3S2/Cu2S was trans-

formed into NiOOH/Cu(OH)2 during OER process, while S2- was ox-

idized to SO4
2-, which was adsorbed on the catalyst surface. Sub-

sequently, NiOOH acted as active phase for dehydrogenation and

was reduced to Ni(OH)2 during GOR process, thus the surface of T-

Ni3S2/Cu2S were further transformed into the amorphous NiOOH

wrapped Cu(OH)2/Ni(OH)2 heterojunction (Fig. 3g).

To investigate the facilitating effect of electron-deficient Ni sites

in heterostructure for the glycerol electrooxidation, the in-situ Ra-

man was performed. As shown in Figs. 4a and b, two characteristic

peaks at 472 and 556 cm-1 are observed at a potential of 1.15V,

which corresponding to the Ni–O vibration of NiOOH. When the

potential was increased, these peaks were fading, implying that

the Ni3+ species were active sites during GOR. However, charac-

teristic peaks for NiOOH in T-Ni3S2/Cu2S were not observed until

4
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Fig. 4. Mechanism investigation. (a) In situ Raman of T-Ni3S2/Cu2S during GOR. (b) In situ Raman of T-Ni3S2 during GOR. (c, d) High-resolution XPS spectra for Ni 2p. (e)

Adsorption energy of OH∗ on P-Ni3S2/Cu2S (Ni site), P-Ni3S2/Cu2S (Cu site), P-Ni3S2 and P-Cu2S. (f) Adsorption energy of SO4
2- at different sites in T-Ni3S2/Cu2S. (g) Charge

density difference. (h) DOS. (i) The calculated adsorption energy of glycerol and hydroxyl on samples.

the potential exceeded 1.45V, implying that the electro-generated

electron-deficient Ni3+ sites were rapidly reduced to Ni2+ by glyc-

erol in a spontaneous reaction, while Ni2+ underwent electro-

chemical dehydrogenation to generate Ni3+ immediately (Fig. 4a).

Thus, the heterojunction catalyst containing electron-deficient Ni

achieved a rapid transformation equilibrium of Ni2+/Ni3+. When

the potential exceeded 1.45V, the NiOOH signal was monitored

again because the limited amount of adsorbed glycerol could not

completely consume NiOOH. However, as shown in Fig. 4b, the

NiOOH signal enhanced at 1.30V, which was earlier than that for

T-Ni3S2/Cu2S, indicating that the slow consumption and large ac-

cumulation of oxyhydroxides during glycerol oxidation. Hence, the

active Ni ion in the electron-deficient state facilitates the reaction

of glycerol with NiOOH in the GOR process, avoiding the accumu-

lation of Ni3+, resulting in improvement of performance. To fur-

ther confirm the role of chemical state in F-Ni3S2/Cu2S, F-Ni3S2
and F-Cu2S, the XPS was employed. Apparently, through the OER

pre-reconstructed process, the XPS characteristic peak of metal-

lic Ni disappeared, and T-Ni3S2/Cu2S obtained a higher content

of Ni3+ than that of T-Ni3S2, suggesting that interface induce the

generation of more electron-deficient Ni active sites (Figs. 4c and

d, Figs. S16a and 17a in Supporting information). However, unlike

the OER process, the Ni3+ contents of T-Ni3S2 and T-Ni3S2/Cu2S

were decreasing after GOR, which suggests that electrocatalytic

mechanism of both T-Ni3S2 and T-Ni3S2/Cu2S for GOR is consis-

tent with the electrochemical dehydrogenation and spontaneous

dehydrogenation mechanism. It is worth noting that the content

of Ni3+ and M-O in F-Ni3S2/Cu2S is less than that in F-Ni3S2 (Figs.

4c and d, Figs. S16a-c and S17a-c in Supporting information), indi-

cating that T-Ni3S2/Cu2S is more favorable to dehydrogenation in

the self-adapted state. Moreover, it can be found that T-Ni3S2/Cu2S

and T-Cu2S obtained high content of Cu2+ in OER, while the Cu2+

remained stable during the GOR process (Figs. S16d, S16e, S18a

and S18b in Supporting information). As well as, compared with

P-Cu2S, both T-Cu2S and F-Cu2S possess more hydroxyl and less

lattice oxygen suggesting that the Cu2S evolved into Cu(OH)2 af-

ter OER and GOR. (Figs. S18c and d in Supporting information).

The high content of hydroxyl indicates that Cu2S is hard to de-

hydrogenate, exhibiting insufficient GOR activity. Besides, the con-

tent of Cu2+ in T-Ni3S2/Cu2S is less than that in T-Cu2S, suggest-

ing that the interfacial charge transfer promotes the Cu site to be

an electron-rich state, result in it being difficult to activate. Com-

bined with the enhancement of the Cu(OH)2 peak in ex-situ Ra-

man, it can be assumed that the active sites are mainly electron

deficient Ni sites. Furthermore, it can be found that the signal of

SO4
2- gradually decreases after T-Ni3S2/Cu2S, T-Ni3S2 and T-Cu2S

undergoing the GOR progress, which is consistent with the ex-situ

Raman results (Figs. S16f, S17d and S18e in Supporting informa-

tion). Based on the above results, Ni3S2/Cu2S readily generate the

active NiOOH during the reconstructed process due to the presence

of electron-deficient Ni. In addition, the random distribution of the

reconstructed phase stabilizes the electron transfer of the hetero-

junction interface, which keeps the active Ni ions in an electron-

deficient state during the GOR process (Fig. S19 in Supporting in-

formation), which is conducive to the dehydrogenation for oxidiz-

ing the glycerol.

Density functional theory (DFT) calculation was established to

demonstrate that electron-deficient Ni could promote the forma-

5
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tion of active phase. It can be seen that the adsorption energy of

OH∗ on P-Ni3S2/Cu2S (Ni site) was enhanced due to the electron-

deficient Ni sites, which promoted the formation of active phase

in the reconstruction process (Fig. 4e). Considering that the re-

constructed phase is adsorbed by only tiny amounts of the SO4
2-,

the adsorption energy of SO4
2- were initially performed to il-

lustrate the preferentially adsorbed sites. Obviously, the Ni sites

present favorable adsorption capacity (Fig. 4f and Fig. S20 in Sup-

porting information). Noticeably, Fig. 4g and Fig. S21 (Supporting

information) exhibited the charge density distribution of the T-

Ni3S2/Cu2S and SO4
2- adsorbing on the Ni site, showing that par-

tial electron transferred from NiOOH to Cu(OH)2. Meanwhile, par-

tial electrons of NiOOH are also collected by SO4
2-, thus enhanc-

ing the electron deficiency of the Ni site. The d-band center of T-

Ni3S2/Cu2S (−2.03 eV) is in a moderate position from the Fermi

energy level, which compared to T-Cu2S (−2.09 eV) and T-Ni3S2
(−1.88 eV) (Fig. 4h). Apparently, the T-Ni3S2/Cu2S has a moderate

adsorption strength for reaction intermediates, indicating that the

surface sites of T-Ni3S2/Cu2S have the potential to achieve the bal-

ance between adsorption and desorption capacity during GOR pro-

cess [46,47]. Due to the competitive adsorption between OH∗ and

glycerol, too strong adsorption of OH∗ is detrimental to the adsorp-

tion and activation of glycerol [48]. Therefore, balancing the com-

petitive adsorption of glycerol and OH∗ is essential to improve the

activity of GOR and the selectivity of the products [49]. In order to

illustrate the enhancement of activity and selectivity, the adsorp-

tion energy of OH∗ and glycerol was calculated (Fig. 4i). Due to the

weak adsorption of glycerol by T-Ni3S2/Cu2S (Cu site), which could

be considered that the electron-deficient Ni site is the main active

site for GOR. The results of the glycerol adsorption energy on T-

Ni3S2/Cu2S (Ni site) showed that the glycerol adsorption capacity

of T-Ni3S2/Cu2S (Ni site) was enhanced relative to T-Ni3S2, and the

strong adsorption of OH∗ got a large improvement, which balances

the adsorption of OH∗ and glycerol, improving the activity and se-

lectivity.

In summary, this work focuses on the ability of heterojunctions

with electron-deficient Ni sites for the generation and rapid trans-

formation of active phases, and achieves the regulation of selective

adsorption of active species. The experimental characterizations

confirmed that the electron-deficient Ni sites of Ni3S2/Cu2S pro-

mote the generation of highly active phases during pre-oxidation

process, leading to the formation of amorphous NiOOH/Cu(OH)2
heterojunction with SO4

2- adsorbing. The NiOOH/Cu(OH)2 pre-

serves the electron-deficient Ni sites, which make active phase

more susceptible to dehydrogenation, accelerating the transfor-

mation of the active site during GOR process. Therefore, the

heterojunction catalysts demonstrates an exceptionally low po-

tential of 1.45V to achieve a industrial-scale current density of

600mA/cm2 toward efficient glycerol oxidation reaction. Further-

more, we demonstrated that benefiting from the electron-deficient

Ni sites balances the competing adsorption between the active

species, the catalyst exhibits high selectivity of 93.3 % for formate,

which exceed those of most of the reported NiCu-based catalysts.

This work provides new insights into developing a NiCu-based het-

erojunction electrocatalysts with glycerol oxidation.
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