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a b s t r a c t

Anodic oxygen evolution reaction (OER) is the key bottleneck for water electrolysis technique owing to its

sluggish reaction kinetics. Interfacial engineering on the rationally designed heterostructure can regulate

the electronic states efficiently for intrinsic activity improvement. Here, we report a co-phosphorization

approach to construct a VPO4-Ni2P heterostructure on nickel foam with strongly chemical binding,

wherein phosphate acts as electronic modifier for Ni2P electrocatalyst. Profiting from the interfacial inter-

action, it is uncovered that electron shifts from Ni2P to VPO4 to render valence increment in Ni species.

Such an electronic manipulation rationalizes the chemical affinities of various oxygen intermediates in

OER pathway, giving a substantially reduced energy barrier. As a result, the advanced VPO4-Ni2P het-

erostructure only requires an overpotential of 289 mV to deliver a high current density of 350 mA/cm2

for OER in alkaline electrolyte, together with a Tafel slope as low as 28 mV/dec. This work brings fresh

insights into interfacial engineering for advanced electrocatalyst design.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen has long been regarded as clean energy carrier for

sustainable but intermittent energy storage and value-added feed-

stock for modern chemical manufacture [1,2]. Water electrolysis

is an innovative approach towards hydrogen production without

carbon emission, yet its industrial application still fails to be re-

alized owing to the low electricity conversion efficiency [3–5]. Re-

lated to cathodic hydrogen evolution reaction (HER), anodic oxygen

evolution reaction (OER) undergoes a four-electron transfer pro-

cess with sluggish reaction kinetics, typically determining the over-

all efficiency [6,7]. Current state-of-the-art OER electrocatalysts are

noble-metal-based oxide such as RuO2 and IrO2, which still require

an overpotential of >300 mV to reach the benchmark current den-

sity of 10 mA/cm2 [8]. Moreover, their high-cost and low-durability

nature largely hinder the exploration for substantial large-scale im-
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plementations. In this regard, it is of high urgency to seek the OER

electrocatalyst alternatives with low cost, high activity and good

durability [9,10].

Given the tunable electronic states, 3d transition-metal-based

materials have received increasing attention as OER electrocata-

lysts, especially in alkaline electrolyte [9–15]. Among the mate-

rials, transition metal phosphide is a promising class of candi-

dates due to their approximately zero-valent metallic feature with

high electronic conductivity [16–19]. Extensive approaches have

been devoted to developing the OER electrocatalyst advances from

the viewpoint of both crystal and electronic structures, including

metal/phosphorus component regulation and exotic atomic dop-

ing. Regardless of these glorious accomplishments, it still confronts

a great challenge to improve the intrinsic activity of metal phos-

phides. Fundamental studies unveil that the electronic states of

catalytically active sites play the decisive roles in molecular ad-

sorption and activation (i.e., chemical affinity of adsorbates) to gov-

ern the intrinsic activity [5–7]. Such a goal of electronic manipu-

lation can be achieved by the construction of nanoscale interface

through rational heterostructure design [20–22]. The key knob is to
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Fig. 1. Structural characterizations of VPO4-Ni2P heterostructure. (a) XRD pattern.

(b) Low-resolution and (c) high-resolution SEM images. (d) HRTEM image. (e) SEM-

based EDS mapping profiles of Ni (yellow), V (violet), P (cyan) and O (blue) ele-

ments, respectively.

ensure the chemical interaction at the interface for efficient elec-

tron coupling and transfer.

Inspired by the above considerations, here we develop a co-

phosphorization strategy for constructing a VPO4-Ni2P heterostruc-

ture anchored on nickel foam (NF) with strongly interfacial inter-

action. Phosphate is regarded as a critical species for OER activity

improvement [17,23]. In out heterostructure, VPO4 serves as a ro-

bust electronic modulator to withdraw electron from Ni2P via the

strong electron coupling, giving a key contribution to interfacial

electron transfer from Ni2P to VPO4. Such a heterostructure ren-

ders the electron density deficiency in Ni2P with more oxidized Ni

species. Theoretical simulations reveal that the chemical affinities

of oxygen intermediates in OER pathway (i.e., ∗OH, ∗O and ∗OOH)
are rationalized to lower the overall energy barrier for activity en-

hancement. As a result, this advanced heterostructure achieves a

remarkable OER activity with a low overpotential of 289 mV at

a large current density of 350 mA/cm2 and a high turnover fre-

quency (TOF) value of 0.378 s–1 at an overpotential of 290 mV in

alkaline media.

The VPO4-Ni2P heterostructure catalyst anchored on NF (Fig.

S1 in Supporting information) is synthesized through a two-step

procedure as illustrated in Scheme S1 (Supporting information). A

vanadium oxide (VOx) precursor is firstly synthesized on NF via the

hydrothermal method (step I in Scheme S1). SEM images (Fig. S2 in

Supporting information) manifest that VOx is grown vertically on

NF substrate with the nanosheet structure. Then the as-obtained

VOx/NF precursor undergoes a thermal treatment to achieve the

co-phosphorization using NaH2PO2 as phosphorus source (Step II

in Scheme S1). Phase characterization through XRD (Fig. 1a) indi-

cates that this phosphorization process not only converts VOx into

VPO4 (PDF#76-2023) but also functionalizes the surface of NF with

Ni2P (PDF#74-1385), thereby forming a VPO4-Ni2P heterostructure.

Considering the tight generation of VOx precursor on NF, such a co-

phosphorization strategy can offer a strongly chemical interaction

at the interface. Similar phosphorization treatment of bare VOx and

NF yields VPO4 and Ni2P/NF samples for references, respectively

Fig. 2. Valence state investigations of Ni2P-VPO4 heterostructure. (a) High-

resolution Ni 2p and (b) V 2p XPS spectra. (c) Normalized Ni and (d) V K-edge

XANES spectra.

(Figs. S3 and S4 in Supporting information). SEM images of VPO4-

Ni2P heterostructure (Figs. 1b and c) manifest that VPO4 maintains

the well-defined nanosheet structure. To be different, the porous

structure is observable for VPO4 (Fig. 1c) compared to pristine VOx

with smooth surface. This unique porous feature can facilitate the

diffusion of reactants on catalyst surface to promote the reactant

diffusion and mass transfer efficiency [24,25].

To resolve the interface of VPO4 and Ni2P, HRTEM is further em-

ployed to characterize the boundary of this heterostructure. Fig. 1d

clearly shows two lattice fringe spacings of 0.356 and 0.338 nm,

which can be indexed to the (111) plane of VPO4 and (001) plane

of Ni2P, respectively. The small lattice mismatch enables the tight

lattice interaction between VPO4 and Ni2P, which benefits the in-

terfacial charge transfer. We also conduct EDS mapping to re-

solve the SEM-based elemental dispersion of VPO4-Ni2P sample. As

shown in Fig. 1e, the aggregated dispersion of Ni and V signals at

the interface further corroborates the heterojunction feature.

To resolve the chemical states of VPO4-Ni2P heterostructure,

X-ray photoelectron spectroscopy (XPS) measurements are con-

ducted. The deconvolution results of metal (Ni and V) 2p core-level

spectrums show the distinct difference of valence states between

VPO4-Ni2P heterostructure and pristine Ni2P or VPO4. In Ni 2p re-

gion (Fig. 2a), Niδ+ in phosphide (853.1 and 870.4 eV), oxidized

Ni2+ (856.9 and 874.7 eV) and Ni3+ (858.5 and 877.1 eV) species

are readily observable for both Ni2P and VPO4-Ni2P heterostruc-

ture, together with the shakeup satellites at 862.7 and 880.8 eV

[17,26]. Intuitively, the relative amount of Niδ+ species in VPO4-

Ni2P heterostructure apparently decreases from 28% to 13% related

to Ni2P, indicative of the existence of more oxidized Ni2+ and Ni3+

species (Fig. S5 in Supporting information). The increment of ox-

idized Ni species can supply more active sites for OER, which is

supposed to give the vital contribution to the activity enhance-

ment. On the other hand, contrary trend is recognized for V com-

ponent. As indicated in Fig. 2b, the overall V 2p XPS spectrum

of both 2p3/2 and 2p1/2 doublets can be deconvoluted to several

peaks, which are assigned to V2+ (513.6 and 521 eV), V4+ (516.2

and 523.9 eV) and V5+ (517.7 and 525.5 eV) species, respectively

[15,27]. Compared with reference VPO4, the predominant vana-

dium species of VPO4-Ni2P heterostructure changes from V5+ to

V4+ (Fig. S6 in Supporting information), together with an average

valence reduction from +4.72 to +3.85. Such a valence variation

for both Ni and V components manifests the strong chemical inter-
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Fig. 3. OER activity evaluation. (a) LSV polarization curves at a scan rate of 5 mV/s.

(b) Specific overpotential values at current density of 50 mA/cm2 (orange column)

and TOF values at overpotential of 270 mV (violet column), respectively. (c) The de-

termined Cdl values. (d) Tafel plots derived from polarization curves in Fig. 3a. (e)

Nyquist plots at 1.5 V vs. RHE. (f) Chronopotentiometry curve of VPO4-Ni2P het-

erostructure catalyst at the current density of 10 mA/cm2 for stability test. Inset is

LSV polarization curve after 1000 CV cycles.

action at the interface of Ni2P and VPO4, giving the robust electron

transfer from Ni2P to VPO4.

This electronic interaction observation is further consolidated

by synchrotron radiation-based X-ray absorption near edge struc-

ture (XANES) spectra. As shown in normalized Ni K-edge XANES

spectra (Fig. 2c), the absorption edge of VPO4-Ni2P heterostructure

shifts towards the higher photon energy, suggesting the increased

Ni valence. Concomitantly, V K-edge XANES spectra of VPO4-Ni2P

heterostructure exhibits a red-shift absorption edge (Fig. 2d). To

be specific, the pre-edge absorption predominantly originates from

the distorted symmetry of octahedral V5+O6 moiety, whereas the

significantly lower intensity in VPO4-Ni2P heterostructure related

to VPO4 reference signifies the valence decrease (i.e., V4+ and/or

V2+ species) [28]. As the electronic state of catalytic sites can alter

the chemical affinity of adsorbed oxygen species, it is highly an-

ticipated that the interfacial charge regulation in VPO4-Ni2P het-

erostructure can have the profound influence on OER performance.

Upon acquiring the structural information, we are now in a po-

sition to assess the OER activity of our VPO4-Ni2P heterostructure.

The electrochemical OER performance of VPO4-Ni2P heterostruc-

ture catalyst is evaluated in a standard three-electrode system us-

ing O2-saturated 1 mol/L KOH as electrolyte (see Experimental

Section in Supporting information). Pristine Ni2P and VPO4 sup-

ported by NF are also tested for comparison, together with bench-

mark IrO2. Fig. 3a displays the collected linear sweep voltammo-

gram (LSV) polarization curves of various catalysts, clearly exhibit-

ing that VPO4-Ni2P heterostructure catalyst delivers the best OER

activity. The overpotential (η) at the desired current density of

50 mA/cm2 is extracted to quantitatively elucidate the activity. To

be specific, VPO4-Ni2P heterostructure requires an η of 237 mV

(Fig. 3b, orange column), which is substantially lower than that

of benchmark IrO2 (302 mV), Ni2P (399 mV), and VPO4 (441 mV)

catalysts. Moreover, VPO4-Ni2P heterostructure reaches a high cur-

rent density of 350 mA/cm2 at a low potential input of 1.519 V

vs. reversible hydrogen electrode (RHE) (i.e., η = 289 mV). This

remarkable performance with large current density indicates the

promising potential from the viewpoint of practical application. It

is noteworthy that the anodic redox peak prior to water oxida-

tion exhibits distinct difference among VPO4-Ni2P heterostructure

and pristine Ni2P catalysts. This redox can be assigned to the pre-

oxidation of surface Ni species, which plays the critical roles in

constructing active sites and determining the OER activity. The re-

dox peak of VPO4-Ni2P heterostructure is much intense than that

of Ni2P, showing more catalytically active sites for OER. Such a cat-

alytic site increment can be interpreted by the robust charge trans-

fer in interfacial Ni-(PO4)-V backbone, which turns more metallic

Ni-P species to oxidized Ni species, as substantiated by XPS result

(Fig. 2a).

Considering the increased active site amount, we normalize the

current density with veritably active sites to give the turnover fre-

quency (TOF) values for assessing the intrinsic activity more fairly

(Fig. S7 in Supporting information). As shown in Fig. 3b (violet col-

umn), VPO4-Ni2P heterostructure delivers a TOF value of 0.378 s–1

at η = 290 mV, 14.6, 26.7 and 45.3 times higher than benchmark

IrO2, Ni2P and VPO4 catalysts, respectively. Such a high TOF value

manifests that the intrinsic activity of catalytic sites is also sig-

nificantly improved by the construction of heterojunction between

VPO4 and Ni2P. Moreover, a negative shift of redox peak (~20 mV)

is also observable for Ni2P-VPO4 heterostructure related to Ni2P

reference. Owing to the alkaline condition, the catalyst surface is

typically covered by the pre-adsorbed hydroxyl species, and the Ni

species pre-oxidation is always accompanied by hydroxyl deproto-

nation. This negative shift implies the facilitated Ni pre-oxidation

and pre-adsorbed hydroxyl deprotonation. We rationalize that this

facilitated redox electrochemistry is also ascribed to interfacial

electron transfer from Ni2P to VPO4, which renders electron den-

sity depletion in Ni2P (i.e., valence increment of Ni species). The al-

tered Ni pre-oxidation feature is followed by a double-layer charg-

ing response to render the large electrochemical active surface area

(ECSA). Specifically, the double-layer capacitance (Cdl) of Ni2P-VPO4

heterostructure is determined to be 8.77 mF/cm2 (Fig. 3c and Fig.

S8 in Supporting information), 6.0- and 15.9-fold increase related

to VPO4 and Ni2P, respectively.

To gain insights into reaction kinetics, the Tafel slopes are ob-

tained as shown in Fig. 3d. The large Tafel slopes of 110 and

96 mV/dec for Ni2P and VPO4 catalysts indicate the sluggish OER

kinetics. Remarkably, VPO4-Ni2P heterostructure endows an ap-

parently reduced Tafel slope of 28 mV/dec, even lower than that

of benchmark IrO2 (57 mV/dec), suggesting that OER is accel-

erated by interfacial electronic effect. Meanwhile, we also mea-

sure the electrochemical impedance spectroscopy (EIS) to probe

the charge transfer efficiency at catalyst/electrolyte interface. The

smallest semicircle of VPO4-Ni2P heterostructure in Nyquist plot

(Fig. 3e) indicates the reduced charge transfer resistance (Rct) that

accelerates electron transfer at catalyst/electrolyte interface. It is

worth noting that our VPO4-Ni2P heterostructure catalyst exhibits

the competitive OER activity in comparison with the recently re-

ported phosphide-based OER electrocatalyst advances (Table S1 in

Supporting information).

The catalytic stability is also a vitally important parameter to

evaluate the priority of catalyst candidate. To this end, we perform

both chronopotentiometry and CV measurements for VPO4-Ni2P

heterostructure catalyst. A 20-h chronopotentiometry test shows

that an η below 250 mV is consecutively maintained to achieve

a desired current density of 10 mA/cm2 (Fig. 3f). Meanwhile, LSV

polarization curve after 1000 CV cycles also demonstrates the out-

standing potential-current response without perceptible activity

decline compared with the initial one (inset in Fig. 3f). Both the

measurements declare the high stability of our VPO4-Ni2P het-
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Fig. 4. DFT simulations. (a) The atomic schematic illustration of stable VPO4-Ni2P

heterostructure. (b) Isosurfaces of charge density difference. Differential charge den-

sity by first-principles simulations illustrates the increase (olive color) and decrease

(cyan color) of electron distributions. (c) PDOS diagrams of Ni2P, VPO4 and VPO4-

Ni2P heterostructure models. (d) Free energy diagram of OER pathway on Ni2P and

VPO4-Ni2P heterostructure models.

erostructure catalyst towards alkaline water oxidation. Structural

characterizations after the durability tests demonstrate that the

VPO4-Ni2P catalyst well retains the phase and porous nanosheet

morphology (see XRD pattern and SEM image in Fig. S9 in Sup-

porting information). Furthermore, XPS measurements of surface

metallic elements reveal that the Ni and V elements are oxidized

to higher oxidation states as compared with the pristine ones (Fig.

S10 in Supporting information). This valence variation coincides

with the pre-oxidation typically observed in electrochemical ex-

periments, suggesting the nature of surface metallic species as cat-

alytic sites in water oxidation. In particular, the Ni-P species are

oxidized to Nix+ species that play the role as catalytic sites.

To further look into the fundamental origin of OER activity en-

hancement towards VPO4-Ni2P heterostructure, density functional

theory (DFT) calculations are performed to construct the theoret-

ical model for this heterojunction, resolving the electronic states

and simulating the OER pathway. Ni2P(200) and VPO4(022) sur-

faces (Fig. S11 in Supporting information) are chosen to build the

heterostructure based on the experimental observation. A stable

atomic structure of the established VPO4-Ni2P heterostructure is

schemed in Fig. 4a. It is recognized that the O atoms in VPO4 bind

strongly with the Ni or P atoms in Ni2P. Such a chemical inter-

action will give rise to the interfacial charge redistribution. Ow-

ing to the larger electronegativity of O element than Ni or P ele-

ment, it can be predicated that VPO4 overlayer obtains electrons

from Ni2P. This conjecture is corroborated by charge density analy-

sis. The computed isosurfaces of charge density difference (Fig. 4b)

clearly demonstrate the electron depletion at Ni2P surface (cyan

color) and electron aggregation at VPO4 surface (olive color), re-

spectively. Bader charge analysis further quantitatively consolidates

that this charge redistribution results in electron shift of 5.579|e|

from Ni2P to VPO4. The computed results well coincide with the

experimental observations (i.e., XPS and XANES results in Fig. 2).

Furthermore, we examine the electronic structure of the het-

erostructure. According to the total density of state (TDOS) diagram

(Fig. S12 in Supporting information), bare Ni2P shows the metallic

nature as the electronic state crosses the Fermi level (EF), whilst

an obvious energy band is observable around EF for bare VPO4.

This electronic feature indicates that charge transfer is largely im-

peded in VPO4, leading to the low catalytic activity. After con-

structing VPO4-Ni2P heterostructure, the substantially increased

electron density at EF manifests the improvement of electrical con-

ductivity, further facilitating the electron transfer between catalyst

surface and adsorbates. Specifically, their projected density of state

(PDOS) diagrams are depicted in Fig. 4c. It is recognized that the

electron density increment for VPO4-Ni2P heterostructure is mainly

contributed by V 3d orbitals. Since VPO4 receives electrons from

Ni2P owing to interfacial charge transfer, EF shifts toward V 3d or-

bitals and finally a proportion of unoccupied 3d orbitals of V is

filled. Moreover, the Ni d-band center in VPO4-Ni2P heterostruc-

ture (–2.11 eV vs. EF) is computed to downshift related to that in

bare Ni2P (–2.09 eV vs. EF). Such an electronic regulation is also

believed to tailor the chemical affinities of oxygen intermediates at

catalyst surface, playing a vital role in the catalytic activity [29–31].

To look into the impact on reaction process, we investi-

gate the adsorption behaviors of key intermediates (i.e., ∗OH,
∗O and ∗OOH) on bare Ni2P and VPO4-Ni2P heterostructure sur-

faces, respectively (Table S2 in Supporting information). Fig. 4d

shows the Gibbs free energy diagram of the OER 4e– pathway

based on the well-established adsorbate evolution mechanism (i.e.,

H2O(l) → ∗OH → ∗O → ∗OOH → O2(g)) [32]. On Ni2P(200) surface,

the rate-limiting step (RLS) of OER is step IV to form O2 molecule,

since ∗OOH is adsorbed too strongly on the surface. The free en-

ergy change of RLS is determined to be 2.53 eV (i.e., overpoten-

tial of 1.30 V). Differently, as for VPO4-Ni2P heterostructure sur-

face, the chemical affinities of oxygen intermediates are rational-

ized by the regulated electronic structure, weakening their binding

strengths at catalytic site. As a result, the RLS of OER on VPO4-

Ni2P heterostructure surface turns to oxygen coupling process (i.e.,

step III). The related free energy change is reduced to 1.97 eV (i.e.,

overpotential of 0.74 V), manifesting the activity improvement for

VPO4-Ni2P heterostructure catalyst.

In summary, we have constructed a VPO4-Ni2P heterostructure

on nickel foam substrate as a high-performance OER electrocat-

alytic advance. Both experimental and theoretical studies uncover

the strong coupling interaction at the interface of VPO4 and Ni2P.

Specifically, VPO4 acts as robust electronic modulator to trigger the

electron transfer from Ni2P to VPO4 through interfacial Ni-(PO4)-V

backbone, giving rise to electron deficiency in Ni2P. Such an elec-

tronic modulation contributes more catalytic sites. More impor-

tantly, the chemical affinities of oxygen intermediates are ratio-

nalized to weaken the binding strength on VPO4-Ni2P heterostruc-

ture, altering the rate-limiting step to improve the intrinsic activity

towards alkaline water oxidation. As a result, the VPO4-Ni2P het-

erostructure delivers a remarkable OER activity with a low overpo-

tential of 289 mV at a large current density of 350 mA/cm2 and

a high TOF value of 0.378 s–1 at an overpotential of 290 mV. This

work offers new insights into seeking low-cost, high-performance

OER electrocatalyst alternatives and also reaffirms the importance

of interfacial engineering towards catalyst design at atomic preci-

sion.
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