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HIGHLIGHTS

• Analyzed the function of internal polarization field in  Ni2P/FeP2 via hydroxyl spillover effect.

• From theoretical design to experimental verification, to optimize adsorption energy of oxygen intermediates on Ni active site, and 
further boost the xygen evolution reaction process.

• A hydroxyl spillover effect driven by internal polarization field in  Ni2P/FeP2 can be amplified in low concentration alkaline electrolyte 
environment, and facilitate the application in anion exchange membrane water electrolyzer systems.

ABSTRACT The formation of multiple oxygen intermediates support-
ing efficient oxygen evolution reaction (OER) are affinitive with hydroxyl 
adsorption. However, ability of the catalyst to capture hydroxyl and maintain 
the continuous supply at active sits remains a tremendous challenge. Herein, 
an affordable  Ni2P/FeP2 heterostructure is presented to form the internal 
polarization field (IPF), arising hydroxyl spillover (HOSo) during OER. 
Facilitated by IPF, the oriented HOSo from  FeP2 to  Ni2P can activate the Ni 
site with a new hydroxyl transmission channel and build the optimized reac-
tion path of oxygen intermediates for lower adsorption energy, boosting the 
OER activity (242 mV vs. RHE at 100 mA  cm–2) for least 100 h. More interestingly, for the anion exchange membrane water electrolyzer 
(AEMWE) with low concentration electrolyte, the advantage of HOSo effect is significantly amplified, delivering 1 A  cm–2 at a low cell 
voltage of 1.88 V with excellent stability for over 50 h.
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1 Introduction

Due to the compact design and fast system response under 
widespread current density operation, proton exchange 
membrane water electrolyzer (PEMWE) received unprec-
edented attention for high purity hydrogen production, espe-
cially with intermittent hybrid wind-solar integrated energy 
system [1–3]. However, the harsh acidic environment forces 
the selection of precious metal-based catalysts as electrodes, 
which prevented commercial PEMWE from large-scale 
practical application [4]. On the contrast, transition metal 
(TM)-based catalysts with cost advantages and commercial 
prospects are favorable to show reasonable activity and sta-
bility in alkaline media [5–7]. In fact, two kinds of electro-
lyzer technologies using basic liquid electrolyte are alkaline 
water electrolyzer (AWE) and anion exchange membrane 
water electrolyzer (AEMWE) [8–10]. In addition to long 
start-up preparation and slow response to changes in electric 
power load, the development of AWE for further practical 
applications is dramatically hindered by the sluggish kinet-
ics of oxygen evolution reaction (OER) with four-concerted 
proton-electron transfer (CPET) pathways [11–13].

From Sabatier’s principle, an ideal OER catalyst requires 
a moderate adsorption strength with oxygen intermediates, 
that is, the interaction should be neither too strong nor too 
weak [14]. As one of the well-acknowledged mechanisms 
of OER, adsorbate evolution mechanism (AEM) with metal 
bands serving as the redox center proceeds via multiple oxy-
gen intermediates (OH*, O*, OOH*, and  O2) [15]. In typi-
cal CPET process, the existence of  OH− mainly determines 
the Gibbs free energies (ΔG) of two steps: i) generation of 
OH* radical (ΔGOH*, * +  OH− → OH* +  e−) via adsorption 
of  OH− at an active site (*), which is the primary step of 
CPET process; ii) generation of the intermediate OOH* 
(ΔGOOH*, *O +  OH− → OOH* +  e−) via the nucleophilic 
attack of  OH− on O*, which is generally considered to be 
the rate-determining step (RDS) with high energy barrier, 
especially in the condition of traditional AWE system oper-
ated in concentrated KOH (typically 30 wt%) electrolytes 
[16]. On these accounts, the regulation of concentration and 
adsorption effect of  OH− are the fundamental way to navi-
gate the RDS and optimize OER catalytic activity [17, 18]. 
As shown in Fig. 1a, there are two cases of ΔGOH* in current 
research, one is that an acceptor can well perform in spon-
taneous  OH− adsorption (ΔGOH* < 0); the other one is that 

an activator with good conductivity and fast charge transfer, 
but the adsorption energy barrier of OH* at the active site is 
high (ΔGOH* > 0), which is hard to capture  OH−. However, 
due to the too positive or negative ΔGOH*, many transition 
metal (TM)-based catalysts exhibit poor OER kinetics, limit-
ing the sustainable development of hydrogen economy [19, 
20].

By comparison, AEMWE as an emerging technology 
has combined the advantages of both AWE (cost-effec-
tive and naturally abundant materials) and PEMWE (fast 
response, mild reaction conditions, membrane separation, 
and high current density) [21, 22]. Nevertheless, the regula-
tion of  OH− concentration at the active site becomes more 
important, for the reason that most common electrolyte in 
AEMWE is pure water or low concentrated KOH solution 
[23, 24]. Compared with AWE system, low concentrated 
electrolyte results in insufficient supply of  OH−. This phe-
nomenon is more obvious in the two CPET steps mentioned 
above, which greatly limits the overall efficiency of hydro-
gen production in AEMWE [25, 26]. Hence, one of the big-
gest challenges of AEMWE is to design a high-efficiency 
and low-cost OER catalyst, with enhanced  OH− capture abil-
ity or newly  OH− supply transmission channel, to acceler-
ate the mass transfer process and achieve industrial efficient 
hydrogen production.

Herein, we presented a non-precious  Ni2P/FeP2 elec-
trocatalytic platform with heterostructure by introducing 
the hydroxyl spillover (HOSo) effect, in which  FeP2 and 
 Ni2P functionalize as hydroxyl acceptor and activator 
(Fig. 1b), respectively. Benefiting from the spontaneous 
 OH− adsorption of  FeP2 and the internal polarization field 
(IPF) in the heterojunction system, the supply of hydroxyl 
can be driven by a new path. This can further reduce the 
RDS energy barrier of  Ni2P/FeP2 and optimized the elec-
tronic structure of Ni active site. The well-designed cata-
lyst exhibited an overpotential (ƞ100, 100 mA  cm–2) of only 
242 mV for AWE system, and showed high performance 
(1 A   cm–2 at 1.88 V) in AEMWE system as well. It is 
encouraging to note that due to the additional hydroxyl 
supply path, the potential differences (ΔE) between het-
erostructure and  Ni2P/MN in 0.1 M KOH and 1.0 M phos-
phate buffer solution (PBS (pH = 7)) are 1.6 and 3.4 times 
of that in 1.0 M KOH at 50 mA  cm–2 in AWE, and even 
1.9 and 5 times in AEMWE, respectively. Therefore, for 
favorable OER process, compared to the  OH− provided 
from electrolyte (Channel I, CN I), the extra  OH− captured 
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by  FeP2 and transferred to Ni active site in  Ni2P (Channel 
II, CN II) is more crucial when  OH− concentration is low. 
The interesting hydroxyl dual-channel may be responsible 
for high catalytic activity. This research proposed a new 
strategy through the incorporation of HOSo effect, which 

could construct new reaction path and enhance the OER 
catalytic performance in low concentration alkaline elec-
trolyte and even pure water in both AWE and AEMWE 
system.

Fig. 1  a, b Rationales of material construction for hydroxyl spillover in water electrolysis. herein the serial numbers indicate: 1, hydroxyl 
adsorbates’ evolution; 2, Deprotonation; 3, Oxygen intermediate evolution; and 4,  O2 release. c  DOSs of  Ni2P/FeP2,  FeP2, and  Ni2P. d The 
computed work functions of  Ni2P and  FeP2 in  Ni2P/FeP2/MN. e Schematic energy band diagrams of the  Ni2P/FeP2/MN heterostructure and the 
Fermi level (EF), work function (Φ), vacuum level (Evac). f Gibbs free energies of  Ni2P and  FeP2 for the four-step OER process. g Gibbs free 
energy of the O* → HO* rate-determined step of of  Ni2P/FeP2 with different reaction paths
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2  Results and Discussion

2.1  Theoretical Viewpoint for Hydroxyl Dual‑Channel 
Transmission Process

The rationality of configuration for catalyst with IPF 
induced hydroxyl dual-channel transmission is predicted 
by density functional theory (DFT) calculations. Fig-
ure S1 shows the  Ni2P/FeP2 heterostructure model, and 
the atomic models of  Ni2P and  FeP2 are presented in Figs. 
S2 and S3. Their electronic structures were further inves-
tigated by the density of states (DOS) [27]. As compared 
with  FeP2, larger occupation near the Fermi level (EF) is 
observed for  Ni2P and  Ni2P/FeP2 (Fig. 1c), indicating the 
heterostructure inherits the excellent conductivity of  Ni2P, 
which is conducive to the electron transport process in 
water electrolysis [28]. As illustrated in Fig. 1d, the work 
function of  Ni2P (4.867 eV) is obviously higher than  FeP2 
phase (4.709 eV), suggesting the possible homogeniza-
tion of multiple intermediates’ adsorption energy due to 
the strong electron interaction at the heterointerface [29]. 
Consequently, the potential differences will be generated 
at interface domain and the electrons will transfer from 
 FeP2 to  Ni2P spontaneously inside the heterostructure 
(Fig. 1e), which leads to the formation of IPF pointing 
from positively charged  Ni2P to the negatively charged 
 FeP2 region [30–32]. As a more intuitive evidence, planar 
average potential along the Z-direction of  Ni2P/FeP2 sys-
tem was calculated (Fig. S4). The electrostatic potential 
energy level of  Ni2P is much lower than that of  FeP2, cor-
responding to a higher work function. This is consistent 
with the results of the work function calculation in Fig. 1d. 
Thus, there exist IPF in the  Ni2P/FeP2 system, in which 
electrons can spontaneously transfer from  FeP2 to  Ni2P. 
Such an IPF would provide extra hydroxyl supply channel 
via driving HOSo from  FeP2 to  Ni2P, boosting the OER. 
The work functions difference (ΔΦ) between two materials 
was 0.158 eV, and the IPF potential (ΔU) (= ΔΦ/e, e is the 
electron charge) was calculated by E = ΔU/d, in which the 
thickness of stacking layer (d) is 10 Å [33]. Thus, the IPF 
strength was roughly estimated to be 1.58 ×  108 V  m−1.

To reveal the origin of adsorption properties optimiza-
tion, the projected density of states (PDOS) of  Ni2P,  FeP2 
and  Ni2P/FeP2 models (Fig. S5) were analyzed [34]. It 
was found that the d band center (εd) of Ni sites for  Ni2P 

is at −1.85 eV whereas the εd for heterostructure is down-
ward shifted to −2.09 eV. Simultaneously, the εd of Fe 
sites for  FeP2 (−0.87 eV) is also downward shifted after 
forming the heterojunction (−1.08 eV). According to the 
d-band theory, a downward shift of the d states of Ni and 
Fe sites with respect to the Fermi level results in reduced 
occupancy of antibonding states with adsorbed oxygen 
intermediates, implying the optimal binding strength of 
the oxygen species and optimized Gibbs free energy [35].

The interface effect on OER kinetics was further inves-
tigated via well-established CPET pathway with Ni active 
site  (actNi, Fig. S6) and Fe active site  (actFe, Fig. S7), 
respectively [36]. The RDS of  Ni2P/FeP2 with  actNi pos-
sesses the lowest energy barrier of 2.38 eV (Fig. S8), com-
pared with  Ni2P (2.69 eV) and  FeP2 (2.51 eV) in Fig. 1f, 
as well as the  Ni2P/FeP2 with  actFe (2.87 eV, Fig. S9). 
Thus, the OER kinetics of  Ni2P/FeP2 would overcome the 
electron-transfer limitation and become hydroxyl-transfer-
determining [25]. Correspondingly, the possible mecha-
nism of the optimized Gibbs free energy was demonstrated 
in Fig. 1g. The non-spontaneous adsorption of hydroxyl 
(ΔGOH* > 0) leads to higher energy consumption of pure 
 Ni2P (0.63 eV) in OER process. Moreover, in the subse-
quent step, O* at Ni site would also be more difficult to 
bind to the  OH− in electrolyte directly, resulting in a higher 
energy barrier (2.69 eV) for the formation of OOH* in 
RDS, which is unfavorable to the oxygen evolution process 
(Path A) [37]. By the contrast, cooperating with the ability 
of  FeP2 (−0.5 eV) to absorb spontaneously (ΔGOH* < 0) 
and IPF at the heterojunction interface, hydroxyl captured 
at Fe site would migrate to the Ni site and combined with 
O* to form OOH* intermediate (Path B), in which the 
energy barrier (2.38 eV) is lower than Path A. Therefore, 
the hydroxyl supply at Ni site in  Ni2P/FeP2 heterostruc-
ture comes from dual channel: one is from the electrolyte 
(CN I), and the other is from the  OH− captured by  FeP2 
overflow under the function of IPF (CN II). The new path-
way driven by IPF will provide extra hydroxyl supply for 
OOH* formation at the Ni active site, thereby reducing 
the energy barrier of the resolution step. The interfacial 
hydroxyl spillover routes of  Ni2P/FeP2 were simulated to 
elucidate how HOSo effect contributes to the overall OER 
activity and how IPF affects the kinetics of the interfacial 
HOSo. Accordingly, Fig. S10 is the HOSo routes of  Ni2P 
(Fig. 10a) and  Ni2P/FeP2 (Fig. 10b). Notably, the ΔGOH(TS) 
at the heterojunction interface of  Ni2P/FeP2 (0.96 eV) is 
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much lower than that of  Ni2P (1.82 eV) in Fig. S11. Thus, 
the migration of OH to  Niact on heterojunction interface of 
 Ni2P/FeP2 is easier, which can facilitate the continuation 
of OER process.

In addition, the adsorption energy of  H2O on the catalyst 
surface is also regarded as an important index to evalu-
ate the performance of OER [38]. As shown in Fig. S12, 
the water adsorption energy on  FeP2 is higher than  Ni2P, 
indicating that  FeP2 could adsorb  H2O easier. In a nutshell, 
DFT calculations certify that coupling  FeP2 with  Ni2P 
could drive the supply of hydroxyl by dual channel under 
the IPF and optimize the adsorption of OER intermedi-
ates, which can empower  Ni2P/FeP2 to apply to high/low 
 OH− concentration electrolyte conditions in both AWE 
and AEMWE system.

2.2  Material Synthesis and Characterization

To test the hypothesis,  Ni2P was intimately combined 
with  FeP2 by hydrothermal and phosphating processes. 
The synthesis steps of  Ni2P/FeP2/MN heterostructures are 
schemed in Fig. 2a, and the fabrication details are avail-
able in experimental procedures. As shown in Figs. 2b 
and S13, the scanning electron microscopy (SEM) image 
of MN-OH demonstrated interconnected nanosheets that 
uniformly distributed on the molybdenum nickel (MN) 
skeleton, and the MN can provide enough Ni source, 
high mechanical strength and good electrical conduc-
tivity. After redox reaction with  K3[Fe(CN)6], a spheri-
cal Rubik’s cube framework (Figs. 2c and S14a–c) was 
constructed by stacking in-situ grown NiFe-PBA nano-
cubes (about 500–700 nm, Fig. 2d) on each other [39]. 
After phosphating, the  Ni2P/FeP2/MN maintained with 
the spherical Rubik’s cube morphology, but the surface 
became rough and the corners of the cubes were passi-
vated (Figs. 2e and S14d–f). As contrasts, the morpholo-
gies of  FeP2/MN and  Ni2P/MN were also investigated. As 
shown in Fig. S15a–c, the aggregated nanocubes of  FeP2/
MN were unevenly distributed and collapsed, while the 
morphology of  Ni2P/MN was the nanoparticles grown on 
nanosheets (Fig. S15d–f). To verify the heterostructure of 
 Ni2P/FeP2, analysis of high-resolution transmission elec-
tron microscopy (HRTEM) of  Ni2P/FeP2/MN (Fig. 2f) was 

carried out, in which the fringe spacing of 0.234 nm (101) 
and 0.515 nm (100) can be ascribed to  FeP2 and  Ni2P, 
respectively. Notably, the decent heterojunction interface 
in  Ni2P/FeP2 is the origin of constructing IPF. Figure 2g is 
the transmission electron microscopy (TEM) mapping of 
target sample, in which Fe, Ni, O and P were homogene-
ous distributed.

Additionally, the crystal structure of the  Ni2P/FeP2/
MN and other contrast samples were verified by X-ray 
diffraction (XRD) in Figs. 3a and S16. The dominating 
diffraction peaks of  Ni2P/FeP2/MN approximated at 23.8°, 
36.5°, 37.6° and 52.3° belongs to the (111), (120), (101) 
and (211) crystal planes of  FeP2 (PDF No. 89–2261), 
while peaks approximated at 40.7°, 44.6°, 47.4° and 54.2° 
belongs to the (111), (201), (210) and (300) crystal planes 
of  Ni2P (PDF No. 74–1385), indicating the successful 
synthesis of heterostructure of  Ni2P and  FeP2, which is 
consistent with the result of HRTEM. The surface and 
chemical valence states of  Ni2P/FeP2 were further exam-
ined by X-ray photoelectron spectroscopy (XPS). In the 
high-resolution Ni 2p spectrum (Fig. 3b), compared with 
pure  Ni2P, an obvious positive shift can be observed in the 
Ni 2p3/2 (857.3 eV) and Ni 2p1/2 (875.1 eV) peaks of  Ni2P/
FeP2/MN, resulting in a higher oxidation state of Ni atoms 
[38]. By contrast, there is no significant shift of Fe 2p in 
Fig. 3c, implying that the construction of heterojunction 
has weak regulation on the electronic structure of Fe. As 
depicted in Figs. 3d and S17, lower binding energy peaks 
located at 129.3 and 130.1 eV are ascribed to P 2p3/2 and 
P 2p1/2 in  Ni2P/FeP2, indicating the bond between P and 
Ni/Fe, which coincident with the result form XRD [40]. 
Besides, there is a slightly negative shift compared with 
that of pure  Ni2P, indicating that the electron transfer from 
metal, especially Ni, to phosphorus. As a result, XPS certi-
fied that the construction of heterojunction interface can 
facilitate the redistribution of electron in Ni and P, which 
may further optimize the adsorption energy of intermedi-
ate in OER process. The electron transfer behavior was 
further investigated by the calculated charge density differ-
ence (Figs. 3e and S18), with the electron-poor (blue) and 
electron-rich (yellow) regions. Coupling  Ni2P/FeP2 led to 
strong electron interaction at the interface and local elec-
trophilic/nucleophilic region. The extracted 2D data plot 
(Fig. 3f) displayed the electron accumulation and deple-
tion areas were mainly existed between Ni and P, which is 
consistent with the result of XPS [41].
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2.3  OER Performance in Alkaline Water Electrolyzer 
(AWE)

The OER performances of materials in AWE system were 
first characterized from linear scan voltammetry (LSV) 
with corresponding Tafel plots in 1 M KOH electrolyte. 

 Ni2P/FeP2/MN exhibited superior OER activity and kinet-
ics (Fig. 4a–c) with a low ƞ100, 100 mA  cm–2 of 242 mV 
and Tafel slope of 79.4  mV  dec−1, as compared with 
those of NiFe-PBA/MN (356 mV, 111.9 mV  dec−1) and 
MN–OH (405 mV, 106.4 mV  dec−1). As depicted in Fig. 
S19, the  Ni2P/FeP2/MN material was comparable with the 

Fig. 2  a Schematic illustration of the formation process of  Ni2P/FeP2/MN, SEM images of b MN–OH, c, d NiFe-PBA/MN, e  Ni2P/FeP2/MN; 
HRTEM image f and TEM mapping g of  Ni2P/FeP2/MN
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state-of-the-art TM-based electrocatalysts. Besides, the 
 Ni2P/FeP2/MN catalyst could achieve 500 mA  cm–2 only 
requiring the overpotential of 302 mV (Fig. 4b), demonstrat-
ing its potential for application in large current density. The 
reason for the improvement of intrinsic catalytic activity is 
inferred via contrast samples of  FeP2/MN and  Ni2P/MN. 
The specific activities of  Ni2P/FeP2/MN and other contrast 
samples are compared in Table S1, which further proves 
that  Ni2P/FeP2/MN possessed higher intrinsic activity. As 
illustrated in Fig. S20, the oxidation peak of nickel species 
in the  Ni2P/FeP2/MN is greatly suppressed compared with 
that of  Ni2P/MN, indicating that the construction of hetero-
junction interface could regulate the electronic structure of 
Ni atoms and increase the content of high-oxidation-state 
nickel species, which is consistent with the results of XPS 
[42–44]. The catalytic activity of catalysts was evaluated 
by the electrochemical active surface area (ECSA), which 
can be calculated by the double-layer capacitance (Cdl) [45]. 
As shown in Figs. 4d and S21, cyclic voltammetry (CV) 
curves and corresponding fitted  Cdl were analyzed.  Ni2P/
FeP2/MN (22.3 mF  cm–2) displays the higher fitted capaci-
tance than those of NiFe-PBA/MN (10.3 mF  cm–2), MN–OH 
(2.1 mF  cm–2) and MN (2.5 mF  cm–2), suggesting the higher 
ECSA of  Ni2P/FeP2/MN for OER. Besides, compared with 

MN, MN–OH with similar  Cdl value possess higher intrin-
sic activity. Moreover, the potential of  Ni2P/FeP2/MN only 
decreased 1.67% after 100 h under the current density of 
100 mA  cm–2 (Fig. 4e). After long-term stability test, the 
 Ni2P/FeP2/MN material still preserved most of the spheri-
cal Rubik’s cube structure (Fig. S22), and the XRD of  Ni2P/
FeP2/MN after stability test (Fig. S23) maintained most of 
the dominating peaks. Notably, the P-M signal is signifi-
cantly weakened and the P-O signal is enhanced, indicating 
the leaching of P element and intense oxidation process dur-
ing OER (Fig. S24) [39].

In order to further explore the  OH− capture ability of 
 Ni2P/FeP2/MN with hydroxyl dual-channel, the contrast 
OER measurements were performed on the heterostruc-
ture and  Ni2P/MN in electrolytes with different concen-
trate of  OH− (PBS, 0.1 M KOH, 1.0 M KOH) in AWE 
system (Fig. S25). The potentials that the catalysts needed 
to achieve 50 mA  cm–2 were illustrated in Fig. 4f, as well 
as the potential differences (ΔE) in different electrolyte. 
Experimental results show that the ΔE between  Ni2P/
FeP2/MN and  Ni2P/MN is 0.14 V when the current density 
reaches 50 mA  cm–2 in 1.0 M KOH. As the concentrate 
of  OH− decreased, the value of ΔE increased. Compared 
with ΔE in 1.0 M KOH, the ΔE between heterostructure 

Fig. 3  a XRD of  Ni2P/FeP2/MN,  FeP2/MN and  Ni2P/MN; XPS of  Ni2P/FeP2/MN,  FeP2/MN and  Ni2P/MN: b Ni 2p, c Fe 2p, d P 2p; e Electron 
density difference, f the extracted 2D data plot for  Ni2P/FeP2 model
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and  Ni2P/MN in 0.1 M KOH (0.22 V) and PBS (0.48 V) 
are promoted 57.14 and 242.9%, respectively. Besides, 
similar regulation can be observed when current den-
sity reached 100 mA  cm–2 (Fig. 4g). It is speculated that 
these differences are mainly due to the spillover effect of 
hydroxyl by dual channel under the IPF (Fig. 4h), which 
is an interesting phenomenon. The experimental data of 
hydroxyl dual-channel were further analyzed. When the 
concentration of  OH− is high, CN I and CN II synergisti-
cally transmit hydroxyl, in which CN I plays a dominant 
role. On the other hand, when the concentration of  OH− is 
low, CN II plays a significant role. We speculated the ori-
gin cause of ΔE amplification. The captured  OH− via  FeP2 

spontaneously transport to the Ni site in  Ni2P under the 
induction of IPF, providing sufficient hydroxyl supply to 
the nickel active site, widening the activity gap between 
 Ni2P/FeP2/MN and  Ni2P/MN.

2.4  OER Performance in Anion Exchange Membrane 
Water Electrolyzer (AEMWE)

The key problem of insufficient  OH− supply is more obvious 
in the AEMWE system due to the sluggish mass transfer pro-
cess in low concentrated KOH, which greatly limits the over-
all efficiency of hydrogen production [46]. Therefore, the 

Fig. 4  a Electrochemical measurements of different catalysts in 1 M KOH. a LSV curves; b Overpotential comparison of obtained catalysts at 
100/300/500 mA  cm−2; c Tafel plots; d  Cdl values; e Chronopotentiometric curve of  Ni2P/FeP2/MN obtained at the constant current densities 
of 100 mA cm −2 in 1 M KOH. Overpotentials of  Ni2P/FeP2/MN and  Ni2P/MN in PBS, 0.1 M KOH and 1.0 M KOH at f 50 mA  cm−2 and g 
100 mA  cm−2 in AWE system (inset: difference values of overpotential in different electrolyte). h Formation of a vertical built-in electric field 
from  Ni2P to  FeP2
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lab-scale AEMWE single-cell system (Fig. 5a) was designed 
and built to explore a series of experiment. The AEMWE 
system device built in the laboratory is shown in the Fig. 5b. 
The OER performances of materials in AEMWE system 
were first characterized by polarization curves in 1 M KOH 
solution at 25 ℃. The synthesized  Ni2P/FeP2/MN, NiFe-
PBA/MN and MN–OH were used as OER electrocatalysts 
on the anode, while Pt mesh was used as the cathode. As 
illustrated in Fig. 5c, the performances of  Ni2P/FeP2/MN, 
NiFe-PBA/MN, MN–OH and MN at the AEM electrolyzer 
level show similar trend as the performance evaluated at 
the alkaline water electrolyzer level.  Ni2P/FeP2/MN as the 
anode in AEM electrolyzer delivers the superior activity. In 
order to reach a practically valuable current density of 1.0 A 
 cm–2 in the electrolysis of AEM, the cell voltage of 1.88 V 
 (Ni2P/FeP2/MN), 2.05  V (NiFe-PBA/MN) and 2.29  V 
(MN–OH) is needed (Fig. S26), respectively. The voltage 
of  FeP2/MN (2.21 V) and  Ni2P/MN (2.39 V) was also meas-
ured (Fig. S27). Besides, Table S2 listed the reported AEM 

electrocatalysts under large catalytic current densities. The 
stability of the AEMWE system catalyzed by  Ni2P/FeP2/
MN was tested at a current density of 100 mA  cm–2 for 50 h 
in Fig. 5d. Similarly, the cell efficiency remained almost 
constant after the long-term durability test.

In order to further explore the spillover effect of hydroxyl 
by dual channel under the IPF, a series of experiment was 
designed in AEMWE system.  Ni2P/FeP2/MN and  Ni2P/
MN were used as the anode in different concentrate of 
 OH− (PBS, 0.1 M KOH, 1.0 M KOH) and the electrodes 
activation were measured by polarization curves (Fig. S28). 
The potential differences of the catalysts at the current den-
sity of 50 mA  cm–2 in above electrolytes were illustrated 
in Fig. 5e. Experimental results show that the ΔE between 
 Ni2P/FeP2/MN and  Ni2P/MN is 0.21 V in 1.0 M KOH. The 
value of ΔE increases with decreasing  OH− concentration. 
The ΔE in 0.1 M KOH (0.39 V) and PBS (1.04 V) are pro-
moted 85.71 and 395.24% when compared with the ΔE 
in 1.0 M KOH. Besides, when the current density reaches 

Fig. 5  a Diagram of anion exchange membrane water electrolyzer (AEMWE); b AEMWE device. c Polarization curves of AEM water elec-
trolyzer with  Ni2P/FeP2@PA/MN,  Ni2P/FeP2/MN, NiFe-PBA/MN, MN–OH and MN as the anode, the Pt mesh as the cathode in 1 M KOH 
solution at 25 ℃. d Stability of Pt mesh(−) //  Ni2P/FeP2@PA/MN( +) at 100 mA  cm−2 in AEMWE. Overpotentials of  Ni2P/FeP2/MN and  Ni2P/
MN in PBS, 0.1 M KOH and 1.0 M KOH at e 50 mA  cm−2 and f 100 mA  cm−2 in AEMWE system (inset: difference values of overpotential in 
different electrolyte). g Mechanism diagram of dual channel hydroxyl transport for  Ni2P/FeP2 system based on IPF
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100 mA  cm–2 (Fig. 5f), the trend of change is similar to that 
of 50 mA  cm–2. The ΔE in 0.1 M KOH (0.41 V) and PBS 
(1.08 V) are still promoted 70.83 and 350.00%, respectively. 
The comparison of the values of ΔE in AWE and AEMWE 
system are more obvious in Table S3 and S4. Interestingly, 
compared with AWE system, the ΔE of heterostructure 
 Ni2P/FeP2/MN in AEMWE system exhibits greater differ-
ence from  Ni2P/MN in the condition of 0.1 M KOH and 
PBS, which means that the spillover effect of hydroxyl in 
CN II channel is amplified (Fig. 5g), in which the existence 
of IPF would be a key factor in ion-transfer-determining 
process. The interesting phenomenon proves that the HOSo 
effect from heterojunction structure has better application 
in low concentration alkaline electrolyte environment. In 
summary, there are three indicators for designing this type 
of catalysts: i) Φacceptor < Φactivator; ii) ΔGOH*(acceptor) < 0; iii) 
ΔGOH*(activator) > 0. This finding provides a new idea for the 
design of catalysts suitable for both high and low  OH− con-
centration electrolytes in AWE and AEMWE systems.

3  Conclusion

In summary, we have utilized the HOSo effect from a  Ni2P/
FeP2 heterostructure eco-platform to boost OER process. 
Theoretical profiles make sense the spontaneous hydroxyl 
adsorption of  FeP2 and hydroxyl dual-channel transmission, 
still featuring the excellent catalytic activity for both AWE 
and AEMWE system limited by hydroxyl supply. Taking 
advantage by IPF and spontaneous hydroxyl adsorption, the 
heterostructure can realize the lower ƞ100 (100 mA  cm–2) 
overpotentials of 242 mV, due to the oriented HOSo from 
 FeP2 to  Ni2P which can facilitate the hydroxyl diffusion 
and provided a new pathway to optimize OOH* formation 
energy in RDS on Ni active site. Encouragingly, the advan-
tage of HOSo effect is obviously amplified in assembled 
AEMWE system, especially when the concentration of elec-
trolyte is low. HOSo effect revealed by this research opens 
new insights for designing highly active non-precious elec-
trocatalysts in different alkaline electrolyte concentrations, 
promoting the developing of hydrogen economy.
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