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A B S T R A C T   

Transition metal phosphates are a class of catalysts that are widely used in biologic reactions, organic synthesis, 
oxygen evolution, and photocatalysis. While previous studies have shown the catalytic performance can be 
greatly benefited from incorporating multiple elements, high-entropy polyanionic materials such as high-entropy 
phosphates (HEPi) have never been reported due to the harsh synthetic requirement of a short high-temperature 
heating duration. Herein we for the first time report the synthesis of HEPi catalyst (i.e., CoFeNiMnMoPi) in the 
form of highly uniform spherical particles through a high-temperature fly-through method. Our approach en
ables (1) uniformly confined metal and phosphorous precursors in one aerosol droplet, (2) in-situ oxide-to- 
phosphate transformation at high temperature, and (3) homogenous mixing of multi-metallic elements in a 
phosphate structure in milliseconds. As a proof-of-concept, we apply the HEPi catalyst in a model oxygen evo
lution reaction (OER), where much lower overpotential (270 mV at 10 mA cm− 2) and faster kinetics (Tafel slope 
of 74 mV dec− 1) were measured compared to the commercial IrOx and the high-entropy oxide (HEO) counter
part. This study paves a new way toward synthesizing a library of high-entropy polyanionic compounds for a 
range of applications in energy and catalysis.   

1. Introduction 

The fast development in the fields of energy and catalysis has spurred 
the discoveries of new compounds that keep enriching the materials 
genome [1–5]. Recently, significant attentions have been paid to the 
multi-elemental or high-entropy compounds that incorporate multiple 
metallic elements uniformly distributed in a solid solution [6–10]. 
Owing to the synergistic effect and high-entropy stabilization, these 
compounds typically show greatly improved catalytic activity and sta
bility [11–13]. However, the multi-elemental and high-entropy com
pounds developed so far are limited to monoanionic species such as 
oxides [14,15], carbides [16], and sulfides [17,18] that are in relatively 
simple molecular structures. While the combinatorial elemental choices 
were broadened through implementing the high-entropy concept, there 
still exists a vast material space to be discovered by extending the syn
thetic capability to more complex systems such as polyanionic materials 
[19–22]. In particular, transition metal phosphates are a class of 

catalysts that have been widely employed in a range of reactions such as 
biologic transformation (e.g., vanadyl phosphate [23,24]), organic 
synthesis (e.g., zirconium phosphate [25]), oxygen evolution (e.g., cobalt 
phosphate, also widely known as CoPi [26–29]) and photocatalysis (e.g., 
Ag3PO4 [30]). The polyanionic nature of these compounds embraces 
unique electronic states and surface structures that are distinct from the 
commonly used oxide catalysts or others, which hold good promise for 
fast kinetics, good selectivity, or both. To synthesize high-entropy 
phosphate (HEPi, in accordance with literature practice for the abbre
viation of inorganic phosphate species), high temperature is needed for 
the effective decomposition of various precursors, meanwhile a short 
heating duration is also crucial to avoid elemental segregation or phase 
separation. However, these requirements are beyond the capability of 
conventional synthetic methods, thus hindering the potential of HEPi 
materials to be realized. 

Herein, we for the first time report the synthesis of a HEPi catalyst (i. 
e., CoFeNiMnMoPi) in the form of highly uniform spherical particles. 
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Our synthetic method features a high-temperature fly-through process 
using aerosols that confine metal and phosphorous precursors uniformly 
distributed in individual droplets. During the high-temperature and 
rapid heating process, an oxide-to-phosphate transformation can be 
completed in-situ to ensure the homogenous elemental mixing in a 
phosphate phase in milliseconds. We employ the high-temperature fly- 
through method to synthesize a series of mono-metallic, trimetallic and 
high-entropy phosphate compounds. To satisfy different requirements 
for catalytic reactions, the particle size can be well controlled by tuning 
the synthesis parameters (e.g., concentration of precursors, flow rate, 
synthetic temperature, etc.) in the fly-through process. Meanwhile, the 
spherical particles can also be made into hollow structures in-situ due to 
the decomposition of tri-n-octylphosphine oxide (TOPO) as the phos
phorous sources (Fig. S1). We apply the HEPi particles as electrocatalyst 
in a model oxygen evolution reaction (OER), where much lower over
potential (270 mV at 10 mA cm− 2) and faster kinetics (74 mV dec− 1) can 
be achieved compared to the commercial IrOx as well as the HEO 
counterpart. The superior performance is attributed to the synergistic 
effect and high-entropy nature of the HEPi, as well as the high quality of 
materials owing to the synthetic process. This study establishes a new 
synthesis paradigm of high-entropy polyanionic compounds for a range 
of applications in energy and catalysis. 

2. Results and discussions 

The detailed formation process of the HEPi particles synthesized via 
the high-temperature fly-through method is illustrated in Fig. 1a. The 
uniformly mixed precursor containing metal salts and TOPO as the 
phosphorous source were dissolved in ethanol with desired ratio to 
satisfy stoichiometry in the final product (Fig. 1a, (I)). The digital image 
of metal salts and mixed precursor solution is showcased in Fig. S2. The 
precursor solution was then sprayed to a continuous flow of aerosol 
droplets through atomization (Fig. 1a, (II)), where metal salts and TOPO 
were homogeneously confined in each droplet. Carried by an inert gas (i. 
e., Ar), the aerosol droplets flied through the rapid heating zone, where 
the metal salts and TOPO were thermally decomposed to metal oxide 
and phosphorus during the initial increase of temperature (< 350 ◦C) 
(Table S1 and Fig. S3), which then reacted with each other to form HEPi 
particles after the droplet reached at higher temperatures (e.g., 900 ◦C) 
(Fig. 1a, (III)). Such a transformation from metal salt to HEPi can be 
completed within only hundreds of milliseconds depending on the flow 
rate. After exiting the heating zone, the HEPi particles were rapidly 

quenched to room temperature while the particles can be collected at 
the downstream with any targets or in a substrate-free manner. 
Compared with other conventional phosphating methods (i.e., phos
phating the pre-formed oxide) that typically take several hours, our in- 
situ phosphating method significantly decreases the processing time 
from hours to milliseconds through the high-temperature fly-through 
method (Fig. 1b). Note that conventional synthetic methods for phos
phate materials are also limited to two metallic elements (Fig. 1c). In 
stark contrast, our high-temperature fly-through method features broad 
elemental choices, high elemental numbers, and excellent uniformity 
owing to the fast heating and quenching processes. 

We synthesized a series of phosphates from unary, ternary to quinary 
compositions to demonstrate the broad elemental choices. Cobalt 
phosphate (CoPi) was synthesized as a model unary (i.e., mono-metallic) 
phosphate material for the proof-of-concept demonstration. We first 
prepared a homogeneous ethanol solution containing cobalt nitrate 
hexahydrate (0.05 M) and TOPO (0.01 M) as precursors. The aerosol 
droplets (~1 µm in diameter) atomized from the above solution were 
carried by Ar into the tube furnace which was set at ~900 ◦C. The cobalt 
nitrate was decomposed into cobalt oxide while TOPO was decomposed 
to phosphorus, followed by in-situ phosphating reaction with each other 
to form CoPi. The as-prepared CoPi particles were rapidly quenched 
with a cooling rate of 105 K s− 1 [35] and collected on a polytetra
fluoroethylene (PTFE) film at the downstream (Fig. S4). The scanning 
transmission electron microscopy (STEM) image and the associated 
energy-dispersive x-ray spectroscopy (EDS) mapping reveal the homo
geneous distribution of cobalt, phosphorus, and oxygen in a typical 
spherical particle without elemental segregation (Fig. 2a). In addition, 
the scanning electron microscopy (SEM) image of CoPi (Fig. S5) show
cases the large quantity of hollow particles that are relatively uniform in 
size. In a similar process, a ternary metal phosphate (i.e., MnMoWPi) 
was synthesized by using manganese nitrate, molybdenum nitrate, and 
tungsten chloride as metallic precursors (Table S1). STEM and EDS 
mapping results confirm the uniform elemental distribution of Mn, Mo, 
W, P and O within each particle (Fig. 2b). The HEPi quinary particles 
containing Co, Fe, Ni, Mn and Mo were prepared in the same fashion, 
whose SEM image showcases similar morphology as the unary particles 
(Fig. S6). STEM and EDS mapping results demonstrate highly uniform 
distribution of all five metallic elements as well as P in one HEPi particle 
at both high (Fig. 2c) and low magnifications (Fig. 2d). 

The key parameters for preparing HEPi materials are heating tem
perature and cooling rate. For the heating temperature, it is important to 

Fig. 1. Illustration of the high-temperature fly- 
through method. (a) Schematic illustration of 
the HEPi particles formation process. (I) Metal 
salts and TOPO dissolved in ethanol to form 
mixed precursors solution. (II) An aerosol 
droplet containing metal salts and TOPO in 
ethanol formed through the atomization pro
cess. (III) The HEPi particle produced by rapid 
heating. Comparisons between the conven
tional methods and our high-temperature fly- 
through method to prepare phosphates 
including (b) synthetic duration, and (c) num
ber of elements. Note: I: electrodeposition [27], 
II: hydrothermal + phosphating method [31], 
III: in-situ growth [32], IV: Sol-gel method [33], 
V: Annealing [34].   
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achieve high temperature to (1) fully decompose the precursors, espe
cially in short heating time (less than 1 s), and (2) avoid the evaporation 
of P to destroy the phosphate structure. We have found that synthesizing 
HEPi particles at lower temperature (e.g., 750 ◦C, incomplete decom
position, shown in Fig. S7a) or higher temperature (e.g., 1000 ◦C, rapidly 
evaporation of P, shown in Fig. S7b) will lead to the production of 
particles in irregular shapes [36]. Synthesizing at 900 ◦C is optimal that 
can ensure a complete decomposition and stable phosphate structure. It 
has also been reported in previous publications that rapid quenching is 
essential to fabricate high-entropy materials, otherwise there will be 
elemental segregation or phase separation [6,37]. 

In addition to the homogeneous elemental distribution, the 
morphology of particles also plays an important role for the catalytic 
applications [38–42]. The decomposition of TOPO produces (1) phos
phorous source, which would participate in the oxide-to-phosphate 
transformation, and (2) gaseous products, which would puff droplets 
into hollow structure. This formed hollow structure would improve mass 
transfer rate and decrease catalyst mass loading compared to the solid 
catalysts [43], boosting the normalized catalytic activity. In addition, we 
make a statistical count on the particle size distribution with different 
precursor concentrations to demonstrate the effective control over 
particle size by our method. Fig. S8a shows that phosphates particles 
prepared at different concentrations exhibit similar pattern of lognormal 
size distribution and the mean size of HEPi particles varies from 109 nm, 
157 nm, to 200 nm, respectively, for the metal salts precursor concen
trations of 0.025 M, 0.05 M, and 0.1 M. Fig. S8b shows that the particles 
prepared using the larger nozzle exhibit a larger mean particle size, 
indicating effective particle size control. 

To confirm the structure of HEPi, we performed X-ray photoelectron 
spectroscopy (XPS) to analyze the elemental composition and the 
oxidation states of various elements (Fig. 3a). The spectrum of Co ex
hibits the peak with binding energy at 782.18 eV, which is attributed to 
the mixed state of 2+ and 3+, consistent with previous literatures [44, 
45]. In the spectrum of Fe, the peaks with binding energy of 712.08 and 
725.3 eV can be assigned to Fe 2p3/2 and Fe 2p1/2 respectively, the 
oxidation of which also shows a mixture of 2+ and 3+ [46–48]. More
over, Ni presents two main peaks at 852.88 and 870.8 eV, likely 

suggesting a 2+ oxidation state [49,50]. Mn displays two peaks at 
642.08 and 654.28 eV, indicating a mixture of 2+ and 4+ [51,52]. Mo 
exhibits two peaks at 231.08 and 227.88 eV, which is in line with an 
oxidation state of 4+ [53,54]. Importantly, the spectrum of phosphorous 
shows the peak with binding energy at 133.0 eV, while that of O 1s 
shows a peak at 530.8 eV (Fig. S9). These peak positions were in good 
agreement with the previous reports of the phosphate group (PO4

3-) [44, 
55]. 

Raman spectroscopy was then performed to validate the composition 
of HEPi. To exclude the influences of potential impurities, we charac
terized the HEO (intermediate for the HEPi formation, FeCoNiMnMoOx) 
and TOPO (phosphorous precursor) as control samples. Fig. 3b shows 
that the Raman spectrum of HEPi did not contain the characteristic 
peaks of TOPO, indicating that the TOPO precursor was fully decom
posed upon synthesis. By comparing the spectrum of HEPi with those of 
HEO and TOPO, a new peak at around 930 cm− 1 was detected, which 
corresponds to the phosphate group [56]. In addition, Fourier-transform 
infrared spectroscopy (FT-IR) was employed to further differentiate 
HEPi from HEO (Fig. 3c). The characteristic band at around 1500 cm− 1 

can only be observed with HEO, which is attributed to metal-oxide 
stretching (e.g. Fe‒O or Ni‒O). In comparison, the exclusive band at 
around 1000 cm− 1 can be attributed to the PO4

3- group of HEPi [57]. 
Taken together, these characterizations confirm the successful synthesis 
of HEPi by our high-temperature fly-through method. 

The detailed X-ray powder diffraction (XRD) characterization on 
HEPi particles is presented in Fig. S10. The broad peak in the range of 2 
theta at 20–37º (marked as a yellow area) matched well with that of 
Co3(PO4)2, Fe3(PO4)2, Ni3(PO4)2, and Mn3(PO4)2. To better illustrate the 
crystal structure of HEPi materials, we conducted high-resolution TEM 
(HRTEM) with fast Fourier transform (FFT) analysis and performed 
detailed selected area electron diffraction (SAED). The SAED pattern 
(Fig. S11b) of the HEPi particles and FFT analysis of the region of in
terest in HRTEM (Fig. S11c) indicate the existence of metal oxides in a 
typical rock salt structure. The radial intensity line profile as a function 
of reciprocal lattice distance extracted from the SAED pattern is pre
sented in Fig. S12. Considering that CoO, FeO, NiO, and MnO have the 
same crystal structure and similar lattice constants (Table S2), we only 

Fig. 2. Characterizations of phosphates synthesized using the high-temperature fly-through method. STEM images and the corresponding EDS mapping of phos
phates (a) CoPi, (b) MnMoWPi, and (c-d) CoFeNiMnMoPi HEPi. 
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list CoO as an exemplary oxide. The main peaks (marked with the red 
star, orange star and blue star) can be attributed to the mixture peaks of 
previous reported Co3(PO4)2, Fe3(PO4)2, Ni3(PO4)2, and Mn3(PO4)2. It is 
also noted that there is a minor amount of oxides as proved by a weak 
peak (marked as a black peak) in the radial intensity profile of SAED. 
The above results confirm the existence of high-entropy phosphates in a 
major phase. A bit of nuance differences observed in peak positions 
could be attributed to the nature of high-entropy comprising multi- 
principal elements with different atomic radius (elemental information 
is provided in Table S2). The electron energy-loss spectroscopy (EELS) 
analysis was also performed on the HEPi particles (Fig. S13). The 
distinct L-edges in the EELS profile confirm the existence of transition 
metal elements of Mn, Fe, Co, and Ni in the HEPi particles and their 
valence states are consistent with the XPS results shown in Fig. 3a. 

When used as electrocatalyst, the composition of HEPi is expected to 
benefit the catalytic activity through synergistic effect and high-entropy 
stabilization. We demonstrate the utility of HEPi in OER as a proof-of- 
concept, which is an important reaction in the electrolysis of H2O, 
CO2 reduction, rechargeable metal-air batteries and so on [58]. The HEO 
synthesized by our method and a benchmark IrOx catalyst for OER were 
used as control samples. In the polarization curve obtained from linear 
sweep voltammetry (LSV, Fig. 4a), the HEPi catalyst exhibited superior 

OER activity compared to the IrOx and HEO. The overpotential of HEPi 
was measured to be 270 mV at 10 mA cm− 2, which was much smaller 
than those of HEO (350 mV), IrOx (340 mV) and carbon substrate 
(410 mV). The effect of particle size on the overpotential is provided in 
Fig. S14, demonstrating HEPi particles with larger size has a slightly 
higher overpotential than HEPi particles with smaller size (overpotential 
at 10 mA cm− 2: 277.5 mV for HEPi with a mean particle size of 305 nm 
vs. 270 mV for HEPi with a mean particle size of 157 nm). This can be 
explained by that particles with smaller size have a larger surface to 
volume ratio, resulting in more active catalytic sites. The Tafel slope of 
HEPi (74 mV dec− 1) was also smaller than those of HEO (118 mV dec− 1) 
and IrOx (90 mV dec− 1) (Fig. 4b), indicating faster OER kinetics. The 
comparison on the Tafel slope and overpotential between our HEPi 
catalyst and literature reports featuring mono- or bi- metallic phos
phates are summarized in Fig. 4c [34,59–63], where the HEPi catalyst 
demonstrates one of the best overall performances. We also compared 
the LSV curves before and after 500 continuous CV cycles with a scan
ning rate of 50 mV s− 1 to illustrate the catalyst stability (Fig. S15). The 
two traces (1st and after 500 CV scans) were by and large comparable, 
indicating good stability of the HEPi catalyst during OER (Fig. 4d). The 
electrochemical impedance spectroscopy (EIS) of the HEPi before and 
after 500 CV scans were presented in Fig. S16. It shows minimal 

Fig. 3. Characterizations of CoFeNiMnMoPi HEPi. (a) The XPS spectra of each element collected from HEPi particles, including Co 2p, Fe 2p, Ni 2p, Mn 2p, Mo 3d 
and P 2p, demonstrating that the metals are in the oxidation state and P is in the valence of + 5. The comparison of (b) Raman spectra and (c) FT-IR spectra of 
CoFeNiMnMoPi HEPi, HEO, and TOPO samples. 
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resistance increase after 500 CV scans, indicating the good stability of 
our HEPi material. The chronoamperometric (time vs. current density, 
CA) and chronopotentiometry (time vs. overpotential, CP) measure
ments were provided in Fig. S17. The results demonstrate relatively 
good stability for 1 h OER operation. The catalytic performance ban be 
further improved by adjusting elemental ratio, [64] elemental type, [14] 
and morphology [65] etc. We envision that the application of our HEPi 
catalyst is not limited to OER but can be readily expanded to a range of 
reaction schemes with high activity and good stability. 

3. Materials and methods 

3.1. Materials 

All the precursors were purchased from Sigma Aldrich, including: 
iron(III) chloride (FeCl3•6H2O, ≥ 98%), cobalt(II) nitrate (Co 
(NO3)2•6H2O ≥ 98%), nickel(II) nitrate hexahydrate (Ni 
(NO3)2•6H2O ≥ 98.5%), manganese(II) nitrate hydrate (Mn 
(NO3)2•6H2O, 98%), molybdenum(V) chloride (MoCl5, 95%), tungsten 
(VI) chloride (WCl6, ≥ 99.99%), tri-n-octylphosphine oxide (TOPO, 
99%), Nafion solution (5 wt.%) and carbon black (ETJENBALCK EC- 
600JD). 

3.2. Preparation of phosphate particles 

All phosphates were synthesized through desired metal salts pre
cursors (0.05 M) at equivalent ratios and TOPO (0.01 M) dissolved in 
ethanol. Then, the mixed precursors were atomized into small droplets 
by a collision nebulizer (CH Technologies (USA), Inc.) under the pres
sure of ~20 psi using argon as the carrier gas. Then the droplets flowed 
through a diffusion dryer filled with silicone gel, where most of the 
solvent was absorbed, forming solid precursor particles. Further carried 
into the tube furnace (~900 ◦C), these solid precursor particles 
decomposed to the metal oxide, phosphorous and other gases (e.g., water 
and COx). The phosphorous would in-situ phosphate the metal oxide into 
metal phosphates and the other gases would puff the particles into a 
hollow structure [36,66]. Then the rapid quenching (with a cooling rate 
of 105 K s− 1) [35] solidifies this hollow HEPi particles into one phase. 
The final product was collected on a Millipore membrane with a pore 

size of 0.65 µm. 

3.3. Preparation of HEO particles 

Like the fabrication procedure of phosphates, the HEO particles were 
synthesized through desired metal salts precursors (0.05 M) at equiva
lent ratios dissolved in ethanol without addition of TOPO. The following 
procedure is same with the steps operated in the preparation process of 
phosphates. 

3.4. Characterization 

SEM was conducted on a Hitachi SU-70 field emission microscope at 
10 kV for morphological characterizations. STEM imaging along with 
EELS analysis and EDS elemental mapping were performed on Hitachi 
SU9000 STEM. TEM/HRTEM imaging with SAED was performed on 
Hitachi H9500 TEM. The Raman testing was performed with Horiba 
Jobin Yvon Raman Microscope, with a laser source of 532 nm. FT-IR 
spectra was performed on a Thermo Nicolet Nexus 6700 spectrometer 
over the rage of 400–4000 cm− 1. The XPS spectra were taken on a high 
sensitivity Kratos AXIS spectrometer to probe the valence state of the 
elements on the surface. The absorbance spectra of carbon black were 
measured on a Lambda UV–vis spectrometer from 300 to 2100 nm with 
an integrating sphere (PerkinElmer, USA). X-ray diffraction (XRD) was 
performed using a D8 Advanced (Bruker AXS, WI, USA) with a scan rate 
of 5◦ min− 1. 

3.5. Electrochemical measurements 

We chose the OER as a model reaction to illustrate the catalytic 
performance. The electrochemical measurements were performed on a 
three-electrode system in 1 M KOH electrolyte at room temperature in 
ambient environment. The glassy carbon electrode deposited with 
catalyst serves as work electrode, a graphite rod as counter electrode and 
Ag/AgCl as reference electrode. The preparation of working electrode is 
modified according to the previous reports [67,68]. Catalyst powders 
(2 mg), carbon powders (1.5 mg) was dispersed in 1 ml of 3:1 v/v 
water/isopropanol mixed solvent with Nafion solution (80 μl), then the 
mixture was ultrasonicated for at least 40 min to generate a 

Fig. 4. OER catalytic performance of HEPi (CoFe
NiMnMoPi). (a) Comparisons of polarization curves in OER 
performance between IrOx, HEO and carbon substrates. (b) 
The corresponding Tafel slopes of different electrodes. (c) 
The comparison of the overpotential vs. Tafel slop with 
previous literature materials. Co-Pi nanosheet [60], 
Co3(PO4)2-Co3O4 [61], Co3(PO4)2•8H2O [62], 
Mnx(PO4)y/NPC [34], Co-Zn-P/GCE [63], mesoporous CoPi 
[59]. (d) The LSV curves with a scanning rate of 1 mV s− 1 

before and after 500 continuous CV cycles with a scanning 
rate of 50 mV s− 1.   
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homogeneous ink. The glassy carbon electrode first polished using 
0.05 mm alumina powder and cleaned using DI water before electro
chemical measurements. The catalyst ink (~4 μl) was dropped on a 
glassy carbon electrode with a diameter of 3 mm, giving a catalyst 
loading ~0.07 mg cm− 2, and dried at room temperature first and at an 
oven at the temperature of 60 ◦C for at least 2 h before electrochemical 
test. For comparisons, HEO, IrOx and bare glassy carbon electrode also 
prepared as work electrode under same parameters for electrochemical 
test. 

The LSV was measured from − 0.1 to 0.7 V (vs. reference electrode) 
with a scanning rate of 10 mV s− 1. The cycling stability of the synthesis 
HEPi particles was determined by cyclic voltammetry at 50 mV s− 1 for 
500 cycles. All the potentials were converted and referred to the 
reversible hydrogen potential (RHE) according to the equation Evs RHE =

Evs Ag/AgCl + E0
Ag/AgCl vs RHE + 0.059∗pH. The electrochemical impedance 

spectroscopy (EIS) test was carried out on the working electrodes and 
the spectra were collected in a frequency range of 1–100 K Hz with an 
amplitude of 10.0 mV. The chronoamperometric (time vs. current den
sity, CA) measurement was carried out using an overpotential of 270 mV 
and the chronopotentiometry (time vs. overpotential, CP) measurement 
was carried out using a current density of 10 mA cm− 2. 

4. Conclusion 

In conclusion, we for the first time report the synthesis of HEPi 
catalysts through a high-temperature fly-through method. The success
ful phosphating of up to five metallic elements was enabled by: (1) 
Confining metal salts and TOPO uniformly within one droplet, (2) Rapid 
high-temperature oxide-to-phosphate transformation; and (3) Fast 
quenching to avoid elemental and phase separation. By this method, we 
successfully synthesized a series of phosphates, from mono metallic, 
trimetallic to high-entropy phosphate species. The elemental distribu
tion was found to be highly uniform by STEM-EDS mapping, and the 
characteristic phosphate structure can be verified by XPS, Raman, and 
FT-IR. As a proof-of-concept, we demonstrate the utility of our HEPi 
catalyst in OER, where superior catalytic activity (270 mV of over
potential at 10 mA cm− 2) was measured, much smaller than that of the 
HEO counterpart (350 mV) and the benchmark IrOx catalyst (340 mV). 
The HEPi catalyst can be applied to other reactions beyond OER; 
meanwhile the facile, efficient, and scalable synthesis method can open 
a new avenue for the discovery of a range of polyanionic materials for 
energy and catalysis applications. 
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