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High-entropy perovskites, with their compositional diversity and structural tunability, 

have recently emerged as a versatile platform for electrocatalysis. Among them, high-

entropy perovskite hydroxides (HEPHs) offer abundant active sites and flexible 

electronic structures, yet their controllable synthesis with well-defined morphology 

remains a major challenge. In this study, we present a polymer-mediated confined 

assembly strategy that enables the controllable synthesis of nanocubic 

Sn(CuMgCoZnNi)(OH)6 (HEPH-2). HEPH-2, with highly accessible active sites and a 

large electrochemically active surface area, delivers outstanding electrocatalytic nitrate 

reduction to ammonia (eNRA) performance, achieving an ammonia (NH3) yield rate of 

9.28 mg h-1 mg-1
cat. and a high Faradaic efficiency (FE) of 90.06% in alkaline media, 

significantly outperforming irregular HEPH nanoparticles (HEPH-0) synthesized 

without polyvinylpyrrolidone. Density functional theory (DFT) calculations reveal that 

Sn acts as the dominant active site with the strongest NO3
- adsorption, while the 

hydrogenation of *NO to *NOH constitutes the rate-determining step. Meanwhile, 

when used as the cathode material in a zinc-nitrate battery, HEPH-2 demonstrates a 

high NH3 yield rate (3.70 mg h-1 cm-2) and a high FE value (94.21%). This work 

introduces a simple yet effective strategy for engineering well-defined perovskite 

hydroxides, demonstrating their potential as next-generation materials for sustainable 

ammonia production and energy conversion. 

1. Introduction 

Ammonia (NH3), a cornerstone of the nitrogen cycle and modern industry, is essential 

for producing fertilizers, explosives, and plastics.[1] Nitrogen fixation, which converts 

atmospheric nitrogen into bioavailable forms, ranks among nature’s most essential 

processes after photosynthesis. However, its limited natural rate cannot meet the ever-

increasing demand for ammonia-based resources. The Haber-Bosch process, developed 

over a century ago, revolutionized NH3 production, but its reliance on extreme 

conditions, high energy consumption, and environmental impact underscores the need 

for sustainable alternatives.[2] Electrocatalytic N2 fixation represents a promising 

alternative, as it operates under ambient conditions, utilizes water as the proton source, 

and can be directly powered by renewable electricity.[3] Its simplicity, efficiency, and 



 

 

environmental benefits make it a key area of research for providing a cleaner, more 

sustainable pathway to meet global demands and reduce the ecological footprint. 

However, the challenge lies in the exceptional stability of N2, arising from its strong 

N≡N bond (941 kJ mol-1), unfavorable electronic structure, and poor solubility in 

aqueous electrolytes, all of which impede activation and dissociation.[3d, 4] As an 

alternative, electrocatalytic nitrate (NO3
-) reduction to ammonia (eNRA) has gained 

attention due to the high solubility of nitrate and the relatively weak N=O bond.[5] This 

approach not only enhances NH3 production and  Faradaic efficiency (FE) but also 

addresses environmental concerns by utilizing nitrate ions, common pollutants in 

wastewater, as a feedstock.[1f, 6]  

High-entropy materials (HEMs) have recently emerged as promising candidates for 

electrocatalysis owing to their abundant active sites, complex electronic configurations, 

and disordered elemental arrangements.[7] Among them, high-entropy perovskites 

(oxides and hydroxides) are particularly attractive owing to their compositional 

tunability and robust structural stability.[8] Nevertheless, conventional perovskite oxides 

often suffer from limited surface area and relatively low catalytic activity, largely as a 

result of their bulk morphology and high crystallization temperatures required for 

synthesis.[9] By contrast, perovskite hydroxides represent a distinctive class of ReO3-

type structures that can be readily synthesized on a large scale through simple co-

precipitation or hydrothermal methods.[9] Their mild synthesis conditions facilitate 

morphological control and enable the incorporation of multiple elements, giving rise to 

high-entropy perovskite hydroxides (HEPHs). Such structural and compositional 

flexibility enhances electronic coupling among different cations, thereby improving 

charge transfer during electrocatalytic reactions and boosting NH3 yield and FE in 

eNRA. Moreover, under alkaline conditions, HEPHs combine excellent chemical 

stability with accelerated nitrate reduction kinetics, effectively suppressing catalyst 

degradation and synergistically improving overall efficiency.[10]  

Herein, nanocubic Sn(CuMgCoZnNi)(OH)6 HEPHs were successfully synthesized 

on a gram scale using a polymer-mediated confined assembly method.  The uniform 

spatial distribution and high density of oxygen-/nitrogen-containing groups along the 



 

 

polyvinylpyrrolidone (PVP) chains serve as effective nucleation sites, enabling 

controlled growth of multi-component perovskite hydroxides with diverse structures 

and high-entropy characteristics. By tuning the PVP content, the morphology and 

composition of HEPHs can be effectively regulated, thereby optimizing their overall 

electrocatalytic activity. Among them, HEPH-2 (synthesized with a PVP mass fraction 

of 10%) demonstrates remarkable electrocatalytic performance for the eNRA, 

achieving an impressive NH3 yield rate of 9.28 mg h-1 mg-1
cat. and a high FE of 90.06%, 

which outperforms irregular HEPH nanoparticles synthesized without PVP. More 

importantly, density functional theory (DFT) calculations of NO3
- adsorption energies 

reveal that Sn sites in HEPHs exhibit favorable thermodynamic performance for nitrate 

reduction. Additionally, when HEPH-2 is employed as the cathode material in a zinc-

nitrate battery, the system demonstrates a high NH3 production rate (3.70 mg h-1 cm-2) 

and a high FE value (94.21%). This study presents a scalable strategy to construct 

structurally engineered HEPHs with enhanced stability and activity, providing new 

insights for high-performance electrocatalyst design. 

2. Results and discussion 

 

Figure 1. Schematic illustration for the preparation of HEPH by the coprecipitation 

method (a) without and (b) with the aid of PVP. 

Figure 1 schematically illustrates the different formation pathways of HEPHs 



 

 

obtained by conventional co-precipitation and PVP-mediated confined assembly. As 

shown in Figure 1a, the traditional co-precipitation method proceeds through random 

nucleation and uncontrolled growth of metal hydroxide species, which ultimately 

results in irregularly shaped and agglomerated HEPH nanoparticles (HEPH-0). In 

contrast, when PVP molecules are introduced (Figure 1b), the abundant polar groups 

along the polymer chains act as coordination and anchoring sites for the metal cations, 

guiding their homogeneous dispersion within the polymer network. This confined 

microenvironment promotes uniform nucleation and restricts uncontrolled growth, 

thereby driving the formation of highly ordered nanocubic Sn(CuMgCoZnNi)(OH)6 

HEPHs with well-defined morphology and improved structural stability. Moreover, this 

strategy successfully enables the gram-scale synthesis of HEPHs (Figure S1). Three 

samples, HEPH-0, HEPH-1, and HEPH-2, were synthesized with different PVP mass 

fractions of 0%, 5%, and 10%, respectively. The X-ray diffraction (XRD) patterns of 

HEPH-0, HEPH-1, and HEPH-2 reveal distinct diffraction peaks at 2θ values of 

approximately 20.0°, 23.0°, 32.8°, 36.9°, 38.3°, 40.5°, 43.8°, 47.1°, 51.6°, 52.9°, 58.3°, 

62.0°, 68.4°, 72.0°, 73.2°, and 77.8°. These peaks correspond to the (111), (200), (220), 

(310), (311), (222), (321), (400), (331), (420), (422), (511), (440), (531), (442), and 

(620) crystal planes of HEPH, aligning with the orthorhombic perovskite structure of 

SnCo(OH)6 (JCPDS card No. 13-0356, Figure 2a). This structural similarity suggests 

that Cu2+, Mg2+, Co2+, Zn2+, and Ni2+ ions are incorporated into the lattice of 

SnCo(OH)6-type perovskite hydroxide, forming a high-entropy 

Sn(CuMgCoZnNi)(OH)6 solid solution. Figure 2b illustrates the ideal framework of 

Sn(CuMgCoZnNi)(OH)6. The B-site cations (Cu2+, Mg2+, Co2+, Zn2+, and Ni2+) are 

octahedrally coordinated by six hydroxyl groups and located at the centers of corner-

sharing BO6 octahedra, forming a three-dimensional framework. The larger A-site 

cation Sn4+ resides in the cuboctahedral cavity created by the surrounding octahedra, 

exhibiting a 12-fold coordination environment.  

Scanning electron microscopy (SEM) analysis shows that HEPH-2 possesses a well-

defined nanocubic morphology with a narrow size distribution (Figure 2c). By contrast, 

HEPH-0 displays a disordered and severely agglomerated structure (Figure S2), while 



 

 

HEPH-1 shows agglomerated clusters of partially formed nanocubes with irregular 

sizes (Figure S3), representing an intermediate morphology between the disordered 

HEPH-0 and the well-defined cubic HEPH-2. These results highlight the critical role 

of PVP in directing nucleation and growth, thereby enabling the formation of uniform 

nanocubic architectures. High-resolution transmission electron microscopy (HRTEM) 

image further reveals clear lattice fringes of 0.225 nm in HEPH-2, corresponding to the 

(222) planes of the cubic phase (Figure 2d). In addition, energy-dispersive X-ray 

spectroscopy (EDS) elemental mappings demonstrate the homogeneous distributions 

of Sn, Mg, Co, Ni, Cu, Zn, and O throughout HEPH-2 (Figure 2e), further providing 

strong evidence for the successful formation of a single-phase Sn(CuMgCoZnNi)(OH)6 

solid solution.  

 

Figure 2. (a) XRD patterns of HEPH samples prepared with different PVP contents. (b) 

Schematic presentation of the HEPH structure: the orange, silver, bright blue, green, 

light blue, gray-purple, and pink spheres represent Mg, Zn, Co, Ni, Cu, Sn atoms, and 

OH- group, respectively. (c) SEM, (d) HRTEM, and (e) HAADF-STEM images and 

corresponding EDS elemental mappings of HEPH-2.  



 

 

X-ray photoelectron spectroscopy (XPS) was employed to analyze the chemical 

compositions and oxidation states of HEPH-2 and HEPH-0. As depicted in Figure 3a, 

the full survey spectra of both samples clearly reveal the presence of Sn, Cu, Mg, Co, 

Zn, Ni, and O elements. The high-resolution Cu 2p spectra of HEPH-0 and HEPH-2 are 

presented in Figure 3b. Each spectrum can be deconvoluted into six distinct peaks, 

corresponding to Cu2+ 2p3/2 (937.6 eV), Cu2+ 2p1/2 (955.5 eV), Cu+ 2p3/2 (933.0 eV), 

Cu+ 2p1/2 (952.6 eV), and two satellite peaks.[11] The high-resolution Mg 1s spectra of 

HEPH-2 and HEPH-0 (Figure 3c) indicate that Mg predominantly exists in the +2 

oxidation state, with a characteristic binding energy of 1303.8 eV.[12] The high-

resolution Co 2p spectrum of HEPH-2 can be deconvoluted into six peaks, 

corresponding to Co3+ 2p3/2 (781.0 eV), Co3+ 2p1/2 (796.8 eV), Co2+ 2p3/2 (785.2 eV), 

Co2+ 2p1/2 (801.0 eV), and two satellite peaks (Figure 3d).[13] Moreover, the high-

resolution Zn 2p spectra of HEPH-2 and HEPH-0 exhibit characteristic spin-orbit 

splitting, with peaks at 1044.9 eV (Zn 2p1/2) and 1021.8 eV (Zn 2p3/2), corresponding 

to Zn2+ species (Figure 3e).[14] High-resolution Sn 3d spectrum of HEPH-2 can be 

deconvoluted into six peaks, which are related to the Sn0 3d5/2 (484.5 eV), Sn2+ 3d5/2 

(486.5 eV), Sn4+ 3d5/2 (487.9 eV), Sn0 3d3/2 (492.9 eV), Sn2+ 3d3/2 (494.9 eV), and Sn4+ 

3d3/2 (496.5 eV), respectively (Figure 3f).[15] 

 

Figure 3. XPS survey: a) full, b) Cu 2p, c) Mg 1s, d) Co 2p, e) Zn 2p, and f) Sn 3d 

spectra of HEPH-2 and HEPH-0 catalysts. 



 

 

To evaluate the eNRA performance of HEPH-2, HEPH-1, and HEPH-0, 

comprehensive electrochemical tests were carried out in a conventional three-electrode 

system using 1 M KOH electrolyte containing 0.1 M KNO3. As shown in the linear 

sweep voltammetry (LSV) curves (Figure 4a and Figures S4–S5), all catalysts exhibit 

markedly higher current densities in the KNO3-containing electrolyte compared to the 

KNO3-free electrolyte, confirming the occurrence of nitrate electroreduction. 

Quantitative assessment of NH3 formation was performed by chronoamperometry at 

potentials from −0.3 to −0.8 V vs. RHE for 1 h, followed by ultraviolet–visible (UV-

Vis) absorption spectroscopy based on the calibration curves correlating absorbance 

with NH3 concentration (Figure S6). The HEPH-2 catalyst exhibits a remarkable NH3 

yield rate of 9.28 mg h−1 mg−1
cat. and a maximum FE value of 90.06% at -0.4 V vs. 

RHE, significantly outperforming HEPH-1 (7.64 mg h−1 mg−1
cat. and 84.0%) and 

HEPH-0 catalyst (6.10 mg h−1 mg−1
cat. and 59.7%), as shown in Figure 4b-4c. 

Additionally, Figure 4d reveals that the NH3 yield rate and FE value exhibit minor 

fluctuations and remain stable across multiple cycles, highlighting the exceptional 

electrocatalytic stability of HEPH-2 for potential practical applications. The long-term 

chronoamperometry confirms stable current density for at least 20 h (Figure 4e), 

highlighting the excellent durability of HEPH-2. To further assess its structural 

robustness, post-reaction characterizations were performed. As shown in Figure S7, the 

XRD pattern of HEPH-2 remains nearly identical to that before the reaction, confirming 

structural integrity during the eNRA process. SEM image (Figure S8) reveals that the 

nanocubic morphology is well preserved, while EDS elemental mappings (Figure S9) 

confirm the uniform elemental distributions of Sn, Mg, Co, Ni, Cu, Zn, and O after 

catalysis. These results collectively demonstrate the outstanding structural and 

compositional stabilities of HEPH-2 during long-term operation. 

To unambiguously verify the nitrogen source of the produced NH3, isotope-labeling 

experiments were carried out using electrolytes containing 0.1 M K15NO3 and K14NO3. 

The 1H NMR spectra of the post-reaction electrolytes clearly distinguish between 

15NH4
+ and 14NH4

+ products: in the case of K15NO3, a characteristic doublet splitting is 

observed at 6.92 and 7.05 ppm, while for K14NO3, a typical triplet signal appears at 



 

 

6.90, 6.99, and 7.07 ppm (Figure 4f). These results provide direct spectroscopic 

evidence that the detected NH3 originates exclusively from the electroreduction of 

nitrate rather than from external contamination or experimental artifacts. Furthermore, 

when benchmarked against representative state-of-the-art eNRA catalysts reported in 

the literature (Table S1), HEPH-2 exhibits comparable or even superior activity. The 

combination of high yield rate and excellent FE therefore positions HEPH-2 among the 

most efficient and reliable electrocatalysts reported to date for the nitrate-to-ammonia 

conversion. 

 

Figure 4. a) LSV curves for HEPH-2 in 1 M KOH electrolyte with and without KNO3. 

b) NH3 yield rates and c) FEs of HEPH-2, HEPH-1, and HEPH-0 under different 

potentials. d) NH3 yield rates and FE values of HEPH-2 at −0.6 V vs. RHE for 5 cycles. 

e) Long-term stability test of HEPH-2 catalyst at −0.6 V vs. RHE in 1 M KOH with 0.1 

M KNO3 electrolyte. f) 1H NMR spectra of electrolytes prepared with K15NO3 and 

K14NO3 as nitrogen sources, respectively. g) Nyquist plots of HEPH-2, HEPH-1, and 

HEPH-0 catalysts. h) The Cdl values of HEPH-2, HEPH-1, and HEPH-0 catalysts. 

For electrocatalysts, faster charge transfer and larger active surface areas are crucial 



 

 

for accelerating reaction kinetics. To probe these factors, electrochemical impedance 

spectroscopy (EIS) and electrochemically active surface area (ECSA) measurements 

were performed on the HEPH catalysts. As shown in Figure 4g, the charge transfer 

resistance values of HEPH-2, HEPH-1, and HEPH-0 are determined to be 25, 30, and 

36 Ω, respectively, indicating the most efficient charge transport in HEPH-2. The ECSA 

is further evaluated by recording capacitive currents at scan rates of 20-100 mV s-1 

within non-Faradaic potential regions (Figures S10–S12). Linear fitting of the current 

response (Figure 4h) reveals that HEPH-2 possesses a markedly higher double-layer 

capacitance (Cdl) of 0.29 mF cm−2 compared to HEPH-1 (0.17 mF cm−2) and HEPH-0 

(0.12 mF cm−2). These results underscore the advantages of HEPH-2, where the well-

defined nanocubic architecture provides a larger ECSA, reduced charge-transfer 

resistance, and more favorable redox potential, collectively accounting for its superior 

eNRA performance relative to HEPH-0 and HEPH-1. 

To gain mechanistic insight into the eNRA process on HEPH-2, in situ Raman 

spectroscopy measurements were performed under various operating potentials (Figure 

5a). In the Raman spectrum of HEPH-2, the characteristic peak at 600 cm-1 is attributed 

to the bending vibration mode of the M-OH bond,[16] while the characteristic peaks at 

around 800 cm-1 are associated with the vibration of the Sn-O bond, confirming the 

integrity of the perovskite hydroxide framework.[17] A band at 1060 cm-1, assigned to 

adsorbed NO3
-.[18] As the potential shifts negatively from 0 to −0.9 V, the absorption 

band at 1190 cm-1 (corresponding to the N-O antisymmetric stretching vibration of NO2
-) 

gradually intensifies, indicating the reduction of NO3
- to NO2

-[18]. Notably, distinct 

Raman features appear around 1600 cm-1, which can be attributed to -NH2 species[19], 

providing direct evidence that NO3
- undergoes stepwise deoxygenation followed by 

successive hydrogenation, ultimately yielding NH3.
[20]  

To elucidate the reaction pathways and mechanisms of NO3
- reduction on the HEPH-

2 surface, density functional theory (DFT) calculations were further performed. Based 

on the optimized model, the adsorption energies of NO3
- species at different sites were 

calculated theoretically (Figure 5b and Figures S13-S19). The results show that the Sn 

site exhibits the strongest affinity for NO3
-, pinpointing it as the dominant active center 



 

 

for the eNRA. Figure 5c depicts the free-energy profile for nitrate electroreduction on 

the Sn site of HEPH-2, highlighting a multi-step pathway through sequentially adsorbed 

intermediates (*NO3, *NO2, *NO, *NOH, *NHOH, *NH, and *NH2). The initial 

adsorption of NO3
- onto the Sn site is strongly exergonic, consistent with the high 

adsorption affinity predicted by DFT and indicative of spontaneous surface activation. 

The subsequent reduction from *NO3 to *NO2 is thermodynamically downhill, 

facilitating rapid conversion at the initial stage. The conversion from *NO2 to *NO 

exhibits a modest uphill free-energy change but proceeds with a low kinetic barrier, 

suggesting that this elementary step is thermodynamically less favorable yet readily 

activated under applied bias. The pathway then enters a critical hydrogenation stage, 

where the conversion of *NO to *NOH involves a significant uphill free-energy change, 

pinpointing it as the potential-determining step (PDS). This barrier originates from the 

requirement to weaken the N-O bond while simultaneously accommodating proton-

electron transfer, a common bottleneck in nitrate-to-ammonia conversion.[18] Once this 

transition is overcome, later hydrogenation steps (*NOH → *NHOH → *NH → *NH2 

→ NH3) are increasingly downhill, driving the reaction irreversibly toward NH3 

formation. These insights not only confirm the role of Sn as the dominant active center 

for nitrate binding and activation but also provide a mechanistic rationale for designing 

improved HEPH catalysts with optimized hydrogenation kinetics. 

The zinc-nitrate (Zn-NO3
-) battery represents an emerging energy conversion system 

capable of simultaneously delivering clean electricity and upgrading NO3
- from 

wastewater into high-value NH3.
[21] To demonstrate its application potential, a proof-

of-concept Zn-NO3
- battery was assembled using HEPH-2 as the cathode catalyst and 

zinc foil as the anode. Figure S20 shows that the self-assembled battery maintains a 

stable open-circuit potential (OCP) of 1.34 V (vs. Zn2+/Zn). Figure 5d displays the 

typical discharge polarization and power density curve of the Zn-NO3
- battery, 

exhibiting a high current density of 10 mA cm-2 at 0.248 V. The peak power density of 

the Zn-NO3
- battery reaches 2.75 mW cm-2 at a voltage of 0.15 V. As depicted in Figure 

5e, the potential of the Zn-NO3
- battery remains stable during discharge at various 

current densities (0.2, 0.5, 1, 1.5, and 2 mA cm-2). Notably, the system demonstrates 



 

 

specific capacity of 498 mAh g-1 at the current density of 10 mA cm-2 (Figure S21). 

Additionally, the HEPH-2 cell achieves a maximum FE of 94.21% at 25 mA cm-2, 

which corresponds to an NH3 production rate as high as 3.70 mg h-1 cm-2 (Figure 5f). 

Moreover, the assembled Zn-NO3
- battery exhibits highly stable charge-discharge 

behavior and excellent cycling durability over 20 h of continuous operation at 1 mA 

cm-2 (Figure S22). These results highlight the potential of this catalyst for Zn-NO3
-

battery applications.  

 

Figure 5. a) In situ electrochemical Raman spectra. b) The adsorption of the NO3
- on 

different sites of HEPH-2 model. c) Free energy diagram for eNRA over HEPH-2. d) 

Polarization and power density curves for Zn-NO3
- battery. e) Discharging tests at 

various current densities, and f) NH3 yield rates and corresponding FE values at various 

current densities of the Zn-NO3
- battery with the HEPH-2 catalyst as a cathode. 

3. Conclusion 

In summary, we developed a facile polymer-mediated confined assembly strategy to 

synthesize nanocubic HEPHs controllably. The optimized HEPH-2, with its larger 



 

 

electrochemically active surface area and well-exposed active sites, demonstrates 

superior electrocatalytic performance for eNRA, achieving an impressive NH3 yield 

rate of 9.28 mg h-1 mg-1
cat., a high FE of 90.06%. DFT calculations reveal that Sn atoms 

act as the dominant active centers, providing the strongest NO3⁻ adsorption affinity, 

while the hydrogenation of *NO to *NOH is identified as the potential-determining 

step. These insights clarify the mechanistic origin of the high activity and highlight how 

entropy-driven electronic modulation can optimize the balance between adsorption 

strength and reaction kinetics. Meanwhile, by using HEPH-2 as the cathode to construct 

a Zn-NO3
- battery system, the system exhibits a high NH3 yield rate (3.70 mg h-1 cm-2) 

and a high FE value (94.21%). This work not only provides a scalable synthesis strategy 

but also paves the way for designing advanced HEMs for efficient electrocatalytic 

applications, including sustainable ammonia production and environmental 

remediation. 

4. Experimental Section 

HEPH samples were prepared using a PVP-assisted nucleation approach. Initially, 10 

mmol of SnCl4·5H2O was dissolved in an aqueous solution with varying PVP 

concentrations (0%, 5%, 10%), designated as solution A. Meanwhile, 10 mmol of a 

mixture of metal salts (2 mmol each of CuAc2, MgAc2·4H2O, CoAc2·4H2O, 

ZnAc2·2H2O, and NiAc2·4H2O) was dissolved in the PVP-containing solution, labeled 

as solution B. Both solutions were heated to boiling, after which solution B was 

gradually dripped into solution A. Following this, 2 M NaOH was swiftly introduced 

into the combined mixture at 100 °C in a water bath. The resulting black precipitate 

was aged for 4 h to ensure uniform particle size distribution. The solid product was 

isolated via high-speed centrifugation at 10000 rpm and thoroughly rinsed with 

deionized water and anhydrous ethanol to remove any residual PVP and impurities. The 

final products, labeled HEPH-0, HEPH-1, and HEPH-2, were obtained after vacuum 

drying at 60 °C for 20 h, corresponding to PVP concentrations of 0%, 5%, and 10%, 

respectively. 
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A polyvinylpyrrolidone-mediated confined assembly strategy enables the synthesis of 

nanocubic high-entropy perovskite hydroxides with optimized active site exposure, 

achieving efficient ammonia production and high energy performance in the Zn-NO3
- 

battery. 
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