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Abstract  

The low-cost hydrogen production from water electrolysis is crucial for deployment 

of sustainable hydrogen economy, but is currently constrained by the lack of active 

and robust electrocatalysts from Earth-abundant materials. We describe here an 

unconventional heterostructure composed of strongly coupled Ni-deficient LixNiO 

nanoclusters and polycrystalline Ni nanocrystals, and its exceptional activities toward 

hydrogen evolution reaction (HER) in aqueous electrolytes. The presence of lattice 

oxygen species with strong Brønsted basicity is a significant feature in such 

heterostructure, which spontaneously split water molecules for accelerated Volmer H-

OH dissociation in neutral and alkaline HER. In combination with the intimate 

LixNiO and Ni interfacial junctions that generate localized hotspots for promoted 

hydride coupling and hydrogen desorption, the catalysts produce hydrogen at the 

current density of 10 mA cm-2 under overpotentials of only 20, 50 and 36 mV in 

acidic, neutral and alkaline electrolytes, respectively, making them among the most 

active Pt-free catalyst developed thus far. In addition, such heterostructure also 

exhibited superior activity towards the hydrogen oxidation reaction in alkaline 

electrolyte. 
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Introduction 

The electrocatalytic hydrogen evolution reaction (HER) produces high-purity but 

inexpensive hydrogen from water splitting, and is crucial for the deployment of 

hydrogen economy for sustainable energy storage, transportation and chemical 

production.1,2 This reaction is generally assumed to start with the Volmer step, which 

generates adsorbed hydrogen intermediates (Had) via electrochemical reduction of 

either hydronium (in acids) or water (in neutral or alkaline electrolytes).2 The Had 

undergoes either a Tafel recombination step or a second charge-transfer Heyrovsky 

step and produce molecular hydrogen.2,3 These multi-electron transfer processes have 

sluggish kinetics and demand for efficient electrocatalysts to reach practically relevant 

kinetics. Although Pt based catalysts generally deliver the best activity, their 

prohibitive high costs have stimulated significant research into low Pt and Pt-free 

alternatives. 4-6 The success of Earth-abundant HER electrocatalysts will significantly 

benefit both water-alkali and chlor-alkali electrolyzers,7 and expand emerging 

applications that operate in neutral electrolytes such as direct seawater splitting and 

artificial photosynthesis.8,9 

Previous studies have suggested that the Volmer water dissociation and Tafel 

hydride coupling are two key but sluggish steps in HER.10,11 Various combinations of 

earth-abundant elements have been examined to accelerate these steps, and nickel-

based compounds are among the most investigated versatile building blocks thus 

far.12-14 In fact, conventional alkaline electrolyzers use Raney Ni and/or Ni alloys to 

catalyze the HER.15 Although nickel alone has inferior activity due to sluggish 
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hydride coupling, studies using model surfaces and nanocomposites reveal that the 

combination of Ni with other metals, oxides, nitrides and/or phosphides often leads to 

multi-functional heterojunctions with significantly enhanced hydrogen evolution.12-

14,16 For example, the CrOx/Cu-Ni heterostructure was described to accelerate neutral 

water splitting via strong binding of Ni and CrOx with hydrogen and hydroxyl groups, 

respectively, and the Li+-Ni(OH)2-Pt heterointerface that empolys Ni(OH)2 to cleave 

the H-OH bond and Pt to promote hydrogen generation.2,17 Additionally, surface 

modifications of metallic Ni in nanocomposites such as Ni/NiO, Ni/NiS and Ni/Ni3N 

introduce interfacial structures with strong synergy that also promote hydride 

coupling and improve alkaline HER activity.12,14,18-22 Despite of these great 

progresses, current electrocatalysts often have narrow pH ranges and/or inferior 

activities compared with the Pt-based electrocatalysts. It is still a grand challenge to 

design Earth-abundant heterostructures that effectively combine catalytic 

proficiencies of different materials and achieve intrinsic activity under wider range of 

pH.  

We describe here the synthesis of a unique LixNiO/Ni heterostructure and its 

outstanding HER performance with activities comparable with the Pt/carbon 

benchmark catalyst. We show that such heterostructure can be generated by reacting 

molten Li with NiO particles supported on either graphene or Ni foam. Unlike the 

recently described tuning of electrocatalyst via electrochemical Li-ion insertion, 22,23 

our approach provides catalyst with cleaner surface and containing unique lattice 

oxygen species with strong Bronsted basicity. These oxygen species have strong 
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binding with hydrogen radials and accelerate the challenging Volmer H-OH 

dissociation step in HER. Furthermore, the chemical lithiation leads to substantial 

particle fragmentation and creates abundant LixNiO/Ni interfacial junctions with 

strong synergy, which promote Had-Had coupling and molecular hydrogen desorption. 

The heterostructure is therefore multi-functional for HER as it accelerates both 

Volmer and Tafel steps, enabling facile electrocatalytic hydrogen production that only 

requires overpotentials of only 20, 50 and 36 mV to reach the current density of 10 

mA cm-2 in acidic, neutral and alkaline electrolytes, respectively, making them among 

the most active Pt-free catalyst developed thus far.  

Results and Discussion 

The synthesis of LixNiO/Ni heterostructure was performed inside an Ar-filled 

glove box using pre-synthesized NiO/graphene with 60 wt% NiO as the starting 

materials (Figure 1a, S1).24 Typically, 20 mg NiO/G were loaded together with 200 

mg Li metal in a 35 ml crucible, which was slowly heated to 250°C using a hotplate. 

Li slowly melts during this process and spontaneous reduces NiO via the redox 

reaction of NiO + Li à Ni + Li2O.25 The molten mixture was maintained for 20 min 

and then cooled to room temperature. The solidified solid was transferred out of 

glovebox and immersed in 50 ml ethanol for 24 hours, which slowly leached off the 

excess Li and produced Li2O/LiOH.26 The final catalyst powders were collected via 

filtration and washed with copious water, and tested directly as HER catalysts after 

vacuum drying. The nitrogen absorption-desorption analysis revealed a typical IV 

isotherm and the average pore size was ~ 2.0 nm. The BET specific surface area was 
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132 m2 g-1, ~ 50% higher than NiO/G (Figure S2). 

 
Figure 1: Synthesis and characterization of nanoscale LixNiO/Ni heterostructures on graphene: a) 
illustration of the molten Li mediated synthesis process and generation of strong basic oxygen species; 
b) comparison of XRD patterns of NiO/G before and after molten Li treatment; c) illustration and d, e) 
high-resolution TEM visualization of the heterostructures with Ni-deficient LixNiO nanoclusters 
surrounding metallic Ni; f) reverse FFT filtered fringes of d = 0.24 nm that highlights LixNiO clusters.  

The X-ray diffraction pattern of the produced catalyst only exhibited peaks from 

crystalline Ni (XRD, Figure 1b), which is similar as electrochemical Li-ion insertion 

into NiO and confirms the conversion reaction mechanism.27,28 Although no peaks 

assignable to NiO was observed, its presence as defective nanoclusters was clearly 

identified in high-resolution transmission electron microscope analysis (HR-TEM, 

Figure 1c-f, additional images in Figure S3). Specifically, the chemical lithiation 
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produced interconnected Ni nanocrystals with sizes of 2 ~ 10 nm. These nanocrystals 

were surrounded by 1~3 nm nanoclusters with lattice spacing of ~ 0.24 nm that 

corresponds to NiO (Figure 1 d-e).29 Importantly, almost all of these nanoclusters 

contained abundant vacant defective sites attributable to missing of Ni2+ cations 

(Figure 1e). The stabilization of such defective sites is believed to originate from 

formation of Li-O-Ni moieties as evidenced below with spectroscopic results. These 

nanoclusters (labeled as LixNiO) appeared as intimate coating layers surrounding Ni 

as highlighted by the inverse fast Fourier transition image (Figure 1f), and likely have 

strong interfacial binding as they survived the aggressive processing conditions. The 

catalyst is therefore described as strongly coupled LixNiO/Ni heterostructures on 

graphene. 

 
Figure 2: Spectroscopic characterizations of NiO/G after and before molten Li treatment. The spectra 
from annealed LixNiO/Ni are included as a reference without structural defects.: a) O 1s, b) Ni 2p high 
resolution XPS spectra; c) Raman spectra and d) oxygen K-edge TEY-NEXAFS spectra.  
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The composition and chemical binding of the LixNiO/Ni heterostructure were 

systematically characterized and compared with pristine NiO/G and annealed 

LixNiO/Ni (at 400°C in Ar, as a reference without structural defects). The X-ray 

photoelectron survey spectra (XPS) revealed presence of 4.27 at.% Li in the as-

synthesized LixNiO/Ni, which was reduced to 0.08 at.% after thermal annealing 

(Figure S4). The difference suggests that Li-ion played vital roles in stabilizing the 

Ni-deficient defects. Figures 2a and b compare the O 1s and Ni 2p high-resolution 

XPS spectra of the involved materials, respectively. According to previous works, O 

and Ni atoms both assume octahedral bonding configuration in cubic rocksalt NiO 

and exhibit binding energies at 529.2 eV and 853.7 eV, respectively.30,31 Interestingly, 

the LixNiO/Ni exhibited a broad but well-defined O 1s peak at 532.0 eV, which 

represents a dramatic ~ 2.0 eV positive shift and suggests significant changes in 

binding environment likely contributed by its binding with Li+. We note that although 

oxygen associated with Ni-deficient defects in NiO often exhibits higher binding 

energies, such changes were usually less than 0.5 eV. 32-34 The Ni 2p spectra exhibited 

changes that are consistent with O 1s, in which the Ni2+ binding energy also positively 

shifted by ~ 2.0 eV to 855.9 eV. Furthermore, these shifts in binding energies 

disappeared in annealed samples, confirming the ~2.0 eV shift was indeed related 

with Ni-deficient defects and the unique oxygen species in LixNiO/Ni. On the other 

hand, the heterostructures exhibited evident blue shifts of ~ 33 cm-1 in vibrational two 

phonon (2P) Raman scattering compared with NiO/G both for the 2TO mode at ~ 730 

cm-1 and 2LO modes at ~ 1090 cm-1 (Figure 2c), which is likely due to phonon 
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confinement and distortion around defects.35 Figure 2d compares the oxygen K-edge 

near edge x-ray absorption fine structure (NEXAFS) spectra of the same set of 

materials collected in a surface-sensitive total electron yield (TEY) mode. Both the 

NiO/G and annealed LixNiO/Ni show a peak at 532.5 eV that indicates the presence 

of standard Ni2+.36 A shoulder feature below 530 eV is apparent for both annealed 

NiO/Ni and pristine LixNiO/Ni, which is a characteristic Ni3+ signal from Ni-deficient 

sites. Most interestingly, the LixNiO/Ni catalyst is the only sample whose spectrum 

exhibited a pronounced absorption peak at 534 eV, which is assigned to the unique 

oxygen species active in the LixNiO/Ni catalysts. These results provide further 

evidence for the presence of unconventional oxygen species in the heterostructure.  

The oxygen species in the LixNiO/Ni heterostructures have unique binding 

environment, and exhibited strong Brønsted basic properties as revealed from the 

dramatic changes in pH of 3.0 ml nanopure water before and immediately after 

dispersing 10.0 mg powders. The change was from 6.60 to 8.67, which is much higher 

than the 6.60 to 7.01 from NiO/G. Although metallic Ni induced hydrolysis of water 

could contribute such changes, this doesn’t seem as a major factor when referencing 

to the behavior of Ni/G (prepared by annealing LixNiO/Ni in H2/Ar at 600°C). 

Specifically, the pH only changed to 7.44 with Ni/G and the formation of Ni(OH)2  

was detected in Ni/G but not in LixNiO/Ni (Figure S5). Therefore, the results clearly 

suggest presence of strong Brønsted basic oxygen (SBO) species in LixNiO/Ni 

heterostructures that lead to spontaneously dissociation of H-OH bonds in water 

molecules (Figure 3a, inset). Interestingly, these sites appeared passivated in dry 
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powders as attempt to quantify basicity using FT-IR analysis of the CCl3D probe 

molecule was unsuccessful (Figure S6). Unlike pristine NiO/G that exhibited 

expected v(C-D) vibrational bands at 2245 and 2208 cm-1, the LixNiO/Ni after 

pretreating at 80°C didn’t show any signature bands. No attempts to pretreat at higher 

temperatures were performed since the SBO species are not thermally stable. 

Nevertheless, the results also reveal that the LixNiO nanoclusters were fundamentally 

different from crystalline NiO. 

 

 

Figure 3: Activities of LixNiO/Ni heterostructures toward catalyzing HER in H2-purged acidic (0.5M 
H2SO4), neutral (1.0M KPi) and alkaline (1.0M KOH) electrolytes: a) linear sweep voltammograms 
(LSV) curves at 5 mV/s and b) Tafel plots, the behavior of Pt/C catalyst is included for comparison; c) 
evolution of current for H2 production in different electrolytes for 50 hours; d) high resolution TEM 
images after 50 hours stability test in 1.0M KPi; e) LSV curves before and after stability tests. All 



 11 

potentials are iR-corrected and calibrated to the RHE. f) Polarization curves of LixNiO/Ni and Pt/C 
toward catalyzing the hydrogen oxidation reaction in H2-purged 1.0M KOH. These voltammograms 
were acquired at 1 mV/s and 1200 rpm.  

The strong Brønsted basic oxygen species in LixNiO/Ni heterostructures 

effectively dissociate H-OH bonds, which have important implications to accelerate 

neutral and alkaline HER.37,38 To demonstrate, the HER characteristics were evaluated 

and compared with Pt/C (20 wt% Pt on XC-72r, Figure S7) firstly in H2 purged 1.0 M 

potassium phosphate buffer (KPi) and 1.0 M KOH. The catalyst powders were casted 

on a 5.0 mm rotating disk electrode (RDE) and examined at 1200 rpm. The loadings 

for LixNiO/Ni and Pt/C were optimized at 0.6 and 0.3 mg cm-2 (Figure S8), 

respectively, and Pt/C was studied using a separate setup to avoid contaminations.39 

The LixNiO/Ni catalysts exhibited superior activity and have LSV polarization curves 

and Tafel plots almost overlapping with Pt/C (Figure 3 a-b). We note that the use of 

60 wt% NiO in the NiO/G composite gave the best performing HER electrocatalysts 

as shown with the LSV curves of electrocatalysts prepared from varied NiO contents 

in Figure S9. The overpotential (η) for the onset of H2 production was ~ 5 mV for 

both conditions, and only reached at 50 and 36 mV when delivering the benchmark 10 

mA cm-2 current in 1.0M KPi and KOH, respectively. These values are slightly 

smaller than the 53 and 33 mV for Pt/C (Table S1) and are clearly among the lowest 

compared with Pt-free catalysts developed by far (Table S2-3), such as the ~ 50 mV 

of Mo-NiO/Ni and the ~ 95 mV of NiO/Ni foam in alkaline electrolytes,12,33 and the ~ 

64 mV of NiN3/Ni foam in KPi.40 The remarkable kinetics suggest promises for 

practical applications, such as the recently emerged direct seawater electrolysis and 
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biological hydrogen production.41 

 

Table 1: Summary of the electrochemical properties of the LixNiO/Ni heterostructures under different 
pH conditions.  

 

The LixNiO/Ni heterostructures exhibited the expected overpotential dependent 

Tafel slopes in all pH conditions as detailed in Figure 3b and Table 1.42 The slopes at 

small overpotential regions (< 10 mA cm-2) were 66 and 50 mV dec-1 and shifted to 

273 and 110 mV dec-1 at higher overpotential regions in KPi and KOH, respectively. 

In comparison, most of the current Pt-free electrocatalysts exhibited Tafel slopes in 

the range of 75~100 mV dec-1.23,33,40,43,44 These kinetic slopes suggest a Volmer-Tafel 

HER mechanism that proceeds via a two-electron transfer process for 2 Had 

absorption and H2 evolution,2,42,45 and confirming promoted Volmer water 

dissociation process by the SBO species (Figure 3a). In 0.5M H2SO4, the LixNiO/Ni 

heterostructures exhibited slightly higher overpotentials compared with Pt/C but with 

a lower Tafel slope (31 mV dec-1), indicating the rate limiting step is solely the 

hydride coupling Tafel step.46,47 This agrees with previous studies that documented the 

synergistic interaction of NiO and Ni significantly reduces hydrogen binding energy 

and boost the HER.12,13,33 In addition, the exchange current densities (jo) of LixNiO/Ni 

heterostructures were estimated from Tafel plots in each pH condition and listed in 

Table 1. These values again outperform most Pt-free catalysts developed thus far and 
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are similar with Pt/C (Table S1),4,48 further demonstrating the intrinsic and 

outstanding HER activities.  

To further understand the outstanding HER performance of the LixNiO/Ni 

heterostructures, its activity was normalized to electrochemically active surface area 

(ESCA, Figure S10) in each pH condition and compared with the literature (Figure 

S10, Table 1). The LixNiO/Ni heterostructures reached 0.1 mA cm-2ECSA at 

overpotentials of 31, 63 and 49 mV in acidic, neutral and alkaline electrolytes, 

respectively, and are among the most active when compared with representative 

catalysts such as the Ni3N/Ni (125 mV in neutral and 63 mV in alkaline HER),14 WP 

nanorods on carbon cloth (190 mV in neutral and 125 mV in alkaline HER),49 and 

MoP2/MoP (~160 mV in neutral HER)41 under similar conditions. The HER stability 

was evaluated by 50 hours hydrolysis in each electrolytes at applied overpotentials 

corresponding to an initial current density of 20 mA cm-2 (Figure 3c). The current 

decay was estimated as 12.4% and 7.4% and the amount of dissolved Ni2+ was 1.6% 

and 1.1% in 1.0 M KPi and KOH, respectively. In 0.5M H2SO4, however, the catalyst 

exhibited ~ 21% current decay and 4.6% dissolved Ni2+ due to acid corrosion.39 

Importantly, the LixNiO/Ni heterostructures and the cation deficient LixNiO 

nanoclusters were largely unchanged after durability test as revealed in Figure 

3dacquired from cycled catalysts (additional images in Figure S11). Further analysis 

with XPS and Raman also suggested no measurable changes in the signature peaks 

from the active sites related with strong basic oxygen species (Figure S13), 

highlighting decent stability of the heterostructure. Figure 3e compares the LSV 
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curves before and after the durability test. The η values at 10 mA cm-2 only increased 

slightly, and were ~ 3 mV in KPi and KOH, and ~ 5 mV in H2SO4, confirming high 

catalytic stability. On the other hand, the activities of the LixNiO/Ni catalyst toward 

catalyzing the hydrogen oxidation reaction (HOR) was also investigated. Figure 3f 

compares its polarization curve in H2-saturated 1.0M KOH with the benchmark Pt/C 

catalysts. The LixNiO/Ni catalysts requires an overpotential of 24 mV to reach 0.5 mA 

cm-2, which is slightly higher than the 14 mV of Pt/C and but is among the best 

compared with current PGM-free electrocatalysts tested under similar conditions.50,51  

 

Figure 4: a) LSV curves of different materials as noted as HER electrocatalysts that highlight the best 
activity of LixNiO/Ni heterostructures. The neutral electrolyte was employed in this comparison; b) 
Generation of LixNiO/Ni catalysts on Ni foam, including photographs of NiO/Ni foams infused with Li 
and after Li leach off, and SEM image of treated Ni foam; c) LSV curves of treated Ni foam at different 
pH, the activity was normalized to geometrical area of Ni foam.  

The use of chemical lithiation with Li metal is crucial to generate highly active 

sites for the HER and is more effective compared with the electrochemical lithiation 

method as described previously.22 To demonstrate this, coin cells were assembled 

using NiO/G cathode, Li metal anode and 1.0M LiPF6 electrolytes. The cell was 

cycled at 100 mA g-1 for two cycles and ended at discharged lithiation state (Figure 

S13). The cycled cathode powders (labeled as NiO/Ni-LIB) were isolated, washed 

and examined in 1.0M KPi using the same setup. The polarization curve suggests η 
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values of 76 and 301 mV at 10 and 100 mA cm-2, respectively (Figure 4a). Although 

the results outperform most current HER catalysts (such as Ni-Mo-S/NiS2 nanosheets 

and Ni3S2, Table S3),52 they still fall behind the molten Li produced heterostructures 

with ~ 100 mV more overpotential at 100 mA cm-2. On the other hand, the 

outstanding performance of LixNiO/Ni was largely lost after thermal annealing since 

the η at 100 mA cm-2 moved to ~ 400 mV, which strengthen the crucial role of SBO 

species when correlated the spectroscopic evidences detailed above. 

 We then examined the application of our approach to generate highly active HER 

sites on Ni foam, as it is being applied extensively and is more relevance to practical 

applications.39 Typically, pristine Ni foam (porosity: ~ 96%; area density: ~ 300 g m-2) 

was first calcined in air at 600°C for 1 hour to introduce sufficient NiO layers (~ 5 µm 

thickness) and then treated with molten Li using the same procedure (Figure 4b, S14). 

The treated Ni foam was still rigid and SEM images revealed that the Ni backbones 

were coated with agglomerated particles, which is believed to have similar LixNiO/Ni 

heterostructures as detailed above. When tested as HER catalysts, the treated Ni foam 

exhibited almost identical LSV curves in all pH conditions as compared with 

LixNiO/Ni electrocatalysts supported on graphene (Figure 4c). In addition, the 

LixNiO/Ni on graphene and Ni foam exhibited similar stability for 50 hours both in 

KPi and KOH (~ 10% decrease, Figure S15). In 0.5M H2SO4, however, the treated Ni 

foam suffer more decay perhaps due to corrosion of the Ni framework. Nevertheless, 

the results clearly confirm that the use of Li metal is a general approach to generate 

SBO species from NiO for highly active HER electrocatalysts.  
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Conclusion 

In conclusion, we present a general approach to fabricate unique LixNiO/Ni 

heterostructure on either graphene or Ni foam for highly efficient electrochemical 

hydrogen production and hydrogen oxidation. The heterostructure was generated from 

reaction between molten Li and NiO. In contrast with the prevailing understandings 

that such a process generate exclusively metallic Ni phase, we identified presence of 

Ni-deficient NiO nanoclusters that strongly bind to the underlying Ni phases that 

overall appeared as LixNiO/Ni heterostructures. The oxygen species in such structures 

exhibited unconventional strong Brønsted basicity and spontaneously split water 

molecules. We rationalize that such oxygen species and the synergy between LixNiO 

and Ni effectively overcome the challenging rate limiting Volmer step of H-OH 

dissociation for hydrogen generation, leading to significantly accelerated kinetics with 

activity nearly identical as Pt/C. The catalyst exhibited decent stability in neural and 

alkaline electrolytes, although further improvements are needed in acidic electrodes 

for practical applications. This study provides a new approach to produce PGM-free 

and highly efficient electrocatalysts, which may find applications in a variety of 

catalysis areas such as in biocompatible systems and direct seawater splitting.  

Supplemental Information 

Complete experimental details and supplemental Figures S1-S15 and Table S1-3, 

including additional characterization of NiO/G and LixNiO/Ni, nitrogen absorption-

desorption isotherms, high-resolution TEM , XPS and Raman analysis of catalysts 

after HER operations, characterization and electrochemical performance of the 
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benchmark Pt/C electrocatalysts, additional structural and electrochemical 

characterizations of catalysts fabricated on Ni foam, and performance comparisons of 

LixNiO/Ni heterostructure with representative PGM-free HER electrocatalysts. 
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