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Abstract: Hydrogen evolution reaction (HER) normally has sluggish kinetics in alkaline solutions due to the difficulty of forming binding 
protons. Herein we report a novel electrocatalyst by sulfur atoms doping into hybrid spinel NiFe2O4, which is conducive to generate Hads in 
alkaline conditions for the Volmer step. This novel electrocatalyst has an ultralow overpotential of 61 mV at the current density of 10 mA cm-2 
in 1 M KOH media and long-term stability under the large current density, which are much superior to the state-of-the-art Ni-Fe based 
catalysts.  In-situ Raman spectroscopy revealed that the adsorptions of the sulfur atom with high electron density, coupling with oxygen 
vacancies, is more likely to in-situ form S-Hads for boosting HER in the alkaline solution. DFT calculations further verified lowered energy 
barrier of the H2O dissociation induced by the S introduction is the key reason for the remarkable HER performance. This work will open up a 
new insight into designing non-metal atom doped electrocatalysts to accelerate water splitting and enhance the efficiency of alkaline HER 
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Introduction 

 Electrocatalyst water splitting will hopefully become one of the mainstream hydrogen production technologies in the future.[1-2]  
There are three main technical routes for hydrogen generation: the alkaline hydrolysis cell (AE), the proton exchange membrane 
water electrolysis cell (PEM) and the solid oxide water electrolysis cell (SOE). Compared with PEM, AE is an economical approach 
because of the replacement of expensive proton exchange membranes, the improved long-term stability, and massive H2 production 
system. However, the sluggish kinetics and high-power consumption of the alkaline HER are emerging as the main obstacles to 
realize the better H2 economy. [3-9] To date, Pt-based compounds are the most effective catalysts for HER in alkaline solution, but the 
high price, increasing scarcity, and poor stability of noble metal heavily hinder them from widespread applications. [10-16] Thus, an 
innovatory strategy on designing efficient, low-cost and stable non-noble metal catalysts for alkaline HER is highly desired.  

For alkaline HER, the rate-limiting step is the Volmer step (H2O+e−→Hads+OH−).The unsatisfactory production rate of Hads has an 
adverse impact on the water dissociation process. [17-19] Therefore, a comprehensive investigation on the HER mechanism in alkaline 
solution through the in-situ characterization of (E refers to the active site) the intermediate formation process for E‐Hads becomes 
more and more important. [20] Furthermore, an effective catalyst, which can form the intermediate at relatively low overpotential under 
the alkaline condition, will perform the high electrocatalytic activity and largely increase the efficiency of alkaline HER.[21-24] 
Accordingly, it is essential to design a new-type non-noble catalyst for overcoming the intrinsic weakness of traditional catalysts, such 
as sluggish catalytic kinetics and poor stability, to further promote the reaction kinetics and improve the catalytic activity.   

Herein, we contribute a new metal oxide catalyst (S-NiFe2O4) by doping sulfide into hybrid spinel NiFe2O4 to change the chemical 
environment of Fe metal sites and couple the electronegative S sites with oxygen vacancies. This kind of new structure can boost the 
formation of S- Hads•H2O intermediate and accelerate the reaction process, which leads to the excellent catalytic activity for HER in 
alkaline solution. DFT calculations indicated that the introduction of S causes the local structural distortion of tetrahedral Fe to 
octahedral sites, and the H2O adsorption energy shows a downhill trend, which lays a good initiation of HER. Thus, this is the 
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essential key for S-NiFe2O4 to enhance intrinsic catalytic activity and promote the catalytic performance of HER. In strong alkaline 
electrolytes (for example, 1.0 M KOH), the S-NiFe2O4 catalyst shows an overpotential of only 61 mV at a current density of 10 mA cm-

2, which are superior to the recently reported breakthrough HER catalysts.[25,26] According to the results, we conclude that the tailored 
control on the electronic structure of oxides will open significant opportunities for the rational design of electrocatalysts from earth-
abundant and stable materials. 

Results and Discussion 

The S-NiFe2O4 nanoparticles were synthesized by a low temperature vulcanization method, which put NiFe2O4 precursor under 
sulfur steam at 180oC for 2h and doped S atoms into NiFe2O4 precursor, the illustration of the synthesis route is shown in Figure 1a.  
According to the X-ray powder diffraction (XRD) patterns in Figure 1b, the S-NiFe2O4 nanocrystal displays the same crystal structure 
as the cubic NiFe2O4 with a space group of Fd3m (JCPDS No. 10-325, a = b = c = 8.339 Å). Obviously, there are no structural 
changes compared with NiFe2O4 precursor after S doping, indicating that the low temperature vulcanization method did not introduce 
new phases inside the NiFe2O4 precursor. Transmission electron microscopy (TEM) was employed to characterize the morphology of 
S-NiFe2O4 nanocrystal, which showed that the S-NiFe2O4 appeared as nanoparticles with an average size of 10 nm (Figure S1 and 
S2) with the same structure with NiFe2O4 precursor (Figure S3). Although XRD pattern and morphology has no changes after S 
doping, it is necessary to further prove the successful incorporation of S atoms into NiFe2O4. The atomic resolution HADDF-STEM 
image revealed that the fine structure of S-NiFe2O4 can be identified as a heterostructure constructed by basic NiFe2O4 spinel 
structure with [-112] orientation and additional FeS2 hcp structure with [011] orientation (Figure 1c), indicating that the S doping in 
NiFe2O4 has involved Fe-S in local areas, as shown in Figure 1a. FFT-filtered atomic resolution image was further used to visualize 
the domain transformation (Figure 1d). And the corresponding line intensity profiles in Figure S4 can directly display the different 
periodic atom arrangements of A and B area, which confirm the doping of S results in lattice distortion, the bonding form of metal 
cations has been changed. The EDS elemental mapping images of the selected area show the uniform distributions of doped S, Ni, 
Fe and O on the district can also prove the incorporation of S atoms (Figure S5) and the contents of S, Ni, Fe and O can be 
measured by EDS spectra (Figure S6). Apart from that, S doping also made S-NiFe2O4 accompanied surface reconstruction from 
(001) to (311), which was reflected by the HRTEM of the catalysts (Figure S7 and S8). In addition, The Fast Fourier transform (FFT) 
images in Figure 1e show the coexistence of two clearly distinct structural domains. And from Figure 1f-h, more atomic-resolution 
HAADF-STEM images and EDS atomic elemental mappings further prove NiFe2O4 is an ideal inverse spinel structure. Thus, all the 
above results verified the successful production of S-NiFe2O4 which changing the coordination environment of part of Fe cations. 

 
Figure 1. a) Schematic illustration of the synthesis of S-NiFe2O4 b) XRD patterns of NiFe2O4 and S-NiFe2O4, c) c) HAADF-STEM image of S-NiFe2O4. The insets 
show the corresponding crystal structure of S-NiFe2O4 unit cells taken along the [−112] orientation and the corresponding FFT patterns for the HAADF-STEM 
image of S-NiFe2O4; d) FFT-filtered atomic resolution image using two sets of diffraction spots e) the corresponding FFT patterns for the HAADF-STEM image of 



 

 
 
 
 

A and B domains; Perspective view of unit cells along [−112] orientations; f) Atomic-resolution HADDF-STEM image viewed from the [−112] orientation. g,h) EDX 
atomic-scale mappings of Ni, Fe, O, S elements.  

The chemical and electronic states of S-NiFe2O4 nanocrystal were further confirmed by a series of structural characterizations. 
Electron Spin Resonance (ESR) spectra was usually used to illustrate the variation of Vo. [24,27-28]  As shown in Figure 2a, the ESR 
signal of S-NiFe2O4 is slightly weaker than NiFe2O4, which results from S atoms doping into NiFe2O4 and coupling with oxygen 
vacancies. And from Figure 2b, the X-ray photoelectron spectroscopy (XPS) of O1s can be divided into three peaks,[29-31] lattice 
oxygen (O-M) at 529.8 eV, coordinatively unsaturated oxygen or oxygen in hydroxyl group (OOH) at 531.4 eV, and oxygen in 
adsorbed water (OH2O) at 532.5 eV. Compared with the NiFe2O4 precursor, the banding energy of O 1s XPS spectra of S-NiFe2O4 
display a positive shift about 0.3 eV, which indicates a higher surface coupling after S doping into NiFe2O4. Additionally, The X−ray 
absorption near−edge structure (XANES) spectra of O K−edge (Figure S9) further proved that the O 1s core level to the unoccupied 
O 2p states hybridized with M 3d orbitals, suggesting that S-NiFe2O4 has stronger metal-oxygen covalency. Meanwhile, the UPS 
spectra in Figure 2c illustrated S atoms doping, S-NiFe2O4 has slightly shifted with NiFe2O4. Hence, the successful incorporation of S 
atoms to the NiFe2O4 structure has changed the chemical environment of metal sites in the NiFe2O4. 

Figure 2. Structural characterization a) ESR spectra of NiFe2O4 and S-NiFe2O4, b) O 1s spectra of NiFe2O4 and S-NiFe2O4, c) UPS spectra of NiFe2O4 and S-
NiFe2O4, d) EXAFS spectra of NiFe2O4 and S-NiFe2O4 at Fe K-edge. e,f) EXAFS k3 (R) spectra data (lines) and fitting curves (grey dots) of S-NiFe2O4 in k (e) and 
R (f) spaces at Fe K-edge and curves about four kinds of binding patterns of Fe (blue dots). g) the illustration of surface reconstruction, h) the corresponding 
wavelet transforms for the k3−weighted Fe K−edge EXAFS signals of S-NiFe2O4 and NiFe2O4. 

As awell-known material, NiFe2O4 is an ideal inverse spinel structure, in which Ni2+ normally occupied the octahedral sites and Fe3+ 
occupied the octahedral and tetrahedron sites, respectively. Though the extended X-ray absorption fine structure spectroscopy 
(EXAFS) spectra (Figure 2d), in cubic spinel structure has two kinds of atomic distances which contain with MTd-MTd/MOct and MOct-
MOct. The atomic distance of MTd-MTd/MOct are ~3.0 Å, represent between the two nearest tetrahedral cations and between the 
tetrahedral cation to the nearest octahedral cation respectively, and the atomic distance of MOct-MOct are ~2.5 Å was between the two 
octahedral cations. [33] As shown in the insert picture of Figure 2d, though a simple model, represents two bonding modes about 
octahedral and tetrahedron sites. The fact that Fe                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
atoms exist at both octahedral sites and tetrahedral sites and formed Fe-S in the S-NiFe2O4 structure. S 2p XPS spectra of S-NiFe2O4 
also proved formed Fe-S structure (Figure S10). The fitting results of the Fe K-edge EXAFS spectrum (Figure S11, Table S2) showed 



 

 
 
 
 

that the coordination number of Fe has enhanced in the S-NiFe2O4, indicating some Fe cations corporation with S atom. From Figure 
2e and f, the coordination configuration in S-NiFe2O4 nanocrystal was further investigated by quantitative least-squares EXAFS 
curve-fitting analysis and S atoms has been filled with trace form, the S-NiFe2O4 compared with NiS2/FeS2 which has been 
completely vulcanization performs weakly signal in S K-edge XANES spectra, and S-NiFe2O4 exhibits a distinct negative shift about 
0.9 eV compared with NiS2/FeS2, originating from smaller transition energy (S 1s→S 3p), which generate a high electroactivity 
surface in the crystal structure (Figure 2g), simultaneously, this surface S sites normally have high sensitivity for adsorbing H2O. The 
S-NiFe2O4 structure was further demonstrated by the wavelet transform (WT) of Fe K-edge EXAFS as shown in Figure 2h. In line with 
the FTs, the WT analysis of S-NiFe2O4 and NiFe2O4 spinel structure have similar coordination intensities at ~6.3 Å−1, indicating  the 
same spinel structure. Apart from that, the successful incorporation of S atoms into the NiFe2O4 structure has changed chemical 
environment of different elements in the NiFe2O4. Combined with the X-ray photoelectron spectroscopy (XPS) of Fe 2p (Figure S14), 
S-NiFe2O4 moved towards to higher field of 0.32 eV than NiFe2O4, indicating S atoms doped into NiFe2O4 has enhanced the 
coordination ability of Fe. Additionally, the calculated results show the relative intensity of Fe3+/Fe2+ for S-NiFe2O4 (1.69:1), which is 
lower than that of NiFe2O4 (1.82:1) (Table S2), suggesting the formation of FeS2 structure and these Fe cations from tetrahedron 
occupied transform into octahedral occupied. 

Figure 3. a) IR-corrected LSV curves of NiFe2O4, NiS2/FeS2 and S-NiFe2O4 for HER in 1.0 M KOH, b) Chronoamperometric response of the S-NiFe2O4 at different 
current densities for HER, c) Comparison of merit with respect to both kinetics (Tafel slope) and activity, d) (αhν)2 versus hν curve of NiFe2O4 (black curve) and S-
NiFe2O4 (red curve). The intersection value is the bandgap, e) UPS spectra of S-NiFe2O4 (black curve). The dashed red lines mark the baseline and the tangents 
of the curve. The intersections of the tangents with the baseline give the edges of the UPS spectra from which the UPS width is determined, f) Band structure 
diagram for S-NiFe2O4, g) Schemes of in-situ Raman spectrometry, h) and i) In situ Raman signals of S-NiFe2O4 during HER. 

The HER catalytic activity of those materials was applied as the working electrode and evaluated by linear scan voltammogram 
(LSV) in N2-saturated 1.0 M KOH electrolyte (pH = 14). As seen, S-NiFe2O4 nanocrystal shows excellent HER performance (Figure 
3a) with the overpotential of only 61 mV at the current density at 10 mA cm−2, which is much better than those contrast materials 
includingNiFe2O4 (234 mV) and NiS2/FeS2 (190 mV). Additionally, the Tafel plots (log j~) also play a significant role in 
electrocatalytic, which   can be further measured to confirm the HER rate of those catalysts, S-NiFe2O4 has the smallest Tafel role (80 
mV dec-1) than other contrast materials, indicating the faster HER kinetics on S-NiFe2O4 (Figure S13). Besides, stability is one of the 
important criteria to measure the performance of the catalyst. From Figure 3b, S-NiFe2O4 nanocrystal performs perfect stability at 
different large current densities (200, 500 and 1000mA cm-2) for 60 h in alkaline media with a negligible overpotential change. 
Electrochemical impedance spectroscopy (EIS) analysis (Figure S14) shows electronic conductivity of S-NiFe2O4 is enhanced with 



 

 
 
 
 

low solution resistance (Rs) of 1.42 Ohm and charge-transfer resistance (Rct) of 2.27 Ohm (Table S3). Among some representative 
HER catalysts reported, the S-NiFe2O4 with present state-of-the-art alkaline HER catalysts (Fig. 3c and Table S4). [34-36]  

This catalyst performs excellent catalytic activity because of an appropriate band alignment andwe used ultraviolet photo-electron 
spectroscopy (UPS) and ultraviolet-visible (UV-vis) absorption to determine the Eg and Ev of these catalysts. As shown in Figure 3d, 
calculated from UV-vis, the bandgap values are 2.49 eV and 2.56 eV for S-NiFe2O4 and NiFe2O4, respectively. The slight differences 
between S-NiFe2O4 and NiFe2O4 is mainly due to only small amount of S atom have been introduced And from Figure 3e, the 
ionization potential [equivalent to the valence band energy (Ev)] was calculated to be 6.80 eV by subtracting the width of the He I 
UPS spectra from the excitation energy (21.22 eV) and the conduction band energy Ec is thus estimated at 4.31 eV from Ev– Eg.[37] 
From Figure 3f, these bands are properly positioned to accelerate theelectron transfer, making S-NiFe2O4 a promising catalyst for 
HER.  

Figure 4. (a) The bonding and anti-bonding orbitals near EF of (a) NiFe2O4 and (b) S-NiFe2O4. (c) The PDOS of S-NiFe2O4. (d) The site-dependent PDOSs of 
octahedral Fe sites. (e) The site-dependent PDOSs of tetrahedral Fe sites. (f) The site-dependent PDOSs of octahedral Ni sites. (g) The site-dependent PDOSs 
of S and O sites. (h) The bond length distribution of NiFe2O4 and S-NiFe2O4. Insets are the display of the structural change from tetrahedral Fe sites in NiFe2O4 to 
distorted tetrahedral Fe sites in S-NiFe2O4. (i) The energetic reaction trend of S-NiFe2O4 electrocatalyst for HER in the alkaline environment.

Apart from that, to further explore the mechanism of HER, in-situ Raman spectroscopy as shown in Figure 3g was used to study 
the reaction intermediates. from Figure 3h and Figure 3i, with the potential gradually going down, a peak at ~ 2530 cm-1 was 



 

 
 
 
 

observed when the potential reaches -0.1V and -0.15 V (vs RHE). This band is ascribed to the stretching vibration of S-Hads and 
formed this S-Hads intermediate on the S-NiFe2O4 during the HER can promote the catalytic reaction. Therefore, the surface S atoms 
with high electron density are more conducive to absorbing Hads intermediate which are confirmed to be the active sites for HER. 

The improver HER performance of S-NiFe2O4 has also been investigated by DFT calculations. Based on the experimental 
characterizations, all the Ni has been located in the octahedral sites while Fe atoms occupy half octahedral and half tetrahedral sites, 
respectively. Meanwhile, the introduced S sites are mainly located near Fe sites with the formation of Fe-S bonds, which causes the 
local distortion near Fe sites without inducing the evident change on the morphologies of the crystal structures, which is consistent 
with the experiments. Meanwhile, from the bonding and anti-bonding orbital distribution near the Fermi level (EF), the pristine NiFe2O4 
displays the electron-rich structures near the surface O sites and the octahedron Fe sites. The local distortion of the lattice also 
results in the perturbation of the electronic distribution, in which the electroactivity of the surface metal sites has been activated 
(Figure 4a-4b). The projected partial density of states (PDOSs) indicates the electronic structures of different elements in S-NiFe2O4. 
We notice the slight barrier between the t2g and eg of Fe-3d orbitals, supporting a high electroactivity. The close position of Ni sites 
near EF also facilitates the stable H adsorption during the alkaline HER process. Both s,p orbitals of O and S cover a broad range 
from EV-8.0 eV towards EV+4.0 eV (EV = 0 eV), which play as the electron suppliers for the Fe-sites to activate the H2O molecules 
(Figure 4c). Since the S introduction leads to the local distortion of the lattice, the site-dependent PDOSs are important to unravel the 
chemical environment of different elements for HER. For the octahedral Fe sites, the 3d bands only show very limited change from 
the bulk towards the surface, which demonstrates a stable electroactivity for the HER process (Figure 4d). In contrast, the Fe in 
tetrahedral sites exhibits a sensitivity to the coordination environment. Meanwhile, as the increases of Fe coordination number to 6 as 
the octahedron environment, the Fe-3d bands also display a similar PDOSs to the octahedral Fe sites, supporting the improvement of 
the electronic structures induced by the local crystal structure, which are consistent with the experiments (Figure 4e). The Ni sites 
have preserved the high electroactivity in the crystal structures, which has been affected by the introduction of S atoms. The stable 
electroactivity of Ni sites guarantees the efficient H adsorption during HER (Figure 4f). In addition, the electronic structures of O and 
S are compared. From the bulk structure to the surface, both O and S show the gradual upshifting of the s,p orbitals, in which the S-
s,p orbitals support a closer position to the EF to achieve a smaller electron transfer barrier from S-sites to Fe-sites. Such an 
electronic environment guarantees efficient HER (Figure 4g).  

Figure 5. (a, d, g) Atomic-resolution HADDF-STEM image for S-NiFe2O4 at OCV, -1V and -1.2V, respectively. (b, e, h) Fe–L edge EELS profiles for S-NiFe2O4 at 
OCV, -1V and -1.2V, respectively.  (c, f, i) Fe 2p XPS spectra for S-NiFe2O4 at OCV, -1V and -1.2V, respectively.  



 

 
 
 
 

To further look into the structural change induced by the S introduction, we also monitor the bond length distribution in both 
NiFe2O4 and S-NiFe2O4. For the pristine NiFe2O4, the bond length is dominantly distributed near 1.95 Å, which are attributed by both 
the octahedral and tetrahedral sites with well-ordered structures. However, the introduction of S enlarges the main bond length 
distribution to 1.97 Å, supporting the local distortion. Meanwhile, we also notice the enhanced concentration of larger bond length, 
which is ascribed to the change from tetrahedron to the octahedron. In the S-NiFe2O4, we have noticed the tetrahedral sites of Fe has 
changed into the distorted octahedral sites, where the coordination number also increases from 4 to 6. These results have further 
verified the structure change induced by S introduction in experiments (Figure 4h). In the end, the reaction energy trend of HER in the 
alkaline has been illustrated. The initial H2O adsorption shows the spontaneous reaction  with -0.14 eV energy downhill trend, which 
lays a good initiation of HER. Then the rate determining step of H2O dissociation demonstrates a smaller barrier height of 0.12 eV. 
The subsequent formation of H2 is strongly exothermic with 0.30 eV energy release. The total process of HER in the alkaline 
demonstrates overall energy of -0.32 eV, supporting the energetically preferred process without overbinding of formed H2 to lower the 
HER efficiency (Figure 4i).  

After the HER catalytic test, we observed the chemical environment of S-NiFe2O4 nanocrystal. According to the Atomic-resolution 
HADDF-STEM images, this catalyst still maintains the original crystal structure under different test potentials, OCV, -1V and -1.2V, 
respectively. And the corresponding elemental mappings have shown that the homogeneous distribution of Ni, Fe, O and S 
throughout the nanocrystal (Figure 5a,5d and 5g). Furthermore, the EELS spectrum indicated that the valence state of Fe decreased 
(Figure 5b,5e and 5h) after HER, which may attribute to the reduction of surface metal during HER process. The same results can be 
obtained according to quasi-operando X-ray photoelectron spectroscopy (XPS). From Figure 5c, 5f and 5i, when the applied 
potentials increased, the ratio of Fe3+/Fe2+ showed a downward trend, the relative content of Fe2+ was increased during HER process, 
and Ni has a similar result (Figure S15-17 and Table S5-6). While the SEM-EDS tests also indicated the surface S content gradually 
increases with the progress of the electrocatalytic test (Figure S18). Thus, the results clearly inferred the reduction process that 
occurs on the surface of the material in the HER process.  

Conclusion 

In this work, we have successfully developed the S-doped NiFe2O4 nanocrystal (S-NiFe2O4) by a facile method. The couplings 
between S doping and oxygen vacancies promote the formation of Hads and performs superior HER activity in the alkaline solution. 
This catalyst has shown an ultra-low overpotentials and good stability for over 60h at various large current densities. DFT calculations 
not only reveals the local coordination evolution of Fe sites induced by the S introduction but also confirms the corresponding 
electronic structure with improved electron transfer capability. The unique structure of S coupling with Vo and optimal electronic 
environment are the key reason for the low energy barrier of rate determining step, leading to the high efficiency of HER in the 
alkaline media. Therefore, this works supplies a promising way to optimize the intrinsic activity of metal oxides by the non-metal 
doping strategy, which offers a novel path to enable industrial-scale H2 production in the future. 
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