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Abstract: Development of efficient and durable oxygen evolution reaction (OER) catalysts 

has a direct impact on water splitting efficiency and cost effectiveness. In this work, we 

report the successful synthesis of a new Ni(OH)2 structure, strain-stabilized Ni(OH)2 

nanoribbons (NR-Ni(OH)2) two to three layers thick, with widths of 2-5 nm, via an electro-

oxidation route. Conventional Ni(OH)2 usually has negligible OER activity, while NR-

Ni(OH)2 shows a high activity for the oxygen evolution reaction, an overpotential of 162 

millivolts and furthermore exhibits long-term stability in alkaline electrolyte. The substantial 

reduction in overpotential of NR-Ni(OH)2 is due to its easier OOH* adsorption by the active 

four-coordinated Ni edge sites. The enhanced catalytic activity of NR-Ni(OH)2 makes it an 

excellent candidate for industrial applications. 

 

Electrochemical water splitting to generate hydrogen is an indispensable technology for 

energy conversion and storage which can mitigate intermittency issues associated with wind 

and sunlight (1, 2). However, in order to realize its practical potential, it is highly necessary 

to address the sluggish four electron-proton coupled oxygen-evolution reaction (3). Thus, 

demand for efficient and durable OER catalysts is surging as a strategy to enhance the water 

splitting efficiency which inevitably leading to better cost effectiveness (4). This demand 

eventually leads to substantial research effort in the development of various non-noble OER 

catalysts, including earth-abundant first-row (3d) transition-metal oxides (5), sulfides (6), 

selenides (7), phosphides (8), layered double hydroxides (9), metal-organic frameworks 

(MOFs) (10) and the newly developed perovskites (11, 12).  

 

Among these materials, Ni(OH)2 is considered to be one of the most widely investigated 

OER catalytic materials due to the promising OER performance and cost-effectiveness. To 

further enhance the OER performance of Ni(OH)2, some of the strategies including  

morphology and size control to increase the number of accessible active sites (13), and  

cation doping to enhance the OER activity of Ni sites (14-16) have yielded reasonable OER 

catalytic performances. Despite these significant efforts in morphology/size control and 

cation doping, the OER activity of Ni(OH)2 remains to be less-than-satisfactory for an 

efficient OER catalyst. Thus, in order to achieve substantial improvement in OER activity of 

Ni(OH)2, it is therefore necessary to consider the factors that could influence the material’s 

intrinsic OER performance. To gain an insight on the performance of traditional Ni(OH)2, 

DFT simulation on Gibbs free energy of OOH* adsorption (which is considered the rate 
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determining step) for traditional Ni(OH)2 based on full coordinated Ni atoms with 6 OH- was 

performed, and it was calculated to be 0.62 V (Overpotential). Motivated by this finding, it is 

hypothesized that intrinsic OER properties of Ni(OH)2 could be controlled via the reduction 

of this Gibbs free energy of OOH* adsorption through manipulating the Ni coordination 

number. Interestingly, by reducing Ni coordination to 4, such overpotential was drastically 

reduced to 0.36 V. This simulation result indicates higher OER activity can be achieved via a 

non-stochiometric partial Ni 4-coordinated in Ni(OH)2 due to this lowering of Gibbs free 

energy of OOH* adsorption. 

 

Despite the possibility of enhancing the intrinsic OER properties of Ni(OH)2 via the presence 

of 4-coordinated Ni, there remains a tremendous challenge in stabilizing a non-stochiometric 

Ni(OH)2 with 4 coordinated Ni with no such report is available to date (17). Such scarcity in 

stabilized partial Ni 4-coordinated Ni(OH)2 significantly amplifies the urgency of such 

material as efficient OER catalyst. Thus, in this work, we report the first stabilized non-

stochiometric Ni(OH)2 nanoribbons with alternating 4- and 6- coordinated Ni edge atoms 

(NR-Ni(OH)2), as an efficient OER catalyst. Such unique structure was realized through the 

introduction of tensile strain along the length direction of NR-Ni(OH)2 (18, 19). With the 

presence of the 4-coordinated Ni, a new OER mechanism was identified and coupled with the 

lowering of Gibbs free energy of OOH* adsorption. As a result, an unprecedented OER 

performance with an overpotential of 162 mV at 10 mA/cm2 was recorded. Theoretical 

calculations were employed which indicate the excellent OER activity was due to the 

presence of four-coordinated Ni sites, which could greatly decrease the energy for OOH* 

adsorption (overpotential decrease from 0.62 to 0.36V). We believe we have presented a 

shifting paradigm in this pioneering work and such work will become a crucial strategy for 

future development of Ni(OH)2 as OER catalyst. 

 

The sample was synthesized through electro-oxidation of NiS2 (more details are given in the 

Supplementary Materials). X-ray diffraction (XRD), transmission electron microscopy 

(TEM) and X-ray photoelectron spectroscopy (XPS) analyses of NiS2 are shown in Figs. S4-

5. The electro-oxidation process of NiS2 was monitored using operando XAFS under 

chronopotentiometry (CP) at a fixed current of 10 mA cm-2, revealing the phase transition 

from NiS2 to Ni(OH)2 and then to NiOOH (Figs. S6-12). The Ni(OH)2 sample was finally 

obtained through the ethanol reduction of NiOOH, on the basis of the following reaction 
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equation: Ni3+ + CH3CH2OH = Ni2+ CH3CHO (20) (Fig. S7). The SEM images of Ni, NiS2 

and Ni(OH)2 were shown in Fig. S13. It was observed that the particle size was increased 

slightly when Ni became NiS2 upon sulfurization. The particle morphology was greatly 

changed when NiS2 was transformed into Ni(OH)2 upon electro-oxidation. 

 

The sample was first examined using electron microscopy techniques in order to understand 

its nanostructure. Since Ni(OH)2 is highly electron beam sensitive, different approaches to 

reduce the electron beam dose were taken. Figures 1(a, b) are low-magnification scanning 

transmission electron microscopy (STEM)-HAADF (high-angle annular dark field) and ABF 

(annular bright field) images showing a high density of needle-like nanostructures embedded 

in a carbon matrix. To reveal the detailed structure of these needle-like nanostructures, 

simultaneously acquired STEM-HAADF and ABF images with atomic resolution were made 

with a smaller probe size (lower current density) to avoid beam damage [Fig. 1(c)]. A high 

density of double [insets in Fig. 1(d)] and triple [Fig. 1(f1, f2)] layers with lengths of 10 to 20 

nm are clearly observed. The interlayer spacing of the layers is ~0.47 nm, well matching the 

(001) plane spacing of β-Ni(OH)2. In some places, several double layers align together with a 

separation of 0.67 nm, which reflects a weak bond between them, as shown in Fig. 1(d, e), 

while there is no such alignment for triple layers, as shown in Fig. S14 (c1, c2). A plane view 

of the layered structures can also be seen, with a lattice spacing of 0.23 nm, which 

corresponds to the (111) plane of NiO, as shown in Fig. 1(g). The presence of NiO is due to 

the de-oxyhydrogenation of Ni(OH)2 (Detailed analysis is given in Fig. S15). Similar 

nanoribbon structures were also observed using low-dose TEM with a direct-detection 

camera (Fig. S16), and with the sample cooled to liquid nitrogen temperature (Fig. S17). 

 

The composition of the nanostructures was analyzed using energy dispersive x-ray 

spectroscopy (EDS) and electron energy loss spectroscopy (EELS) on the aberration-

corrected STEM, both showing that the sample only contains Ni and O (Figs. S18-19).  The 

width of the layers could be semi-quantitively identified through combining sample thickness 

measurement by the EELS log-ratio method and EELS composition analysis, as shown in 

Fig. S20-21, suggesting that the layer width is 2-5 nm. To further identify these structural 

features, STEM image simulation was performed, using a supercell with one double-layer 

NR-Ni(OH)2 (length: ~5.5 nm; width: ~4.1 nm) embedded within a carbon matrix (thickness: 

50 and 60 nm), as shown in Fig. 1(h). Since the layers are unlikely to be aligned exactly 

along the [010] direction (Fig. 1(i)), a simulated STEM HAADF image for 5o tilted layers 
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was simulated, as shown in Fig. 1(j), which is comparable to the experimental observation. 

More details of the simulated STEM images are shown in Fig. S22.  

 

Following the local structure identification, the sample was analyzed using synchrotron 

radiation-XRD, as presented in Fig. 1(k).  Three diffraction peaks are observed in the range 

from 30o to 70o (2θ), including one asymmetric peak centered around 34o, a wide shoulder 

from 35 to 42o, and a relatively intense peak at 59.8o. By comparing against the standard β-

Ni(OH)2 (PDF #14-0117), the asymmetric peak is ascribed to the (100) plane, which can be 

further resolved into two sub peaks at 33.6o and 34.9o, respectively (inset of Fig. 1k, Fig. 

S23e). The splitting of the (100) peak suggests that the three equivalent (100) lattice spacings 

are no longer the same (Fig. S24), which could be caused by distortion within the (001) plane 

of the sample. The shoulder can be further resolved into a broad peak centered at 39o, which 

is ascribed to the (101) plane, suggesting that the sample is not single-layered (Fig. S25). The 

peak at 59.8o matches the (110) plane well. However, the diffraction peak from the (001) 

planar stacking of β-Ni(OH)2 is missing, suggesting that the sample has very few stacked 

layers, which is consistent with the STEM observation. 

 

From the quantitative composition analysis and image simulation, coupled with the 

observation of the layered structure and nanoribbons using the low dose STEM, TEM and 

synchrotron radiation (SR)-XRD, it can be concluded that the Ni(OH)2 has a two-dimensional 

nanoribbon structure, 10-20 nm in length, 2-5 nm in width and two or three layers in 

thickness, denoted as NR-Ni(OH)2, as illustrated in Fig. 1(l).  The structure of NR-Ni(OH)2 

was further studied using density functional theory (DFT) simulation. The most stable (001) 

plane structure of the nanoribbon is obtained by cutting along the direction with alternating O 

and Ni atoms (armchair edge) with the symmetric edge terminated by OH, as shown in Fig. 1 

(m).  (detailed DFT calculations can be found in the Supplementary Materials). It is revealed 

in the simulated structure that the edge consists of alternating four- and six-coordinated Ni 

atoms in a periodic manner. The four-coordinated Ni atom possesses 2 three-coordinated OH 

and 2 two-coordinated OH, leaving two dangling bonds available, while the six-coordinated 

Ni atom has 4 three-coordinated OH and 2 two-coordinated OH. 

 

The Ni(OH)2 sample was further examined using Ni K-edge X-ray absorption fine structure 

(XAFS), being benchmarked against conventional β-Ni(OH)2. Fig. S23 a, c and d show X-ray 

absorption near edge structure (XANES) analysis and FT data of the EXAFS. The XANES 
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and FT data are quite close to those of β-Ni(OH)2, implying they have very similar local 

chemical environment. However, some mismatch exists between the sample and β-Ni(OH)2: 

The absorption edge of the sample is red shifted by ~0.50 eV (Inset of Fig. S23a) and its Ni-

O bond length is around 0.03 Å shorter (Fig. S23 c and d) as compared to β-Ni(OH)2 (More 

detailed structure information are shown in Table S1). The red shift in the adsorption edge 

indicates, the Ni in NR-Ni(OH)2 has a lower average valence than that in β-Ni(OH)2, which is 

lower than two. This is in accord well with DFT simulation model, that the armchair edges in 

NR-Ni(OH)2 are fully consisted of periodically unsaturated Ni, which would result in the 

decrease of average Ni valence (Fig. 1m). The lattice contraction within NR-Ni(OH)2 was 

further studied, by comparing with the β-Ni(OH)2 and NR-Ni(OH)2 relaxed model. It shows 

that the obvious lattice contraction exists in the width direction especially at the edge, while 

only little contraction could be seen along the length direction. 

 

It is noted that in the relaxed NR-Ni(OH)2 model, the (100) plane spacing d1 slightly 

increases along the nanoribbon length direction, which is no longer identical to the other two 

equivalent plane spacings d2 and d3 (Fig. S23f). This explains the splitting of the (100) 

diffraction peak observed in our SR-XRD studies (Fig. 1k). This indicated that there was an 

oriented lattice distortion within the (001) plane of the sample. Combining XAFS, DFT 

calculations and SR-XRD, we could conclude that there is a tensile strain along the length 

direction in NR-Ni(OH)2, which stabilize the four-coordinated Ni in NR-Ni(OH)2. 
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Fig. 1. Structural identification of NR-Ni(OH)2. (a) Low-magnification STEM HAADF and (b) ABF image 

showing a high density of needlelike nanostructures embedded in the carbon matrix. (c) Atomically-resolved 

STEM HAADF image with low electron dose showing double and triple layers, some are marked with yellow 

dashed rectangular boxes, with enlarged HAADF and ABF images focusing on one double layer inset. (d) 

Enlarged STEM HAADF image showing a batch of double layers, aligning together. (e) Intensity profile along 

the line marked in (d). (f1, f2) Enlarged HAADF and ABF images focusing on one triple layer. (g) Enlarged 

STEM HAADF image showing the plan-view structure, with its FFT image inset. (h) Simulated structure model 

of one double-layer NR-Ni(OH)2 (length: ~5.5 nm; width: ~4.1 nm) embedded in a carbon matrix (thickness: 50 
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nm). (i) View of layers from the top, exactly along [010] (layer plane). (j) Simulated STEM HAADF image, 5o 

tilted away from the zone axis. (k) Synchrotron X-ray diffraction (SR-XRD) (Inset: SR-XRD fitting results in 

the angle range of 30-44o). (l) (m) Simulated NR-Ni(OH)2 structure.  

 

 

The OER activity of NR-Ni(OH)2 is evaluated in alkaline media (1 M KOH), using a three-

electrode system. Conventional β-Ni(OH)2 and pristine carbon cloth are used as controls. The 

morphology of β-Ni(OH)2 on  carbon cloth was provided in Fig. S26a. All reference 

electrodes were calibrated vs reversible hydrogen electrode (RHE) (Fig.S27). Polarization 

curves are measured from linear sweep voltammetry (LSV) (Fig. 2a), with 90% iR correction 

(Fig. S28). The pristine carbon paper shows almost zero activity. The NR-Ni(OH)2 sample 

exhibits a much higher current density than β-Ni(OH)2. Impressively, it only requires an 

overpotential of 162 mV to reach 10 mA cm-2, which is nearly 150 mV lower than that of β-

Ni(OH)2. The corresponding Tafel slope of the NR-Ni(OH)2 is 72 mV dec-1, lower than that 

of β-Ni(OH)2 (90 mV dec-1), as shown in Fig. S29. 
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Fig. 2. Catalytic activity of NR-Ni(OH)2 in 1M KOH solution. (a) OER polarization curves, with 0.1 mV s-1 

scan rate and 90% iR correction (b) Magnified OER polarization curve for NR-Ni(OH)2 catalyst; (c) 

chronopotentiometric curve at a constant current density of 10 mA cm-2; (d) OER polarization curves of NR-

Ni(OH)2 on glassy carbon, with 0.1 mV s-1 scan rate and 90% iR correction; (e) Overpotential of NR-Ni(OH)2 

benchmarking against the reported catalysts (Inset: Chronological trend in overpotential of OER catalyst) 

(detailed reference seen in supporting information). 
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It is noted that the overpotential (162 mV) at 10 mA cm-2 is near to the nickel redox peak 

(120 mV), in Fig. 2b. Although a very slow scan rate (0.1 mV/s) was applied during LSV, it 

was very difficult to completely exclude the effect of nickel redox. In this work, the electro-

oxidation process of NiS2 was monitored using operando XAFS under chronopotentiometry 

(CP) at a fixed current of 10 mA cm-2 (detailed discussion could be seen in Fig. S6-12). 

Combining with the results of CP measurement and operando XAFS, it could be confirmed 

that the oxidation reaction from Ni(OH)2 to NiOOH had been completed  below the 

overpotential of 162 mV, suggesting that the current (10 mA cm-2) at the overpotential of 162 

mV is purely contributed from oxygen evolution. At the same time, we also conducted CV 

measurement with the scan rate of 0.1 mV/s (Fig. S30b). It could be seen that the 

overpotential at 10 mA cm-2 was 172 mV in both the positive and negative scans. By 

considering the (1.1 ohm) ohmic compensation, the overpotential value is around 161 mV, 

which is nearly the same as that of the LSV measurement. To the best of our knowledge, the 

overpotential of 162 mV at 10 mA cm-2 represents one of the best OER performance so far 

achieved, seen Fig. 2e (the points are detailed listed in Tables S2-4). To ensure the reliability 

of OER activity, five more NR-Ni(OH)2 samples were prepared and tested (detailed 

information can be seen in Fig. S30c), with overpotentials ranging from 158 to 165 mV at 10 

mA cm-2, and an average of 162 mV. Furthermore, it shows excellent long-term stability, 

with an overpotential below 200 mV at 10 mA cm-2 after 10 days of operation (Fig. 2c).  

 

The OER catalytic property are greatly influenced by the exposed surface areas of the 

catalyst, which are determined by catalyst loading mass, particle size/morphology of the 

catalyst, and the real substrate surface area (in particular for the porous substrate) (13). To 

exclude the surface area contribution from the porous carbon cloth, we also did the OER 

performance test on the flat electrode (glassy carbon, 0.3 mg cm-2), as shown in Fig. 2d. The 

achieved overpotential at 10 mA/cm2 was 210 mV, which is still one of the best as compared 

to other works using the same glassy carbon electrode, as listed in Tables S2 to 4.  

 

In order to study the intrinsic active site activities of NR-Ni(OH)2, the electrochemical active 

surface area (ECSA), normalized current density, and turnover frequencies (TOF) etc are 

provided were provided in Fig. 3. ECSA (cm2) was calculated from the following equation: 

CDL/Cs (CDL (double layer capacitance) was the value calculated in Fig. 3c, and Cs value was 

0.04). The current density normalized to their ECSA was presented in Fig. 3d, demonstrating 

that the intrinsic active site activity of NR-Ni(OH)2 was much higher than that of the 
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conventional β-Ni(OH)2. The corresponding Tafel slopes, of which the current densities are 

normalized to their ECSAs, were presented in Fig. 3e, respectively. It is obvious that the 

Tafel slopes of NR-Ni(OH)2 were lower than those of β-Ni(OH)2. TOF was calculated 

through the following equation: TOF= 𝐼𝐼
4∗𝐹𝐹∗𝑛𝑛

 (I: current in amperes; F: Faraday constant; n: 

number of moles of the active catalyst). Note, in this work all the catalysts were assumed to 

be active. The loading mass of NR-Ni(OH)2 was 1.868 mg cm-2, and β-Ni(OH)2 was 0.701 

mg cm-2, which were worked out from ICP results. On the basis of the TOF results, it is 

obvious that the intrinsic active site activity of NR-Ni(OH)2 was much better than that of the 

conventional β-Ni(OH)2 (Fig. 3f). 

 



12 
 

Fig. 3. The intrinsic catalytic of NR-Ni(OH)2 in 1M KOH solution. (a)-(c) The electrochemical active area 

(ECSA) of NR-Ni(OH)2 and β-Ni(OH)2; (d) current density normalized to ECSA; (e) Tafel slop of NR-Ni(OH)2 

and β-Ni(OH)2 when normalized to ECSA; (f) The turnover frequencies (TOF) of NR-Ni(OH)2 and β-Ni(OH)2. 

 

It has been well known that β-Ni(OH)2 would incidentally take up Fe ion from ubiquitous 

sources in aqueous KOH under anodic potential (21, 22) and Fe ion will enhance the OER 

activity performance of Ni(OH)2 (22). To understand whether there is any Fe contamination 

in NR-Ni(OH)2, the sample was analyzed using both EDS and STEM-EELS, showing that 

the sample only contains Ni and O (Figs. S18-19). The sample after OER measurement was 

further analyzed using STEM-EDS and inductively coupled plasma (ICP) chemical analysis.  

The EDS maps presented a uniform distribution of Ni and O over a wide view with no Fe 

detected, within the detection limit of 0.1 wt% (Fig. S31). The ICP result shows that Fe 

content in the sample was as low as 0.003%, of which the effect on OER activity could be 

ignored (Fig. S32).  

 

Density functional theory (DFT) calculations were then carried out to understand the 

mechanism for the excellent catalytic properties of NR-Ni(OH)2. In operando XAFS 

measurement, it is suggested that NR-Ni(OH)2 is oxidized into NR-NiOOH first and thus 

NR-NiOOH would be the real active OER catalyst, which is also confirmed from the Ni L2,3 

edge X-ray absorption spectroscopy in Fig. S12. The XANES spectra indicated the Ni 

valence of NR-NiOOH was less than 3 (Fig. S7b) (23), which are different from the previous 

reported OER mechanism that Ni4+ sites are responsible for the OER process (24-25). In the 

10 days operation measurement no structure changes were observed, which indicated NR-

NiOOH has excellent stability (Fig. S31). Through the calculation of edge energies for 

different NR-NiOOH types (detailed calculation is provided in Supplementary Materials), the 

most stable edge configuration is used for OER simulation. Three kinds of active sites could 

be seen in the NR-NiOOH structure, including four- coordinated Ni and six-coordinated Ni at 

edge and Ni in the plane, as seen in the Fig. 4a. The OH- absorption was the first step of the 

OER process, and it has been widely used as a main descriptor for OER activity trend (4). On 

the basis of DFT calculations, it is found that the four-coordinated Ni at the edge has the 

lowest OH- adsorption energy, while the six-coordinated Ni at the edge and plane have the 

approximate value. The low absorption energy at the four coordinated Ni atoms was due to 

their more positive charge states, compared to other Ni atoms based on Bader charge analysis 

(Fig. 4b). Thus, in the OER process, the OH* species will be preferentially adsorbed onto the 
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four coordinated Ni atoms at the edge. To further study the OER mechanism of NR-Ni(OH)2, 

four steps including OH*, O*, OOH* absorption and O2 release are considered, and the step 3 

(OOH* adsorption process) is found to be the rate determining step, as shown in Fig. 4 (c-d) 

(26-31). Impressively, the calculated overpotential is only 0.362V, which is much lower than 

the reported β-NiOOH value 0.62V, in Table S5 (28). The high activity of NR-NiOOH is 

primarily due to its much easier OOH* adsorption process as compared to conventional β-

Ni(OH)2. Due to the abundant four-coordinated Ni atoms of the nanoribbon structure, NR-

Ni(OH)2 has a much improved OER activity than conventional β-Ni(OH)2 in which the OER 

activity mainly relies on the basal plane Ni atoms. 

 

Fig. 4. OER mechanism. (a) The calculated OH- absorption energy at different sites; (b) the Bader charge 

analysis; (c) Schematic of the four step OER mechanism of NR-Ni(OH)2; (d) Calculated reaction free energy 

changes during the OER at U= 0, 1.23, and 1.592 V, denoted by the black, dashed red and solid blue lines, 

respectively. 
 

In summary, we have synthesized an efficient and durable OER catalyst with remarkable 

activity, an overpotential of 162 millivolts at 10 milliamperes per square centimeter, and 

long-term stability in alkaline electrolyte. The structure best fits a strain stabilized 
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double/triple layer nickel hydroxide nanoribbon structure, 2-5nm in width and 10-20 nm in 

length, and the four-coordinated Ni atoms in the edges are responsible for the OER activity.  
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