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The overriding obstacle to mass production of hydrogen from water as the premium fuel for 

powering our planet is the frustratingly slow kinetics of the oxygen evolution reaction (OER). 

Additionally, inadequate understanding of the key barriers of the OER is a hindrance to insightful 

design of advanced OER catalysts. Herein, we present ultrathin amorphous high-surface area nickel 

boride (NixB) nanosheets as a low-cost, very efficient and stable catalyst for the OER for 

electrochemical water splitting. The catalyst afforded 10 mA cm-2 at 0.38 V overpotential during OER 

in 1.0 M KOH, reducing to only 0.28 V at 20 mA cm-2 when supported on nickel foam, which ranks it 

among the best reported non-precious catalysts for oxygen evolution. Operando XAFS 

measurements revealed prevalence of NiOOH, as well as Ni-B under OER conditions, owing to a Ni-B 

core@nickel oxyhydroxide shell (Ni-B@NiOxH) structure, and increase in disorder of the NiOxH layer, 

thus revealing important insight into the transient states of the catalyst during oxygen evolution.  

 

Electrochemical water splitting for hydrogen production is impeded by intensive energy 

consumption mostly due to the slow kinetics of the oxygen evolution reaction (OER), and the 
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requirement to use costly and rare platinum group metal (PGM) catalysts, rendering the process of 

low economic appeal[1]. Efforts to reduce or completely substitute the use of PGM electrocatalysts 

(Pt, IrO2 and RuO2), the state-of-the catalysts for electrochemical water splitting (ECWS), with less 

costly alternatives to leverage the competitiveness of ECWS have been futile in the past[2]. 

Moreover, even with Pt as the cathode, and RuO2 or IrO2 as the anode, large overpotentials are still 

incurred to achieve meaningful electrolysis rates[3]. ECWS using non-precious metal catalysts is more 

promising in high pH electrolytes, where Ni, Co and Fe-based materials are very promising[4]. 

Specifically, mixed metal oxides and hydroxides[5,6,7], and compounds of Co and Ni incorporating non-

metal elements, typically, B, N, S, Se and P[8], have proved phenomenal in alkaline water oxidation, 

with activities surpassing RuO2 and IrO2 being reported for NiSe, Ni5P4, Ni2P, CoP, Ni3N, among 

others. Meanwhile, binary and ternary compounds of Co, Fe, Mo, W, and Ni with B, P, S, and Se, 

among others, also exhibit outstanding activity in catalyzing the hydrogen evolution reaction 

(HER)[9,10]. These developments inspire new directions in the search for advanced non-precious 

catalysts for ECWS. For electrochemical applications, high surface area materials either with a 

layered structure or high porosity[10,11], but most preferably those which combine both of these 

properties, are desirable owing to their high active site densities, which favour a high active site 

utilization.  

Herein, we report the synthesis of ultrathin high surface area amorphous nickel boride (NixB) 

nanosheets and demonstrate their remarkable activity and stability as non-precious metal catalyst 

for oxygen evolution under alkaline conditions. The catalyst afforded 10 mA cm-2 at 0.38 V 

overpotential during OER in 1.0 M KOH, which reduced to only 0.28 V at 20 mA cm-2 when supported 

on nickel foam. Additionally, we present insight from operando XAFS of the nature of transient 
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states of the catalyst during oxygen evolution. The active form of the catalyst is a Ni-B@NiOOH 

(core@shell) structure. We observed a contraction of the Ni-O bonds in NiOOH accompanied with 

increase in disorder of the layer, and very fast deoxygenation of the terminal intermediate during 

active oxygen evolution.  

 

Nickel boride (NixB) was prepared by chemical reduction of nickel ions in a deaerated 1.0 M 

NiCl2*6H2O(aq) solution using 1.0 M NaBH4(aq) (See SI for details). The composition of Ni and B in the 

product was 76.2 % and 6.6 % respectively, corresponding to a Ni:B stoichiometry of 2:1 (Table S1), 

the rest being mostly oxygen (Figure S1). X-ray diffraction (XRD) studies (Figure 1) revealed NixB to 

be XRD amorphous. The product remained XRD amorphous upon annealing under Ar at 300 oC for 2 

h. Further increase of the annealing temperature to 600 oC led to crystallization and emergence of 

Ni3B (ICSD: 614985) as the major phase, and Ni2B (ICSD 75792) as a minor phase. Ni3B remained the 

dominant phase in the sample annealed at 1000 oC, with minor reflections assignable to Ni2B also 

detectable. Structure refinement using Rietveld analysis revealed that NixB-1000 contained 79% Ni3B 

while Ni2B made up 21%. NixB annealed at 300 oC (NixB-300) exhibited the best electrochemical 

performance (discussed later) and was thus characterized in more detail. 

NixB-300 comprised of very thin sheets as well as discrete particles (Figure 1b). High resolution TEM 

(HRTEM) analysis of an individual flake of NixB-300 (Figure 1c) reveals atomically thin layers with a 

thickness of about 6.6 Å (Figure 1d).  

AFM images of NixB-300 recorded in the tapping mode and the corresponding height profile (Figure 

S3) revealed that the individual nanosheets were predominantly about 1.0 nm thick, with lateral 

dimensions in the range of ~ 200 – 300 nm.  

 16146840, 2017, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.201700381 by U
ganda C

hristian U
niversity, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

  

 

This article is protected by copyright. All rights reserved. 

5 

 

Spectroscopic analysis by electron energy loss spectroscopy (EELS) shows that the discrete particles 

are predominantly nickel boride, while the sheets have a uniform distribution of Ni, B, as well as 

oxygen (Figure S3). Fast Fourier Transform (FFT) analysis of selected regions of the HRTEM images 

disclosed predominance of Ni2B nanocrystallites in NixB-300 (Figure S4). Crystallites of Ni3B were also 

occasionally found (Figure 1e). In consideration of the XRD and TEM observations, it can be 

concluded that NixB-300 was composed of nanocrystallites of Ni2B, and Ni3B to a less a less extent, as 

well as very small particles of Ni(0). The predominance of the Ni3B phase at high annealing 

temperatures, as confirmed by XRD, indicates thermally induced transition of Ni2B to Ni3B, and also 

suggests the reaction of Ni with Ni2B to form Ni3B (Ni + Ni2B  Ni3B), consistent with the work by 

Glavee et al.[12] among others.  

 

XPS examination of the chemical state of as prepared NixB minimally exposed to air showed the main 

Ni 2p3/2 and Ni 2p1/2 core peaks at 852.5 eV and 869.6 eV (Figure 2a(i)), respectively, typical of 

Ni2B
[13]. The Ni 2p3/2 and Ni 2p1/2 satellite peaks at 855.6 eV and 873.0 eV, respectively, are due to 

Ni2+, indicating the presence of surface oxide or hydroxide species. Amorphous metal borides are 

spontaneously oxidized when exposed to air and water to form surface oxides/hydroxides leading to 

a core@shell (metal boride@metal oxide/hydroxide) structure[14]. NixB exposed to air, (Figure 2a(ii)), 

thus exhibited a predominantly oxidized surface with a dominant Ni 2p3/2 peak at 855.82 eV (Ni2+ 

species) and minor peak at 852.52 eV due to the interaction of nickel with boron (Figure 2a).  

A positive chemical shift of 0.95 eV in the binding energy of the Ni 2p3/2 peak was observed upon 

annealing NixB at 300 oC (Figure 2c), indicating relative displacement of electrons from nickel. The 
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annealing process thus led to modification of the surface electronic structure of NixB-300, which had 

a beneficial effect on its OER activity.    

The B 1s spectrum of as prepared NixB minimally exposed to air (NixB-(i) in Figure 2b) was 

deconvoluted into two distinct species at 187.9 eV and 191.8 eV (Figure 2b). The species at 187.9 eV 

is due to interaction of boron with nickel, whereas the one at 191.8 eV is due to boron-oxo species. 

On the other hand, the B 1s spectrum of NixB exposed to air for several hours (NixB-(ii) in Figure 2b) 

was deconvoluted into two contributions at 190.07 eV and 192.0 eV both corresponding to boron 

oxide species. The O 1s spectrum of NixB-300 (Figure 2d), not activated sample, shows that its 

surface was covered with Ni(OH)2. Meanwhile, after electrochemical activation (activated in Figure 

2d), which involved 50 cycles of potential cycling in 1.0 KOH between 0.95 V and 1.65 V vs RHE, the 

surface was mainly covered with a nickel oxyhydroxide (NiOOH) layer.  

X-ray absorption fine-structure spectroscopy (XAFS) measurements were carried out on NixB, NixB-

300 and NixB-1000 to probe the influence of annealing temperature on the chemical state and local 

coordination structure of the catalyst. X-ray absorption near edge structure (XANES) spectra are 

presented in Figure 3(a). The pre-edge region of NixB and NixB-300 consist of a small peak at ca. 

8327.2 eV whose shape and position match very well with Ni(OH)2 and NiO (not shown) reference 

spectra. The first feature above the absorption edge (white-line) centred at 8344.6 eV, is also in 

agreement with the NiO and Ni(OH)2 spectra, thus indicating predominance of the Ni2+ state in the 

samples. On the other hand, the XANES spectrum of NixB-1000 shows close resemblance to a 

commercial nickel boride reference (Sigma Aldrich), featured by a white line significantly less intense 

than the Ni2+ references. In this case, the XANES results are in good agreement with XRD data 

described before. However, the reference nickel boride sample, NiB (Sigma-Aldrich) was composed 
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of several distinct NixBy phases and was thus not a suitable reference for discussion of the EXAFS 

data following hereafter.  

Extended X-ray absorption fine-structure (EXAFS) spectra of NixB, NixB-300 and NixB-1000 (Figure 3b) 

reveal significant differences induced by the annealing processes on the local environment of nickel. 

The shape of both NixB and NixB-300 spectra show the presence of backscattering events 

characteristic of Ni2+ compounds, namely Ni-O at 2.07 Å and Ni-Ni at 3.1 Å (uncorrected for phase 

shift). There is an extra peak emerging at 2.2 Å (uncorrected) on the EXAFS spectrum of the sample 

annealed at 300°C indicating the presence of B in a local Ni environment. Moreover, peak separation 

of the spectrum for the untreated NixB sample with a plateau between 2.1 and 2.3 Å gives hint of a 

similar Ni-B coordination. Detailed analysis of the EXAFS spectra performed by fitting a combination 

of Ni-O, Ni-B and Ni-Ni2+ backscattering paths to the spectral features described above, gives proof 

to the hypothesis of the presence of boron as nearest neighbour in Ni local coordination (see Table 

S2 for details). Thus, in the as prepared NixB sample, the effective Ni-B coordination number is as 

low as 1.8, while a high value of the corresponding σ2 (11.9∙10-3 Å2) indicates significant disorder in 

the boride structure. Annealing at 300 °C results in an increase of the Ni-B coordination number to 

4.2, and ordering of the boride structure with a less ordered Ni(OH)2 phase evidenced by a lower Ni-

Ni2+ coordination number and higher σ2. The EXAFS spectrum of NixB-1000 is dominated by a peak at 

2.05 Å (uncorrected), and can be fitted for the most by Ni-B and a minor amount of Ni-O. The Ni-B 

coordination number as high as 13.4 in this case can be interpreted by overlapping of several Ni-B 

backscaterring events from different well-ordered NixBy phases, as indicated by XRD. 

A film of NixB was adsorbed on a glassy carbon electrode and investigated for 

electrocatalysis of OER in 0.1 M KOH (See SI for details of film preparation). Before 

 16146840, 2017, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.201700381 by U
ganda C

hristian U
niversity, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

  

 

This article is protected by copyright. All rights reserved. 

8 

 

acquiring any electrochemical data, the electrode was first subjected to continuous potential 

cycling at a scan rate of 0.1 V s
-1

 between 0.95 to 1.65 V (RHE) until reproducible 

voltammograms were obtained (Figure 4a). The continuous increase in the intensity of both 

the anodic and cathodic peaks centred at about 1.40 V is due to growth of a NiOOH layer 

(Figure 2d). The anodic process is due to oxidation of Ni
2+ 

to
 
Ni

3+
, while the reverse process 

is the reduction of Ni
3+ 

back to
 
Ni

2+
, that is, Ni(OH)2 + OH

−
 ↔ NiOOH + H2O + e. Results 

for electrocatalysis of the OER by NixB in 0.1 M KOH are presented in Figure 4b. The OER 

activity of NixB became enhanced upon annealing in argon for 2 hours, reaching a maximum 

at 300 
o
C followed by a drastic decline at higher annealing temperatures. The catalyst was not 

able to attain 10 mA cm
-2 

within the investigated potential window (1.0 - 1.8 V) when 

annealed at or above 700 
o
C. The inset of Figure 4b shows variation of the OER activity of 

NixB with annealing temperature, expressed as the potential corresponding to a current 

density of 10 mA cm
-2

. The non-annealed sample, NixB, attained 10 mA cm
-2

 at 1.73 V, 

while NixB-200 and NixB-300 afforded 1.68 and 1.61 V, respectively, at the same current 

density. Importantly, NixB-300 exhibited better OER activity than NixB-200 despite the 

former possessing a slightly lower BET surface area, 122.3 m
2
 g

-1
 for NixB-300 versus 127.4 

m
2
 g

-1
 for NixB-200 (Table S1). This implies that increase of the OER activity from NixB 

through NixB-200 and NixB-300, cannot be explained in terms of surface area. 

It is worth to note that the intensity of the Ni
2+

  Ni
3+ 

redox peaks followed a trend exactly 

similar to the OER activity dependence on temperature. Characteristically, the area under the 

Ni
2+

  Ni
3+ 

redox peaks is proportional to the amount of electrochemically addressable 

nickel atoms/ions, which is intimately linked to conductivity. The observed enhancement of 
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the OER activity with annealing temperature is thus mainly attributed to increase of the 

electrical conductivity of the catalyst due to sintering of the catalyst particles. Besides 

affecting the geometrical properties, XPS analysis revealed that the annealing process also 

induces changes in the chemical state of the catalyst surface ascribed to electronic structure 

modification. For example, a positive chemical shift in the BE of the Ni 2p3/2 peak of 0.95 

eV, from 852.4 eV to 853.5 eV, was observed when NixB was annealed at 300 
o
C (Figure 

2c). The decline in activity at much higher annealing temperatures is certainly due to 

decrease of the surface area due to the growth in particle size. The BET surface area 

decreased from 122.3 m
2
 g

-1
 for NixB-300 to 16.3 m

2
 g

-1
 for NixB-600, and to 7.9 m

2 
g

-1
 for 

NixB-1000.  

Galvanostatic stability measurements of NixB-300 supported on a graphite RDE electrode at a 

current density of 10 mA cm-2 in 0.1 M KOH indicate very stable performance of the catalyst with 

essentially no loss in performance after 60 h (Figure 4c). The Faraday efficiency, determined using 

the rotating ring-disk electrode (RRDE) technique[15], was 98.9 % (Figure S11), indicating the applied 

current was nearly exclusively used for oxygen evolution. In metal borides, the boron atoms are 

capable of forming linear, planar and three-dimensional structures surrounded by metals,[6,16] 

through the formation of covalent M-B, as well as B-B bonds, making these compounds extremely 

hard and chemically resistant.  

Nickel foam is an attractive 3D catalyst support for gas evolution electrodes owing to its high surface 

area, stability and synergistic catalytic effect.[6,17,17,18] We supported NixB-300 on nickel foam (NixB-

300/NF) and investigated the resulting electrodes for the OER in a custom-built flow-through cell[19]. 

Figure 5a shows the OER performance of the NixB-300/NF electrode in 0.1 M KOH compared to NixB-
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300 supported on glassy carbon (NixB-300/GC), and bare NF. Employing NF as a support led to 

tremendous increase of the current and significant reduction of the overpotential. In our case, it was 

not valid anymore to extract the potential corresponding to a current density of 10 mA cm-2 since 

this overlapped with the gigantic Ni2+  Ni3+ + e- oxidation wave. A current density of 20 mA cm-2 

(normalized to geometric electrode area) was attained at an overpotential of only 0.28 V. To 

benchmark the performance of NixB-300, its activity was compared against some recently reported 

highly active non-precious OER catalysts, particularly, nickel-based catalysts supported on nickel 

foam (Table S3). As an example, a NiFe double layer hydroxide doped with nitrogen (N-NiFe-LDH) 

directly grown on nickel foam afforded 0.23 V overpotential at a current density of 10 mA cm-2 in 0.1 

M KOH [20]. A NiCoP catalyst supported on nickel foam delivered a current of 10 mA cm-2 at an 

overpotential of 0.28 V in 1.0 M KOH[21]. A gelled material comprised of a ternary homogeneous 

mixture of Fe, Co and W oxyhydroxides delivered a current density of 10 mA cm-2 at an overpotential 

of 0.19 V during OER in 1.0 M KOH[22]. A recently reported cobalt phosphide Co/Co2P oxygen 

evolution catalyst supported on nickel foam afforded 50 mA cm-2 at only 0.19 V overpotential[23]. The 

performance of NixB-300 is thus clearly very promising and among the best reported for nickel based 

catalysts. Importantly, NixB-300 required the same potential (0.38 V) to deliver 10 mA cm-2 as RuO2 

and IrO2 (Figure S12). The Tafel slope of NixB-300 













)( iln

E , derived from Figure 4b, was 89 mV/dec, 

while that for OER on RuO2 was 88 mV/dec and 90 mV/dec on IrO2. The Tafel slopes of the OER are 

essentially similar and suggest that the rate limiting step on these catalysts is a coupled chemical-

charge transfer step[24]. The turnover frequency (TOF) of oxygen evolution, calculated with respect to 

the total estimated amount of Ni in the catalyst (Ni = 79.1 %, ICP-MS data), at 1.60 V (0.37 V 

overpotential), was ~0.048 s-1 on NixB-300, whereas it was and ~0.098 s-1 on RuO2. Therefore, since 
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the TOF is an intensive catalytic parameter, the results show that RuO2 was potently more active 

than NixB-300 on a per active site basis despite the catalysts exhibiting a similar overpotential at 10 

mA cm-2. NixB-300 thus evidently benefitted from its high surface area, 122 m2 g-1 compared to 1.2 

m2 g-1 for RuO2, which facilitated a higher catalyst utilization. 

The chemical state and structure of the catalyst under OER conditions was probed via operando 

XAFS studies. Figure 5 presents overlaid operando XANES (a) and EXAFS (b) spectra of NixB-300 after 

electrochemical conditioning between 1.0 V and 1.6 V, during polarization at 1.0 V, a potential below 

the redox transition from Ni2+ (Ni(OH)2) to Ni3+ (NiOOH), and at 1.7 V, a potential at which oxygen 

evolution takes place. The XANES spectra of the pre-conditioned sample and during the polarization 

at 1.0 V do not show any differences compared to the initial state. Under OER conditions, the Ni-K 

edge position remains unchanged as well, although there are clear changes in both the slope and 

specific features of the spectrum. The spectrum measured at 1.7 V has a lower white line intensity 

with its maximum shifted to higher energy. It resembles the spectrum of NiOOH, produced by in-situ 

electrochemical oxidation of Ni(OH)2 at 1.6 VRHE and is also similar to the spectra of Ni3+ species 

reported in the literature[25,26]. This change observed under reaction conditions indicates that there 

was a change in the oxidation state from Ni2+ to Ni3+ (NiOOH) taking place under OER conditions[25,26].  

The EXAFS spectra measured under operando conditions resemble well those of NixB-300 measured 

ex-situ, showing the presence of both Ni(OH)2 structure (peaks at 1.55 and 2.73 Å corresponding to 

Ni-O and Ni-Ni2+ backscattering), and Ni-B in the first coordination sphere represented by a small 

peak at 2.15 Å (all uncorrected for a phase shift). The fitted Ni-O distance does not change after the 

electrochemical cycling pre-treatment as compared to the untreated sample, but reduces first to 

2.05 Å at 1.0 V and then to 2.03 Å at 1.7 V (see Table S4). At the same time, the corresponding 
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coordination numbers decrease from 3.7 to 3.3 and 3.0 for the pre-conditioned sample, and during 

polarization at 1.0 V and at 1.7 V, respectively. The Ni-Ni2+ coordination number changes drastically 

from 5.7 to 4.0 when comparing the prepared sample to that measured under operando conditions 

at 1.7 V. The changes observed in the EXAFS features, associated with the Ni2+ state can have 

twofold explanation. Firstly, the significant change of coordination number in the Ni-Ni2+ 

backscaterring pair compared to Ni-O points to a less ordered structure under harsh OER conditions 

since the more distant coordination shells are more sensitive to a material’s long range order. 

Another explanation is associated with the chemical state changes observed on the XANES spectra. 

Both Ni(OH)2 and NiOOH structures form Ni-O as well as Ni-NiX+ (X = 2, 3) backscattering signals, 

however shifted by ca. 0.3 Å towards shorter distances in the case of Ni3+. When both structures are 

present in the sample, the corresponding photoelectron waves interfere destructively due to phase 

mismatch. This hypothesis is supported by the apparent contraction of the Ni-O bond observed at 

1.7 VRHE, consistent with observations by other groups[7,27]. 

In the abridged mechanism of O2 evolution,[28] involving the reaction sequence: (i) M + OH-  MOH + 

e- ; (ii) MOH + OH-  MO + H2O + e-; (iii) MO + OH-  MOOH + e- ; (iv) MOOH + OH-  MO2 + H2O + e- 

; and (v) MO2  M + O2, equations (i) to (iii) all involve growth of an oxide layer. In (i) and (ii), Ni is 

present as Ni2+, while (iii) involves Ni2+ to Ni3+ transition, and in (iv) Ni3+ is oxidized to Ni4+. Based on 

this mechanism, a fingerprint of Ni4+ should be trackable under active oxygen evolution conditions 

using a suitable operando technique[27]. By employing pseudo-operando XAFS, and other 

complementary in-situ techniques to track the redox states of Ni and Fe in a Ni-Fe(OOH) catalyst, 

Strasser et al.[27,29], observed that, for a low content of Fe in the catalyst, < 4%, Ni4+ was the 

dominant redox state of Ni under catalytic OER conditions. Conversely, a high Fe content, > 4%, 
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stabilized the Ni2+ state thereby suppressing the higher-valent states of Ni (Ni3+ and Ni4+) under 

catalytic O2 evolution conditions, resulting in faster oxygen evolution kinetics at the expense of the 

oxidation of Ni2+. The authors concluded based on these observations, that Ni2+Fe3+OOH, is the active 

state of the Ni-Fe(OOH) catalyst under catalytic conditions. For bulk electrode materials, the OER 

takes place on a thin surface oxide-hydroxide layer making it challenging to observe the transient 

states of OER catalysts whose bulk properties predominate the surface properties by employing an 

averaging technique. The NixB-300 catalyst probed here comprised of ultrathin sheets of atomic 

scale thickness ( 6.6 Å), with a core-shell (Ni-B@NiOx) structure, where the surface properties (Ni2+) 

predominated the core properties (Ni-B), as demonstrated by XAFS in Figure 3, which makes the 

catalyst suitable for operando XAFS studies. Our operando XAFS studies did not disclose any features 

attributable to the Ni4+ state at active O2 evolution potentials. To rationalize this observation on the 

premise of the mechanism outlined above, deoxygenation of the NiO2 intermediate, step (v) has to 

be comparatively faster in relation to the other reaction steps. Interestingly, our observations lead to 

a conclusion which appears to be coherent with the work of Strasser et al.[27,29]. Our findings there 

present new insights into the dynamics of OER catalyst structures under reaction conditions, as well 

as the dynamics of some transient states of the catalyst during the OER.   

Nickel boride (NixB) comprised of very thin sheets and small nanoparticles with a Ni-B core and nickel 

hydroxide shell (Ni-B@Ni(OH)2) structure is unveiled as a highly efficient and stable electrocatalyst 

for oxygen evolution under alkaline conditions. When supported on nickel foam, the catalyst drives 

the OER at 20 mA cm-2 at only 0.28 V overpotential in 1.0 M KOH. We observed by operando XAFS, 

intactness of the Ni-B core under active oxygen evolution, and simultaneously, a transition of Ni2+ to 

Ni3+ (NiOOH) in the shell leading to shortening of Ni-O bonds and increase in disorder of the nickel 
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oxyhydroxide layer. The synthesis of nickel boride is simple and readily scalable, making it a very 

attractive and competitive non-precious anode catalyst in ECWS for mass hydrogen production.  

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) XRD patterns of NixB, NixB annealed at 300 
o
C (NixB-300), 600 

o
C (NixB-600), 

and at 1000 
o
C (NixB-1000), and of the references Ni2B (ICSD 75792) and Ni3B (ICSD 

614985). (b) High-angle annular dark field (HAADF) low magnification TEM micrograph of 

NixB-300, (c) HRTEM of a single flake showing layers of sheets, (d) intensity profile taken 

across the flake along the white arrow in (c) showing individual sheets with a thickness of  

6.6 Å. (e) HRTEM image of NixB-300 with a magnified view of the rectangular marked 

region and its corresponding FFT pattern.  
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Figure 2. XPS analysis: (a) Ni 2p and (b) B 1s core-level spectra of NixB minimally exposed to air (i) 

and after prolonged air exposure (ii). (c) Ni 2p core-level spectra of NixB and NixB after annealing 
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under argon at 300 oC, and (d) O 1s high-resolution spectra of NixB-300 before and after 

electrochemical activation. 
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Figure 3. (a) X-ray absorption near-edge structure (XANES) spectra of the as prepared NixB sample, 

NixB annealed at 300 oC (NixB-300) under argon, NixB annealed at 1000 oC under argon (NixB-1000), a 

Ni-foil, NiB (Sigma Aldrich) and Ni(OH)2 as references. (b) Extended X-ray absorption fine structure 

(EXAFS) spectra of NixB, NixB-300, and NixB-1000.  
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Figure 4. (a) Activation of NixB by continuous potential cycling between 0.95 V and 1.65 V at 100 mV 

s-1 in 0.1 M KOH; (b) Linear sweep voltammograms (LSVs), corrected for the resistance of the 

electrolyte, of NixB and NixB annealed at 200 oC, 300 oC, 500 oC and 700 oC, recorded at 10 mV s-1 in 

0.1 M KOH and at 1600 rpm electrode rotation. Inset: variation of the OER activity of NixB, expressed 

as the potential at a current density of 10 mA cm-2, with annealing temperature. (c) Galvanostatic 

long-term stability measurement of NixB-300 deposited on a graphite rotating disk electrode (Area = 

0.196 cm2) at 10 mA cm-2 in KOH (0.1 M); (d) comparative LSVs of a bare nickel foam (NF) electrode, 

and NixB-300 supported on glassy carbon (NixB-300/GC) and on nickel foam (NixB@NF). 
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Figure 5. Operando XANES (a) and EXAFS (b) spectra of NixB-300 acquired after conditioning (10 CVs) 

during OER at different electrochemical potentials, 1.0 V and 1.7 V versus RHE.  
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Ultrathin high-surface area nickel boride nanosheets supported on nickel foam show outstanding 

activity in catalyzing the oxygen evolution reaction, ranking among the best non-precious catalysts 

for oxygen evolution reported to-date. 
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