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ABSTRACT. Developing cost-effective electrocatalysts for the multi-electron borohydride 

oxidation reaction (BOR) is mandatory to deploy direct borohydride fuel cell (DBFC) systems to 

power portable and mobile devices. Currently DBFCs rely on noble metal electrocatalysts, and 

are not capable to fully profit from the high theoretical DBFC voltage, due to the competing 

hydrogen evolution reaction. Here, highly-efficient noble metal-free BOR electrocatalysts based 

on carbon-supported Ni nanoparticles considerably outperform Pt/C at overpotentials as low as 

0.2 V, both in half-cell and in unit fuel cell configurations. Precise control of the oxidation state 

of surface Ni is determines the electrocatalytic activity. Density functional theory (DFT) 

calculations ascribe the exceptional activity of Ni compared to Pt, Pd or Au to a better balance in 

the adsorption energies of Had, OHad and B-containing reactive intermediates. These new 

findings suggest design principles for efficient noble metal-free BOR electrocatalysts for 

DBFCs. 
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INTRODUCTION 

Sodium borohydride (NaBH4) is a promising carbon-free energy carrier, owing to its high energy 

density, non-toxicity, facile storage and transportation (in liquid or solid form), and wide 

availability 1. BH4
- can be directly used as a fuel in direct borohydride fuel cells (DBFCs), by 

feeding base-stabilized NaBH4
 solution to the anode 2, where the borohydride oxidation reaction 

(BOR) occurs:  

BH4
− + 8 OH− →  BO2

− + 6 H2O + 8 e−  E0 = -0.41 V vs RHE   (1) 

Alternatively, NaBH4 can be used as a source of hydrogen, which can be released upon reaction 

with water (Equations 1, 2) and further used in a hydrogen-fed fuel cell, e.g. a proton exchange 

membrane FC (PEMFC).  

BH4
− +  H2O →  BH3OH + H2        (2) 

BH3OH +  H2O →  BO2
− + 3 H2        (3) 

Compared to state-of-the-art PEMFCs, DBFCs exhibit high theoretical open-circuit voltage 

(1.64 V for a DBFC vs. 1.23 V for a PEMFC), and are compatible with non-noble metals, while 

platinum-group metal (PGM) electrocatalysts are typically required in PEMFCs. This makes 

DBFCs a competitive alternative to PEMFCs for mobile and portable applications, where high 

energy-density is targeted.  

However, state-of-the-art DBFCs are currently using PGM electrocatalysts, at least at one of 

their electrodes 3,4, and cannot deliver an open-circuit voltage exceeding that of PEMFCs, due to 

the competing faradaic hydrogen evolution reaction (HER, Equation 4), which occurs at low anode 

potentials, and to the non-faradaic heterogeneous hydrolysis of BH4
- (Equations 2, 3). These 

processes result in hydrogen escape 4–6 and a decrease of the faradaic efficiency of the fuel 

conversion. 
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2 H2O +  2 e− →  2 OH− + H2   E0 = 0 V vs RHE   (4) 

The competition between BOR, HER, and borohydride hydrolysis depends on: (i) the 

composition of the electrocatalyst and (ii) the anode potential. High anode overpotentials favor 

BOR kinetics (unless the electrocatalyst is poisoned by reaction intermediates or passivated by 

oxides 5–7) but are of little practical interest. The strength of BH4
- adsorption and thus the 

electrocatalytic activity depend on the nature of the catalytic material. Noble metals like Pt, Pd, Ir, 

etc. 8, strongly adsorb BH4
-, resulting in its dissociation and formation of BHx,ad and (4-x) Had. 

However, high electrocatalytic activity of PGMs in the HER as well as intensive hydrolysis of 

borohydride on these materials result in BOR overpotentials above 0.4 V, a severe drawback for 

the practical energetic efficiency of a DBFC. Molecular adsorption of BH4,ad with much less 

favorable adsorption energy was proposed for Au, Ag and Cu 8,9. These metals, being in theory 

more selective for the direct BOR, with a very low rate of borohydride hydrolysis 10,11, however, 

show poor activity towards the BOR, owing to their inability to activate B-H bond breaking.  

Nickel is a popular material for a variety of electrochemical applications in alkaline media, 

owing to its low cost, high availability and high corrosion stability: Ni is used in various energy 

storage/conversion systems, e.g. batteries and electrochemical capacitors 12–17, as well as to 

electrocatalyze oxygen evolution/reduction reactions 18–23 and hydrogen evolution/oxidation 

reactions (HER/HOR) 24–27. However, the literature remains very uncertain regarding the activity 

of Ni towards the BOR: some papers point to low activity 28–30, whereas others suggest the BOR 

to proceed already at relatively low overpotentials 31–34. As of today, no electrocatalyst that enables 

both high BOR rate, high faradaic efficiency and low BOR onset potential has been isolated with 

certitude. 



 5 

Here we propose design principles for highly-active BOR electrocatalysts enabling the reaction 

to proceed at relatively low overpotentials and outperforming all currently-known materials. We 

capitalize on the strong dependence of the HER electrocatalysis on the extent of the oxidation of 

the Ni surface 25,35 and demonstrate that by controlling the surface state of Ni, it is possible to 

suppress the competing HER and enable fast BOR at potentials below 0 V vs RHE. NiED/C 

electrocatalysts are prepared by electrodeposition and compared with commercially-available 

Pt/C, Pd/C, Au/C electrocatalysts (the most studied BOR materials to date) 2,6,36. The results of 

this comparison show outstanding performances of NiED/C both in half-cell and in unit fuel cell 

configurations, in terms of activity and stability of the BOR current at low overpotentials. The 

experimental data are rationalized by using density functional theory (DFT) calculations and 

comparing adsorption energies of reactive species at various metal surfaces. 

 

MATERIALS AND METHODS 

Synthesis of NiED/C electrocatalysts. Synthesis of NiED/C electrocatalysts was performed by 

potentiostatic electrodeposition from a 0.01 M NiSO4 + 0.10 M (NH4)2SO4 solution (obtained from 

NiSO4·6H2O (99.99%, Aldrich) and (NH4)2SO4 (99.0%, Aldrich) granules) at Т = 25ºC using 

porous Vulcan XC-72R carbon (Cabot) as a support following the procedure developed by 

Oshchepkov et al. 25. Briefly, a thin layer of XC-72R carbon (ca. 100 µgC cm-2
geom) containing 5 

wt.% of Nafion was fixed on the surface of a glassy-carbon (GC) disk (Ø 5 mm). The 

electrodeposition was then performed by using a 2 step sequence: ED1 = -0.54 V vs RHE (15 s), 

ED2 = -0.29 V vs RHE (210 s) while rotating the electrode at ω = 400 rpm (to facilitate removal of 

hydrogen evolved during electrodeposition). Commercial 40% Pt/XC-72 (Alfa Aesar), 40% 

Pd/XC-72 and 40% Au/XC-72 (both from Premetek) electrocatalysts were used for comparison. 
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The NiED/C electrocatalyst was fixed on a surface of glassy-carbon disk to make a layer of similar 

thickness (ca. 100 µgC cm-2
geom), containing 5 wt.% of Nafion with respect to the mass of carbon. 

NiED/GDE anodes were prepared by electrodeposition from the bath containing 0.10 M NiSO4 

+ 0.10 M (NH4)2SO4 on the surface of a carbon cloth (SGL, 4 cm x 2 cm, SIGRATEX®) soaked 

beforehand in a concentrated HNO3 solution for 5 min (to improve its hydrophilicity) and 

thoroughly rinsed by pure water. A three-step electrodeposition procedure with ED1 = 0.03 V (10 

s), ED2 = -0.74 V (15 s), and ED3 = -0.54 V vs RHE (210 s) was applied once to prepare the 

NiED/GDE-L electrode with low Ni loading, or six times to get the NiED/GDE-H electrode with a 

high Ni loading. In this procedure, the first step was needed to avoid current overload while starting 

to apply highly negative potential. Typical Ohmic resistance in the electrodeposition bath was 

measured to be between 2.7 and 3.2 Ohm. The amount of electrodeposited Ni was analyzed by 

ICP-AES after Ni dissolution from the NiED/C and NiED/GDE samples in 30 % HNO3 solution. 

Materials characterization. The morphology and the microstructure of NiED/C and NiED/GDE 

were studied by STEM (LaB6-JEOL 2100), TEM (JEOL 2100F) and SEM (Zeiss Gemini SEM-

500), operating at 200, 200 and 3 kV, respectively. XRD patterns of NiED/GDE were recorded on 

a Bruker D8 Advance diffractometer. XRD patterns of NiED/GDE were recorded on Bruker D8 

Advance diffractometer. For surface elemental analysis, XPS measurements were performed in an 

ultra-high vacuum chamber (residual gas pressure < 5 10-8 mbar) equipped with a RESOLVE 120 

MCD5 hemispherical electron analyzer and a dual anode (Al and Mg Kα) X-ray source. Survey 

and narrow scan Ni 2p, O 1s, C 1s and B 1s spectra were recorded using Al Kα line (hv = 1486.6 

eV). The constant pass energy mode was used to record both survey and high resolution spectra, 

with pass energies of 100 and 20 eV, respectively. The Binding Energies (BE) of all photoelectron 

peaks were referenced to the C 1s peak of adventitious carbon (at 284.6 eV). XP spectra were 
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curve-fitted after Shirley background subtraction following the procedure described in our 

previous works by deconvolution of the Ni 2p spectra into two peak components (Ni2+ and metallic 

Ni), while the O 1s spectra were fitted using 3 components: adsorbed water (ca. 533.7 eV), surface 

hydroxyl + alcohol groups (ca. 531.7 eV) and lattice oxygen related to NiO (ca. 529.6 eV) 25,35. 

Electrochemical measurements. Electrochemical measurements were carried out in a three-

electrode Teflon cell thermostated at T = 25°C with a Pt wire as a counter-electrode and Hg/HgO 

as a reference electrode (EHg/HgO = 0.93 V vs RHE). Although the use of Pt as a counter electrode 

may cause contamination of the working electrode, for example, when studying hydrogen 

evolution or oxygen reduction reactions, this should not be an issue when testing BOR 

electrocatalysts. Indeed, the Pt counter electrode will experience reduction conditions (the HER) 

and therefore negligibly corrode. Besides, characterization of the NiED/C and NiED/GDE electrodes 

either after the synthesis or RDE measurements, confirmed an absence of any sign of Pt 

contamination (Figures S1-S3). The measurements were performed in 1.0 M NaOH solution 

(prepared from 50% NaOH solution in water, Premium quality, Aldrich) using either Gamry REF 

600 or Autolab PGSTAT302N potentiostats.  

After immersion in the electrochemical cell and before the measurement of their electrocatalytic 

activities, NiED/C electrodes were conditioned in N2-saturated 1 M NaOH by cycling between -

0.20 and 0.40 V vs RHE at a sweep rate (v) of 20 mV s-1. The cyclic voltammetry (CV) curves 

acquired afterwards in the potential interval from -0.06 to 0.40 V vs RHE were employed to 

estimate the electrochemical surface area (ECSA) of Ni considering the entire value of the anodic 

charge and the 0.514 mC cm-2 conversion coefficient. The catalytic performance in the BOR was 

derived from the RDE voltammetric data obtained in N2-saturated 5 (50) mM NaBH4 + 1.0 M 

NaOH electrolyte at ω = 1600 rpm. Positive-feedback IR compensation (80 %) was used during 
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the measurements with typical Ohmic resistance of the electrolyte measured to be between 1 and 

5 Ohm.  

To perform the XPS measurements, the GC cylinders with NiED/C electrocatalysts were pulled 

out from the electrolyte (either 1 M NaOH or 1 M NaOH + 50 mM NaBH4) at 0 V vs RHE (the 

final scan was stopped when going from negative to positive values), rinsed with water, fixed on 

the sample holder and protected with a drop of purified water (aiming to minimize the contact with 

the ambient atmosphere). After that the holder was quickly placed into the entry chamber of the 

XP spectrometer, degassed down to P ≈ 10-5 Pa and only then the sample was transferred to the 

main chamber of the XP spectrometer. Typically, the duration of the transfer procedure did not 

exceed 5 min. 

Fuel cell study. A unit cell with the active electrode surface area of 8 cm2 developed at LEMTA 

was used for the DBFC tests. Anodic and cathodic flow fields were single serpentine channels (1 

mm width, 0.7 mm deep) machined in a brass block and coated with gold 37. The membrane 

electrode assembly was constituted of: (i) an anodic active layer made of either a commercial Pt-

black/GDE with a loading of 2 mgPt cm-2 (Fuel Cells Etc) or a NiED/GDE with a loading of 

0.60 ± 0.05 or 3.6 ± 0.1 mgNi cm-2 for NiED/GDE-L and NiED/GDE-H, respectively (according to 

ICP-AES), (ii) a commercial Nafion® NRE-212 membrane exchanged for the Na+ form, (iii) a 

commercial air cathode Pt-black/GDE (2 mgPt cm-2). PTFE seals were used to adjust the thickness 

of the electrodes to get 20% of compression of the initial thickness. The anodic fuel was composed 

of 0.5 M NaBH4 in 4.0 M NaOH (VMR Analar® Normapur®). Pure oxygen (Messer, 99.99%) was 

used at the cathode. No sensitivity to oxygen flow rate was noticed. Temperature regulation was 

provided thanks to a circulating bath driven by a Pt (100) probe inserted in the anodic plate. Before 
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entering the cell, the cooling water passed through a heat exchanger, the function of which was to 

preheat the borohydride solution to the desired temperature. 

Computational methods. All calculations were performed using the ab initio total energy and 

molecular-dynamics Vienna ab initio simulation program (VASP) developed at the Institute for 

Material Physics at the University of Vienna 38–40. The projector augmented wave method, Perdew-

Wang 41 form of the generalized gradient approximation (GGA) and a cut-off energy of 450 eV 

were used to represent the electronic structure. A 5×5×1 Monkhorst-Pack k-point grid 42 and spin 

polarized calculations were used during structural optimizations. Structural optimization 

minimized the forces on all atoms to less than 0.02 eV Å-1. Harmonic vibrational modes were 

calculated to determine the zero-point vibrational energy (ZPVE) corrections to the total energy 

of adsorbed species and isolated molecules. The Ni(111) surface was modeled using a 3×3, four 

layer slab with the bottom two layers constrained to the Ni face centered cubic (fcc) lattice 

positions. A vacuum region of 15 Å was inserted between the slabs. 

 

RESULTS AND DISCUSSION 

BOR activity of NiED/C vs. its surface state. NiED/C electrocatalysts synthesized by 

electrodeposition of Ni on Vulcan XC-72R were characterized by scanning transmission electron 

microscopy (STEM); STEM revealed formation of metal nanoparticles with a mean size of ca. 10 

nm, homogeneously distributed over the support surface (Figures 1a-c). The estimated interplanar 

spacing of 0.205 nm corresponds to the (111) plane of Ni (0.2034 nm, calculated for a theoretical 

lattice constant a = 0.35238 nm for crystalline Ni [ICDD PDF-2#00-004-0850]). Ni content was 

estimated as ca. 40 wt.% by inductively-coupled plasma atomic emission spectroscopy (ICP-

AES). 
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Figure 1. (a) Low and (b) high-resolution STEM images of the as-prepared NiED/C electrocatalyst, 

(c) FFT-filtered magnified area highlighted in the dashed box in (b); ex situ X-Ray photoelectron 

(d) Ni 2p3/2 and (e) O 1s spectra obtained for metallic and strongly-oxidized NiED/C samples after 

their treatment in either 1 M NaOH or 1 M NaOH + 50 mM NaBH4. Ni 2p3/2 spectra were curve-

fitted with Ni0 (gray) and NiOx (green, labeled as Ni2+ in the panels) components, their resulting 

atomic concentrations are indicated in corresponding panels. 

 

To clarify whether the interference from the competing HER could be alleviated by controlling 

the oxidation state of surface of Ni, the extent of oxidation of Ni nanoparticles was purposely 

varied and three types of electrodes were considered: (i) strongly-oxidized NiED/C, i.e. the sample 

subjected to potential cycling in a wide potential interval from -0.2  to 1.6 V vs RHE as it is 

typically done in the literature; (ii) partially-oxidized NiED/C, i.e. the sample subjected to 
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electrochemical oxidation at 1.0 V vs RHE and (iii) metallic NiED/C, which was studied right after 

preparation, without application of potentials above 0.5 V vs RHE. For further details regarding 

the sample preparation the reader is referred to the Supporting Information. Oxidation of NiED/C 

results in a decrease of the ECSA from 93.4 to 52.5 and 25.9 m2 gNi
-1 for metallic, partially-, and 

strongly-oxidized NiED/C electrodes, respectively (Figure S4), which reflects the number of 

available Ni metal sites on the electrode surface. The latter is further confirmed by XPS 

characterization of metallic and strongly-oxidized NiED/C electrodes performed after their cycling 

in 1 M NaOH electrolyte (Figures 1d, e). Note however that due to ex situ character of the XPS 

analysis one cannot exclude that a part of Ni2+ species was formed during the sample transfer to 

the XPS chamber.  

Figure 2 and S5 indicate that, indeed, the extent of the surface oxidation has a major 

influence on the BOR. Strongly-oxidized NiED/C shows the lowest BOR activity, while reduced 

NiED/C demonstrates the highest activity. We should emphasize that once Ni is oxidized at very 

high anodic potentials (> 1.3 V vs RHE) its reduction becomes impossible even in the presence of 

50 mM NaBH4, as it is clearly seen from the comparison of Ni 2p spectra obtained for strongly-

oxidized NiED/C (Figure 1d). 

The extraordinary activity of the metallic NiED/C can be attributed to the sluggish kinetics of the 

competing HER, which is evidenced by small cathodic currents in Figure 2a. In agreement with 

previous findings 24,27,35, the HER current increases several times on the partially-oxidized NiED/C 

electrode (Figure 2a), due to a decrease of the hydrogen binding-energy on the Ni surface in the 

presence of closely-located Ni oxide species 26,43. This HER increase translates in a significant 

decrease of the BOR currents and a positive shift of the OCP (open-circuit potential). Interestingly, 

the BOR and the HER currents are not in direct anti-correlation (cf. Figure 2a,b) suggesting a 
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complex interplay between the adsorption energies, the Ni site availability and the electrochemical 

kinetics of BOR/HER. The onset-potential for the oxidation of 5 mM NaBH4 is -0.052 V vs RHE 

for strongly-oxidized NiED/C, while it shifts favorably to -0.152 V vs RHE and -0.235 V vs RHE 

in the case of partially-oxidized and metallic NiED/C electrodes, respectively (Table 1). To sum up, 

by suppressing the rate of electrochemical HER and increasing the metallic character of the Ni 

surface, we significantly improve the performance of Ni electrocatalyst in the BOR (Figure 2b). 

In particular, metallic NiED/C demonstrates the highest BOR current densities measured at 0.1 V 

vs RHE, being ca. 1.5 and ca. 15 times larger compared to partially- and strongly-oxidized NiED/C, 

respectively (Figure 2c). The current densities of metallic NiED/C sample measured below 0.3 V 

vs RHE, in both potentiostatic and potentiodynamic modes, were much larger compared to any Ni-

based electrocatalysts (including those consisting of noble metals) published in the literature 

(Table S2). Thus, the surface state of Ni is of paramount importance for its BOR activity, which 

accounts for the contradictory conclusions in the literature regarding the BOR at Ni, since the 

oxidation state of Ni surfaces has not been controlled in previously published measurements 28–

34,44. In this respect, it is extremely important to avoid applying anodic potentials higher than 0.3 

V vs RHE, during electrokinetic studies of the BOR on Ni-based materials. Applying higher 

potentials leads to continuous passivation of the Ni electrode surface, resulting in rapid decrease 

of the BOR activity of metallic NiED/C (Figure S6).  
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Figure 2. (a, b) CV and (c) chronoamperometry curves obtained for various NiED/C rotating disc 

electrodes (RDE) under N2 atmosphere at the following conditions: (a) 1.0 M NaOH, v = 20 mV 
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s-1, ω = 0 rpm, (b) 1.0 M NaOH + 5 mM NaBH4, v = 20 mV s-1, ω = 1600 rpm, (c) 1.0 M NaOH 

+ 5 mM NaBH4, ω = 1600 rpm, E = 0.1 V vs RHE. 

 

Table 1. Comparison of kinetic parameters for various carbon-supported metal electrocatalysts in 

the BOR. 

Electrocatalyst 

Half-cell open-circuit 

potential / RDE 

( V vs RHE ) 
Electrocatalyst 

Unit-cell open-circuit voltage / 

DBFC 

( V ) 

5 mM BH4
- 50 mM BH4

- 50 mM BH4
- 500 mM BH4

- 

Strongly-oxidized 

NiED/C 
-0.052  NiED/GDE-L 1.10 1.18 

Partially-oxidized 

NiED/C 
-0.152  NiED/GDE-H  1.21 

Metallic NiED/C -0.235 -0.258 Pt-black/GDE  1.03 

Pt/C -0.041 -0.051    

Pd/C -0.140 -0.189    

Au/C -0.121 -0.015    

 

Comparison of NiED/C with noble metal electrocatalysts. The BOR activity of metallic 

NiED/C is compared with the commercially-available 40 wt. % Pt/C, Pd/C and Au/C 

electrocatalysts – the benchmarks in the field. Two concentrations of NaBH4 solution, 5 and 50 

mM, in 1.0 M NaOH, were chosen to compare the electrocatalysts, to evaluate the influence of 

electrode surface-poisoning by boron-containing species. The measurements were performed 

under potentiodynamic and potentiostatic conditions in the potential range between -0.2 < E < 0.3 

V vs RHE, as larger potentials are not attractive for a practical application (they would correspond 

to a low DBFC voltage). Potentiodynamic measurements (Figure 3a,b) evidence unmatched 

activity for NiED/C at potentials below 0 V vs RHE, both in 5 and 50 mM NaBH4 solution.  
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Figure 3. CV curves obtained for metallic NiED/C (solid curve), Pt/C (dashed curve), Pd/C (dash-

dotted curve) and Au/C (dotted curve) in N2-saturated 1.0 M NaOH + 5 (a) or 50 (b) mM NaBH4 

at v = 20 mV s-1 and ω = 1600 rpm. (c) Potentiostatic measurement of the corresponding electrodes 

at E = 0.2 V vs RHE. 
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Metallic NiED/C exhibits positive currents even at E = -0.2 V vs RHE (Figures 3a,b, S7), while 

for Pt/C, the high rate of the HER limits the efficiency of the BOR below 0 V vs RHE. The same 

is true for Pd/C, though to a lesser extent. Mass-transport-limited current densities can be reached 

at more anodic potentials, but (in the studied potential window) only for the Pt/C and NiED/C 

electrocatalysts. An increase of the BH4
- concentration requires higher applied potentials to reach 

the limiting current. The rotation rate dependence (Figure S8) allows us to estimate the number of 

electrons involved in the BOR as ca. 4 and 6 for NiED/C and Pt/C, respectively; the difference 

likely originates from different BOR mechanisms (cf Computational modeling) on these metals 

and/or from the ability of Pt to oxidize hydrogen evolved during the oxidation/hydrolysis of 

borohydride. An impact of the HOR on metallic Ni becomes visible only above E = 0.2 V vs RHE, 

just before the onset of passivation of the electrode surface by (hydr)oxide species (Figures 3, S8) 

in agreement with Oshchepkov et al. 25. Finally, the activity of Pd/C and Au/C is much smaller 

than for NiED/C and Pt/C in the studied potential range, especially at 50 mM NaBH4. 

While potentiodynamic measurements show higher BOR currents on Pt compared to Ni above 

E = 0.2 V vs RHE, potentiostatic measurements (Figure 3c) reveal that the BOR activity of Pt is 

unstable and promptly decays, the loss exceeding 90 % after only 1 hour. A similar decrease, 

although to lesser extent, was observed for Pd/C, with ca. 80 % current decay after 1 hour, while 

Au/C is almost inactive at potentials below 0.3 V vs RHE (Figure S9). Contrary to the Pt/C and 

Pd/C electrocatalysts, the activity of NiED/C is relatively stable with only ca. 12 and 18 % current 

decay after 1 hour at 5 and 50 mM NaBH4, respectively. Besides, the BOR currents on NiED/C are 

almost proportional to the concentration of NaBH4, whereas the BOR performances of the Pt/C 

and Pd/C electrocatalysts at higher NaBH4 concentrations are worse than expected (Figures 3c). 

To some extent, the current decay on NiED/C is related to the poisoning of Ni active sites by the 
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formed Ni-B and B3+ species as evidenced from the XPS analysis (Figure S10, Table S1). 

However, no modification in the size/shape of the Ni nanoparticles after the treatment in 

borohydride electrolyte was found compared to the Ni nanoparticles obtained right after their 

synthesis by electrodeposition (TEM images on Figure S11), which demonstrates to some extent 

the robustness of these materials.  

The effect of poisoning becomes more important below E = 0 V vs RHE, with an ability of Ni 

to regenerate active surface sites already at 0.1 V vs RHE (Figure S7), while noble metals require 

application of much larger potentials. Poisoning and likely mass-transport limitations become 

more important at high concentrations of NaBH4, resulting in a decrease of the concentration-

normalized current densities of NiED/C (Figure S12), as was previously shown for Pt, Pd and Au 

massive electrodes 6. Meanwhile, higher stability of the BOR currents on NiED/C over Pt/C and 

Pd/C electrocatalysts is related to a weaker adsorption of poisoning boron species on the surface 

of Ni as discussed below (cf Computational modeling).  

Fuel cell performance. Electrodeposited Ni was further evaluated in a unit DBFC. For this, Ni 

particles were deposited directly on a carbon cloth at low (NiED/GDE-L, 0.60 ± 0.05 mgNi cm-2) or 

high (NiED/GDE-H, 3.6 ± 0.1 mgNi cm-2) metal loading and compared with commercial Pt-

black/GDE anode. Separated metal particles consisting of smaller crystallites were mainly found 

in NiED/GDE-L (Figures 4c, e, S13), while in the NiED/GDE-H electrode, Ni particles fully cover 

the external surface of the support (Figures 4d, f). The size of Ni crystallites was estimated from 

XRD patterns as 13.4 and 16.3 nm for NiED/GDE-L and NiED/GDE-H, respectively. Unit DBFCs 

using Pt-black/GDE and NiED/GDE anodes displayed open-circuit voltages of Uj=0 = 1.0 and 1.2 

V, respectively (Table 1), thus reflecting the difference observed in RDE studies for Pt/C and 

NiED/C samples. More importantly, the cell with NiED/GDE-L anode significantly outperforms the 
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Elrespectively, Figure 4g). Remarkably, relatively high and stable current densities were obtained 

for the first time at cell voltages as high as 1.0 V using NiED/GDE anodes (Figure 4h), i.e. the 

voltage at which noble metals are not able to oxidize BH4
-. Again, we emphasize that the reduced 

state of the Ni surface is the key factor for the high performance of a DBFC. For this reason, the 

cell voltage should not be lowered below U = 0.5 V during the test, to avoid irreversible Ni 

oxidation and ensure repeatable results. Deliberate partial oxidation of NiED/GDE either 

electrochemically or under prolonged contact with air results in ca. 12% decrease of the 

performance, respectively (Figure S14). Operation of DBFCs with Ni anodes at high voltages 

would also be better in avoiding secondary H2 evolution, for which the rate increases with a 

decrease of cell voltage (Figure S15). It is well known that Had is strongly adsorbed on metallic Ni 

which results in "low" HER (both from water and BH4
-) at high voltages. However when anodic 

potential increases (cell voltage decreases) the strength of Ni-Had bond becomes lower, thus 

stimulating the HER, since formation of adsorbed Had (at these potentials) mainly proceeds through 

the dissociation of BH4
- molecule and not from H2O. When Pt is used at the anode of a DBFC, the 

production of hydrogen instead decreases at lower cell voltages (Figure S15), due to high activity 

of Pt in the HOR. Surprisingly, both NiED/GDE-L and NiED/GDE-H show similar performance 

(Figure 4g), despite a 6-fold difference in the Ni-loading. This suggests that the high-performing 

Ni-based DBFCs may be limited by either (i) the cathode used, (ii) partial operation of the anode 

or (iii) the construction of the cell; this effect was not observed for (lower-performances) Pt-based 

DBFCs. 

Although additional studies are necessary to optimize the preparation parameters of the 

membrane electrode assembly with NiED electrocatalysts, DBFCs with NiED/GDE anodes already 

show great promise and outperform DBFCs with Pt anodes in terms of maximum power density 
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normalized by the mass of the active anode component (Table S2). Besides, they show better 

performance compared to hydrogen-fed alkaline membrane FC (AMFC) with state-of-the-art 

PGM-free anode electrocatalyst NiMo/KB 45. The latter system shows power density around P = 

120 mW cm-2 at j = 0.22 A cm-2, while it is as high as P = 155 mW cm-2 at the same current density 

for a DBFC with NiED/GDE-L anode, although lower metal loading and operating temperature 

were used in the latter case (0.6 vs 2 mg cm-2 and 60 vs 70ºC for DBFC with NiED/GDE and AMFC 

with NiMo/KB, respectively). 

 

Figure 4. Characterization of NiED/GDE samples. SEM images of pure SGL carbon (a) and after 

electrodeposition of Ni nanoparticles at low (NiED/GDE-L, c and e) and high (NiED/GDE-H, d and 
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f) metal loading; (c) XRD patterns obtained for the corresponding samples; (g) Ohmic-drop 

corrected I-U and I-P curves registered in fuel cell configuration using either NiED/GDE or Pt-

black/GDE anodes and Pt-black/GDE cathode; (h) Durability study of NiED/GDE-H anode at the 

potentiostatic hold at 1.0 V. 

Computational modelling by DFT and electrocatalyst design principles. To better 

understand the superior performance of Ni electrocatalysts in the BOR, DFT calculations were 

used to determine the binding energies of key species on the Ni (111) surface and compare them 

with those published for Pt (111), Au (111) and Pd (111) surfaces. Differences among these metals 

are apparent in the initial adsorption and B-H dissociation of BH4
-. As Table 2 shows, the binding 

of borohydride varies from strong on Pt to weak on Au surfaces, with Pd and Ni metals having 

intermediate values. The inability of Au to break B-H bonds at low BOR overpotentials 5,7,46 makes 

this metal inappropriate for practical applications. On the Pt (111) surface, the adsorption of BH4
- 

species is detrimentally-strong, adsorbing dissociatively, with no barrier for B-H bond breaking 47. 

This leads to fast poisoning of Pt active sites with BH* species (likely responsible for the current 

decay for Pt/C in Figure 3c) and formation of H* that contributes to the non-selective H2 evolution. 

Oxidation of the BH* species resulting from BH4
- dissociation is slow on Pt at potentials below 0 

V vs RHE, resulting in slow BOR kinetics 8,47. The interaction of BH4* with the Ni surface is 

intermediate to that of Au and Pt. The binding is strong-enough to allow for subsequent oxidation, 

but not too strong to lead to surface poisoning. DFT calculations predict molecular (non-

dissociative) adsorption of BH4
- on the Ni (111) surface, although the stretching of the B-H bond 

suggests facile dissociation. B-H bond dissociation is further promoted by strong adsorption of 

formed H* on the surface of pure Ni. Although the detailed data regarding adsorption of various 
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BHxOy species are not included for the Pd surface, the electrochemical results point to a similar 

behavior than for Pt surface. 

Subsequent reaction steps also suggest the complete borohydride oxidation process can occur at 

low overpotentials on Ni (111), and via an alternative mechanism than found on Pt (111). Binding 

of the BH* species is weaker on the Ni (111) surface compared to the Pt (111) surface. 

Alternatively, BH2OH* binds stronger to the Ni (111) surface compared to the Pt (111) surface, 

causing B-OH bond formation to precede complete B-H dissociation, as BH2OH* is the 

significantly-preferred 4-electron intermediate, compared to BH*, on Ni (111), in agreement with 

the experimental data. The reaction energy for BH4* conversion to BH* and BH2OH* is calculated 

on the Ni (111) surface at 0 V vs RHE:  

BH4
∗ + 3OH− → BH2OH∗ + 2H2O + 3e−          ΔG = -0.47 eV                         (5) 

BH4
∗ + 3OH− → BH∗ + 3H2O + 3e−                 ΔG = +0.17 eV                        (6) 

Therefore, unlike the Pt (111) surface, the Ni (111) surface will not be poisoned by BH* species 

at low potentials, suggesting that Ni (111) can outperform Pt (111) below E = 0 V vs RHE. The 

expected higher coverage of OH* on Ni (111) at BOR-relevant potentials (see stronger OH* 

binding in Table 2) will also help to promote B-OH bond formation.  

The HER competes with the BOR for E < 0 V vs RHE. The weaker binding of H* on Pt (relative 

to Ni) results in intensive H2 escape, while H* adsorption is very strong on metallic Ni 43, which 

explains its low activity in the HER. Based on DFT results, the BOR on Ni (111) is expected to be 

faster than on Pt (111) at low potentials, though one cannot differentiate whether this is the leading 

cause of the observed higher oxidation current on Ni at low potentials, rather than the lower 

competing reduction current for the HER on Ni. 
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Table 2 Binding energies of species bound to the M (111) surface at optimal binding sites. 

Species 
Binding energy (eV) 

Ni (111) Pt (111) Au (111) Pd (111) 

BH4* 
-3.68; 

-3.50 9 
- 

-1.73 46; 

-1.96 9 
- 

BH+3H* - 
-4.73 47; 

-4.56 9 
- -3.63 9 

BH3* -2.19 -1.94 47 -0.55 46  

BH2* -4.10 -3.40 47 -2.64 46  

BH* -5.39 -6.14 47 -4.40 46  

B* -5.75 -6.50 47 -4.43 46  

BH3OH* -2.77  -1.08 46  

BH2OH* -1.27 -0.06 47 -0.06 46  

BHOH* -3.46 -3.31 47 -2.34 46  

BOH* -3.74 -4.41 47 -2.76 46  

BH(OH)2* -0.49 -0.17 47 -0.05 46  

B(OH)2* -2.36 -3.09 47 -2.20 46  

B(OH)3* -0.22 -0.16 47   

H* 
-2.86; 

-2.94 48 

-2.72 47; 

-2.72 48 

-2.12 46; 

-2.18 48 
-2.88 48 

OH* 
-3.37; 

-3.42 49 

-2.26 47; 

-2.34 49 

-1.79 46; 

-2.21 49 
-2.62 49 

H2O* 
-0.30; 

-0.33 49 

-0.25 47; 

-0.29 49 

-0.11 46; 

-0.12 49 
-0.30 49 

 

CONCLUSION 

Carbon-supported Ni nanoparticles prepared via an easily-scalable electrochemical deposition 

process demonstrate an outstanding activity in the BOR at potentials below E = 0 V vs RHE and 
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outperform all the noble-metal electrocatalysts tested as benchmarks under the same conditions. 

The experimental data reveal that controlling the surface oxidation state rgreatly impacts the 

activity of Ni in the BOR; the highest activity is measured for reduced metallic Ni, and 

substantially drops after partial oxidation of the electrode surface. Experimental data reinforced 

by DFT calculations suggest that a good electrocatalyst enabling the BOR at low overpotentials 

should allow: (i) dissociative but not too strong BH4
- adsorption, (ii) relatively strong adsorption 

of Had (to decrease the HER) and (iii) formation of OHad species at low potentials (to enable the 

oxidation of poisoning B-containing species). 
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