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Amorphous  nickel boride electrodes doped by small amounts  of  Rh, Ru, Co, Cr, Zn or Pt were studied 
for the hydrogen evolution reaction (HER)  in 1 M N a O H  solution at 70 °C. Steady-state galvanostatic 
measurements,  a.c. impedance spectroscopy, X-ray diffraction and scanning electron microscopy were 
used. The properties of  the pressed electrodes and the kinetic parameters of  the H E R  were determined. 
The constant  phase element model  adequately describes the a.c. behaviour of  these electrodes. It was 
found that the H E R  proceeds through the Vo lmer -Heyrovsky  mechanism. An increase in catalytic 
properties was observed for materials doped with Rh, Ru  and Co. 

1. Introduction 

Despite efforts undertaken in recent years [1, 2] the 
overall efficiency of cathodes and anodes for water 
electrolysis is not yet satisfactory. A very promising 
group of materials for the hydrogen (HER) and 
oxygen evolution reaction are amorphous alloys [3- 
24], usually prepared by a rapid solidification 
method. The HER has been investigated mostly on 
metallic glasses containing Ni, Co, Fe, Si, B and P. 
Electrochemical processes on these materials were 
rather slow as compared with crystalline materials 
[17, 24], but the performance could be significantly 
enhanced [10, 11, 19-22] by appropriate chemical 
pretreatment, for example, etching. However, it is 
not clear [9, 17, 24] which factor is more important 
in the overall reaction rate: lack of a long-range 
crystalline structure or highly developed surface 
area. The most promising electrode materials for 
water electrolysis may be borides and phosphides of 
some transition metals (Ni, Co, Fe, Cr) [25-34] 
which have been prepared using chemical tech- 
niques. Amorphous nickel boride produced in a 
reaction between borohydride and aqueous nickel 
salt is the best known member of this group. 
Chemical synthesis of this product leads to nano- 
particles of 10 ~ 50nm [31]. This material [27] was 
also found to be an efficient catalyst in various 
organic reactions. Recently, the HER was studied 
on pressed mixtures of amorphous Ni2B and Ni 
powder electrodes in alkaline solutions [34]. The cata- 
lytic properties of chemically obtained amorphous 
nickel boride can be changed by changing the 
preparation conditions, for example, rate of boro- 
hydride addition, initial concentration and cooling 
rate, etc. [27]. Moreover, the electrocatalytic proper- 
ties can be changed by doping nickel boride with 
small amounts of other transition metals during the 
synthesis [25]. The purpose of this paper is to study 
the HER in alkaline solutions on amorphous nickel 

boride electrodes, doped with different transition 
metals, and to determine how modifications of the 
electrode preparation procedures can influence their 
electrochemical activity toward the HER. 

2. Experimental details 

Amorphous nickel boride, Ni2B, was obtained by 
reduction of nickel acetate (Anachemia, 98%) with 
sodium borohydride (Aldrich, 98%) in alkaline 
aqueous solution. The previously published [27] 
procedure was modified; the borohydride to nickel 
molar ratio was changed from 3 to 6, borohydride 
addition time was increased to about 5-6min and, 
as a result, the product structure was more repro- 
ducible. The black precipitated powder was washed 
a few times with water, filtered and finally the 
product was dried at 90 °C. The doped nickel borides 
were made in a similar manner, with adequate 
amounts of aqueous solutions of Ru, Rh, Cr, Pt, Zn 
and Co salts (Aldrich) added to the nickel acetate 
before synthesis. For Pt two additional methods of 
preparation were applied, in the first one the nickel 
boride powder was wetted by H2PtC16 solution, dried 
and kept at 250 °C under H2, in the second one H2PtC16 
was chemically reduced by formaldehyde on an 
aqueous suspension of Ni2B. 

Approximately 1 to 2 g of electrode material was 
placed in a cylindrical shaped stainless steel mould 
(radius 0.65cm, height 2-3mm, geometric surface 
area 1.33cm 2) and pressed (at 8000kgcm-2). The 
powders pressed without any binders were mechani- 
cally stable during the experiments. The influence of 
addition of 10% of binders such as lanthanum 
polymer [35] and PTFE [36] on electrode perfor- 
mance and properties was also tested. Electrodes 
containing lanthanum phosphate polymer were 
sintered in an inert atmosphere after pressing and 
the influence of the sintering temperature on elec- 
trode properties was tested. The last step in the 
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electrode preparation consisted of attaching the elec- 
trical contact and insulating the walls and back of 
the electrode with alkaline resistive epoxy resin 
(Struers Epofix HQ). The electrical resistivity of elec- 
trodes, tested by a previously described method [36], 
was below 0.05 f~cm except for those doped with 
molybdenum for which the resistance of a dry elec- 
trode was 50-100 f~ cm. 

Electrochemical experiments were carried out in an 
H-type thermostated Pyrex glass cell with anodic and 
cathodic compartments separated by a Nation ® 
membrane (M-901 CATH/MD, DuPont). The 
measurements were carried out in 1 M NaOH solu- 
tion (Aldrich 99.99%) at 70 °C (+0.1°C). Nickel foil 
served as a counter electrode and a Hg/HgO elec- 
trode in 1 M NaOH (25 °C) as a reference electrode; 
the latter was equipped with a Luggin capillary 
probe. The distance between the Luggin capillary 
and the working electrode centre was in the range of 
1-2 mm, and the ohmic drop (measured by a.c. impe- 
dance method) was below 0.2 fL The potential of the 
Hg/HgO reference electrode measured against rever- 
sible hydrogen electrode in the investigated solution 
was equal to -913mV. During the experiments 
nitrogen was passed through the cathodic and anodic 
compartments. All solutions were prepared with deio- 
nized water (Barnsted Nanopure). No special 
pretreatment of the electrodes was used, except for 
the electrodes doped by Zn and Cr, which were 
leached in 30% NaOH at 70 °C, using a procedure 
similar to that for Raney nickel based electrodes [37]. 

Electrochemical measurements were carried out 
using a Model 273A PAR potentiostat/galvanostat, 
Model 5210 PAR lock-in amplifier and 80286 based 
microcomputer connected via GPIB interface. All 
the electrochemical experiments consisted of two 
parts [36]. One hour after immersion of the elec- 
trodes in the solution 25 Tafel curves were measured 
galvanostatically in the current range 250 to 
0.01#Acm -2 (5s per point). Each Tafel curve 
measurement was followed by electrode conditioning 

80 
Fig. 1. X-ray spectra of nickel boride electrodes: 
(a) pure, (b) doped by 2% Ru, (c) 2% Cr and (d) 
5% Zn. 

for 30min at 125mAcm-2). Then, a.c. impedance 
spectra (frequency range 104-5 × 10 -3 Hz, a.c. ampli- 
tude 5 mV) were recorded. Standard PAR M388 soft- 
ware and our own program were used to control a.c. 
and d.c. experiments. All the measurements were 
corrected for ohmic drop. 

3. Results and discussion 

Transition metals Rh, Ru, Cr, Mo, V, Co, Zn and Pt 
were chosen as possible elements whose addition can 
increase electrocatalytic properties of nickel boride 
based electrodes. There are several reasons for such 
a choice. Electrocatalytic properties of metals such 
as Rh, Ru and Pt are well known. Electrodes made 
of pressed nickel powders with addition of small 
amounts of rhodium and ruthenium were found 
recently to be very active towards the HER [38, 39] 
and we expected similar behaviour in our case. An 
increase in catalytic properties of amorphous nickel 
borides doped with Cr, V, Co and Mo in hydrogena- 
tion of organic compounds [25] or in isopropanol 
dehydrogenation [26] was reported earlier. 

Preliminary experiments confirmed that the 
morphology of the product depends strongly on the 
conditions of chemical synthesis. The average size of 
nickel boride particles (examined by scanning elec- 
tron microscopy, SEM) can vary from 500 to 10 rim, 
the diameter of particles decreases with increase of 
the stirring intensity and with decrease of the rate of 
addition of borohydride to the reaction mixture. No 
evidence of a long-range crystalline order was found 
by the X-ray diffraction analysis, Fig. 1, where broad 
lines, characteristic for amorphous structures [31], 
were observed. 

Doping metal quantities for all the electrodes were 
in the range of 0.5-10% wt/wt except for Pt, which 
was in the range of 0.1-0.5%. For small amounts of 
additives, the investigated material could be treated 
as structurally modified nickel boride. For higher 
doping concentrations, especially for elements with 
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properties different from nickel, a heterogenous 
mixture of borides with different physical and 
chemical properties were probably obtained. Similar 
properties were observed only for the borides of 
very closely related elements (like nickel and cobalt) 
[40]. In preliminary experiments it was also found 
that the electrochemical behaviour of borides doped 
by small amounts of vanadium or molybdenum 
were different from other materials studied. The elec- 
trodes obtained by pressing amorphous nickel boride 
powders doped with molybdenum were characterized 
by high internal electric resistance (50-100f~cm). 
Moreover, the resistance increased significantly 
when the electrodes were placed for a short time in 
alkaline solutions, even without the application of 
the electric current. This effect might arise from the 
surface passivation of powder particles through the 
formation of the molybdenum oxides. In fact, 
Divisek et al. [41] found that during the alkaline 
leaching molybdenum is removed from the surface. 
Besides, Tilak et al. [23] studying electrodeposited 
Ni -Mo-Cd  electrodes found that the predominant 
form of molybdenum on the surface is MoO 3. They 
concluded that the surface is predominantly com- 
posed of layers of the nickel and molybdenum 
oxides. The doped amorphous nickel boride elec- 
trodes studied here are composed of consolidated 
nanoparticles [31] which might be covered on the 
surface by molybdenum oxides. These oxides prob- 
ably have low electric conductivity which explains 
their high resistance. Besides, the chemical reduction 
might be not efficient enough to reduce molybdenum 
totally. 

The vanadium doped electrodes had very poor 
mechanical stability and were usually destroyed after 
a few minutes of hydrogen evolution, however, they 
were not destroyed during soaking at an open circuit 
potential. Probably, the adherence of vanadium 
doped particles was lower and their structure 
permitted deeper penetration of electrolyte. As a 
result the internal pressure of evolving hydrogen 

250 m A  cm -2 [ ' , - - 7  

destroyed the electrode. Inconsequence, both elec- 
trode materials (doped by Mo and V) were not 
further investigated. 

The electrochemical activities of the electrodes 
were studied using steady-state galvanostatic polari- 
zation and a.c. impedance measurements. In Fig. 2, 
typical Tafel plots obtained for different materi~ls 
are shown. Reproducible conditions in such galvano- 
static experiments were obtained usually after regis- 
tration of 2-5 curves. It is probably connected with 
the reduction of the surface oxides. In fact the 
colour of the electrodes changed during the HER 
from black to grey and then did not change after 
removal from the solution. In our earlier experi- 
ments with PTFE bonded nickel electrodes [36] 
much longer times were necessary in order to obtain 
reproducible Tafel curves. However, PTFE bonded 
electrodes are hydrophobic and the initial wetting 
process is much slower than for nickel boride based 
materials. Moreover, freshly prepared PTFE bonded 
nickel electrodes probably contain some organic 
impurities (from the stabilizing solution), which are 
slowly reduced or removed together with hydrogen 
evolution. 

Exchange current densities, io, Tafel slopes, b, 
and overpotentials at current density equal to 
250mAcm-2, 7250, were determined from log i 
against ~ plots and are displayed in Table 1. It is 
worth noting that a very well defined linear region 
with determination coefficient r 2 close to 0.9999 
(least squares method) was normally observed for 
high current densities. 

Tafel parameters are not sufficient to fully charac- 
terize the HER. Therefore, a.c. impedance measure- 
ments were carried out. For the majority of 
investigated electrodes made of doped nickel borides 
only one semicircle in the complex plane plot (Z" 
against Z') was observed. Typical examples of 
complex plane and Bode plots are shown in Figs 3 
and 4. The obtained data were fitted to a given model 
using a complex non-linear least-squares fitting 
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Fig. 2. Tafel plots for the HER in 1 M NaOH at 
70 °C on nickel boride electrodes doped with 
(O) 0.1% Pt, (0) 0.5% Co and (~) 2% Rh. 
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program (CNLS) [42-44]. For every experiment the 
experimental impedances were approximated with 
three different models: the one containing a constant 
phase element (CPE) instead of the double layer capa- 
citance [45], the fractal model [46] and the porous elec- 
trode model [47]. The three models produce different 
shapes of the complex plane plots: the CPE model 
produces rotated semicircles, the fractal model 
deformed semicircles and the porous electrode model 
a straight line (at high frequencies) followed by a semi- 
circle or a deformed semicircle. The fractal model with 

= 0.5 is formally identical with the infinite pore 
model [47]. It was found that the CPE model fitted 
the best our experimental data and other models 
could be rejected on the basis of the statistical 
analysis [43]. The equivalent circuit consisted of the 
solution resistance, Rs, in series with the parallel 
connection of the constant phase element (CPE) 
and the faradaic impedance, Zf [42]. The impedance 
of the CPE (Zcpz) can be described as ZCPE = 
T-l(j~o) -~, where co is the angular frequency of 
the a.c. signal, q~ is the constant phase angle, and 
parameter T is related to double layer capacity 
(Cda) and charge transfer resistance (Rot) by the 
relation T=C~dl(RsI+R~I) 1-~ [45]. Results of 
the fitting of experimental impedances are also 
presented in Figs 3 and 4. Only for the electrodes 
doped with zinc (10 and 25%) did the infinite porous 
model [47] fit the experimental data better than the 
CPE. However, the kinetic parameters could not be 
determined because the pore parameters are not 
known. 

The situation was more complicated for the elec- 
trodes made of nickel boride doped with Rh (8%), 
Co (8%), pure NizB bonded by LaPO4 (and sintered 
in 500 °C) and for mixtures of NizB (doped by 2% 
of Rh and Ru) with nickel powder. In these cases 
two semicircles were observed (Fig. 5), the first at 
high frequencies was very small and overpotential 
independent, the second, much larger. The radius of 
the second semicircle decreased with increase of 
overpotential. Similar behaviour was observed 

recently for the HER on Ni-Zn [48] and Ni-AI 
[49] powder electrodes. The first semicircle is prob- 
ably related to the electrode structure rather than 
to the electrochemical reaction (overpotential inde- 
pendent semicircle) [50]. Unfortunately, in the 
studied range of overpotentials the radius of the 
first semicircle was much smaller than that of the 
second one and it was impossible to determine its 
parameters precisely. The approximations in this 
case were performed assuming two circuits in 
series, each consisting of the parallel connection of 
the CPE and the resistance [48, 49]. Figure 5 
presents typical Nyquist plots for such case, 
together with the approximated lines. 

It is well established that the HER in alkaline solu- 
tion may involve three following steps: 

Volmer reaction 

M + H20 + e- = MH + OH- (1) 

Heyrovsky reaction 

MH + H20 + e = H2 + M + OH- (2) 

Tafel reaction 

2MH = H2 + 2M (3) 

The first step is the electrochemical reduction of water 
molecules with the formation of hydrogen adsorbed 
on the electrode surface. It is followed by the electro- 
chemical and/or chemical desorption processes. In 
particular cases other factors like formation of 
hydrides or reactions with adsorbed species can also 
take part in the overall process. The reaction rates 
for the above processes can be described [51] by the 
following equations: 

vl = kl (1 - O)exp(-/3]/~7) - k_10 exp[(1 - fll)/~7] 

(4) 
v2 = kze exp(-/32fr/) - k_2(1 - e )  exp[(1 -/32)/r/] 

(5) 
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Fig. 3. Complex plane plots for nickel boride doped 
with Cr (2%) at different overpotentials: (O) 25, 
(0) 33, (~') 42, (V) 50, (F]) 57, (11) 65, (~)  72, 
(A) 79 and (O) 86mV. Points: experimental data; 
lines: values calculated according to the CPE model. 
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Fig. 4. Bode plots for nickel boride doped with 
Cr (2%) at different overpotentials: (O) 25, 
( 0 )  33, (V) 42, (V)  50, (I-q) 57, (11) 65, (A)  
72, (A) 79 and (O) 86 mV. Points: experimental 
data; lines: values calculated according to the 
CPE model. 

V 3 = k3E) 2 - k_3(1 - O) 2 (6) 

and the observed faradaic current equals: 

i = F(Vl + %) (7) 

At equilbrium: v l = v  2 = v  3 = 0  and the rate 
constants are related by the following equation: 

klk2kZIk~_ 1 = k~lk3k~2k-~ = 1 (8) 

In the above equations fll and/32 are the transfer coef- 
ficients for the Volmer and Heyrovsky steps, O is the 
surface coverage by adsorbed hydrogen, f -- F / R T ,  vi 
are the rates of  corresponding reactions and ki rate 
constants in mol cm -e s -1. Surface concentrations of  
O H - ,  H2 and H 2 0  are included in the rate constants 
and it is supposed that their changes during the reac- 
tion are negligible. 

The above equations were used to determine the 
rate constants and the reaction mechanism. Current 
densities, obtained from steady-state polarization 
experiments, together with the charge transfer resis- 

tances f rom a.c. impedance measurements were fitted 
using the NLS program [42, 43]. In the calculations it 
was assumed that transfer coefficients for both elec- 
trochemical steps are equal to 0.5. It  was found that 
for each investigated electrode the best approxi- 
mation of experimental data could be obtained 
assuming the Volmer -Heyrovsky  mechanism. Such 
a mechanism was also observed for the H E R  in 
alkaline media on other electrodes [35-42]. In Figs 6 
and 7 the experimental values of  Rot and current den- 
sities are compared with those found using the NLS 
fit. Table 1 presents values of  the rate constants (kl), 
Tafel parameters,  constant phase angles and double 
layer capacities. For  the Volmer -Heyrovsky  mech- 
anism it is impossible to distinguish the rate deter- 
mining step on the basis of  the electrochemical 
measurements [42] because two equivalent solutions 
exist and the kinetic parameters obtained are per- 
mutable. In Table 1 it was supposed that the Volmer 
reaction is the rate determining step (r.d.s.). The 
smallest rate constant (kl) only is presented because 
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Fig. 5. Complex plane plots for nickel boride elec- 
trodes doped with Co (8%) at different overpoten- 
tials: (O) 33, (0) 40, (~) 47, (Y) 54, (lq) 60, (11) 
67, (A) 74, (A) 79 and ((>) 85mV. Points: experi- 
mental data; lines: values calculated according to 
the CPE model. 
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the errors of  the other rate constants were larger than 
their values. 

The range of  overpotentials available for a.c. 
experiments was rather narrow (~  100mV) because 
a vigorous hydrogen evolution affected the measure- 
ments. In this potential range changes in the double 
layer capacitance (Cdl) and constant phase angle (q~) 
were practically negligible. The values of  Cab 
observed in most  cases, were in a range of  0 . 2 5 -  
0.6 F cm -2 and the constant phase angles in a range 
0.6-0.8. Assuming the double layer capacitance of  a 
smooth metal  surface as equal to 20 #F  cm -2 [52] the 
roughness factor R = Cdl/20 # F c m  -2 is of  the order 
of  104. Such values are reasonable for moderately 
irregular, porous surfaces [53]. It  was found earlier 
[38, 54, 55] that the porosity of  electrode materials 
(expressed here by roughness factor) calculated 
f rom Ca1 data is in good agreement with values 
obtained f rom the non-electrochemical  BET method. 

For  the electrodes made of  nickel borides doped by 
zinc (for higher Zn contents) larger Cal values and 
lower constant phase angles were observed. This 
behaviour is probably  related to the more porous 

Fig, 6. Charge transfer resistances for the nickel bor- 
ide electrodes as function of overpotentials. Points: 
experimental; lines: calculated according to the Vol- 
mer-Heyrovsky model. Electrode materials doped 
with (©) 2% Co, (O) 2% Cr, (V) 2% Rh, (y) 
2% Ru and (IN) 2% Zn. 

structure of  the boride. During the chemical reduc- 
tion of  metal salts two competitive reactions take 
place [56]: 

4M 2+ + BH4 + 8 O H -  

4M 2+ + 2BH4 + 6 O H -  

4M + BO~ + 6H20 

(9) 

2MzB + 6H20 + H2 

(10) 

For  Ni, Co and Fe salts the second reaction is pre- 
dominant  [32] and compounds with stoichiometric 
M : B  = 2:1  ratio were obtained. But for other 
metals it is possible that the first process can also 
take place leading to the incorporation of  metallic 
zinc into the structure. Subsequent leaching of 
zinc or zinc boride in alkaline solution would lead 
to a larger surface roughness. To avoid uncon- 
trollable changes of  the electrode structure in alkaline 
solutions the electrodes made of  nickel borides 
doped by Zn and Cr were leached in 30% N a O H  
for a few hours before the experiment. In the case of  
zinc doped electrodes gas evolution from the elec- 
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Fig. 7. Current densities for the HER on the nickel 
boride doped electrodes as function of overpoten- 
tials. Points: experimental; lines: calculated accord- 
ing to the Volmer-Heyrovsky model. Electrode 
materials doped with (O) 2% Co, (O) 2% Cr, 
(~) 2% Rh, ('V) 2% Ru and (IS]) 2% Zn. 
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Table 1. Electrochemical parameters for the HER on doped nickel boride electrodes in 1 M NaOH at 70 °C 

Addition T/250 Slope Jo ¢ Cat kl 
to nickel boride /mV /mV /mA cm -2 /F cm -2 /mol cm -2 S -1 

none 133 85 5.9 0.775:0.11 0.30 1.05 4-0.04 
2.0% Cr 112 81 11 0.80:t:0.02 0.52 2.51 4-0.04 
O. 1% Pt 160 126 14 0.59 4- 0.03 0.24 0.93 4- 0.42 
0.3% Pt 141 119 16 0.61 4-0.02 0.25 1.144-0.13 
0.5% Pt 133 93 9.3 0.66 4- 0.02 0.80 1.33 -4- 0.02 
0.5% Co 126 100 14 0.68 4- 0.03 0.37 1.77 4- 0.08 
2.0% Co 100 68 8.7 0.80 4- 0.06 0.82 2.61 4- 0.09 
8.0% Co 127 111 18 0.68 i 0 . 0 4  0.51 3.11 4-0.12 
0.5% Rh 127 102 14 0.62 4- 0.04 0.35 1.77 4- 0.06 
2.0% Rh 96.5 69.2 10 0.81 4-0.06 0.61 2.87 4-0.08 
8.0% Rh 117 130 31 0.734-0.06 0.41 1.794-0.18 
0.5% Ru 112 90 15 0.60 ~: 0.03 0.32 1.86 4- 0.06 
2.0% Ru 94 72 13 0.63 4- 0.04 0.47 2.71 4- 0.10 
8.0% Ru 75 89 39 0.61 4- 0.02 0.46 3.64 4- 0.17 
2.0% Zn 139 112 15 0.71 ± 0.02 0.39 2.23 4- 0.06 
5.0% Zn 123 117 22 0.55 4- 0.05 1.7 2.52 4- 0.23 
10.0% Zn 140 139 25 0.69 ± 0.04 * * 

* Could not be determined because the pore parameters are not known. 

trode surface was observed during the leaching 
process. 

Data presented in Table 1 reveal that a moderate 
enhancement of electrocatalyfic properties is induced 
by doping nickel boride with Ru, Rh, Co and Cr. 
For Pt and Zn doped electrodes electrocatalytic prop- 
erties remained practically unchanged or became 
worse. 

Two main effects influence the electrocatalyfic 
properties of the electrodes. First, foreign metal incor- 
porated into the nickel boride structure can create 
heterogenous sites characterized by different activity. 
In consequence, metals with higher electrocatalytic 
activity toward the HER should enhance overall elec- 
trode properties. This can explain the increase of 
kinetic parameters for Rh and Ru doped materials. 
Moreover, metals like Co and Cr could not cause 
any changes in electrode behaviour. Second, the 
metals introduced during the chemical synthesis can 

modify the surface structure of Ni2B microparticles, 
rather than create heterogenous sites. Higher values 
of Cdl and lower constant phase angles of doped 
borides suggest that the surface structure is probably 
more developed. A similar explanation of the 
increase of nickel boride catalytic properties after 
promotion by a small amount of chromium was 
suggested earlier [26]. The electrocatalytic properties 
of the investigated materials, similar to those of 
chemically etched amorphous glasses, are results of 
highly developed homogenous structure rather than 
of heterogenous catalysis. 

The low activity of the platinum doped nickel 
boride may be explained by formation of a homoge- 
nous platinum boride dispersed in NizB without 
formation of active surface clusters. Other methods 
of platinum deposition such as chemical reduction 
of H2PtC16 on NizB particles in water suspension by 
formaldehyde or reduction of HzPtCI 6 solution on 

Table 2. Electrochemical parameters for the HER on modified nickel boride electrodes in 1 M NaOH at 70 °C 

Electrode rJz50 Slope Jo ¢ Cal kl 
/mY /mY /mAcm -2 /F cm -2 /mol cm 2 s- 1 

90% Ni-B, 10% Ni 93 65.2 9.4 0.80 -4- 0.02 0.44 2.66 4- 0.07 
(2.0% Rh in Ni B) 
90%Ni-B, 10% Ni 104 80 13 0.79 4- 0.05 0.48 2.34 4- 0.05 
(2.0% Ru in Ni B) 

Ni-B 120 115 23 0.58 4- 0.21 0.12 2.53 4- 0.12 
sintered at 400 °C 

Ni B 140 153 31 0.60 4- 0.04 0.045 1.28 4- 0.06 
sintered at 600 °C 

Ni B 354 220 6.0 0.60 4- 0.06 0.0022 0.0747 + 0.0150 
sintered at 800 °C 

Ni-B + 10% PTFE 250 161 6.2 0.73 4-0.14 0.10 0.1064-0.013 
pressed at room temperature 

Ni-B with 10% LaPO4 118 108 20 0.70 i 0.01 0.27 2.74 4- 0.09 
sintered at 300 °C 

Ni-B with 10% LaPO 4 171 156 20 0.80 4- 0.02 0.15 0.977 4- 0.763 
sintered at 500 °C 
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Ni2B by a s t r eam o f  h y d r o g e n  at  300 °C also p r o d u c e d  
e lec t rodes  o f  p o o r  act ivi ty  (r/250 ~ 200 mV). 

I t  was found  ear l ier  [34] tha t  mixing  a m o r p h o u s  
nickel  bof ide  and  nickel  powder s  (90 : 10%) increased  
act iv i ty  t o w a r d  the H E R .  The  results  p resented  in 
Tab le  2 show no evidence o f  an  increase in activity.  
However ,  the powde r s  r epo r t ed  in this p a p e r  were 
o b t a i n e d  us ing a modi f ied  p rocedure .  

The  e lec t roact ive  mate r ia l s  m a y  also be b o u n d  
wi th  ino rgan ic  p o l y m e r  LaPO4 [35] bu t  the po lymer -  
i za t ion  takes  place  at  h igher  tempera tures .  A c c o r d i n g  
to the d a t a  p resen ted  in Tab le  2, such a process  
decreases  the e lec t rode  pe r fo rmance  t o w a r d  the 
H E R  if  the s inter ing t empe ra tu r e  is h igher  than  
400 °C. There  are  two poss ible  reasons  for  such beha-  
viour:  the real  surface e lec t rode  a rea  m a y  decrease  and  
the s t ructure  m a y  become  more  crystal l ine.  Decrease  
o f  doub le  layer  capac i ty  suggests tha t  the average 
surface area  and  roughness  fac tor  are lower  for  the 
s intered electrodes.  However ,  da t a  p resen ted  in Tab le  
2 indica te  tha t  despi te  the fact  tha t  k I decreases,  the  
in t r ins ic  ra te  cons tan t s  (k l / sur face  roughness)  
increase  wi th  the  s inter ing t empera tu re .  This  observa-  
t ion indica tes  tha t  as the surface a rea  decreases  
c rys ta l l i za t ion  takes  place  and  more  active reac t ion  
sites are  formed.  

4. Conclusions 

Studies  o f  the H E R  on nickel  bo r ide  e lect rodes  d o p e d  
by  Rh,  Ru,  Co,  Cr,  Zn  and  Pt  car r ied  ou t  by  quasi  
s teady-s ta te  ga lvanos ta t i c  exper iments  and  by  a.c. 
impedance  spec t roscopy  show tha t  the overa l l  elec- 
t rode  reac t ion  proceeds  via the V o l m e r - H e y r o v s k y  
mechanism.  The  reac t ion  rates ,  as c o m p a r e d  to those  
o f  the pu re  nickel  bo r ide  electrode,  increase for  elec- 
t rodes  d o p e d  wi th  Rh,  Ru,  Cr  and  Co  bu t  are  the 
same o r  even worse  for  those  d o p e d  with  Pt  and  Zn.  
The  mate r i a l s  ob t a ined  have a large surface a rea  
which  is the ma in  reason  o f  their  activity.  The  
presence o f  m o r e  active centres  does  no t  change  signif- 
icant ly  the  overal l  pe r fo rmance .  Sinter ing at  h igher  
t empera tu re s  dur ing  the e lec t rode  p r e p a r a t i o n  causes 
a decrease  in act ivi ty  for  the H E R .  The  s inter ing 
process  causes a decrease  o f  the real  surface and  
pa r t i a l  t ransfer  f rom a m o r p h o u s  to crys ta l l ine  struc- 
ture. The  a.c. behav iou r  m a y  be expla ined  by  the 
cons t an t  phase  e lement  model .  The  e lec t rode  
mate r i a l s  have  g o o d  mechan ica l  and  phys ica l  p rope r -  
ties and  long t e rm stabil i ty.  
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