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The electrocatalytic properties of  lanthanum phosphate-bonded composite nickel-ruthenium elec- 
trodes for the hydrogen and oxygen evolution reactions were studied in 1 M K O H  at 25 ° C. Ruth- 
enium was chemically deposited on nickel powder particles,prior to polymerization of  Ni /Ru powder 
with lanthanum phosphate. X-ray diffraction (XRD), X-ray fluorescence (XRF), BET, differential 
thermal analysis (DTA), scanning electron microscopy (SEM), EDX and u.v./vis, spectrophotometry 
were used to investigate the composition, morphology and characteristics of  the electrodes. The 
influence of  the ruthenium content  and polymerization temperature on the electrocatalytic activity for 
hydrogen and oxygen evolution were studied. The mechanism and kinetics of  the hydrogen evolution 
reaction (HER) were investigated using both steady-state polarization and a.c. impedance techniques. 

1. Introduction active metal for the HER, and it is also chemically 
stable in alkaline solution [14, 15]. 

High surface area nickel-based electrodes are known 
to be active electrocatalysts in the electrolysis of hot 
concentrated alkaline water solutions. These elec- 
trodes may be obtained through sintering, vacuum, or 
plasma spray deposition, electrodeposition, electro- 
codeposition, or high-temperature deposition [1-9]. 

A new process of cementing metallic powders to 
produce high surface area electrodes has been recently 
reported [10-13]. Aluminium and lanthanum phos- 
phate-bonded nickel (LPBN) electrodes were pro- 
duced with spiky filamentary nickel powders. The 
electrodes containing 2 wt % L a P O 4  w e r e  stable in hot 
30 wt % alkaline solution during 200 h of electrolysis. 
The deposition of a metallic element onto the nickel 
particles may be beneficial for the hydrogen evolution 
reaction (HER) if the deposited metal has low over- 
voltage for the HER and is chemically stable in con- 
tact with alkaline solutions. However, strong influence 
of the preparation conditions, particularly the poly- 
merization temperature on the LPBN and LPBN-Rh 
electrode activity, was established in a previous paper 
[13]. It should be noted that the LPBN electrode ob- 
tained by the deposition of a small amount of rhodium 
on the nickel powder possesses high electrocatalytic 
activity for the HER in alkaline solutions. 

The aim of this work is to produce very active 
LPBN electrodes for water electrolysis by chemically 
depositing ruthenium on the spiky filamentary nickel 
powder. Ruthenium is recognized as being a very 

2. Theory 

The HER occurs according to the following reactions 
[8, 91: 

H20 + e- + M = M - H a g  s + OH- (1) 

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

2M-H,ds = H2 + 2M (3) 

The mechanism of the HER was studied to explain the 
influence of the structure and the composition of nick- 
el-ruthenium electrodes on their electroactivity. Elec- 
trochemical studies were carried out using the a.c. 
impedance and Tafel curve methods. The LPBN elec- 
trodes are rough and there is considerable difference 
between the geometric and active surface areas. 
Therefore, the current density is not uniformly distri- 
buted, which causes a frequency dispersion of impe- 
dance results. The successful fitting of a.c. measure- 
ment data of rough electrodes could be realized using 
constant phase element (CPE) or fractal models [16- 
21]. The constant phase element is defined by the 
following equation [21]: 

1 
ZcpE = T(jog) ¢ (4) 

where ~ is the angular frequency, the ~b value is related 
to the surface roughness and for an ideally flat elec- 
trode is equal to 1 and parameter T = Cdl for ~b = 1. 

* On leave from Department of Pharmacy, Medical University, 50-139 Wroctaw, Poland 
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In this study as well as in the previous one [13], the 
CPE model gives the best approximation of the ex- 
perimental a.c. curves. In this model, the double layer 
capacity is replaced by the CPE. The approximation 
was carried out using a modified version of the com- 
plex nonlinear least square fitting program (CNLS) 
written by Macdonald et al. [22]. The values of  par- 
ameters A, T and q~ were determined from a.c. mea- 
surements. Parameter A is equal to l/Rot, where Rct is 
the charge-transfer resistance. The nonlinear least 
square fitting (NLS) procedure of the dependences of  
log/ (from steady-state polarization measurements) 
and log A on the overpotential was used to determine 
the HER  mechanism and the kinetic parameter val- 
ues. The details of  our approximation procedure were 
shown in many references [23-26]. 

3. Experimental details 

3.1. Preparation of the binder 

Lanthanum phosphate was produced by combining 
acid lanthanum phosphate and lanthanum hydroxide 
[12]. Two overall reactions are involved in the forma- 
tion of acid phosphate lanthanum La(H2PO4)3 and its 
subsequent transformation into LaPO4: 

1La203 + 3H3PO4 , La(H2PO4) 3 + 3H20 

(5) 

La(H2PO4) 3 + 2La(OH)3 , 3LaPO 4 + 6H20 

(6) 

The La(H2PO4)3 was synthesized by adding 48.88g 
La203 to 103.7 g H3PO4 (85%) in a rectangular Teflon 
cell measuring 10 c m x  5 c m x  5 cm, since a reactive 
intermediate reacts with glass rather than Teflon. The 
reactive mixture was stirred constantly during the 
addition of La203 until a very thick, silicon-like paste 
was obtained. Because the reaction is very fast, strong- 
ly exothermic and autocatalytic, even when the com- 
ponents are mixed at room temperature, the La203 
must be completely incorporated within a few min- 
utes. As soon as the reaction ended, the Teflon reactor 
was heated in an oven at 150 ° C for 24 h. The reaction 
product, in the form of  a viscous paste, was trans- 
ferred to a flask and vacuum-dried to remove traces of  
water resulting from the reaction. The addition of  
0.883 g La(OH)3 per 1 g of  La(H2PO4) 3 made it easier 
to crush and mix the two components in a ball mill. 
The mixture was stored for several days in a dessicator 
before final polymerization. It should be noted that 
polymerization is very slow at room temperature. 

3.2. Deposition of ruthenium on nickel particles 

The spiky filamentary nickel particles (Inco 225) were 
put into a beaker containing 50 ml of  Barnstead Nan- 
opure water. The solution was deaerated by bubbling 
nitrogen. Nickel particles were added to the solution 
containing the appropriate amount  of RuC13 • 6 H20  
(Aldrich Co.). A few drops of  concentrated HC1 were 

Reference 
Electrode 

Working 
Electrode Counter electrode 

Capillary ~ 2 ~ b ° r a n ~  

~o 

Fig. 1. Schematic representation of the electrochemical cell. 

added to the solution to solubilize ruthenium com- 
plexes when necessary. The red-ox reactions to obtain 
ruthenium deposited onto nickel particles are [15]: 

RuCl~-(aq) + 3e- , Ru + 6 Cl-(aq) (7) 

Ni , Ni 2+ + 2e- (8) 

and the overall reaction is: 

3 N i  + 2RuCI~- ~ 2 R u  + 3 N i  2+ + 12C1- 

(9) 

The colour of  the solution changed during the deposi- 
tion from black to blue because of the formation of 
ruthenium (n) intermediate [15] and then became 
green due to the presence of dissolved nickel; it was an 
indication of the end of the reaction. U.v./vis. analysis 
of the solution showed the complete disappearance of 
ruthenium complexes from the solution and X-ray 
fluorescence of  the electrode materials confirmed that 
all the ruthenium initially present in the solution is 
deposited. 

3.3. Preparation of the electrodes 

The mixture of the La(H2PO4) 3 and La(OH)3 with 
Ni/Ru powder was pressed under vacuum in a mould 
1.3 cm in diameter to obtain pellets [10-13]. A nickel 
foil was introduced to ensure a proper electrical con- 
tact. Polymerization was achieved by heating the pel- 
lets for 3-4 h under a flow of argon at different tem- 
peratures (200-800°C) after 12h of preheating at 
120 ° C. The electrodes were coated on one side and on 
the edge with Epofix resin (Struers). The obtained disc 
geometric surface area was 1.33 cm 2. The contents of 
ruthenium in the electrode materials were 1, 2, 3.5, 5, 
or 10wt% as compared to 2 w t %  for the binder 
(LaPO4), and the rest of  100wt% was nickel. The 
polymerization process was described in detail in 
previous papers [10, 12, 13]. 

3.4. Electrochemical studies 

The experiments were performed in a dual-compart- 
ment glass cell (Fig. 1) separated by a Dupont  
Nation ® membrane 901 (Electrosynthesis Co.). The 
temperature of the cell compartment containing the 
working electrode was kept constant by circulating 
thermostated water. A Luggin capillary tube was 
placed less than 1 mm from the vertically placed work- 
ing electrode. A nickel grid with a projected geometric 
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surface area of 40 cm 2 was used as a counter electrode, 
and the reference was a Hg/HgO/1 M KOH electrode. 
The measured value of the reversible potential of the 
HER in 1 M KOH was - 9 2 5  mV compared to the 
reference electrode at 25°C. Barnstead Nanopure 
water with 17.5 Mfl  cm resistivity was used to prepare 
KOH (Fischer-certified ACS reagent grade) and 
NaOH (Aldrich semiconductor grade 99.99%) solu- 
tions, which were deaerated by nitrogen bubbling. 

The steady state and a.c. measurements were made 
by galvanostat-potentiostat PAR 273 and EG&G 
5208 lock-in analyser controlled by a Commodore 
PC2. 

3.5. Determination of kinetic parameters 

Cathodic polarization curves were obtained by de- 
creasing the applied current galvanostatically from 
250 to 0.01mAcm -2 after ~ 2 h  under a cathodic 
current of 250 mA cm-5. The electrode potentials were 
corrected for the ohmic drop by the current-interrup- 
tion and the a.c. impedance techniques. Both methods 
gave similar results [12, 24]. No differences were ob- 
served in cathodic polarization curves registered after 
2 h polarization under 250 mA cm -2 in both 1 M KOH 
and NaOH solutions. 

In another set of experiments, the a.c. measure- 
ments were carried out after approximately 30 cycles, 
each cycle consisting of 30 rain of galvanostatic elec- 
trolysis at 125mAcro -2 and 10rain of Tafel curve 
measurement at cathodic current densities from 
250 mA cm -2 to 10 -5 mAcm 2. After such treatment, 
all Tafel parameters became constant with further 
cycles and reproducible a.c. measurements were ob- 
tained, i.e. the variation on the Tafel slope was within 

2%, compared to ,-~ 10% for the exchange current 
density. In this experiment 1 M NaOH (Aldrich semi- 
conductor grade 99.99%) solutions were used to avoid 
the long term influence of the impurities on the kinetic 
parameters evaluation of the HER. 

The Tafel parameters for the OER were obtained 

for Ni/Ru electrodes at 25°C after 30min under an 
anodic current density of 250 mA cm -2 at 70 ° C. This 
procedure was chosen to obtain reproducible steady- 
state polarization measurements at 25 ° C. The rever- 
sible potential for the OER was + 304mV vs Hg/ 
HgO. On the basis of XRF studies it was noticed that 
a large part of ruthenium is dissolved in the electrolyte 
after preanodization at 70 ° C. It is consistent with the 
large solubility of the ruthenium oxide or complexes, 
[15, 27, 28]. 

4. Results and discussion 

4.1. Materials characterization 

The polymerization of LaPO, may be performed at 
various temperatures. It was found that the change in 
the polymerization temperatures from 300 to 800°C 
may induce changes in the Ru/Ni powder. Differential 
Thermal Analysis (DTA) of the ruthenium deposited 
on nickel powder showed that the phase changes occur 
at 275 and 700°C (Fig. 2). Examples of XRD dif- 
fractograms of Ru(10 wt %)/Ni powders, which were 
dried at 100 ° C during 12 h after ruthenium deposition 
and then heated at 400 and 700°C in argon atmo- 
sphere, are presented in Fig. 3. The X-ray fluorescence 
analysis showed that the powder obtained after the 
deposition process contained ,,~ 10 wt % of ruthenium 
while the XRD ruthenium lines were not observed 
before heat treatment. After the heating of powder at 
400°C in an inert atmosphere, ill-defined peaks of 
NiO and Ru appeared (Fig. 3). The broadening of the 
peaks was connected with the emergence of small 
particles of NiO and Ru. In addition, there was a wide 
band of weak intensity in the region of 20 = 27 ° on 
the XRD spectra, which is characteristic of an amor- 
phous structure. Spectrum in Fig. 3 obtained for Ru/ 
Ni powder heated at 700 ° C proved that NiO and Ru 
possessed a well-defined crystalline structure. Similar 
changes from a disordered to ordered structure during 
heating are well-known [29]. 

Ni/Ru 10 wt% 

I I I I 
100 500 500 700 900 1 0 0  

T e m p e r a t u r e  / ° C  

Fig. 2. Differential thermal analysis of ruthenium deposited on nickel powder. 
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Fig. 3. X-ray powder diffraction spectrum: (a) for Ni /Ru  powder heated at 100 ° C; (b) for Ni /Ru  powder heated at 400 ° C; and (c) for Ni /Ru  
powder heated at 700 ° C. 

The above results of X-ray powder diffraction (Fig. 
3) suggested that the first DTA transition is associated 
with the reaction of an amorphous form of RuxOy 
obtained by reducing the ruthenium complex on the 
nickel surface with nickel according to the reduction 
reaction: 

RuxOy + yNi = yNiO + xRu (10) 

As predicted from thermodynamic data, the free 
energy of the reduction reaction of the most stable 
ruthenium oxide is approximately equal to 
-250kJmo1-1 in a temperature range of 100 to 
600°C [30]. The reaction does not occur at the lower 
temperature (no XRD lines of NiO and Ru) because 
of kinetic limitations. On the other hand it was shown 
in [31] that the production of ruthenium metal by 
thermal decomposition of RuO2 did not occur even 
after vacuum heating at 725°C for 2 h. 

The energy dispersive X-ray (EDX) mapping (etec- 

tron microbe in SEM) made on a cross section of 
Ni/(10 wt %) Ru particles previously heated at 300°C 
(typical polymerization temperature) suggested the 
formation of ruthenium oxide covering the nickel 
particles (Fig. 4). The XRF studies indicate that the 
total amount of ruthenium dissolved in solution was 
deposited on the surface of the nickel particles. The 
EDX mapping of the cross section showed that ruth- 
enium is present on the particle surface only. The 
mapping also showed larger amounts of oxygen in the 
ruthenium layer. These findings, along with the DTA 
results, indicate that Reaction 10 is taking place. Be- 
sides, XRD measurements showed that Ru and NiO 
peaks appear only after heating the powder at 400 and 

Table 1. Specific surfaces and roughness factor of materials obtained 
from BET measurement 

Powder Heating* Specific ~ Roughness 
types temperature surface factor 

o C m 2 g 

Ni ~ RT * 0.6 - 
Ni 2 250 4400 ~ 
Ni 1 300 0.6 - 

Ni 1 400 0.55 3900 ~ 
Ni /Ru  1.0% RT 2.5 10000"* 
Ni /Ru  2.0% RT 2.7 8200** 
Ni /Ru  5.0% RT 4.5 10600** 
Ni /Ru  10% RT 7.3 58000** 
Ni /Rn 1.0% 300 - 8000 ~ 
Ni /Ru  3.5% 300 - 7100 ~ 
Ni /Ru  5.0% 300 4.3 
Ni /Ru  5.0% 400 1.6 
Ni /Ru  5.0% 600 1.0 

Fig. 4. Energy dispersive X-ray mapping  pictures of  Ni /Ru  particles 
cross-section. (a) Backscattered electron picture. (b) Oxygen X-ray 
mapping of  sample from picture 3a. (c) Ruthenium X-ray mapping 
of the same sample. (d) Nickel X-ray mapping of  the same sample. 

* for ~ 3 h under  argon atmosphere 
* metal powders 

RT: room temperature, no heat t reatment 
§ polymerized LPBN electrodes 
** unpolymerized La(H2PO4) 3 and La(OH)3 pressed with metal 
powder 
i From [13] 
z From [11] 
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Table 3. HER Tafel parameters after multicycle polarization experi- 
ment at 25 ° C in 1 M NaOH 

Fig. 5. SEM picture of LPBN-Ru 3.5 wt % polymerized at 300 ° C. 

700°C under an argon atmosphere. The peaks for 
NiO were absent when nickel powder or rhodium on 
nickel [13] was heated under the same experimental 
conditions. The results indicate that the deposition of  
ruthenium lead initially to the formation of  an oxide 
RUxOy on a nickel surface which at higher tem- 
perature may be reduced to a metallic ruthenium. 

The real surface area of  Ru/Ni powders and the 
associated roughness factor of  the electrodes contain- 
ing from 0wt  % to 10wt % of  ruthenium measured by 
BET technique are illustrated in Table 1. Surface 
roughness factor values for dried metal powders with 
La(HzPO4)3 and La(OH)3 (room temperature) and the 
electrodes polymerized at various temperatures are 
also presented. These results are in good agreement 
with previous studies on such materials [13], showing 
that the surface area decreases with an increase in the 
polymerization temperature and increases with an 
increase in ruthenium content. It  should be noticed 
that the specific surface of LPBN and L P B N -  
Ru(5 wt %) electrodes is unaffected by heating up to 
400 ° C, which suggests that the specific area of  the 
pellets before (Table 1) and after polymerization at 
300 ° C are approximately the same. A SEM picture of  
a Ni /Ru 3.5% polymerized at 300 ° C before electroly- 
sis is presented in Fig. 5. The fractal shape of  the 
powder and the porous nature of  the electrode surface 
are noticed. 

Table 2. Effect o f  temperature and ruthenium content on H E R  kinetic 
parameters o f  nickel powder electrodes at 25°C in 1 M K O H  and 
NaOH 

Ru/% 300 ° C 400 ° C 600 ° C 

b Io q2so b I o ~12~o b I o rl;so 

0.01 132 12 177 130 3.1 257 114 0.3 334 
1.0 64 54 42 108 20 120 122 13.8 155 
2.0 - - 99 15 122 - - / - 
5.0 40 25 39 106 24 108 104 9.5 148 

10.0 32 47 23 

Ru 2 68 50 55 

b Tafel slope (mV dec- l ) 
Io Exchange current density (mAcm -2) 
q250 Overpotential at 250mA cm -2 (mV) 
i LPBN electrodes from [131 
2 LaPO 4 bonded Ru electrode 

Composition Temp. Tafel slope Exchange current Overpotential 
/wt% /°C /mV dec -I density at '250mAcm -2 

/mA cm- ~ /mY 

Ni I 300 124 4.2 216 
Ni I 600 118 0.3 283 
Ni-Ru(3.5) 300 70 34 60 
Ni-Ru(3.5) 600 140 8 205 

i LPBN electrode from [13]. 

4.2. K i n e t i c s  o f  the  H E R  

Tafel curves were obtained for the H E R  on Ni /Ru 
powder electrodes for different polymerization tem- 
peratures. The kinetic parameters and the electroca- 
talytic activity at 2 5 0 m A c m  -2 are summarized in 
Table 2. These electrodes show considerable improve- 
ment in the electrocatalytic activity at 250mAcro -2 
compared to the nickel powder lanthanum phosphate 
bonded electrodes described in previous works [10, 
11]. 

The most  active electrodes were obtained at the 
lower polymerization temperature, i.e. 300 ° C. Elec- 
trodes containing 1 wt % Ru and polymerized at 
300 ° C have Tafel parameters similar to those made of  
pure ruthenium powder and containing the same 
amount  of  LaPO 4. In the latter case, the following 
Tafel parameters were obtained: io = 50mAcro  -2, 
b = 68mVdec  -1 and t/250 = - 55mV. As shown in 
Table 3, a slight decrease in electrocatalytic activity 
was observed during the multicycle experiment for 
Ni/(3.5 wt %)Ru  electrodes. 

Ruthenium-nickel  electrodes containing 3 . 5 w t %  
Ru were chosen for a detailed electrochemical inves- 
tigation in order to compare their characteristics to 
those obtained with Ni /Rh electrodes [13]. One semi- 
circle on the complex plane impedance plot was found 
for the electrode polymerized at 600 ° C and two semi- 
circles for N i - R u  powder electrodes prepared at 
300 ° C. The second semicircle was so perturbed that it 
was impossible to determine its parameters and the 
analysis was carried out using only the first semicircle. 
Sample Nyquist  graphs obtained on L P B N -  
Ru(3.5wt %) electrodes polymerized at 600°C are 
shown in Fig. 6. The real and imaginary components 
Z '  and Z" obtained for all frequencies at various d.c. 
potentials were analysed using the complex nonlinear 
least squares fitting program (CNLS) written by 
Macdonald e t  al. [22] and modified in order to find the 
experimental values of  parameters A, T, q5 and Re. 
Figure 4 shows that the experimental complex-plane 
impedance diagrams are very well fitted by the CNLS 
approximation.  The results of  approximation of  log i 
(from Tafel curves) and logA against overpotential 
dependences are presented in Figs 7 and 8. It was 
found that the H E R  proceeds via Volmer-Heyrovsky 
reaction with the value of  k~ ~ kz;  it was impossible 
to determine the exact value k2, because the standard 
deviation was higher than the rate constant value. In 
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Fig. 6. Experimental (points) and simulated (solid lines) values of  Z" against Z '  in 1 M NaOH at 25°C for LPBN-Ru (3.5 wt %) electrode 
polymerized at 600°C. Key: (O) - 8 0 m V ,  (O) - l l 0mV,  (v) - 130mV, and ( + )  - 160mV. 

addition, the Volmer-Heyrovsky reaction mechanism 
has two solutions [24]: exchanging the rate constants 
k~ and k2, k - I  and k_2 and ~ and c~=, leaves all the 
experimental curves for all the techniques unchanged, 
and the only difference is in the calculated surface 
coverage by adsorbed hydrogen. The kinetic paramet- 
ers of the HER are presented in Table 4. 

The capacity of the double layer presented in Fig. 9 
was calculated according to the following equation 
[211: 

T = C ~ ( R s  1 -ll- A)  (1 ~b) (11) 

The roughness factor R was estimated from the ex- 
perimental values of capacity of the double layer di- 
vided by the capacity of the smooth metal surface, 
which equals 20 #F cm -2 (Table 5) [23]. The roughness 
factor for Ni/Ru electrodes prepared at 300°C is 
approximately 1.5 times higher than for similar Ni/Rh 
electrodes [13], and identical for Ni and Ni/Ru 
3.5wt % electrodes heated at 600 ° C. On the other 
hand the values of rate constants obtained for Ni and 
Ni/Ru electrodes at lower (300 ° C) temperature are a 
few orders of magnitude higher than for the same 

electrodes prepared at 600 ° C. The addition of ruth- 
enium to pure nickel electrodes considerably improves 
its electrocatalytic activity only if the polymerization 
temperature is low, i.e. 300 ° C. The electrochemically 
determined roughness factor is much smaller than that 
determined by BET method. The electrochemical 
roughness factor is related to the electrode-solution 
interface. By contrast, the surface area obtained by 
BET measurements is larger compared to the former 
one since it is related to the surface accessible for gas 
adsorption. Also, however the electrochemically 
active surface area may drop at high rate of gas evolu- 
tion as the current density increase (Fig. 9). 

A strong influence of polymerization temperature is 
evidenced considering the intrinsic electrocatalytic ac- 
tivity, i.e. when the rate constants divided by the 
roughness factor are taken into account. The rate 
constants per real surface area k~/R, determined on 
the LPBN electrode decrease as the temperature 
increases from 300 ° to 600°C (Table 5). The same 
observation is valid for LPBN/Ru electrodes. When 
the electrocatalytic behavior of Ni and Ni/Ru elec- 
trodes are compared, the effect of ruthenium on the 

-0.7 

-0 .9  

O4l - - 0 . 9  ~ "-~.-1.2[ 

E " % .  ~-1.5' . ~ ,  
0 ~ -0.06-0.0,4-0.02 O.O0 
<-1 1 ~ v  . 

° _  

O 
- - 1 . 3  

-1.5 ' ' , , 
- 0 . 2 2  -0 .1  7 -0 .1  2 - 0 . 0 7  

Fig. 7. Tafel plots obtained in 1 M NaOH at 25°C on nickel-ruthenium (3.5 wt %) electrode polymerized at 600°C and insert at 300 ° C, 
( - - )  calculated. 
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Fig. 8. Dependence of the logarithm of parameter A on the overpotential in 1 M NaOH at 25 ° C: nickel-ruthenium (3.5 wt %) electrode 
polymerized at 600°C and insert at 300 ° C, (--)  calculated. 

electrocatalytic properties is evident. The highest ac- 
tivity corresponds to the Ni/Ru electrodes poly- 
merized at 300 ° C. The presence of ruthenium in- 
creases the kl/R ratio by a factor of ten as compared 
to the LPBN electrode (Ni without Ru). It was report- 
ed earlier [13] that an increase of temperature to 
600 ° C causes melting of the needles on Ni or Ni/Rh 
particles resulting in a decrease of electrocatalytic 
activity. Based on these results, it was deduced that 
improvement of performances of nickel powder elec- 
trodes when nickel particles are encapsulated with 
ruthenium is related to an increase of both the rough- 
ness factor and the intrinsic electrocatalytic activity of 
the electrode material. It should be pointed out that 
the same conclusion was drawn for Ni/Rh electrodes. 
The values of the rate constants divided by the rough- 
ness factor (Table 5) are approximately the same for 
Ni/Ru and Ni/Rh electrodes prepared at 300 ° C. The 
difference is that ruthenium does not create a solid 
homogenous solution with nickel at temperatures 
below 800°C and the Ni/Ru electrode heated at 
600 ° C is substantially more active than similar Ni/Rh 
and Ni electrodes prepared under the same experimen- 
tal conditions [13]. It could be concluded that the high 
activity of Ni/Rh and Ni/Ru electrodes is related to 
the presence of particles of a more active metal or its 
oxide. The alloying process can significantly decrease 
the activity of the mixed electrodes. A similar differ- 

ence was found in the case of polymer-bonded compo- 
site nickel electrodes [4]. 

4.3. Kinetics of the OER 

Since ruthenium oxide is well-known as anode ma- 
terial in water electrolysis [32, 33], it led us to evaluate 
the performance of the OER of LPBN-Ru electrodes. 
OER kinetic parameters for the Ni/Ru electrode were 
slightly affected by the polymerization temperature up 
to 600 ° C (Table 6). The Tafel slope and the exchange 
current density for the OER were significantly affected 
by ruthenium content up to 5 wt % compared to nickel 
powder electrodes [12, 13]. The drop of the Tafel slope 
with the augmentation of ruthenium content results in 
a decreased oxygen overpotential at 250mAcro 2. 
Since ruthenium dissolves in a basic medium to form 
RuO 2- [15, 27, 28], it may induce an increase of the 
specific surface area which results in an improvement 
of electrocatalytic activity. On the other hand it is 
anticipated that the intrinsic electrocatalytic activity 
for the OER will decrease with time due to the 
removal of ruthenium. The use of lanthanum phos- 
phate-bonded composite nickel-ruthenium anodes in 
base are not attractive owing to the tendency of ruth- 
enium to corrode; long term experiments for OER on 
LPBN-Ru electrodes were thus not considered. 

Table 4. Rate constant values obtained from a.c. measurements at 25 ° C in 1 M N a O H  

Composition Temp. k I x 108 k I x 108 
/wt % /° C /mol cm-e s- l  /mol cm-  z s-l  

k 2 x 107 
/mol cm z s ' 

~2 

Ni I 300 2.86 ± 0.61 2.92 ± 2.63 
Ni E 600 0.21 ± 0.01 * 
Ni-Ru(3.5) 300 117 ± 10 * 
Ni-Ru(3.5) 600 4.13 ± 1.01 * 

1.04 + 0.73 0.46 ± 0.01 
0.51 __. 0.01 
0.49 ± 0.11 
0.42 _+ 0.02 

t 
t 
t 
0.36 ± 0.02 

Very large values, precise determination is questionable 
c~ = 0.5 was assumed 

t LPBN electrodes from [13] 
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Fig. 9. Dependence of  the double-layer capacity on the overpotential: nickel-ruthenium (3.5 wt %) electrode polymerized at 600 ° C (o) and 
at 300°C (O). 

Table 5. Rate constant values divided by surface roughness factor at 
25 ° C in 1 M NaOH 

Composition Polymerization Roughness (k I/R) × 101° 
/wt % temperature factor* /mol cm -2 s -  1 

/°C 

Ni pure 1 300 1000 0.286 
Ni pure ~ 600 1650 0.013 
Ni-Ru(3.5) 300 4700 2.520 
Ni-Ru(3.5) 600 1600 0.258 

* From double layer capacity measurements  
F rom [13] 

5. Conclusions 

It was shown that the lanthanum phosphate-bonded 
nickel/ruthenium electrodes are very active for the 
HER over ruthenium contents ranging from 0 to 
10wt%. The steady state HER overpotential at 
250 mA cm -2 in 1 M alkaline solution was approxim- 
ately 45 mV for 1 wt % of Ru electrode polymerized at 
300 ° C. Tafel parameters and q25o for LPBN electrodes 
with Ni/Ru powders are practically similar to those 
prepared with pure ruthenium, the content in the 
LaPO4 being the same. It was shown that the ruth- 

enium deposited on nickel particles forms an amor- 
phous oxide. A heat treatment of the powder is fa- 
vourable for reducing ruthenium oxide by nickel sub- 
strate. The improvement of nickel powder electrode 
electrocatalytic activity is related to the presence of a 
more active metal or its oxide covering nickel powder 
particles. The HER proceeds via the Volmer-Heyrov- 
sky reaction with one rate-determining step. The con- 
stant phase element model was applicable for the a.c. 
impedance measurement fitting. 
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