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Abstract

Nickel and ruthenium dispersed on graphite electrode showed a catalytic activity towards methanol oxidation in KOH solution. Various
modified graphite electrodes of different Ni—Ru ratios were prepared by the electro-deposition of Ni and Ru from their salt solutions
by changing the relative concentration of each metal ion in the deposition bath. Results of the electrochemical measurements reveale
that simultaneous deposition of the binary metals is the best method to prepare the catalyst. The relative distribution of Ni—-Ru deposit:
on the graphite electrode depends on the method of deposition as shown by optical microscope analysis. The catalytic activity of the
bimetallic catalyst C/(Ni—Ru) towards methanol oxidation was found to vary with the amount of electrodeposited Ni and Ru. However,
the catalytic activity increases with increasing the Ni content relative to Ru in the electrode. The dependence of the oxidation current or
methanol concentration and the upper- and lower-potential limits was discussed. It was concluded from the electrochemical measuremen
that methanol oxidation begins at the potential value of NiOOH production with the formation of intermediate products. The presence of
perruthenate species on the electrode surface is responsible for the complete oxidation of the intermediate species.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Nickel-ruthenium; Bimetallic catalyst; Electro-catalysis; Methanol fuel cell

1. Introduction tered on the choice of materials cheaper than platinum. Sev-
eral trials have used less expensive materials, for example:
Direct methanol fuel cell (DMFC) is considered one of Co[9], Pd[10], Fe[11], Ni[12,13] and on TiQ [14] and Ti
the promising systems for power generation in electric ve- coated with oxides of Fe, Co, Ni, Mo, Mn, Cr, Cu, and Hg
hicles[1]. Methanol, as a fuel, is a relatively highly active or their combinations: Sb—Sn, Co—Mn, Ni=Si, Ni-Cr—Mo,
and easily transported and converted into energy from theand Fe—-Ci15].
liquid state. Platinum has been recognized as an important The heterogeneous catalytic oxidation of organic sub-
electro-catalyst in the direct oxidation of small organic com- stances by redox catalysis was previously expldrEg].
pounds[2]. Numerous modifications of Pt electrodes have For this type of redox reactions, nickel was found to be
been carried out in order to enhance the electro-catalytica good catalysf16-18] It was commonly used as an
oxidation process. This was achieved using various metalselectro-catalyst for both anodic and cathodic reactions in
either by alloying, novel immersion techniqugs, or un- organic synthesis and water electrolyli,20] RuG, was
derpotential depositiofd]. One of the impeding problems also reported to effectively catalyze the electro-oxidation of
in the commercialization in DMFCs is perhaps the high alcohols[21], both in acidic[22] and in alkaline solutions
over potential associated with the direct electro-oxidation of [23]. Modification of the nickel surface by the addition of
methanol[5]. Although electro-catalysts based on&ltand RuQ®, seems to enhance the electro-catalytic activity to-
Pt-/Ru alloys[7,8] have been developed and indeed exhibit wards the oxidation of ethan§24] compared to the bulk
good activities, high costs of these materials are often very metal oxide electrode$25]. This enhancement was at-
prohibitive. A great deal of interest has recently been cen- tributed to the excellent corrosion resistance and the high
electro-catalytic activity of the RufScoated electrodes. In
addition, the presence of the mixed oxides serves as good
* Corresponding author. electron transfer mediators for the oxidation process. These
E-mail address: mamdouha@tedata.net.eg (M.A. Abdel Rahim). mixed oxides involve the redox couple of nickel, i.e., nickel
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hydroxide Ni(OH)/nickel oxyhydroxide NiOOH, and that 20
of ruthenium, i.e., ruthenate Ru(VI)/perruthenate Ru(VII).
The purpose of the present work is to study the

electro-catalytic oxidation of methanol at graphite elec- 15
trodes modified with nickel-ruthenium deposits in alkaline
solution, aiming to have a less expensive electro-catalyst in 10
the DMFC.
& s
2. Experimental techniques é
0

Electrochemical measurements were performed on spec-
troscopically pure crystalline graphite disc electrodes of
apparent surface area of 0.37<modified by simulta- -5
neously electrodeposited nickel-ruthenium. Before the
electro-deposition process, the graphite electrode was me-
chanically polished by using metallurgical papers of various
grades, then it was subsequently degreased with acetone, 08 04 00 0.4 08
rinsed with distilled water, and dried with a soft tissue
paper. The electrode surface was activated via the potentio-
static polarization at 1400V for 5min followed by po- Fig. 1. Cyclic voltammogram of C/(Ni-Ru) electrode in 1.0M KOH.
larization in a cyclic mode from the Hevolution potential Potential was scanned at 10 msfrom —900 to+750 mV. (Ni and Ru
(—800mV) to a potential beyond LQevolution (1400 mV) were simultaneously deposited from their salt solutions of molar ratio
in 1M H,SOy at a scan rate of 50mV$ for 50 cycles. 8:1).

The apparent surface area was calculated from geometri- ,

cal appearance and the current density is referred to this~1000mV versus (MMS) for 1hFig. 1 represents the
area. Hg/HgO/1.0M NaOH (MMO) and Hg/Hg$Q.0 M cyclic voltammetric behawour_ of this elegtrode in 1.0M
HoSO4 (MMS) are used as reference electrodes and a PtKOH at a scan rate of 10 mV/$ in the potential range from

sheet was used as the counter electrode. Measurements werg 200 10+750mV. Three redox couples are observed in the
carried out in aerated 1.0M KOH at room temperature of Voltammogram: the first appears at potential values 200

30°C + 0.2. Methanol was used as received without further @7d—250mV (la and k), the second a+280 and+150 mV

purification. Triply distilled water was used throughout for (Ia @nd Ik) while the third appears at550 and+400 mV
the preparation of solutions. (Il g and lllc). The first and second redox couples represent,

The electro-deposition of nickel and ruthenium was per- respectively, the formation of R®s [Ru(ll)] and RuG,

formed simultaneously using the potentiostatic and the gal- [RU(IV)] according to the following equilibrig27]:
vanostatic methods from solutions composed gf10~3 M 2Ru+ 3H,0 = RpO3 + 6HT + 66

RuCk with different concentrations of NiSQranging from N B

110 16 x 10-2M in 1.0 M H,SQy solution. The potentio- ~ ReOs +H20 — 2RuG, +2H™ 4 2e

static deposition method is carried out-al000mV ver-  Thg higher oxidation states of ruthenium Ru(IV)/Ru(VI) and
sus (MMS) while the galvanostatic method is at 0.1 and ythenate [Ru(VI))/perruthenate [Ru(VIl)] are believed to

1.0 mA cnt 2. After the preparation of the nickel-ruthenium be formed at potential values above 1.05V (RHE)] as
deposits on the graphite electrodes, no further pretreatmemfepresented in the following reactions:

of the electrode was necessary to avoid any changes in the
substrate surface. RUQ; + 40H™ = RuQ;%™ + 2H;0 + 2e”
The electrochemical measurements were performed byRuO42‘

the cyclic voltammetric technique. Details of the electro-

chemical equipments as well as the electrolytic cell were In the present work, these higher oxidation states of ruthe-

described elsewhe(@6]. nium cannot be easily detected in the voltammogram of
Fig. 1 as oxygen gas evolution starts at abet50 mV
(MMO). The third redox couple, observed kig. 1 (lll 4

3. Results and discussion and lll;), represents the oxidation of Ni(Off)o NiOOH in

accordance with the reacti¢h2,28}
The modified C/(Ni—Ru) electrode was prepared electro- | . - . _
chemically by the co-deposition of nickel and ruthenium Ni(OH)2 + OH™ & NIOOH) +H;0+e
from a solution composed of 0.008 M NigG+ 0.001 M The electro-oxidation of 0.5M methanol at the C/(Ni-Ru)
RuCk in 1.0M H;SO; via potentiostatic technique at electrode was studied at a scan rate of 10 m¥ia the po-

E/V (MMO)

— RuQy™ + €
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Fig. 2. (a) Cyclic voltammogram of C/(Ni—Ru) electrode in 0.5M Me@HL.0M KOH solution. Potential was scanned at 10 mV $rom —900 to
+1600mV. (b) Comparison between the cyclic voltammetric behaviour of C/Ni, C/Ru, and C/(Ni-Ru) electrodes at a scan rate of1idro\6sM
MeOH + 1.0 M KOH solution. (Ni and Ru were simultaneously deposited from their salt solutions of molar ratio 8:1).

tential range from-900 to +1600mV in 1.0 M KOH so- This suggestion was mainly based on the experimental
lution. The result is represented Fig. 2athat showed the  observations reported by Fleischmann et[&2,13] They
presence of two anodic peaks, the first onet+840mV, found that, alcohols and other organic compounds were ox-
while the second one at1210 mV. In presence of methanol, idized at a potential value that coincided exactly with that
O, evolution is observed at more positive potentials than in at which NiOOH was produced. Therefore, according to the
its absence (sekig. 1). It naturally appears after the sec- above reaction, it is assumed that methanol is oxidized by
ond anodic peak at a potential value of abeéd450 mV, as the reduction of NiO(OH) to Ni(OH)with the formation of

the oxidation of methanol represents a predominant reactionintermediate products. Accordingly, it is expected to obtain
than the @ evolution one. By comparing the cyclic voltam- a cyclic voltammogram free from the NiOOH reduction
mograms of C/Ni, C/Ru, and C/(Ni—-Ru) modified electrodes peak in the cathodic sweep (deigs. 1 and 2p With respect

in the same solutionKjg. 2b), it was concluded that the to ruthenium and during potential scanning in the anodic
first oxidation peak might correspond to the contribution of direction, the various ruthenium oxides are formed until
nickel in the methanol oxidation process, while the second a potential value of+1210mV (MMO) at which the per-
one corresponds to that of ruthenium. On the basis of theseruthenate species is formed. The presence of the perruthen-
results, one may suggest a mechanism for the oxidation ofate species on the electrode surface is possibly responsible
methanol at the modified C/(Ni—Ru) electrode as follows: for the second anodic peak that appears$-ig. 2awhich
during potential scanning in the anodic direction, nickel (and corresponds to the oxidation of the intermediate species
ruthenium) will undergo anodic oxidation with the forma- (and/or methanol) according to the following reaction:

tion of their respective oxides. With respect to nickel, the

hydroxide and then the oxyhydroxide species are formed atRuQ,~ + intermediatesand/or methanol + OH™

potenFiaI value_s up te+r840 mv (MMO) according to the — RUOy%~ + H,0 + products

following reactionq12,28]

Ni + 20H™ © Ni(OH), + 2& Due to the excellent stability and reversibility of_the redox
_ _ couple ruthenate Ru(VI)/perruthenate Ru(VIl), it can acts
Ni(OH), + OH™ « NiO(OH) + H2O + e~ as a suitable heterogeneous electron transfer mediztpr

The high catalytic activity of C/(Ni—Ru) electrode is thus at-
tributed to the presence of more than one active metal oxide
represented by the nickel redox couple Ni(QHIOOH
NiO(OH) + MeOH — Ni(OH), + intermediate and the ruthenium redox couple Ru(VI)/Ru(VIl). These

Once NiOOH is formed, methanol oxidation begins at this
potential value, according to the following reaction:
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250 . sible explanation for this activity loss. These hydrous ox-
I 1 eycle ’;j ides are susceptible to dissolution or they rearrange readily,
—— 1ot i with expulsion of water, to yield a more stable and compact

] surface layef36]. In another opinion, the decrease of the
peak height of methanol oxidation is due to the poisoning
effect by the diffusion of the oxidation products into the in-
ner pores of the passive Ni and Ru oxide filf@8], hence
reducing the number of the catalytically active sites for the
oxidation proces§?1].

A set of experiments was carried out to study the effect
of methanol concentration. Cyclic voltammetric curves at a
scan rate of 10 mV's! for methanol concentrations ranging
from 0.30 to 1.50 M in 1.0 M KOH were recorded kig. 4.

It was observed that at lower methanol concentrations, up to
0.75 M, the two anodic oxidation peaks are sharp and well
defined Fig. 49 and the peak heights increase with the in-
. . . . . crease of methanol concentration. Above 0.75 M the oxida-
05 00 05 1.0 15 20 tion peak_s become broad with a slight_ inc_rease in current
density Fig. 4b. As methanol concentration increases, more
nickel oxyhydroxide and perruthenate species will be con-
Fig. 3. Repeated cyclic voltammograms of methanol oxidaton at sumed, and it was suggested that the rate of the formation
C/(Ni-Ru) electrode. Potential was scanned at 50 mVfsom —900 to of a complex between nickel oxyhydroxide as well as per-
+2000mV. (Ni and Ru were simultaneously deposited from their salt rythenate and the alcohol is faster than that of its decomposi-
solutions of molar ratio 8:1). tion producing the oxidation products, thus, the broadening
of the alcohol oxidation peaks at higher concentrations is ex-
mixed nickel-ruthenium oxides act as good electron transfer pected30]. The height of the two oxidation peaks increases
mediators for the methanol oxidation proc§z4,29] linearly with methanol concentration up to 1.0 M, however,

Stability of the modified C/(Ni—Ru) electrode was exam- it deviates from linearity at higher concentratiofsy(. 59.
ined by cycling the potential during methanol oxidation in The deviation from linearity at high concentrations is prob-
1.0M KOH in presence of 0.5M MeOH at a scan rate of ably due to the absorption of oxidation products at the elec-
50mVs? in the potential region from-900 to 2000 mV trode surface that retards the oxidation process. On the other
(MMO). The results are representedhig. 3that shows a  hand, almost constant values of the oxidation peak potential
decrease in the height of the two oxidation peaks by potential are observed independent of the methanol concentration.
cyclization. After 50 cycles, the height of the first oxidation The logarithmic plot of the peak current density of
peak decreases to 62.4% of its value at the first cycle while methanol oxidation at the C/(Ni—Ru) electrode with its bulk
the height of the second oxidation peak decreases to 71.9%concentration up to a value of 1.0 M produces straight line
The decrease of the peak current density of methanol oxi- relations (sed-ig. 5b. The slope of these straight lines is
dation by potential cyclization could be possibly attributed equal to the order of the reaction with respect to methanol
to the activity loss of the nickel and ruthenium oxides. With according to the relations:
respect to nickel, the formation of irreducitgeNi(OH), or .

NiO; at potentials above-0.5V (MMO) [20,30] could ex- ~ Rate=1=kC

plain this activity loss. This passive oxide film blocks thg log ! = logk + nlogC

electrode surface due to its compactness and poor conducting

behaviour that electrically isolate the active material from the wherel is the peak current densitl, is the reaction rate
reaction zong31]. The flaking off of nickel oxide from the  constantC is the bulk concentration of methanol, ands
electrode surface could also be considered another possiblehe reaction order. Values of 0.5 and 0.2 were estimated for
explanation for the decrease of the peak height. In addition, the order of the reaction at the Ni and Ru deposits, respec-
the high NiO(OH) thickness after several cycles might act as tively. The value obtained at Ni in this case is comparable
a barrier inhibiting the charge transfer process for methanol to that obtained at the C/Ni modified electrode. On the other
oxidation. On the other hand, the activity loss with respect hand, the value obtained at Ru is relatively smaller than that
to ruthenium may be attributed to the mechanical removing obtained at Ni which leads to the conclusion that the oxida-
of some Ru oxide surface layers during prolonged cycliza- tion of the intermediate products rather than methanol takes
tion [32] or to the dissolution of the Ru oxide layer to form place on.

RuOs2~ [33], and RuQ~ [34] as soluble species at higher Extending the upper-potential limit beyongd1600 mV
potentials. The formation of a thick hydrous oxide layer all was found to affect both the height and the potential values
over the potential rangg5] could represent another pos- of the two anodic peaks of methanol oxidatidfig. 6).
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Fig. 4. Cyclic voltammograms of methanol oxidation at C/(Ni—Ru) electrode in various methanol concentrations. Potential was scanned &t 10mV's
from —900 to +1600 mV. (Ni and Ru were simultaneously deposited from their salt solutions of molar ratio 8:1).

The experimental procedure followed up throughout this termediate products could possibly take place in addition to
study compels the modified electrode to spend much morethe stabilization of the mixed nickel oxyhydroxide and per-
time in the oxygen evolution region as extending the ruthenate species. This could enhance the rate of methanol
higher-potential limit to higher values. In the oxygen gas oxidation at C/(Ni—Ru) electrode in the subsequent cycles.
evolution region, a complete oxidation of methanol and in- The complete oxidation of methanol and intermediate
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Fig. 5. (a) Variation of the first and the second peak current density of methanol oxidation at C/(Ni—Ru) electrode with its concentration. ¢in) Variati
of the logarithm of methanol oxidation peak current density at the C/(Ni-Ru) electrode with the logarithm of methanol bulk concentration. (Ni and Ru
were simultaneously deposited from their salt solutions of molar ratio 8:1).
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Fig. 6. Effect of increasing the upper-potential limit on the cyclic voltammograms of methanol oxidation at C/(Ni—Ru) electrode at a scan rate of
10mV s, Potential scanning was started frorR900 mV to: I,4+1600; 1, +1800; lI, +2000; IV, +2200; V,+2400; VI, +2600; VII, +2800; and VIlI,
+3000mV (Ni and Ru were simultaneously deposited from their salt solutions of molar ratio 8:1).

products tends to reduce the poisoning effect at the electrodereaching higher-potential limits enables the oxidation peak
surface. However, the mixed oxides stabilization reduces theheight to increase leading to the merge of the second oxi-
overvoltage, hence it is expected to get oxidation peaks atdation peak with the oxygen evolution. On the other hand,
less positive potential values as the higher-potential limit Fig. 7 represents the effect of extending the lower-potential
moves inside the oxygen gas evolution region. Furthermore, limit towards more positive values. In this figure, as start-
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Fig. 7. Effect of extending the lower-potential limit towards more positive values on the cyclic voltammograms of methanol oxidation at C/(Ni—Ru)
electrode at a scan rate of 10 mVAs Potential scanning was started from:==700; Il, —500; Ill, —300; IV, —100; V, +100; VI, +300; and VII,+500
to +1600mV. (Ni and Ru were simultaneously deposited from their salt solutions of molar ratio 8:1).
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ing the polarization from more positive potential values than efficiency for the potentiostatic deposition of nickel and
—900 mV, the following observations are recorded: ruthenium were found to be 62.1 and 56.7%, respectively.
The estimation method depends on dissolving the deposited
Ni—Ru in 1.0M HSO, followed by determining the con-
centration of dissolved Ni through titration with standard
EDTA solution and then the weight of deposited Ni. On the
other hand, the concentration of dissolved Ru was estimated
using a calorimetric technique, due to the ability of Ru ions
to form soluble blue coloured complex when treating their
It is believed that, maintaining the electrode potential for solutions with 1.0 M thiourea in hot alcoholic 1.0 M HCI.
a long time at the region of oxide formation tends to in- Using these chemical analyses, one can estimate the exact
crease the produced amount of such oxide. As a result, itNi—-Ru ratios deposited on the modified electrode surface
is expected to have higher amounts of oxide as the start-in each case after dissolution. Data of the experimental
ing potential commences at more negative values. For thisweights of the deposited nickel and ruthenium as well as
reason, the methanol oxidation peak height decreases withtheir corresponding deposited weight ratios were tabulated
moving the starting potential towards less negative values.in Table 1 From this table, it is shown that the weight ratios
However, if the starting potential value waslO0 mV and of Ni and Ru deposited from their solutions molar ratios 1:1,
more positive, the second methanol oxidation peak disap-8:1, and 16:1 are, respectively, about 1:1, 1.9:1, and 2.4:1.
pears (sed-ig. 7). This means that ruthenium oxides did Fig. 8 represents the dependence of the oxidation peak
not form on the modified electrode. ReferringRa. 1, it heights on the deposition time for modified electrodes pre-
is noted that ruthenium began to be oxidized at a potential pared at nickel to ruthenium weight ratios of 1:1 and 1.9:1.
value of —200 mV with the formation of R¢O3. Therefore, It is noted from this figure that the height of both the first
with a value of =100 mV and higher as a starting potential, and the second oxidation peaks increases with increasing the
the presence of only nickel oxides will affect the methanol deposition time up to 60 min with respect to the first peak
oxidation at the modified electrode. On the other hand, var- and up to 40 min with respect to the second, after which a
ious amounts of oxides will also affect the peak potential, slight decrease in the peak height is observed. Increasing
where the higher amount of oxides will increase the oxida- the deposition time leads to an increase in the amount of
tion peak height and in turns generates IR drop at higher nickel and ruthenium deposits. This leads consequently to
current values leading, finally, to a positive potential shift. an increase in the number of the active sites that enhance
The effect of the amount of nickel and ruthenium elec- the electro-catalytic activity and an increase in the oxidation
trodeposited simultaneously was studied by varying the rate of methanol is expected. At higher-deposition times,
time of deposition and also by changing the relative concen- the presence of relatively thick layers of the nickel and the
tration of their salts in the deposition bath. In this study, the ruthenium oxides can act as a barrier for methanol oxida-
potentiostatic technique was employed for metals deposi-tion and thus low catalytic activity was observed. For the
tion at various time intervals. Different modified electrodes C/(Ni—Ru) electrode prepared in the Ni-Ru weight ratio of
of various Ni—Ru ratios were prepared from solutions of 1.9:1, it is noted that increasing the nickel content leads to
molar ratios 1:1, 8:1, and 16:1, respectively. The efficiency an increase in the height of the second oxidation peak. This
of the deposition process of both Ni and Ru was estimated confirms the above proposed mechanism that Ru oxides
by comparing the weight of deposited material calculated enhance the complete oxidation of intermediate products
using the amount of charge consumed in the deposition pro-produced as a result of methanol oxidation at Ni oxide. The
cess and that calculated using complexometric and spectropresence of Ni in the modified electrode facilitates the job
scopic method§37]. From these measurements the average of Ru oxide as an electro-catalyst. In other words, if the ox-

e a decrease in the height of the first oxidation peak;

e a decrease in the height of the second oxidation peak
until a starting potential value 6£300 mV above which
it completely disappears;

o the potential of the two oxidation peaks are shifted towards
lower values.

Table 1
Values of the weight of nickel and ruthenium, deposited on the graphite electrode, experimentally measured using chemical analyses as well as the
deposited weight ratios

Molar ratios of Ni—-Ru Time of deposition (min) Experimental weightd) Deposited
in the deposition bath - weight ratios
Ni Ru
1:1 30 26.10 28.88 0.90:1
60 43.50 49.09 0.89:1
8:1 30 60.90 31.76 1.92:1
60 126.16 66.42 1.90:1
16:1 30 104.40 43.32 241:1
60 210.84 86.63 2.43:1

Ni and Ru were simultaneously deposited from their salt solutions in acidic medium using the potentiostatic techrif@@0ahV (MMS).
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Fig. 8. Variation of the current density of the two anodic peaks of methanol oxidation with the deposition time at C/(Ni—Ru) electrodes prepared
potentiostatically at-1000 mV in the weight ratio of 1:1 (a) and 1.9:1 (b).

idation of methanol takes place at Ru oxide in several steps,resented ir-ig. 9 which showed that the presence of higher
the presence of Ni oxide could possibly reduce these stepsamount of ruthenium lowers the oxidation current density of
thus facilitating the oxidation process. A further increase in methanol. This could prove that the presence of nickel in a
the ratio of nickel deposits in the modified electrode (Ni:Ru higher content than ruthenium enhances the electro-catalytic
in the weight ratio of about 2.4:1, respectively) leads to activity of ruthenium (sed-ig. 10. Increasing the ruthe-
approaching the behaviour of nickel alone. nium content, starting from low-deposition time, increases
Increasing the ruthenium content in the deposition bath the number of active sites on the catalyst surface and hence
was found to affect the oxidation process. The results are rep-the catalytic activity of the oxidation process would increase
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o 12
I | ! | ! | ! | | L | s | L |
0 40 80 120 0 40 80 120
Deposition time/ min. ® Ni:Ruratio of 8:2 Deposition time/ min.
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Fig. 9. Variation of the peak current density (a) and the peak potential (b) of methanol oxidation at C/(Ni-Ru) electrode prepared potewtiastaticall
—1000mV from salt solutions in the molar ratios of 8:1 and 8:2 with deposition time.
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70 reaction. The first study involves the effect of varying the de-
posited amount of ruthenium, on constant nickel content, on
the oxidation of 0.5 M methanol in 1.0 M KOH solution. At
first, the C/Ni electrode was prepared by the potentiostatic
65 |- 19:1 deposition of nickel on the graphite electrode-t000 mV
(MMS) for 2 min from a solution composed of 1.0 M NigO

in 1.0 M HpSOy. Then, the resulting electrode was removed
from the deposition bath, washed with distilled water, and
then introduced into another electrolytic cell containing the
ruthenium salt. Ruthenium was thus deposited by the po-
tentiostatic technique at200 mV (MMS) from a solution
composed of 0.001 M Ruglin 1.0M HySO for various

1:1 deposition times. The results revealed that as the deposition
time of ruthenium increases, the height of both anodic ox-
idation peaks decreasdsig. 11 shows that, by increasing
the deposition time of ruthenium the difference between the
height of the first and the second oxidation peaks decreases
indicating a deposition of Ru over parts of the surface cov-

60

I / mA cm?

55

50 ) I ) I ) I ) I )
10 15 20 25

Nickel weight ratio ———=

Fig. 10. Effect of increasing the Ni weight ratio in the catalyst on the
current density of the second methanol oxidation peak at C/(Ni-Ru)
electrodes.

Ru®, produced and tend to saturate the electrode surface
approaching the behaviour of pure Ru[32,39]

In the above work, simultaneous electro-deposition of
nickel and ruthenium was chosen as the deposition tech-|
nigue. Therefore, it is interesting to investigate the action of §
the deposition of various ruthenium amounts over a constan i*

14

12

Alp

¢=))

I
40 60 80 100 120

Deposition time/ min.

Fig. 12. (a) Optical microscope photograph recorded for the C/(Ni—-Ru)
electrode after simultaneous deposition of Ni and Ru on graphite electrode.
Fig. 11. Variation of the difference between the height of the first and (b) Optical microscope photograph recorded for the C/(Ni-Ru) electrode

the second methanol oxidation peak with the deposition time of Ru over after deposition of Ru over Ni deposited on graphite electrode. (Deposition
a constant Ni content. of both Ni and Ru was carried out electrochemically.)
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