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A comparative study of methanol oxidation on normal and polycrystalline gold electrodes activated 
by square wave potential sweep in a basic medium has been performed. The differences in kinetic 
parameters obtained can be attributed to changes in the bond energy of OH on both forms of gold, 
whereas the corresponding changes in intensity obtained are the consequence of the change in the 
surface area induced by the activation. 

1. Introduction 

The efficient conversion of the chemical energy 
contained in fuels into electrical energy by 
means of fuel cells is a much-studied topic in 
electrochemistry. In order to obtain the conver- 
sion of the chemical energy contained in meth- 
anol with a minimal entropy production, i.e. 
under application of a minimum overpotential, 
different electrocatalysts have been used [1-4]. 

The most studied catalyst has been platinum. 
As a metal with a relatively low percentage 
d-band character, platinum is a good catalyst for 
reaction mechanisms in which adsorption is a 
slow process [5]. Thus, it induces the dissociation 
of the H atom on the same carbon where the 
hydroxyl group is located. The energy necessary 
for the dissociation is compensated by the high 
adsorption energy of hydrogen atoms on the 
platinum surface. 

Methanol also oxidizes on gold electrodes in a 
basic medium but oxidizes little in an acid 
medium on the same electrode, which is typical 
behaviour for alcohols on gold electrodes [6]. On 
the other hand, Arvia and co-workers [7] have 
reported the change in activity and 'electro- 
catalytical' properties of electrodes as a conse- 
quence of dissolution and recrystallization pro- 
cesses that take place after application of certain 
potential-time programmes. 

A comparison between the results obtained 
for methanol oxidation on gold electrodes in a 
basic medium, with and without activation, has 
been reported in this paper. Both activated 
and unactivated gold electrodes do not show 
any oxidation of methanol in an acid medium 
throughout the potential range studied. 

2. Experimental details 

The working electrode consisted of a polycrys- 
talline gold plate (of area 1 cm 2 and 99.999% 
pure grade). A gold wire (0.5 mm thick) rolled 
into a spiral was used as a counter electrode. The 
half cell Hg-Hg2SO4-K2SO4 (salt) was used as a 
reference electrode. A three-compartment ther- 
mostated electrochemical cell was used, in which 
the compartment separation was made by means 
of a G-3 glass flit. The reference electrode com- 
partment was placed close to the working elec- 
trode surface (~ 2 mm) by means of a Haber- 
Luggin capillary. 

Solutions were prepared with doubly distilled 
water and Merck (p.a.) reagents (HCIO4, H2SO4, 
KOH, KF and CH3OH). Temperature was 
maintained at 25.0 + 0.2 ~ C, except in the experi- 
ment for the determination of activation energy, 
where temperatures were measured with the 
same accuracy. Solutions were deaerated by 
means of N2 stirring, and during the experiments 
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a continuous flow of nitrogen was passed over 
the solution. The working electrode was treated 
before each experiment by dipping it in a hot 
3 : 1 HNO~ : H20 mixture and rinsing with dis- 
tilled water. 

The voltammetric response of the electrode 
in 1 M HC104 obtained after application of  a 
repetitive triangular potential sweep at v = 
0.2Vs -~ between oxygen and hydrogen evol- 
ution was taken as a standard, in order to be 
sure that an electrode of  the same activity was 
always being used. In order to increase the activ- 
ity of the working electrode, the following treat- 
ment was applied. The working electrode was 
electropolished by application of 50 Hz a.c. at 
l ~ 1 5 V  in 8M H2SO4. It was then repeatedly 
rinsed with distilled water and finally placed in a 
1 M HCIO4 solution for 1 h. 

In order to obtain electrode anodization, 
square wave potential sweep (SWPS) in 1M 
HC104 solution was used. The potential was 
pulsed between a low value of E~ = -0 .045  V 
(MSE) and an upper value of  2.056V (MSE) 
~< E, ~< 3.256 V (MSE) at a frequency of 4 kHz 
for a period of 3 rain. The low and upper poten- 
tials were maintained for a time of q = 0.1 ms 
and v, = 0.15ms during each pulse. The value 
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of E~ falls in a potential range in which a thick 
oxide layer is formed on the gold surface. The 
SWPS activation of  the electrode was stopped at 
E~ and the gold oxide layer was eliminated by 
electroreduction induced by a cathodic potential 
sweep at v = 0.01Vs ~. 

The change in activation of  the electrode 
carried out by the SWPS method was attributed 
to an increase of the actual area of the electrode 
surface, and was determined as the ratio between 
the charge of  electroreduction for gold oxides 
during the cathodic sweep in a voltammogram 
taken at v = 0.2 V s- ~ after applying the SWPS 
treatment and the same charge obtained at the 
same sweep rate after a normal (repetitive trian- 
gular potential sweep) RTPS treatment. 

The potential was controlled by means of a 
Brucker Mod. 310 potentiostat (with a response 
time of 20 #s and an accuracy of  0.1%). A PAR 
Mod. 175 function generator was used for this 
work. 

3. R e s u l t s  

3.1. Unactivated gold electrodes 

Fig. 1 shows a typical voltammogram for the 
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Fig. l. Plot of i (mAcro -2) versus 
E (V versus MSE) for 0.5M meth- 
anol in 1 M KOH, v = 5 mV s- t. The 
dashed curve represents the voltammo- 
gram of gold in 1M KOH in the 
absence of methanol for an unactivated 
electrode; T = 25~ 
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oxidation of methanol on an unactivated stan- 
dard polycrystalline gold electrode in a basic 
medium. It can be seen that oxidation starts at 
potential values where the gold electrode in a 
basic medium is partially covered with O H -  
ions. The peak maximum appears at Ep - -  
- 0 . 2 5  V (MSE) and this value does not change 
with the methanol concentration (in the range 
0.1 to 2 M). The current diminishes rapidly with 
increasing potential value since in this potential 
range the oxide layer starts to form. Ip increases 
proportionally with methanol concentration 
(adsorption should not be the determining step 
in the mechanism), and grows with the pH value. 
A growing pH value gives rise to a more cathodic 
Ep. For high methanol concentrations (from 
1.25 M at 2 M), a potential sweep made at v = 
5 mV s- ~ does not give rise to any reduction peak 
during the cathodic scan, due to the direct reduc- 
tion of the oxide layer by the organic substance. 
When the concentration of methanol decreases 
and the sweep rate increases, a cathodic peak 
appears corresponding to the electrochemical 
reduction of the gold oxides. During the cathodic 
sweep, after oxide reduction, an anodic peak is 
recorded, appearing at the same potential range 
at which the peak for methanol oxidation in the 
anodic scan appears. Ep for this anodic peak 
slightly shifts towards more cathodic potentials 
with decreasing methanol concentrations. 

Fig. 2 shows the Tafel slopes obtained under 
quasi-stationary conditions (I-E curves recorded 
at v = 5 mV s- ~) for the oxidation of methanol 

at pH =- 14, T -- 25~ and at various meth- 
anol concentrations. There is no significant 
change in the slope with methanol concentration 
and the average obtained is 271 mV per current 
decade, with an ann value of  0.22. 

Fig. 3 shows the plot of log i versus log CMeOH 
with the potential as parameter. From the plot, 
a reaction order of  1 with respect to the meth- 
anol concentration is obtained. This value is 
independent of the potential in the range - 0.35 
to - 0.65 V (MSE). 

Fig. 4 shows the Tafel slopes as a function of 
pH recorded under similar conditions to the 
above for a methanol concentration of 0.5 M. 
The value of b is 271 mV per decade, and is 
constant over the pH range 10.5 to 14. Every 
current was obtained by subtracting the contri- 
bution of the double-layer current to the total 
value of i. From the log i versus log Coil_ plot 
(Fig. 5) a reaction order of 0.5 with respect to 
O H -  concentration is deduced in the potential 
range - 0 . 4 8 V  to - 0 . 3 V  (MSE) and in the pH 
range 11.5 to 13.5. This reaction order is inde- 
pendent of the potential value in the pH range 
studied. 

Fig. 6 shows log i versus T -~ (K -1) plots 
at different potential values. The temperature 
range was 4 to 50 ~ C. A potential-dependent 
activation energy value is deduced. A value of 
the apparent activation energy, AH ~, extra- 
polated to the Ezcp of  gold (taken as Ezcp = 
- 0 . g v  MSE) of + 8 0 k J m o l  1, is obtained. 
Likewise, from the intercept of the log i versus 
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Fig. 2. Tafel slopes at different methanol con- 
centrations in 1 M KOH for an unactivated 
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Fig. 3. Dependence of log i on CM.OH , at constant potential, 
in 1 M K O H  for an unactivated electrode. 

T-  i curve, a value for A S  ~ of - 276 J mol ~ K -  ] 
is deduced. From the AH: = f(E) and AS ~ = 
f(E) plots (Figs 7, 8), a plot for AG ~ = f(E) can 
be obtained (Fig. 9). 

pH=1&9 

I 

E 
<-4,8 

o ~ 

---5,2 

-4.4 

-5.6 

I 
- 0 . 8  

-3.2 

-3.5 

< 

~-4. 
y 

-4.4 

-4 :  

_~ 

-5.3 

-5.( 

-5.! 

I I 
-0.6 

I ) 
-0.4 

1 I 
-0.2 E/V(MS E) 

Fig. 4. Tafel slopes at different pH values for an unactivated 
electrode. CM~OH = 0.5M; v = 5 m V s - l ;  T = 25~ 
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5 m V s  l, T = 25~ 

3.2. Activated electrodes 

After applying the SWPS treatment, an increase 
in the 'electrocatalytic' activity of the electrode 
was observed. When measured in acid solution, 
the activity of the electrode was 20 times that of 
the unactivated electrode. On introducing the 
electrode, activated as previously described, into 
a basic solution, a significant loss of  activity was 
detected. An electrode initially 20 times more 
activated than an unactivated one, in an acid 
solution, resulted in a behaviour in basic sol- 
ution as if it were only eight times more acti- 
vated. The activity of  the electrode is measured 
as a coefficient, R, which results from the rela- 
tionship between the reduction charge for gold 
oxides taken from a voltammogram for an acti- 
vated electrode in acid (or basic) medium (in 
absence of organic substance) and the reduction 
charge for gold oxides taken from a voltammo- 
gram for an unactivated electrode under the 
same conditions (acid or basic solution) (Fig. 10). 

The form of  the voltammogram for methanol 
oxidation on an activated gold electrode in a 
basic medium was very similar to that shown in 
Fig. 1, except that currents were around six 
times higher. 
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stant potential. CMeOH = 0.5M in 1 M KOH; 
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Fig. 8. Variation of AS with the potential for an unactivated 
electrode (RTPS) and for an activated electrode (SWPS). 

The potential value at which the maximum 
current on an activated gold electrode is obtained 
is close to that for an unactivated electrode. The 
dependencies of  ip on methanol concentration 
and sweep rate are similar to those obtained for 
unactivated electrodes. Likewise, the changes in 
Ep, induced by changing methanol concentra- 
tion, sweep rate and OH concentration, are 
similar to those described for an unactivated 
electrode for both anodic peaks (that obtained 
during the anodic scan and that recorded during 
the cathodic one). 

The value deduced for the Tafel slopes in the 
case of  an activated gold electrode at pH = 14, 
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Fig. 9. Variation of AG with the potential for an unactivated 
electrode (RTPS) and for an activated electrode (SWPS). 
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T = 25~ and different methanol concentra- 
tions is 230 mV per current decade in the poten- 
tial range - 0.52 to - 0.35 V (MSE). The reaction 
order with respect to methanol concentration 
was deduced to be 1 (for concentrations varying 
from 0.5 to 1.5 M). Likewise, a reaction order of  
0.30 with respect to O H -  concentration was 
deduced. This value is almost constant in the pH 
range 11.5 to 13.5 and for potential values 
between - 0 . 5  and - 0 . 3 V  (MSE). Likewise, 
a log i = f (1 /T)  plot leads to a potential- 
dependent apparent  activation energy. The 
AH ~ value, measured at E = - -0 .9V (MSE) 
is 77.5 kJ mol-1, and at E = - 0.40 V (MSE) is 
49 .3kJmol  - I  (see Fig. 7). Values of  AS s 
and AG * can also be obtained as previously 
explained, and Figs 8 and 9 show a plot of  their 
variation with E. 

4. Discussion 

From the above results, the following experi- 
mental rate equations can be given. 

For  unactivated electrodes: 

i, nFk,  0.5 = CM~oH C~H- exp [~,FE/RT] 

For  activated electrodes: 

i~ = nFk~CM~oHC~ e x p [ e ~ r E / R T ]  

( la)  

( lb)  
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The second equation is valid whichever activity 
of the electrode is considered. In Equations la 
and lb, subscripts u and a refer to unactivated 
and activated electrodes, respectively, whereas 
c~ u and cq represent the anodic transfer coef- 
ficients obtained from the Tafel slopes for 
methanol oxidation on unactivated and acti- 
vated electrodes, respectively; eu is 0.22 and G 
0.26. 

A theoretical treatment of the reaction 
sequence proposed as a reaction mechanism 
would have to give a rate equation correspond- 
ing to the experimental equation. The proposed 
mechanism must also agree with the following 
experimental facts. 

(i) Methanol oxidation does not take place 
significantly in acid solutions. This means that 
OH coverage on gold should play an important 
role as a substrate for methanol adsorption. This 
adsorption takes place by formation of hydro- 
gen bridges between the alcohol and the Au-OH 
coverage [8]. On the other hand, the linearity 
obtained in the dependence between iv and 
methanol concentration, indicates that adsorp- 
tion of methanol on the OH coverage is not a 
rate-determining step. In fact, the formation of 
hydrogen bonds is not to be linked to any activa- 
tion energy barrier. This supposition means that 
the adsorption step on both unactivated and 
activated electrodes is rapid. 

(ii) For both unactivated and activated elec- 
trodes, the apparent activation energy has a 
similar value of around 70kJmo1-1. Such a 
high apparent activation energy seems to indi- 
cate the breaking of a chemical bond as a rate- 
determining step. Values of the apparent activa- 
tion energy can be obtained from the rate 
equation written in the following way: 

In i = In [nFk(kbT/h) CMeOHC~3. ] 

+ A S e / R  - (AH ~ - aFE) /RT  

(2) 

Potential-dependent values of AS ~ of around 
_ 2 7 6 J m o l - l K  i for RTPS gold electrodes 
and of around - 288 J mol-  1 K 1 for SWPS- 
activated gold electrodes are obtained. These 
values indicate a high increase in order in the 
activated complex. The reactants are initially in 
solution: OH ions and methanol molecules. 

When O H -  ions adsorb on the gold surface 
there is a change from translational to vibra- 
tional degrees of freedom, characterized by 
ASo*. < 0. Methanol adsorbs on the OH cover- 
age, giving rise to a higher decrease in the AS e 
value. The AS e value reported for methanol 
oxidation on platinum in an acid medium [9] is 
around - 2 2 1  Jmol  1K-~, a little smaller than 
that obtained in this work in which an O H -  
adsorption on the gold surface has also to be 
taken into account. 

According to the above experimental facts, 
the following reaction mechanism is proposed 
for both unactivated and activated electrodes: 

Step 1 

Au + O H -  ~ ~ AuOH + 6e 

(Formation of the OH coverage on gold and 
partial charge transfer: 6 < 1.) 

Step 2 

(CH3OH)so~ + AuOH , ' (CH3OH)ads 

(Adsorption of methanol on the A u -O H  cover- 
age previously formed.) 

Step 3 

(CH3OH)ads + OHaas----> H20 + (C. H2OH)ads 

(Reaction between an adsorbed methanol mol- 
ecule and one adsorbed OH. This reaction takes 
place with the breaking of a chemical bond and 
is thought to be the rate-determining step.) 

Step 4 

(.CH2OH)a(~ s , ' CH2OH + e + 

(Electron transfer reaction.) 

Step 5 

(CH2OH)sol + OHio1 , ' H O - C H 2 - O H  

~ HCHO + H20 

Further steps may lead to an oxidation of meth- 
anol to methanoic acid and eventually to CO2 
and water. 

With step 3 as the rate-determining step, 
observing that it consists of an OH desorption 
reaction and supposing that in the OH coverage 
there is an interaction between adsorbate par- 
ticles (Temkin model [6]), the rate of step 3 can 
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be written as follows: 

v 3 = k3F A exp [--(1 -- 70~)goHOT/RT] 

(3) 

where FA represents the surface concentration 
of methanol adsorbed on the AuOH cover- 
age. From step 2, in equilibrium, F A = K2CA 
(Equation 4) where K2 represents the equilib- 
rium constant for step 2 and CA the methanol 
concentration in solution. 

In order to obtain an expression for the expo- 
nential factor in Equation 3 it is necessary to 
make use of  step 1. It has been supposed that the 
OH coverage follows a Temkin isotherm with 
the transfer of less than an electron from each 
O H -  ion adsorbed. A quantitative expression 
for step 1 in equilibrium is: 

exp [ -go~0T/RT]  = KjCoH_ exp [bFE/RT] 

(4) 

where ~ < 1 and represents the fractional 
charge transfer from O H -  ions to the electrode, 
and K l is the equilibrium constant for step 1. 
From Equation 5 the following equation can be 
obtained: 

exp [ - ( 1  - 7)goHOT/RT] 

= K ~ - ' C ~ Y  exp [(1 - 7)6FE/RT] (5) 

By substituting Equations 4 and 6 in Equation 3, 

v 3 = K~-'K2K3CAC~H' 

x exp [(1 -- 7)6FE/RT] (6) 

Equation 7 represents the theoretical rate 
equation deduced from the reaction sequence 
given and is valid for both activated and unacti- 
vated gold electrodes. In order to test the valid- 
ity of the proposed mechanism, Equation 7 has 
to be compared with the experimental rate 
equation. 

5. Comparison between experimental and 
theoretical rate equations 

5.1. Gold electrodes after R T P S  treatment 

The experimental (Equation la) and the theor- 
etical rate equation (Equation 7) are equal when 
the experimental reaction order with respect to  

O H -  concentration coincides with 1 - 7. For  
that case, 

ZOH_ = 0.5 = 1 - -  7RTPS 

and therefore 7RTPS = 0.5. 
For  both exponential terms to be equal, 

~a = 0.22 = ( 1 -  7RTPS) 6RTPS 

and substituting 7RYes = 0.5 gives 6RTPS ---- 0.44. 

5.2. Gold electrodes after a S W P S  treatment 

The calculation proceeds, again comparing the 
experimental to Zo,_ (reaction order) value with 
the exponent of Coil_ in the theoretical rate 
equation. Thus: 

ZOH = 0.30 = 1 -- 7swPs 

and 

7SWPS = 0.70 

Comparing the exponential terms in Equation lb 
with that in Equation 7: 

cq = 0.26 = ( 1 -  7swvs)6swPs 

and by using 7swvs previously deduced, 6swvs = 
0.87. 

Measurements of Tafel slopes made using 
gold electrodes of different degrees of activation 
show that 6swvs is independent of the activation. 
Therefore, if there is not an essential change in 
the reaction mechanism from activated to 
unactivated gold electrodes, it is necessary to 
admit a change in the value of ~ and 6. The fact 
that 6swPs > •RTPS would indicate that the OH 
coverage on the activated gold electrode would 
be more intensively adsorbed than on the 
unactivated one. Accord!ng to step 1 in the 
mechanism, the higher amount  of  charge trans- 
ferred gives rise to an A u - O H  coverage more 
polarized, resulting in stronger hydrogen bridges 
between the coverage and methanol molecules 
and making step 3 easier and therefore the reac- 
tion rate greater. This fact is also found in the 
different values for the apparent activation 
enthalpy: 77 kJ tool-  1 for activated versus 
80kJmol  1 for unactivated electrodes. One 
explanation for this change in the fraction of  
charge transfer induced by the activation 
procedure developed by Arvia and co-workers 
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Fig. 11. SEM photograph of a gold surface after RTPS 
treatment. 

[7] is a change in the ratio o f  microfacets in the 
gold polycrystalline surface towards a higher 
p ropor t ion  o f  (1 1 1) microcrystals. This change 
should also have an effect on the adsorpt ion 
energy of  the OHads as well as on the fractional 
charge transferred, Fig. i l  shows the SEM 
micrographs  o f  a gold electrode before acti- 
vat ion and after being activated to two different 
degrees. The micrographs show an increase fn the 
electrode area as the electrochemical results 
confirm. 

6. Conclusions 

Activation o f  a gold electrode according to the 

Fig. 12. SEM photograph of an electroreduced gold surface 
after SWPS treatment. R = 20. 

Fig. 13. SEM photograph of the electroreduced gold surface 
after SWPS treatment. R = 100. 

method reported by Arvia and co-workers [7] 
influences the reaction mechanism for the oxida- 
tion of  methanol  in basic medium only with 
respect to the OH coverage formation.  The 
changes o f  Tafel slopes and reaction orders can 
be attributed to differences in charge transfer 
during the O H -  coverage format ion and to the 
resulting change in the chemical bond  strength 
between gold and O H  coverage. The higher 
currents obtained on activated electrodes are 
due to an increase in electrode area confirmed by 
SEM. 
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