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Abstract: The electrochemical oxidation of methanol, 2-propanol, and their mixtu-
res was investigated on a Pt/C thin film electrode in acid solution. It was confirmed
that the oxidation of 2-propanol commences at less positive potentials than that of
methanol and exhibits significantly higher oxidation current densities at low poten-
tials. When both methanol and 2-propanol were present in the solution, the onset of
the oxidation current was the same as for the oxidation of pure 2-propanol. Alth-
ough both alcohols inhibit the oxidation reaction of each other to a certain extent,
steady-state polarization measurements showed that their mixture provides higher
current densities than single alcohols over the entire potential region from the hy-
drogen region to oxide formation on the Pt surface. This implies that the addition of
2-propanol into the fuel may extend the operational range of direct methanol fuel cells.

Keywords: electrochemical oxidation, 2-propanol, methanol, platinum supported
catalyst, fuel cell.

INTRODUCTION

Solid polymer electrolyte fuel cells (SPEFC) which use directly alcohols as
the fuel are promising power sources for portable electronic devices. Methanol has
been considered as the best choice because it is readily available at low cost and
has a high energy density. However, the kinetics of the methanol oxidation is slow
and leads to high anodic overpotentials.l=# This essential drawback of direct
methanol fuel cells (DMFC) induced extensive investigations of the electro-oxi-
dation of other alcohols. Ethanol is an attractive alternative® because it is non-to-
xic and can be produced from biomass. Although the cleavage of a C—C bond is
necessary to achieve complete oxidation of ethanol, the oxidation commences at
less positive potentials than methanol oxidation,5. yielding acetate and CO as the
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adsorbates® and acetaldehyde, acetic acid, and CO; as the main products.® The
oxidation of C3 alcohols on Pt was also examined. It was revealed that the ad-
sorbed intermediates and products depend on the position of the OH group in the
molecule. Thus, during the oxidation of 1-propanol, adsorbates with one (e.g.,
linearly bonded CO), two, and three C atoms were found and propionic acid and
CO, were detected as the main products.19.11 Oxidation of 2-propanol produced
acetone and CO», but no adsorbed CO was found and all adsorbates retained
three C-atoms.10:12.13 When the onset potentials for oxidation of different alco-
hols were compared, the performance of 2-propanol was superior to that of me-
thanol,” ethanol”:14 and 1-propanol.10 Also, several researchers conducted paral-
lel studies on direct alcohol fuel cells with 2-propanol as the fuel (DPFC) and
DMFC. Wang et al.1° reported that a DPFC operating at 190 °C with either 1- or
2-propanol showed a much worse performance than a DMFC. However, recent
studies which were performed at 25 to 90 °C concurred that the performance of
the DPFC using 2-propanol was substantially higher than that of a DMFC at cur-
rent densities lower than 100-200 mA cm~2, while the DMFC was better at hi-
gher current densities.16-19 Considering these facts, in this study an attempt was
made to combine the good characteristics of both alcohols. The results of the ele-
ctrochemical oxidation of mixtures of methanol and 2-propanol on carbon sup-
ported Pt nanoparticles are reported here.

EXPERIMENTAL

The catalyst used in the experiments was platinum supported on XC-72R high-area carbon
(Pt/C). Platinum was deposited on the support by a modified ethylene glycol method. The details of
the preparation were given elsewhere.20 The Pt loading of the catalyst was 16.6 mass %.

The catalyst was applied to a gold substrate (5 mm diam.) in the form of a thin film.2! Two
milligrams of Pt/C was mixed with 1.0 ml of water and 50 pl of Nafion solution (5 mass %,
Aldrich). The suspension was agitated in an ultrasonic bath for 60 min and 12.5 pul of it was placed
on the gold electrode using a micro-pipette and left to dry over night. The amount of Pt on the
electrode was 4.15 pg.

A standard glass cell was used with a Pt wire spiral as the counter electrode and a saturated
calomel electrode as the reference electrode. All the potentials reported in this paper are expressed
on the scale of the reversible hydrogen electrode (RHE). The electrolyte contained 0.1 M H,SO, as
the supporting electrolyte and various concentrations of methanol and 2-propanol. All solutions
were prepared with high purity water (Millipore, 18 MQ cm resistivity) and p.a. grade chemicals
(Merck). The electrolyte was deaerated with high purity N,. The cell was thermostated at 30.0 °C.
A Pine RDE4 Potentiostat and a Philips PM 8143 X-Y recorder were used in all experiments.

After immersing a Pt/C electrode in the supporting electrolyte, the potential was cycled bet-
ween the H, and O, evolution regions at a rate of 50 mV s1 until a steady-state voltammogram was
obtained. Then in the positive-going sweep, the potential was held at 0.1 V vs. RHE, the alcohols
were added into the electrolyte and sweep was continued at 50 mV s'1. After attaining a steady-sta-
te curve for the oxidation of alcohol, the potential was again held at 0.1 V vs. RHE and a polari-
zation curve was recorded at a slow sweep of 1 mV s,

The real surface areas of the Pt electrocatalysts were determined using the hydrogen adsorp-
tion/desorption charge from the steady-state cyclic voltammograms in the supporting electrolyte
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and assuming a charge of 210 uC cm2 for a monolayer hydrogen adsorption. The anodic part of the
voltammograms corresponding to hydrogen desorption was integrated and the double-layer char-
ging current was subtracted. The average of fifteen experiments resulted in a specific surface area
of 84.6+8.2 m? g1, which is the equivalent of a particle diameter of 3.3+0.3 nm (assuming that they
were ideal spheres). Current densities for the oxidation of the alcohols were calculated per surface
area determined for this particular thin film.

RESULTS AND DISCUSSION

The cyclic voltammogram of the Pt/C electrocatalyst, given in Fig. 1a, shows
the usual characteristics of a Pt surface, except that current peaks for the adsorp-
tion/desorption of hydrogen are not as sharp and well-resolved as on a smooth Pt
electrode. The hydrogen region is followed by a double layer charging current,
adsorption of oxygen-containing species and their reduction.

The potentiodynamic polarization curves of the oxidation of 0.1 M metha-
nol, 0.01 M 2-propanol, and their mixture are presented in Fig. 1b, while the
same curves but with 0.1 M 2-propanol are presented in Fig. 1¢c. Methanol oxi-
dation shows familiar features, i.e., the onset of the reaction requires the com-
plete desorption of adsorbed hydrogen atoms and the adsorption of OH particles,
but the reaction slows down when the formation of Pt oxide commences. On the
contrary, the oxidation of 2-propanol commences at the surface which is partially
covered with adsorbed hydrogen and has no OH particles attached on it. The dif-
ference in the onset potentials of the oxidation of methanol and 2-propanol is ca-
used by the different reaction mechanisms. Methanol adsorbs on the Pt surface
dissociatively, COgqs develops, and the oxidation reaction cannot begin until OH
species are formed, either on Pt or on some other atoms in a case of a bi-metal
catalyst (e.g., Pt-Ru).173 During the adsorption of 2-propanol, not one C-C bond
is broken and there are no strongly adsorbed intermediates, such as COj,qs.10:13
This implies that OH species are not necessary for the reaction, which was pro-
ven by experiments in which modification of the Pt surface by Ru did not in-
fluence the onset potential of 2-propanol oxidation.11

When both methanol and 2-propanol were present in the electrolyte, the oxi-
dation current appeared at approximately the same potential as in the electrolyte
containing only 2-propanol (Figs. 1b and 1c). It should be noted that the onset
potential of the oxidation of the mixture is the same regardless of which alcohol
was added first to the electrolyte. In the potential region before the maximum of
the 2-propanol oxidation rate, the mixture with 0.01 M 2-propanol (Fig. 1b) exhi-
bits slightly lower current densities than the solution containing only 2-propanol at
the same concentration, while in the mixture containing 0.1 M 2-propanol (Fig. 1c),
the current densities practically overlap with those obtained with the solution con-
taining only 0.1 M 2-propanol. Oxidation of the first mixture shows that COg4qs
originating from methanol adsorption slightly hinders the adsorption of 2-propa-
nol, which is consistent with a coverage by CO,qs of about 0.2.22 It seems that
the oxidation of methanol is suppressed until the oxidation of 2-propanol reaches
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its maximum, especially when the concentration of 2-propanol in the mixture was
0.1 M (Fig. 1c). This is probably due to adsorption of large 2-propanol molecu-
les, which delays the adsorption of OH species necessary for the oxidation of
CO4gs generated by the dissociation of methanol molecules.

L B I e e s e e e L B e e e e R

0.05 - 4

0.00 - B

j/mAcm?

-0.05 - ~

-0.10 + —
[ SRS NS SR W I TR N SO N SN SN SO N S ST PR P 1 ]
0.0 0.2 04 0.6 08 1.0 1.2

a) E/Vvs. RHE

L U L L (L L L [ L L [ [
05 ]
[ —— 0.1 M methanol

--- 0.01 M 2-propanol
—— Mixture

03f

j/mAcm?

02F
01F

00f

o e [ N S I R EP I P SR B
0.0 0.2 04 0.6 08 1.0 1.2

b) E/Vvs. RHE

[ e T T
0.5 B
[ —— 0.1 M methanol

--- 0.1 M 2-propanol
—— Mixture

04f
03f
[ _ 1 Fig. 1. a) Cyclic voltammogram of Pt/C

4 electrocatalyst, b) potentiodynamic cur-
ves for the oxidation of 0.1 M metha-
nol, 0.01 M 2-propanol and their mix-
ture, and c) potentiodynamic curves
for oxidation 0.1 M methanol, 0.1 M
oAb e et e 11 2-propanol and their mixture. Suppor-
0.0 0.2 0.4 06 08 1.0 12 ting electrolyte 0.1 M H,SOy,, tempera-

E/Vvs RHE ture 30 °C, scan rate 50 mV s,

02f

j/mA cm?

00F

c)



ELECTRO-OXIDATION OF ALCOHOL MIXTURE 1423

At the potentials more positive than 0.7 V, the oxidation current densities of
the mixtures trace the methanol oxidation curve when the concentration of 2-pro-
panol was low (Fig. 1b). At the high concentration of 2-propanol in the mixture
(Fig. 1c), the potential of the maximum is shifted by about 30 mV with respect to
pure methanol and the current densities are higher after the maximum, indicating
a hindrance of the formation of Pt oxide in the presence of 2-propanol.

The applicability of the mixture of the alcohols as the fuel in a fuel cell was
estimated from the steady-state polarization curves recorded at 1 mV s~1. Since
DMFCs with a Pt—-Ru alloy as the anode electrocatalyst are the only direct alco-
hol fuel cells already in use, the oxidation of methanol and 2-propanol on the
Pt/C electrocatalyst was compared with the oxidation of methanol on PtRu/C ele-
ctrocatalysts (data taken from Ref. 23). All the currents are expressed as mass
activities, i.e., the current per mass of metal or alloy. The Tafel plots in Fig. 2
show the remarkably better performance of both pure 2-propanol and the mix-
tures, compared to methanol, at potentials up to about 0.6 V. At higher potentials,
pure methanol and the mixtures are superior to 2-propanol. Therefore, only a
mixture of methanol and 2-propanol can deliver a significant anodic current over
the entire potential range from 0.2 t0 0.8 V.
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Fig.2. Polarization curves for the oxidation of 0.1 M methanol at Pt/C and PtRu/C catalysts,
oxidation of 0.1 M 2-propanol and the oxidation of the mixtures of 0.1 M methanol with 0.1
and 0.01 M 2-propanol at a Pt/C catalyst. Supporting electrolyte 0.1 M H,SOy,
temperature 30 °C, scan rate 1 mV s,

CONCLUSIONS

Investigation of the simultaneous oxidation of methanol and 2-propanol on a
Pt/C electrocatalyst showed that 2-propanol exhibits significantly higher oxida-
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tion current densities than methanol at low potentials, despite the fact that 2-pro-
panol oxidizes incompletely, yielding acetone as the main product and only two
electrons per molecule. When both alcohols are present in the electrolyte, metha-
nol slightly suppresses the oxidation of 2-propanol, but only if the mixture con-
tains a low concentration of 2-propanol. On the other hand, a high concentration
of 2-propanol in the mixture delays OH adsorption and shifts the methanol oxida-
tion towards more positive potentials. Although both alcohols inhibits the oxida-
tion reaction of each other to a certain extent, steady-state polarization curves re-
corded at a slow sweep rate clearly showed that their mixture provides higher
current densities than the single alcohols over the entire potential region from the
hydrogen region to oxide formation on the Pt surface.

The results imply that a direct alcohol fuel cell operating with a mixture of
methanol and 2-propanol should give higher voltages than a DMFC with a Pt-Ru
anode. According to literature,16-18 when pure 2-propanol was used as the fuel (DPFC),
a rapid drop at high current densities was observed. With a mixture of methanol
and 2-propanol, this failure should be overcome because methanol can take on the
anodic reaction. This statement requires verification under fuel cell conditions.
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CMEIIA METAHOJIA 1 2-TTPOITAHOJIA KAO ITOTEHHMJAJIHO TOPUBO Y T'OPBUM
CIIPETOBHUMA CA AJIKOXOJIOM

C. Jb. TOJKOBURY, A. B. TPUTIKOBHR? u P. M. CTEBAHOBHR?

Yexnonowko-meimanypuru daxyaitieis, Kaprezujesa 4, 11000 Beozpao u
2UXTM — Leniuap 3a eaexiupoxemujy, thezowesa 12, 11000 beozpao

HcnTuBaHa je eleKTpOXeMHjCKa OKCHIAlMja METaHOa, 2-MPOaHoia i BbUXOBUX CMeIla Ha
tankoM ¢uiamy Pt/C karanuzaropa y kucenoj cpeautu. [ToTBpheHo je na okcuaauuja 2-mpomnaHona
MOYHME HAa Marbe MIO3UTHBHUM MOTEHIMjAIIMa HEr0 OKCHALMja METaHoJa U Ja Jaje 3HaTHO Behe
I'YCTHHE CTpYyja NPH HIKHM HOTeHIujanuMma. Kajga cy u MeTaHo! M 2-HPONaHoJ NPUCYTHH y pac-
TBOpY, CTPyja OKCHAAIMje Ce MOjaBJbyje Ha UCTOM MOTEHIHjaly Kao y CIy4ajy 4MUCTOr 2-mporia-
Hoa. Maja 06a ankoxojia MHXUOUPAjy OKCHIALMjy OHOT JPYroTr y W3BECHOj MEpPH, CTallMOHapMa
Mepema Cy MoKasajia Jia BhUXoBa cMelna aaje Behe IycTHHE CTpyja of HOjeJUHAYHUX aIKOXoJa y
1eJ10j 00JIacTH MOTEHLHjaNa oJf BOJOHWYHE 00JacTH nma 1o GopMupama OKcuaa Ha miaTuHd. To
yKasyje Jia ce pajHH OIIcer FOPHBOTI CIIpera ca MeTaHoJIOM MOjKe IToBehaTH JoaTKoM 2-IponaHoia
y TOPHBO.

(Mpumsseno 30. maja 2007)
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