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a  b  s  t  r  a  c  t

We  report  the  highly  power-saved  electrolytic  hydrogen  production  by  electrochemical  reforming  of
methanol–water  solutions.  Operating  conditions  are  optimized  in  terms  of  current  efficiency,  the  sta-
bility  of  electrocatalysts  and  methanol  loss.  Energy  requirements  are  also  compared  with  conventional
water  electrolysis.  It has been  observed  that  current  efficiency  of  methanol  electrolysis  increases  with
current  density,  while  decreasing  with  cell  temperature.  Pt is  found  to  be  more  effective  electrocatalyst
vailable online 1 October 2011
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for  methanol  electrolysis  in  comparison  with  PtRu  since  current  efficiency  and  overvoltage  in conjunction
with  stability  against  dissolution  should  be  taken  into  account.  At  high  current  density  of  300  mA  cm−2,
methanol  electrolysis  can save  more  than  65% electrical  energy  necessary  to produce  1 kg of  hydrogen
compared  with  water  electrolysis.

© 2011 Elsevier B.V. All rights reserved.

irect methanol fuel cell

. Introduction

As hydrogen release via water electrolysis promises to be
f great future importance, scientific efforts are oriented to the
mprovement of the electrolytic process efficiency. The most com-

only used commercial water electrolyzers are based on the
lkaline or proton exchange membrane (PEM) technology. The cost
f hydrogen produced in this manner is largely determined by the
ost of electrical energy expended. The energy requirement to pro-
uce hydrogen by the water electrolysis is in turn governed by the
perating voltage, a quantity determined by the thermodynamic
otential for water electrolysis and the efficiency of the process. For
ater electrolysis, the operating voltage is typically over 1.4 V even

n the most efficient electrolyzer [1–3]. If this operating voltage is
owered, the energy requirements can be reduced dramatically and
orrespondingly the cost of hydrogen production.

From this standpoint, the replacement of water at the anode side
ith organic molecules can be used to produce clean H2 which
an be utilized in other systems, resulting in an improvement in
he overall system performance. Such an electrochemical reform-
ng or electrolysis has been demonstrated using several different
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sources [4–10]. Botte et al. have reported that the electrooxida-
tion of aqueous ammonia on PtIr catalysts in alkaline electrolyzer
allows for the production of high purity hydrogen at cell voltages
as low as 0.36 V [4,5]. Recently several studies including a patent
by Narayanan et al. have focused on H2 production by electrolysis
of methanol–water solutions [6–8]. They have dealt with various
parameters to be considered for methanol electrolysis. In fact, the
standard potential for the methanol oxidation is only −0.016 V (vs.
SHE) compared to 1.23 V for the water oxidation. It has been esti-
mated that H2 production from methanol electrolysis costs about
50% less compared to that of water, even when the cost of methanol
is taken into account [6].

In this paper, we report results obtained for methanol electrol-
ysis to optimize the operating conditions with respect to current
efficiency, methanol loss, and which is more effective electrocat-
alyst. Also, the energy consumption of methanol electrolysis are
evaluated and compared with that of water electrolysis under given
conditions.

2. Experimental

The chemicals used in this study were PtRu and Pt black (John-
son Matthey), isopropyl alcohol and methanol (Junsei), 5% Nafion

solution (1100EW, DuPont) and Millipore water (18.2 M�).  The cat-
alyst inks were prepared by dispersing the catalyst nanoparticles
into appropriate amounts of water, 5% Nafion ionomer solution and
isopropyl alcohol. Pt black (3 mg  cm−2) and PtRu black were used as

dx.doi.org/10.1016/j.jpowsour.2011.09.083
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:laminat@hanmail.net
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Fig. 1. Schematic illustratio

node catalysts, and Pt black (3 mg  cm−2) was used as cathode cat-
lyst, respectively. Then both the anode and cathode catalyst inks
ere sprayed onto respective diffusion media. Anode and cathode
iffusion media were SGL 25AA and SGL 35BC, respectively. SGL
5AA is the plain carbon paper without any hydrophobic agent such
s Teflon for better diffusion of methanol. On the other hand, SGL
5BC is 5% teflonized carbon paper with microporous layer for easy

emoval of produced hydrogen. The membrane electrode assem-
lies (MEAs) were constructed in a way that as-prepared anodes
nd cathode electrodes were placed on either side of a Nafion 115

ig. 2. Current variation as a function of applied potential with 1.0 M methanol at a scan
o  cell temperature. Cell voltage variation as a function of applied current (c) and corresp
ethanol–water electrolysis.

membrane. The assembly was  hot-pressed at 10 MPa  for 5 min  at
140 ◦C.

The as-prepared MEA, with an electrode area of 9 cm2, was
sandwiched between two graphite blocks having serpentine flow
path channels. The cell temperature was increased from 30 ◦C to
70 ◦C and the concentration of methanol–water solutions was  also
varied from 0.5 M to 2 M.  The electrolysis was performed by con-

necting the anode of the cell to the working electrode and the
cathode to the reference and counter electrodes of the potentio-
stat (Autolab PGSTAT30, Eco Chemie), respectively. All electrolysis

 rate of 5 mV s−1 (a) and corresponding hydrogen production rate (b) with respect
onding current efficiency (d).
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ig. 3. Current variation as a function of applied potential at a scan rate of 5 mV  s−1 (a
ell  voltage variation as a function of applied current (c) and corresponding curren

xperiments were first conducted in the potential-controlled mode
y way of hydrogen production in a cathode as a dynamic hydrogen
lectrode (DHE), assuming that there is only a few dozens of over-
oltage. And then, cell voltage was measured in the galvanostatic,
urrent-controlled mode to evaluate the energy consumption and
tability. At every measurement, high frequency resistance was also
btained with milliohmmeter (Hioki 3560 AC Milliohm HiTester).
he flow rate of the cathode-exhaust gas was measured using a
as flow meter (Agilent Flowmeter ADM2000) after the cathode-
xhaust passed through a molecular sieve as shown in Fig. 1. The
athode exhaust gas was also analyzed by gas chromatography.

. Results and discussion

A set of experiments were carried out to study of effects of cell
emperature and methanol concentration on the methanol elec-
rolysis. It can be seen in Fig. 2 that current density increases
ith cell temperature. This is as expected, since both methanol

xidation kinetics and hydrogen production rate improve as cell
emperature increases. Current efficiency, however, decreases with
n increase of cell temperature as shown in Fig. 2(d). This is due
argely to the mechanism of methanol electrooxidation on Pt-
ased catalysts. First, a sequence of dehydrogenation steps give
ise to adsorbed methanolic residues at low overpotential. In the
bsence of a promoting element, water discharge occurs at high
nodic overpotentials on Pt with the formation of Pt–OH species

t the catalyst surface. The final step is the reaction of Pt–OH
roups with neighboring methanolic residues to give carbon diox-
de [11,12]. Therefore, the higher the overpotential is, the more
bundant Pt–OH species becomes, enabling methanolic residues
orresponding hydrogen production rate (b) with respect to methanol concentration.
ency (d). All experiments were carried out at 70 ◦C.

to proceed further toward carbon dioxide. This complete reaction
generating six electrons is shown to give higher current efficiency,
whereas higher overvoltage requires much more energy necessary
to produce equivalent hydrogen. This is in good agreement with the
fact that the current efficiency increases with an increase of cur-
rent density as shown in Fig. 2(d). However, the current efficiency
does not increase any more at more than 300 mA cm−2. Note that
the increased temperature higher than 70 ◦C is expected to give
rise to dramatic increase of methanol and water crossover through
membrane, resulting in the significant loss of methanol [13].

Fig. 3 shows the dependence of cell voltage and current effi-
ciency on the methanol concentration in feed solutions. The results
shown in Fig. 3(a) are very similar to those in normal direct
methanol fuel cell anode, except that the effect of methanol
crossover is not significant due to absence of air as an oxidant in the
cathode side. Instead, 2 M methanol gave rise to higher overpoten-
tial because hygroscopic property of methanol can readily adsorb
water molecules in polymer electrolyte as well as in the catalyst lay-
ers, leading to the decrease of ionic conductivity that is proven by
measuring the gradual increase of high frequency resistance. This
behavior becomes more probable in our experimental conditions
since the plain carbon paper is used as an anode diffusion media to
promote the methanol diffusion even at low temperature as well
as low methanol concentration.

It has been shown that the alloying of Ru with Pt enables us to
synthesize electrocatalysts which strongly promote the oxidation

of both methanol and CO. Based on the bifunctional mechanism
[14], Pt-sites adsorb methanol through a dehydrogenation step
whereas the alloying element, namely Ru, adsorbs oxygenated
species from water. The methanolic residues adsorbed on Pt sites
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ig. 4. Comparison of Pt and PtRu on the current variation as a function of applie
roduction rate (b) and current efficiency with respect to cell temperature (c).

eact with the oxygenated species present on the neighboring Ru
ites in the alloy producing CO2. Fig. 4 shows the comparison
f current variation as a function of applied potential with cell
emperature and corresponding current efficiency. As shown in
ig. 4(a) and (b), PtRu catalysts possess lower onset potential for
he methanol oxidation over the Pt catalysts regardless of cell tem-
erature. However, Pt catalysts become to outperform PtRu at high
verpotential (e.g. >0.63 V at 70 ◦C) due to higher dehydrogenation
apability as well as more enhanced OH adsorbing capability of
t. Furthermore, judging from the fact that the current efficiency
f both catalysts is almost the same over entire current density
ith the highest value at more than 300 mA  cm−2, Pt could be the
ore effective electrocatalyst for the methanol electrolysis owing

o similar current efficiency and lower overvoltage at high current
ensity. In addition, even though the presence of Ru has been shown
o have a dramatic effect on keeping Pt reduced at high poten-
ials in the presence of methanol [15], repeated cycling between
xidizing and reducing conditions or long time operation at high
otential, higher than 0.45 V (vs. DHE) could eventually lead to sig-
ificant ruthenium loss and corresponding loss of catalyst activity
15–19].

Fig. 5 compares the cell voltage and current efficiency varia-
ion as a function of time and current density. It is obvious that
ell voltage in methanol electrolysis is much smaller than that of
ater electrolysis by the ca. 1.3 V (see Fig. 5(c)) and more sta-

le at each galvanostatic operation as shown in Fig. 5(a) and (b).

he gradual increase of cell voltage at each current density in
ase of water electrolysis seems to indicate that heat manage-
ent becomes more critical due to its inherent higher cell voltage.
hile current efficiency of water electrolysis is almost constant, ca.
ntial with 1.0 M methanol at a scan rate of 5 mV s−1 (a), corresponding hydrogen

83% over the entire current density, methanol electrolysis has 78%
current efficiency at 300 mA cm−2, varying from 60 to 80% for Pt
catalysts.

Analyzing the dependence of cell voltage and current effi-
ciency on operating conditions and property of electrocatalyts,
we  compared the energy requirements necessary to produce the
same amount of hydrogen. According to our experiments, on the
basis of 300 mA  cm−2 operation with Pt catalysts, the methanol
electrolysis can proceed at effective potential of 0.67 V with
an energy consumption of ca. 16.2 kWh  kg−1 H2. On the other
hand, ca. 46.5 kWh  is required to produce 1 kg of hydrogen in
our water electrolysis (theoretically 33 kWh  kg−1 and typically
50 kWh  kg−1 is consumed in a conventional water electrolysis
[9]), thereby consuming 65% more energy than a methanol elec-
trolysis. Another featuring point of methanol electrolysis is the
purity of hydrogen produced at the cathode side because of the
carbon dioxide permeation through polymer membrane that is
known to occur in DMFC [7,20–22] as well as direct formic acid
fuel cells [23]. From the product analysis by way  of gas chro-
matography, less than 0.8 vol% carbon dioxide was detected in
the cathode exhaust. That is much lower amount of carbon diox-
ide even compared with previous report done by Take et al.
[7].  Furthermore, contrary to their results that permeation rates
of methanol increases in proportion to the current density, we
obtained almost constant or lesser amount of methanol perme-
ated through membrane at the cathode exhaust over the entire

current density. Based on some of DMFC researches [21,22],  the
methanol concentration at the anode catalyst–membrane inter-
face decreases with current density and the methanol crossover
decreases as a result. It means that relatively higher current density
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ig. 5. Comparison of methanol (a) and water (b) electrolysis on the cell voltage var
f  applied current (c) and corresponding current efficiency (d). All experiments wer

peration could be more favorable to produce much higher purity
ydrogen without methanol residue. In addition, since a mem-
rane in contact with liquid water has a higher water uptake at

ncreasing temperatures [24], and a swollen membrane is more
as-tight, we conclude that the permeation of carbon dioxide
n this study is thought to be nearly negligible. An increased
welling of the membrane can lead to a drop in CO2 diffusion,
ince it has been observed that only relatively dry or highly
ygroscopic conditions, for example 17 M methanol [7,20] or 6 M

ormic acid [21] in conjunction with CO2 saturation, may  give
ise to increase of CO2 permeation through polymer electrolyte
embrane.

. Conclusions

Operating conditions of the electrolytic hydrogen production
y electrochemical reforming of methanol–water solutions are
ptimized in terms of current efficiency and catalysts stabil-
ty, and energy requirements were compared with conventional

ater electrolysis. Current efficiency increases with current den-
ity, while decreasing with cell temperature. While PtRu has
een known to be best electrocatalyst for methanol oxidation in
irect methanol fuel cells, Pt could be the more effective electro-
atalyst for methanol electrolysis in terms of current efficiency,
ost reduction and stability at high overpotential. Under given
onditions, methanol electrolysis can save more than 65% elec-
rical energy necessary to produce 1 kg of hydrogen. For more

ophisticated comparison, material cost, especially anode cat-
lysts, and methanol cost should be taken into account, and
n alkaline electrolyzer should be considered and compared
ogether.

[
[

[

 as a function of time at galvanostatic mode, and cell voltage variation as a function
ied out at 70 ◦C with 1.0 M methanol.
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