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bstract

A methanol concentration sensor based on twin Nafion membrane electrode assemblies (MEAs) was constructed and characterized by electro-
hemical methods. Pulsed amperometric detection (PAD) method, using a low frequency (67 mHz) potential waveform of Ered (cathodic activation
otential) = −0.2 V, Epre-oxd (anodic pre-oxidation potential) = +0.60 V and Edet (detection potential) = +0.80 V versus DHE with the same pulse
idth of 5 s was applied to the sensor to enhance its performance. The response in pulsed mode had better linearity over a wider concentration
ange than that in potentiostatic mode. Furthermore, using this PAD method, the stability of the sensor was enhanced significantly with a slightly
inear degradation rate of 2.9 mA h−1 during long-time test. The performances of the sensor in terms of linearity, low anodic saturation and high
tability show its potential application for direct methanol fuel cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) are receiving much
ttention as power sources ranging from transportation to
ortable devices because of their high energy density and
omfort of operating with a liquid fuel [1]. However diluted
ethanol, usually less than 2 M, is used to reduce methanol

rossover from anode to cathode, which results in the decrease of
ystem power density significantly. Hundred percent methanol
eeding to anode of direct methanol fuel cells is crucial to their
ractical application, in order to increase power density of the
ystems.

Methods of monitoring methanol concentration have previ-
usly been developed by exploration of electrical, optical, sonic,
agnetic or other properties [2–4]. Electrochemical sensors

perating on amperometric principle are based on the limiting

urrent of methanol oxidation across one barrier layer such as the
afion membrane [5,6]. Passive mode sensors, like fuel cells, do
ot need additional power source [7,8], however, oxidant depen-

∗ Corresponding author. Tel.: +86 411 84379063; fax: +86 411 84379063.
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ectrode assembly (MEA); Pulsed amperometric detection

ence and concentration saturation limit their application for
easuring high concentrations. These drawbacks can be avoided

n drive mode in which a definite potential is applied to the sensor
node to oxidize methanol. Hydrogen is produced continually
t cathode which is used as dynamic hydrogen electrode (DHE).
he reactions are as follows:

node : CH3OH + H2O − 6e → CO2 + 6H+

athode : 6H+ + 6e → 3H2

Nafion membrane acts not only as solid electrolyte but also
s one barrier layer in the sensor of cathode feeding mode [5].
owever, purging anode by inert gas continually limits its appli-

ation. The sensor of anode feeding mode can measure methanol
oncentration in tank [9,10] or in stream [11]. But the anodic
aturation due to weak barrier effect is also serious when con-
entration exceeds 2 M. As a simple design, Ren and Gottesfeld
ealed anode chamber to eliminate oxygen interference from air
12]. But the stability is rarely reported. Heretofore, the methanol

oncentration sensor using more reasonable structure is in urgent
eed.

In the present work, a methanol concentration sensor was con-
tructed by two identical MEAs with anodes face to face. Two

mailto:gqsun@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.07.033


1 er So

c
d
a
s
o
t
m
M
o
i
r
t

M
c
[
t
m
i
b
h
o

m
r
n
i
l
i
w
t
p
T
p

p
c
f
r
t

2

2

i
w
(
c
r
a
(
l
f
g

2

t
m
a
a
p

F
l

116 W. Sun et al. / Journal of Pow

athodes of the sensor are taken as pseudo-reference electrodes
ue to their fast electrochemical reaction. Methanol perme-
tes through Nafion membrane from cathodes in the feeding
tream to anodes. Carbon dioxide produced by the oxidation
f the methanol in the anode chamber can be expelled outside
hrough tiny openings or enter the cathode chambers by per-

eating through the Nafion membrane. Compared with single
EA structure, the unique arrangement avoids the interference

f oxygen from environment, increases the sensitivity and, what
s more important, the two combined cells can provide two cur-
ent signals at the same time to guarantee the performance of
he sensor.

Nevertheless, the methanol concentration sensor based on
EA seem to have saturation phenomenon over several molars

oncentration when it was operated in potentiostatic mode
5,11]. The main reason attributing to this phenomenon may be
he electro-osmotic effect on the methanol diffusion over Nafion

embrane and sluggish oxidation of methanol due to poisonous
ntermediate products. In addition, the electrochemical sensors
ased on MEA have issues with stability. Though the factors
ave been focus on the membrane and catalysts [13], the meth-
ds of promoting its stability were rarely reported.

In the present work, pulsed amperometric detection (PAD)
ethod was employed to this sensor to alleviate the anodic satu-

ation and improve the stability. It is well known that PAD tech-
ique have been extensively utilized in detecting carbohydrates
n anion-exchange chromatography to enhance its sensitivity and
ong-time stability [14,15]. PAD works by applying a repeat-
ng potential versus time waveform (normally a triple-potential
aveform) [16] to the working electrode in a flowthrough detec-
or cell. The first portion of the waveform is the detection
otential Edet at which analyte oxidation current is measured.
he detection portion is followed by steps to anodic oxidation
otentials (Eoxd) and cathodic activation potential (Ered). The

t
c
s

ig. 1. Schematic diagram showing sensor configuration: (a, a’, e, e’) gas diffusion lay
ayers of anodes; (f) gasket with vent and (g) meshy collector of current.
urces 162 (2006) 1115–1121

urpose of these steps is to clean the electrode and maintain a
atalytically active surface. So, a repeating triple-potential wave-
orm was applied to the anode of the sensor and the experimental
esults show that the performance in pulsed mode is superior to
hat in potentiostatic mode.

. Experimental

.1. Construction of the sensor

The MEAs were fabricated according to the method described
n the literature [17]. Nafion®-117 (purchased from Du Pont)
as employed as solid electrolyte. PtRu black and Pt black

purchased from Johnson Matthey Inc.) were used as anode and
athode catalysts with metal loadings of 4.7 and 2.0 mg cm−2

espectively. Nafion-bonded SGL carbon paper was employed
s gas diffusion layer. The sensor was assembled with two MEAs
5 mm × 8 mm) as shown in Fig. 1. A SS316L mesh current col-
ector was sandwiched by these two MEAs with anodes face to
ace. There were tiny vents opening into anode chamber between
askets impacted by double MEAs.

.2. Measurement of methanol concentration

Measurements were carried out by feeding methanol solu-
ion through the two cathode chambers in tandem. In order to

aintain the sensor temperature, methanol solution flow though
heat exchanger previously, which is bathed in hot water (devi-
tion is ±0.2 ◦C). Methanol solution was driven by peristaltic
ump at an average flow rate of 4.2 ml min−1 or 2.6 ml min−1.
CHI 760B electrochemical workstation (Austin, Texas)
ogether with supporting software (Version 4.23) was used to
ontrol the potential. Cyclic voltammetry was measured at a
can rate of 20 mV s−1 in the range from 0 to 0.9 V. The poten-

ers; (b, b’) catalyst layers of cathodes; (c, c’) Nafion membrane; (d, d’) catalyst
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ial wave-form applied in pulsed mode was generated by setting
uitable parameters in “Muti-Potential Steps” technique.

. Results and discussion

.1. Characterization by CV experiments

Cyclic voltammetry (CV) experiments were carried out to
nvestigate the responses to concentrations. Prior to the experi-

ents, the methanol solution had flowed through the sensor for
min. The last results of five cycle experiments are shown in
ig. 2. In the positive-going sweep, methanol oxidation com-
ences at about 0.5 V giving a peak in the potential region of

.6–0.8 V (versus DHE), which is consistent with that of litera-
ure [18]. This shows that the cathode potential is stable due to
he formation of dynamic hydrogen reference electrode. Though
he anode potential higher than 0.7 V (versus DHE) promotes the
stablishing of limiting current, too high potential could lead to
he dissolving of ruthenium [19]. So, the range of potential that
an be applied to the sensor anode, 0.7–0.9 V, was obtained from
V results.

The peak current of CV is proportional to methanol concen-
ration, which shows a good concentration response. The resis-
ance calculated from the potential shifting with corresponding
urrent increasing is 0.96 � which is larger than the measured
nner-resistance of 0.25 �. This phenomenon may be caused by
lectro-osmotic effect, because the more proton transfers from
node to cathode following the increase of current, the more
ethanol is inhibited to diffuse from cathode to anode [5,20].
urthermore, the forward peaks of the CV results are obvious
ven the methanol concentration rise over 3 M. It is believed that
he intermediate poisoning species exist on the catalyst surface
hroughout a large concentration range [21].
.2. Operation in potentiostatic mode

Fig. 3 shows the working curves of the sensor at differ-
nt temperatures operated in potentiostatic mode (0.8 V versus

ig. 2. Cyclic voltammograms of the sensor anode at a scan rate of 20 mV s−1.
low rate of methanol solution: 4.2 ml min−1.
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ig. 3. Response current of the sensor operated in potentiostatic mode vs.
ethanol concentration at various temperatures (dot: experimental result; solid

ine: fitting result).

HE). The result was obtained from the plateau value of current
ersus time after 10-min stabilization. It is obvious that the cur-
ent increases as concentration increases at definite temperature.
owever non-linearity exists in the whole concentration range

nd no obvious saturation concentration is observed. Several fac-
ors were ascribed to the deviations such as the electroosmotic
rag especially at higher current density and low methanol oxi-
ation rate [5].

It is observed that elevating temperature greatly increases the
ensitivity of the sensor. High temperature promotes the electro-
xidation of methanol [22]. CV results, the higher peak current
f 60 ◦C appears ahead of 50 ◦C (shown in Fig. 2), also gives
ood agreement. The sensitivity of 43.8 mA M−1 at 50 ◦C was
btained and the temperature coefficient of 1.33 mA M−1 K−1

an be obtained by least squares fitting the data of the working
urves after electro-osmotic correction [23].

Electro-osmotic drag coefficient of 2.1 can also be obtained
rom the fitting result. It is consistent with reported value for
afion membrane [24,25]. In addition, for the methanol con-

entration of 1 and 2 M at 80 ◦C, the calculated limiting currents
re 115 and 212 mA cm−2 respectively. They agree well with the
ethanol-permeating rate across Nafion membrane [23]. Thus,

he methanol diffusion is mainly controlled by Nafion membrane
s barrier layer which attributes to the stable performance and
igh concentration measuring range.

The response time of the sensor was determined by switch-
ng methanol solution from 0 to 1 M at different temperatures.
he response time decrease from 34 s at 30 ◦C to 18 s at 60 ◦C.
he increased diffusion coefficient of Nafion membrane could
ttribute the enhanced response when temperature increases
20]. But the response time of the sensor was not improved by
win MEA structure.

.3. Operation in pulsed mode
In order to alleviate the anodic saturation and improve the
tability, a triple-potential waveform was applied to this sen-
or. The cathodic potential Ered with reversed polarity was to
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ig. 4. Effect of the Ered (a) and Epre-oxd (b) applied in the pulsed amperometr
olution is 2 M methanol at a flow rate of 2.6 ml min−1.

lleviate the electro-osmotic effect and the anodic pre-oxidation
otential Epre-oxd was to regenerate the active electrode surface
f nanosized PtRu catalyst. The detection potential Edet was
pecified at 0.8 V that have been determined in potentiostatic
ode.
The cathodic step of the waveform (Ered) is to make the elec-

rode reactive and is believed to alleviate the electroosmotic
ffect caused by long-term operation. Fig. 4(a) shows the opti-
izing result for Ered when 2 M methanol flows through the

ensor at 50 ◦C. The current of detection step and the current
f cathodic step are shown as a function of Ered. The result
hows that reduction at the electrode occurs when Ered is more
egative than −0.2 V (versus DHE) and the current of proton
eduction increases significantly with increasing the negative
alue. But the current of detection step decreases slightly due
o reducing the transient current through regenerating the elec-
rode surface. Considering both of the situations, −0.2 V (versus
HE) was chosen as Ered. Though the value is not negative

nough to meet the positive detection potential, the changed
olarity had reversed the electrochemical reaction at both sides
nd would alleviate the electro-osmotic effect. In addition, the
ver-oxidized catalyst layer caused by long-term anodic poten-
ial could be regenerated together with proton reduction [26].
he regeneration of the catalyst activity can make the electrode

emain in good state.
As is known, anodic potential Epre-oxd is to maintain a cat-

lytically active surface by cleaning the absorbed species [16].
ore positive potential is ideal for conventional Pt or Au elec-

rode. However the potential more positive than 0.8 V (versus
HE) risks the dissolving of the ruthenium in anode. Fig. 4(b)

hows the optimizing result for Epre-oxd when 2 M methanol

ows through the sensor at 50 ◦C. The currents of detection
tep and anodic step are shown as a function of Epre-oxd using a
onstant Ered value of −0.2 V. It was illustrated that the current
f anodic step increases obviously with Epre-oxd increasing. But

c
i
s
c

ection mode to the sensor anode on the amperometric response. The methanol

he detection current decreases with the increasing of Epre-oxd. It
as widely reported that the absorption of intermediate species,

uch as CO is still obvious at PtRu electrode, which strongly
epends on the electrode potential [27,28]. Oxidation of CO at
he potential lower than 0.6 V (versus DHE) was verified by
O-stripping experiments [29]. So in this work 0.6 V (versus
HE) was chosen as Epre-oxd to assist the oxidation of methanol
ithout serious absorption of poisons and maximally reserve the

ctivity of PtRu catalyst.
Distinguished from conventional planar electrode, the MEA

s porous structure with large interface area of three phases.
hen potential step is applied to the electrode, large charging

urrent is unavoidable at the beginning of steps, so low frequency
s necessary to avoid the charging effect. From experiment
esults we observed that the charging current will not disap-
ear until the process prolongs for 1 or 2 s. These characteristics
imit the high frequency application. Luckily, the low frequency
ill not retard the response because methanol diffusion across
afion membrane limits the response time to some dozens of

econds for the sensor based on MEA. So 10–500 mHz low fre-
uency waveform can be used. In the present work, 67 mHz low
requency (5 s for every step) was used.

Fig. 5 shows the PAD result for this sensor when the methanol
oncentration was step changed from 0 to 1.5 M using the unique
riple potential waveforms at 50 ◦C. With methanol concen-
ration increasing, the response current (outlined by detection
oints, shown by “a” in the graph) increases. The result of PAD
grees well with the result of potentiostatic mode (shown by “b”
n the graph). The response current of 1 M methanol solution was
nlarged in the inset part. As observed two anodic current pulses
anodic step followed by the detection step) with one cathodic

urrent pulse appear repeatedly. It is evident that the large charg-
ng current about 200 mA appears at the beginning of every
tep. The capacitance effect was significantly enhanced at MEA
omparing with conventional planar electrode. Furthermore, the
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mode. As for 50 ◦C the sensitivity of 73.2 mA M−1 is about twice
ig. 5. Sensor response current vs. elapsed time for step change of methanol con
ode (solid line) at 50 ◦C. (The inlet is the partially enlargement of pulsed resu

etection current obtained in PAD is higher than that obtained
n potentiostatic mode for defined methanol concentration. This
s the consequence of the unstable concentration distribution in
he electrode when pulsed potential is applied to the membrane
lectrode. The transient stripping current of methanol oxidation
bviously attributes to this phenomenon. In addition, the rela-
ively small potential change between Epre-oxd and Edet leads to
ecreasing charging current with a certain extent.

Fig. 6 shows two periods of the signal for methanol solu-
ion with 0, 1, 2 and 3 M in pulsed mode. As observed the
mperometric response increases significantly with increasing
oncentration. The current at the end of detection step is pro-
ortional to concentration. It is interesting that not only the

etection current but also the shape of curve change with concen-
ration. At the initial part of detection step, the charging current
ecreases with increasing concentration and a dull peak appears

ig. 6. Two periods of PAD response for methanol concentration (0; 1; 2; 3 M)
t 50 ◦C.

a
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t

F
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a

tion from 0 to 1.5 M operated in pulsed mode in comparison with potentiostatic

hen the concentration exceeds 3 M. As is known, the absorp-
ion of methanol at the surface of PtRu catalyst can change the
nterfacial capacitance greatly. The increased oxidation current

ay overwhelm the charging current if methanol concentration
ncreases. This may attribute to the shape changing with con-
entration. The tolerance of high current for current measuring
evice seems beneficial from the sluggish increase of charging
urrent especially at high concentration.

The current at the end of detection step was chosen to be the
mperometric response to minimize the charging effect. Fig. 7
hows the working curves of the sensor at different temperatures
btained in pulse mode. The sensitivity was increased in pulse
s high as that of potentiostatic mode. It is evident that a cluster
f curves of the current versus concentration is different from
he potentiostatic result [5]. The increase in amplitude with ele-

ig. 7. Response current of the sensor operated in pulsed mode (sampled at
he end of Edet) vs. methanol concentration at various temperatures. (The inlet
raph: current sampled at the end of Epre-oxd (0.6 V) vs. methanol concentration
t different temperatures).
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ating temperature is not well-proportioned comparing with the
esult of potentiostatic mode. It is obvious that the linear relation-
hip between current and concentration was greatly enhanced
hen temperature increased and the linear range was expanded

rom 2.5 M at 30 ◦C to more than 4 M at 60 ◦C. As observed,
he upper limit of the linear range can be taken as saturation
oncentration. When temperature increases to about 60 ◦C, the
aturation concentration can exceed 4 M. However, the work-
ng curves in potentiostatic mode (shown in Fig. 3) shows the
niform non-linearity in the whole concentration range even at
igh temperature. It is reasonable that at more positive poten-
ials, methanol oxidation is mainly via COad and the rate of
xidation is largely limited by the oxidation rate of CO [30].
hus, during long-term potentiostatic operation, the intermedi-
te species such as CO can accumulate at the electrode, thus
ower the activity of electrode. In pulsed mode, the effect can be
lleviated by the pre-oxidation steps. In order to show this effect,
he current at the end of pre-oxidation step was illustrated as a
unction of concentration (shown in the inset graph in Fig. 7). A
et of bell shaped curves at different temperatures was observed.
he oxidation rate of poisoning species at PtRu electrode surface
an be accelerated when methanol concentration increases over
everal molars [21], which can be confirmed by the decrease of
re-oxidation current in anodic steps. So, the effect of cleaning
oisoning species was revealed by the maximal current.

Furthermore, on increasing temperature, the amplitude of
re-oxidation current (shown by arrows) increases obviously
ith increasing temperature. The increasing of amplitude seems

o compensate for the decreasing in detection step. In order to
nalyze the relationship of compensation, the addition of detec-
ion current and pre-oxidation current is shown in Fig. 8. Under
he same condition, the current is about 70% larger than in poten-
iostatic mode which is the consequence of transient potential
ulse. The concentration dependence with a non-linear trend and
emperature dependence with a linear trend agree with working
urves of potentiostatic mode. Thus, the pre-oxidation step can

alibrate the bias and alleviate the saturation by partially oxi-
izes the poison material accumulated during detection steps.
his calibration effect was enhanced by increasing temperature
nd the linearity range was expanded as a result.

ig. 8. The addition result of detection current and pre-oxidation current vs.
oncentration at different temperatures in pulsed mode.
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ig. 9. The stability test of sensor at 50 ◦C in pulsed mode (a) and in potentio-
tatic mode (b). Methanol solution: 2 M at flow rate of 2.6 ml min−1.

.4. Stability test

Fig. 9 shows the stability test result of the sensor in pulsed
ode. For comparison, the result in potentiostatic mode is also

hown in this figure. The current value comes only from the
etection steps. As can be observed from the result, the current
s relatively higher than that in potentiostat mode due to charac-
eristic of transient measuring. The high currents are observed
t the beginning of tests in two modes. However, the stability
n pulse mode is distinguished from the potentiostatic mode.
he current in potentiostatic mode decreases exponentially with

ime at a degradation rate of 30 mA h−1 for the first hour. How-
ver, the current in pulsed mode is stable during about 6-h test
ith a slightly linear degradation rate of 2.9 mA h−1. This is the

esult of regenerating catalyst active surface by cahodic pulse
nd anodic pulse repeatedly. So it is highly advantageous to
perate the sensor in pulsed mode.

. Conclusions

The twin-MEA-assembled sensor operated in pulsed mode
hows good performance in the methanol concentration range
f 0–4 M. The linear relationship between current and concen-
ration is greatly enhanced in PAD mode especially at high
emperature. Moreover, the long-term operation test shows that
he sensor operated in pulsed mode is more stable than poten-
iostatic mode. Both the electroosmotic phenomenon and the
nodic saturation phenomenon occurred in potentiostatic mode
an be alleviated by employing the low frequency triple potential
ave-form in the pulsed mode. The simple constructed sensor
perated in pulsed mode is promising for the determination of
ethanol concentration at the levels expected in DMFCs.
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