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Layer-by-Layer Self-Assembly of Composite Polyelectrolyte–
Nafion Membranes for Direct Methanol Fuel Cells**

By San Ping Jiang,* Zengcai Liu, and Zhi Qun Tian

Perfluorosulfonic polymers such as Nafion are the most
common membrane electrolytes used in polymer electrolyte
and direct methanol fuel cells (PEFCs and DMFCs) owing to
their high proton conductivity and good chemical and thermal
stability. However, methanol readily migrates from the anode,
through the Nafion membrane, to the cathode, reducing the
open-circuit potential (OCP) by as much as 0.15–0.2 V and
poisoning the electrocatalysts at the cathode.[1] Methanol
crossover seriously retards the technological development of
DMFCs. Thus, there has been extensive research activity in
the modification of Nafion-based membranes to reduce the
methanol crossover through, for example, the in situ polymer-
ization of Nafion with poly(1-methylpyrrole),[2] and the devel-
opment of composite membranes such as Nafion–silica,[3,4]

Nafion–zirconium phosphate,[5] Nafion–cesium ions,[6] and
Nafion–poly(furfuryl alcohol) nanocomposite membranes.[7]

The modification of Nafion membranes reduces the methanol
crossover and, in general, improves the performance of
DMFCs. To achieve significant reduction in the methanol per-
meability, the oxide content has to be high (e.g., 20 wt % silica
in the case of the Nafion–silica composite[3]). This, in turn, re-
duces the proton conductivity and the mechanical properties
are also seriously affected owing to the significant alteration
of the membrane microstructure. Sandwiching a Pd thin film
between Nafion membranes,[8] depositing a Pd and/or Pd–Cu
alloy thin film on the surface of a Nafion membrane,[9–11] or
depositing Pd nanoparticles through ion exchange followed
by chemical reduction,[12] have been shown to reduce the
methanol crossover. Unfortunately, the Pd thin film increased
the overall cell resistance. The dispersed Pd particles in the
membrane altered its microstructure, resulting in reduced cell
performance and stability.

Various multilayer membrane structures have also been in-
vestigated with the aim of suppressing methanol crossover.
Yang and Manthiram studied the methanol crossover and
conductivity of Nafion membranes with a thin barrier layer of
sulfonated poly(ether ether ketone) (SPEEK).[13] Si et al. de-

veloped trilayer membranes composed of one central metha-
nol barrier layer and two conductive layers to suppress the
methanol crossover.[14] Casting non-conductive polymers such
as poly(vinyl alcohol) (PVA) onto Nafion membranes can
also reduce the methanol crossover.[15] However, in all these
cases, the proton conductivity also decreased significantly due
to the addition of a relatively thick barrier layer.

The sequential adsorption of oppositely charged polyelec-
trolytes by layer-by-layer (LbL) self-assembly is an efficient
method for obtaining multilayer thin films. This technique has
progressed significantly since the pioneering work by Decher
et al.[16,17] In this technique, two oppositely charged polyelec-
trolytes dissolved in aqueous solution are alternately depos-
ited on a support surface by means of electrostatic attraction.
After each dipping cycle, the surface charge is reversed, which
enables deposition of a subsequent layer. The process leads to
the formation of a final multilayer structure that is stabilized
primarily by strong electrostatic forces. The simplicity and
efficiency of this technique has resulted in a wide range of
applications of multilayer films for sensors,[18] nonlinear op-
tics,[19] photoactive films,[20] drug delivery,[21,22] and selective-
area patterning.[23] Recently, Farhat and Hammond reported
the deposition of a polyelectrolyte multilayer on a porous
support using the LbL technique to fabricate an extremely
thin (10–16 lm) composite membrane.[24] A fuel cell using a
poly(ethylene oxide)–poly(acrylic acid) (PEO–PAA) compos-
ite membrane achieved a power density of 16.5 mW cm–2 at a
relative humidity of 55 %.

We have been able to prepare an effective multilayer
methanol-blocking thin film on a Nafion membrane using
LbL self-assembly of oppositely charged polyelectrolytes. The
starting materials were poly(diallyldimethylammonium chlo-
ride) (PDDA, polycation), poly(sodium styrene sulfonate)
(PSS, polyanion), poly(1-(4-(3-carboxy-4-hydroxyphenylazo)
benzene sulfonamido)-1,2-ethanediyl, sodium salt) (PAZO,
polyanion), and a Nafion membrane (N1135, 89 lm). Figure 1
shows the molecular structures of the PDDA, PSS, and PAZO
polyelectrolytes used in this study. The LbL self-assembly was
carried out by alternate dipping of the Nafion membrane in
polycation and polyanion electrolyte solutions, as illustrated
by Decher.[16] The LbL self-assembly of oppositely charged
polyelectrolytes was followed by UV-vis spectroscopy and the
methanol-crossover current was measured in a set-up similar
to that described by Ren et al.[25]

Figure 2 shows UV-vis spectra of the LbL self-assembled
N1135 membrane as a function of the number of PDDA–PSS
and PDDA–PAZO bilayers. For PDDA–PSS multilayers, al-
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though the absorbance peak at 225 nm was not shown clearly,
the absorbance increased with an increasing number of
PDDA–PSS bilayers (Fig. 2a). Absorbance at 225 nm is most
likely related to the characteristic wavelength of 228 nm for
the sodium styrene sulfonate mers.[20] Since PDDA is almost
transparent in the UV-vis spectral range, the increase in absor-
bance was attributed to the adsorption of PSS on the pre-
viously deposited PDDA layer. The inset graph of Figure 2a
shows the absorbance at 225 nm as a function of the number
of PDDA–PSS bilayers, which increased linearly with the
number of LbL self-assembled PDDA–PSS bilayers. This line-
ar relationship indicates that the same amount of polymer was
deposited in every dipping cycle and the multilayer was
formed in a regular manner. A linear dependence of the ab-
sorbance on the number of bilayers was also observed for
LbL self-assembly of PDDA–PAZO bilayers on Nafion
(Fig. 2b). The absorption peaks at 269 and 355 nm in the LbL
self-assembled films are characteristic of the PAZO polyelec-
trolyte.

To evaluate the effect of PDDA–PSS and PDDA–PAZO
multilayers on the proton conductivity of the N1135 mem-
branes, the conductivity was measured at 30 °C. The results
are given in Table 1. The conductivity of an unmodified
N1135 membrane was 0.124 S cm–1. With an increase in the
number of self-assembled PDDA–PSS bilayers, the conductiv-
ity of the membrane decreased. However, the decrease in the
proton conductivity appears to be small. After the self-assem-
bly of eight PDDA–PSS bilayers, the proton conductivity was
0.106 S cm–1, a decrease of 15 % compared with that of a pris-
tine Nafion membrane. On the other hand, with the self-as-
sembly of five PDDA–PAZO bilayers,
the conductivity decreased to
0.071 S cm–1, a reduction in conductivity
of 43 %. The reduction in the proton
conductivity of a Nafion membrane
modified with PDDA–PAZO bilayers is
significantly higher than that with
PDDA–PSS bilayers. Since PAZO is a
comblike polymer, its layer thickness is
greater than that of PSS, which contains

smaller monomeric blocks.[26] The much smaller decrease in
the conductivity in the case of self-assembled PDDA–PSS bi-
layers could also result from the fact that PSS contains a sulfo-
nic acid group, which may serve as a proton conductor. The
LbL self-assembled polyelectrolyte bilayers have some nega-
tive effect on the conductivity of the membrane. However,
this effect appears to depend on the nature of the polyelectro-
lyte bilayers and can be reduced to a minimum by using a
proper combination of polycation and polyanion, as shown in
the case of PDDA–PSS bilayers.
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Figure 1. Molecular structure of a) PDDA, b) PSS, and c) PAZO.
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Figure 2. UV-vis spectra of the N1135 membrane as a function of the
number of layers self-assembled: a) PDDA–PSS and b) PDDA–PAZO bi-
layers.

Table 1. The proton conductivity, limiting methanol-crossover current, and maximum power den-
sity of N1135 membranes as a function of the number of PDDA–PSS and PDDA–PAZO bilayers.

Number of PDDA–PSS bilayers 0 1 2 4 8 5 PDDA–

PAZO bilayers

Conductivity [S cm–1] 0.124 0.113 0.109 0.107 0.106 0.071

OCP [V] 0.540 0.558 0.552 0.560 0.554 0.560

Limiting methanol-crossover current [mA cm–2] 98 ± 4.0 92 ± 3.2 90 ± 2.7 78 ± 2.8 69 ± 2.0 76 ± 2.7

Maximum power density [mW cm–2] 26 30 36 37 33 29



Figure 3 shows the limiting-current curves for the oxidation
of methanol that has crossed over from the anode to the cath-
ode through N1135 membranes, for various self-assembled
PDDA–PSS and PDDA–PAZO multilayers. The methanol-

oxidation current was measured at 30 °C. For simplicity, only
the limiting-current data for the methanol crossover on a
N1135 membrane with five PDDA–PAZO bilayers is shown
in the figure. With one self-assembled PDDA–PSS bilayer,
the limiting methanol-crossover current density was
92 mA cm–2, a decrease of 6 % in comparison to 98 mA cm–2

measured for an unmodified N1135 membrane. This indicates
that the LbL self-assembly of the PDDA–PSS bilayer reduces
the methanol-crossover current. When the number of PDDA–
PSS bilayers was increased to four, the limiting methanol-
crossover current decreased further to 78 mA cm–2, which is
similar to the value of 76 mA cm–2 observed for a N1135
membrane with five PDDA–PAZO bilayers. With eight
PDDA–PSS bilayers, the crossover current was 69 mA cm–2, a
decrease in methanol permeability of 30 %, when compared
with an unmodified N1135 membrane. The methanol cross-
over decreased with an increase in the number of LbL self-as-
sembled oppositely charged polyelectrolyte bilayers.

The cell performance of DMFCs prepared with an unmodi-
fied N1135 membrane and N1135 membranes modified with
PDDA–PSS and PDDA–PAZO bilayers at 30 °C is shown in
Figure 4. The OCP was 0.540 V for the cell with an unmodi-
fied N1135 membrane. With an increasing number of PDDA–
PSS bilayers, the OCP increased slightly to 0.56 V, most likely
owing to a reduction of the methanol crossover. The best per-
formance was observed for the DMFC that used an N1135
membrane with four self-assembled PDDA–PSS bilayers,
achieving a power density of 37 mW cm–2. This is an increase
of 42 % in power output when compared to the cell using an
unmodified N1135 membrane (26 mW cm–2).

However, on further increasing the number of PDDA–PSS
bilayers to eight, the maximum power density decreased to
33 mW cm–2. This could be due to the observation that in-
creasing the number of PDDA–PSS bilayers also decreases
the proton conductivity of the membrane (see Table 1), thus
increasing the overall cell resistance. This could result in a de-
cease in the cell performance. Therefore, there is a delicate
balance between the reduction in the methanol crossover and
the decrease in proton conductivity for self-assembled multi-
layer thin films. The relatively small increase in the power
density of the cell with a Nafion membrane modified with five
PDDA–PAZO bilayers (29 mW cm–2, an increase of 12 % in
comparison to the cell with the unmodified Nafion mem-
brane) is most likely due to the significant reduction of the
proton conductivity of the composite PDDA–PAZO–Nafion
membrane (see Table 1).

It is known that Nafion has a dual structure with a hydro-
phobic region interspersed with ion-rich hydrophilic domains,
and that methanol diffuses primarily through the hydrophilic
water-rich domains.[27,28] Thus, blocking the water-rich do-
mains, which are primarily associated with –SO3

– clusters on
the Nafion-membrane surface, would effectively inhibit
methanol crossover. Owing to the existence of a negatively
charged sulfonic acid group, SO3

–, on the surface of the Na-
fion membrane, self-assembly of positively charged polycat-
ions occurs as the result of electrostatic interactions. PDDA is
a strong polycation and thus, with the self-assembly of a posi-
tively charged PDDA monolayer, charge inversion would take
place on the Nafion surface.[29] Dipping of the self-assembled
PDDA–Nafion layer in a negatively charged polyanion solu-
tion, such as PSS or PAZO, would lead to the self-assembly of
a polyanion monolayer. Figure 5 shows schematically the
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Figure 3. Methanol-crossover current of an MEA with LbL self-assembly
of PDDA–PSS and PDDA–PAZO bilayers on N1135 membranes. The
methanol-oxidation current was measured at 30 °C.
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Figure 4. Polarization curves and power output of a DMFC using an un-
modified N1135 membrane, and N1135 membranes modified with self-
assembled PDDA–PSS and PDDA–PAZO bilayers, measured at 30 °C.
Operating conditions: 2 M CH3OH, 0 psi; cathode, oxygen, 10 psi.



structure of LbL self-assembled polycation and polyanion
multilayers on a Nafion membrane, which inhibit methanol
crossover.

The LbL self-assembly of oppositely charged polyelectro-
lytes on a Nafion membrane shows a significant effect on the
reduction in methanol crossover and on the enhancement of
the performance of DMFCs (Figs. 3,4). In the case of a
DMFC using a Nafion membrane self-assembled with four
PDDA–PSS bilayers, the power density increased by 42 %,
when compared to a cell with an unmodified Nafion mem-
brane; this result shows a significant enhancement in the per-
formance of DMFCs. Most importantly, the LbL self-assem-
bly approach appears to have a much smaller detrimental
effect on the proton conductivity and chemical and thermal
stability of the Nafion membrane, a significant advantage
compared to other modification approaches.[2–15] LbL self-as-
sembly of composite polyelectrolyte multilayer thin films of-
fers a potentially very effective technique to minimize the
methanol-crossover problem in DMFCs. Nevertheless, a sig-
nificant amount of work is still needed to optimize the LbL
self-assembly process of the oppositely charged polyelectro-
lytes and to understand the effect of interaction between the
polycation and polyanion on the proton conductivity and
methanol-crossover process.

Experimental

PDDA (35 wt % in water, weight-average molecular weight
(MW) = 5000 to 40 000, Aldrich), PSS (MW = 70 000, Sigma), and
PAZO (MW = 65 000 to 100 000, Aldrich) were used without further
treatment. The Nafion solution (5 wt %) and Nafion membrane
(N1135, 89 lm) were obtained from DuPont. Sulfuric acid (95–97 %),
hydrogen peroxide (30 %), and methanol were obtained from Fluka.
Milli-Q water (Millipore, 18.2 MX cm at 25 °C) was used in the experi-
ments.

The Nafion 1135 membrane was treated according to the standard
procedure of 30 min in a 5 wt % H2O2 solution at 80 °C, 30 min in
Milli-Q water at 80 °C, and 30 min in an 8 wt % H2SO4 solution at
80 °C. After each treatment, the membrane was rinsed in Milli-Q
water three times to remove traces of H2O2 and H2SO4. The mem-
brane was stored in Milli-Q water before use.

The LbL self-assembly of PDDA–PSS multilayers was carried out
by alternate dipping of the pretreated Nafion membrane in PDDA
(20 mM) and PSS (20 mM) solutions at room temperature for 5 min.

After each dipping step, the membrane was rinsed with Milli-Q water
to remove weakly bonded polyelectrolyte molecules. The alternate
self-assembly of polycation and polyanion was repeated to increase
the number of bilayers [16]. The LbL self-assembled membrane was
finally cleaned with Milli-Q water, followed by protonation treatment
in 1 M H2SO4 at 80 °C for 30 min, and then rinsed again with Milli-Q
water. The LbL self-assembly of the PDDA–PAZO multilayer on the
Nafion-membrane surface followed the same procedure as that for
the LbL self-assembly of the PDDA–PSS multilayers.

Characterization: The LbL self-assembly of PDDA–PSS and
PDDA–PAZO multilayers on Nafion membranes was monitored
using UV-vis spectroscopy (HP 8350) as a function of the number of
bilayers. The conductivity of the LbL self-assembled Nafion mem-
brane was measured using a modified four-probe dc conductivity cell,
based on that described by Slade et al. [30]. The measurement was
carried out at 30 °C in a 1 M H2SO4 solution.

To evaluate the methanol crossover and the performance of the
DMFCs, a membrane–electrode assembly (MEA) was made by sand-
wiching a LbL self-assembled composite polyelectrolyte–Nafion
membrane between a Pt–Ru anode and a Pt–C cathode. Pt–Ru black
(Johnson Matthey) was used for the anode and 40 % Pt–C (Johnson
Matthey) was used for the cathode. The loading of Pt in the catalyst
layer was about 0.8 mg cm–2 for both anode and cathode layers. Car-
bon paper treated with poly(tetrafluoroethylene) was used as the gas-
diffusion layer. The MEA was hot-pressed at 140 °C and 4 MPa for
90 s.

Methanol crossover the self-assembled N1135 membrane was mea-
sured using an MEA with an electrode area of 5 cm2 at 30 °C. Metha-
nol (2 M) was fed to the anode at 7.5 mL min–1 and humidified nitro-
gen was fed to the cathode side at 20 mL min–1 with 10 psi
(ca. 6.89 kPa) back pressure. The potential was scanned from 0.1 to
0.9 V at a scan rate of 0.5 mV s–1 and the methanol that crossed over
through the membrane was oxidized at the cathode. The limiting
methanol-crossover current was obtained by measuring the transport-
controlled limiting current of the methanol electrooxidized at the
membrane/Pt catalyst interface. The cells were made from the same
batches of electrocatalysts and diffusion layers. In this case typical
standard deviation in the methanol-crossover current density was in
the range 4–5 % (Table 1). The power output of the DMFCs was eval-
uated on MEAs based on LbL self-assembled N1135 membranes. The
catalyst and catalyst loading of the MEAs were the same as those for
the methanol-crossover current measurements. Methanol (2 M) was
fed to the anode at a flow rate of 7.5 mL min–1. Oxygen was supplied
to the cathode with humidification at 30 °C at a flow rate of
50 mL min–1. The tests were carried out at 30 °C with 10 psi back pres-
sure on the cathode side. Details of the measurement can be found
elsewhere [31].
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