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ABSTRACT: Carbon-supported Pt (Pt/C) catalyst was selectively
functionalized with thermally responsive poly(N-isopropylacrylamide)
(PNIPAM) to improve water transport in the cathode of proton exchange
membrane fuel cell (PEMFC). Amine-terminated PNIPAM selectively
reacted with the functional group of −COOH on carbon surfaces of Pt/C
via the amide reaction by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) as a catalyst. Pt surfaces of Pt/C were intact throughout the carbon
surface functionalization, and the carbon surface property could be
thermally changed. The PNIPAM-functionalized Pt/C was well-dispersed,
because of its hydrophilic surface property at room temperature during the
catalyst ink preparation. In sharp contrast, when PEMFC was operated at
70 °C, PNIPAM-coated carbon surface of Pt/C became hydrophobic,
which resulted in a decrease in water flooding in the cathode electrode.
Because of the switched wetting property of the carbon surface, PEMFC with PNIPAM-functionalized Pt/C catalyst in the
cathode showed high performance in the high current density region. To explain the enhanced water transport, we proposed a
simple index as the ratio of systematic pressure (driving force) and retention force. The synthetic method presented here will
provide a new insight into various energy device applications using organic and inorganic composite materials and functional
polymers.
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■ INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) has been
extensively studied as an energy conversion device, because of
its high efficiency and continuous production of the electricity
by simply refilling hydrogen as a fuel.1,2 Currently, there are
several technical problems such as low activity of cathode
catalyst for the oxygen reduction reaction (ORR),3−5 water
management such as flooding in the membrane electrode
assembly (MEA),6−8 catalyst poisoning by CO in the anode,9

and so on. Of these, the water management in the MEA is one
of the vital factors affecting the PEMFC performance, since
PEMFC always involves the production and transport of water
in the MEA.7 Especially, the triphase boundarywhere
catalyst, ionomer, and gas molecule intersectcan be blocked
by water produced by the ORR in the cathode, thereby
resulting in water flooding.1,10 If water is not well removed
from the catalyst layer, it severely inhibits the oxygen transport
to catalyst surfaces in the cathode catalyst layer. In the
polarization curve of PEMFC, the mass transfer resistance
increases rapidly with the increase of current density, and,

consequently, it becomes the main reason for voltage loss
during the PEMFC operation.10

In recent decades, many researchers have developed various
technologies to reduce water flooding in the cathode catalyst
layer.11−16 Hydrophobic polymer particles (i.e., polytetrafluoro-
ethylene (PTFE)) were inserted into the cathode catalyst layer
and adhered to the catalyst surface through an additional hot-
press procedure during the MEA fabrication.11−14 In addition,
pore formers such as carbonate were utilized to enhance the gas
diffusion rate in the catalyst layer.15,16 Large gas pores to
improve the oxygen and water transport could be formed by
removing the inserted pore-forming agent into the cathode
catalyst layer. Despite the potential of these methods, several
issues are yet to be overcome. First, when hydrophobic
polymers adhere to the catalyst surfaces by a hot-press
procedure, they may be randomly distributed onto the surface.
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As a result, the metal catalyst surface, where the electrochemical
reaction occurs, may be blocked along with carbon supports,
which results in a fatal decrease in the electrochemical active
surface (EAS) of catalysts.13 In addition, the insertion of
hydrophobic polymer particles or a pore-forming agent into the
catalyst layer causes the catalyst layer thickness to increase to a
certain extent, and thus the oxygen transport may become
harder when the same catalyst loading is used in the MEA.13,16

To address the above problems, a simple method for efficient
water management in the catalyst layer of PEMFC is potentially
of great benefit.
Herein, we propose a facile way of reducing water flooding in

the catalyst layer through the introduction of carbon-supported
Pt (Pt/C) catalyst selectively functionalized by poly(N-
isopropylacrylamide) (PNIPAM), which is known to reversibly
switch between hydrophilic and hydrophobic properties,
depending on the temperature.17 With this synthetic method,
one can achieve a hydrophobic catalyst layer without a decrease
in the EAS and an increase in the catalyst layer thickness. To
the best of our knowledge, it is the first trial selectively
functionalizing the carbon surface even in the existence of metal
nanoparticles on the carbon support in PEMFC.

■ EXPERIMENTAL SECTION
Synthesis of Pt/C-PNIPAM. Pt/C (40 wt %, Johnson Matthey)

was dispersed with amine-terminated PNIPAM (Aldrich) of 0.04 mM
in an acidic solution with pH 1.6, which was composed of isopropyl
alcohol (IPA, Aldrich) of 300 mL and HClO4 (Aldrich) of 0.6 mL.
After the solution was well mixed for 1 h, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Fluka) of 0.04 mM was
quickly introduced as a catalyst into the vigorously stirred solution for
the amide reaction between −COOH of the carbon surface and −NH2

of amine-terminated PNIPAM. The solution was washed through the
filtration by excessive deionized (DI) water after the amide reaction by
EDC for 12 h. The filtered Pt/C-PNIPAM was dried at 60 °C, and Pt/
C-PNIPAM powder was finally ground in a mortar.

Membrane Electrode Assembly (MEA) Preparation. The
MEAs were prepared with and without PNIPAM in the cathode. A
catalyst ink for the cathode catalyst layer with PNIPAM was fabricated
by mixing Pt/C-PNIPAM of 6.3 mg, 5 wt % Nafion ionomer solution
(Aldrich) (N/C ratio of 0.5), and IPA (0.63 mL). A quantity (6.3 mg)
of nontreated 40 wt % Pt/C was used in an anode catalyst ink instead
of Pt/C-PNIPAM, and other components were the same as the
cathode catalyst ink. In the MEA without PNIPAM, the anode and
cathode catalyst inks identically had 6.3 mg of nontreated 40 wt % Pt/
C, respectively, and the solutions were used as same as catalyst ink
with Pt/C-PNIPAM. Nafion 212 membranes (Dupont) were used
after the pretreatment. They were boiled in 3% hydrogen peroxide
solution, and rinsed in DI water. After that, they were soaked in 0.5 M
H2SO4, and washed again in DI water. Each procedure in the solutions
was performed at 80 °C for 1 h, respectively. The prepared catalyst
inks were sprayed onto the anode and cathode parts of the Nafion 212
membrane. When the MEAs with Pt/C-PNIPAM fabricated, we
considered the amount of PNIPAM in Pt/C-PNIPAM to make the
same platinum loading (0.2 mg cm−2) as much as platinum metal
loading in the MEA with Pt/C. Since the amounts of initial platinum
metal in the Pt/C-PNIPAM and Pt/C catalyst inks were ∼2.5 times
more than 0.2 mg cm−2, the platinum loading in the MEAs could be
properly controlled. Because the weight of the Nafion membrane
would be sensitive to the humidity in the air, we indirectly weighed the
platinum loading on the standard OHP film as a reference, which was
near by the membrane in spraying the catalyst inks. When the
platinum loading became 0.2 mg cm−2 on the standard OHP film
beside the membrane, spraying was stopped. The platinum loadings
were equally in the cathodes and anodes of the MEAs (0.2 mg cm−2).
The catalyst-coated membranes (CCMs) were dried at room
temperature for 12 h, and sandwiched between the anode and
cathode gas diffusion layers (GDLs, SGL 35 BC) without application
of the hot-press process. The active geometric areas of the MEAs were
5 cm2.

Physical Analysis. Elemental analysis (LECO Corp.) was
performed to confirm the amount of PNIPAM in Pt/C-PNIPAM.
Field emission-scanning electron microscopy (FE-SEM) was con-
ducted using a SUPRA 55VP (Carl Zeiss) to measure the thickness
and structure of the cathode catalyst layers. Atomic force microscopy
(AFM) was carried out to identify the surface structure and roughness

Figure 1. Schematic illustration of synthesis of selectively functionalized Pt/C (Pt/C-PNIPAM).
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of the catalysts. X-ray photoelectron spectra (XPS) were obtained
from an Al Kα source (ESCALAB 250 XPS spectrometer, VG
Scientific). Binding energies were calibrated with respect to C (1s) at
285 eV. Experimental data were curve-fitted using XPSPEAK4.1
software. Atomic ratios of Pt oxidation states were estimated from the
area of the respective Lorentzian−Gaussian peaks. The advancing and
receding contact angles (CAs) of the surfaces with Pt/C and Pt/C-
PNIPAM were measured at 20 and 70 °C when a water droplet with a
total volume of ∼20 μL was drawn in and out onto each cathode
catalyst layer, using a contact angle analyzer (KRUSS DSA 100). The
contact angle hysteresis was calculated from the differences between
the advancing and receding contact angles.
Electrochemical Measurements. Cyclic voltammetry (CV)

scans were obtained at 100 mV s−1 between 0.05 V and 1.0 V to
compare the electrochemical active surfaces (EAS) of the prepared
cathode catalyst layers. Humidified H2 (50 mL min−1) and N2 (200
mL min−1) were supplied to the anode and cathode, respectively, and
the relative humidity (RH) was 100%. The anode flowing H2 gas was
used as reference and counter electrodes, and the cathode flowing N2
gas served as a working electrode. For the unit-cell performance test at
70 °C, humidified hydrogen gas (H2) and air were flowed into the
anode and cathode, respectively. The stoichiometric coefficient of H2/

air was 1.5/2.0, and the relative humidity (%RH) for both the anode
and cathode gases was 100%. To elucidate the fuel cell performance,
depending on the cell temperature, the MEAs with and without
PNIPAM were additionally tested at 10, 25, 30, 40, and 50 °C. The
unit cell was surrounded by several ice packs to decrease the cell
temperatures. When the cell temperature went down to the desired
temperature, the performance test was started with keeping the
temperature by the heating rods in the unit cell. Other conditions
including stoichiometric coefficient and RHs were the same as in the
case of the performance test at 70 °C. Electrochemical impedance
spectroscopy (EIS) (IM6, Zahner) of the unit cells was measured at
0.8 and 0.65 V with an amplitude of 10 mV. The measurement was
conducted in a frequency range from 0.1 Hz to 10 kHz. Other
experimental conditions such as temperature and gas humidification
were the same as fuel cell operation at 70 °C. The ZView program
(Scribner Associates, Inc.) was utilized to fit the EIS data, and a simple
equivalent circuit was applied.

■ RESULT AND DISCUSSIONS

Figure 1 shows a schematic illustration for the synthesis of
selectively functionalized Pt/C (Pt/C-PNIPAM). Here, amine-

Figure 2. AFM images showing the morphology of each surface: (a) Pt/C, (b) Pt/C-PNIPAM. Each inset shows corresponding SEM images. (Scale
bar = 50 nm.)
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terminated PNIPAM (NH2−PNIPAM) and functional groups
(−COOH) on the carbon surface selectively formed the amide
(−CONH) bond with the aid of 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) as a catalyst.18 This chemical
synthetic mechanism can give selectivity for the functionaliza-
tion of the carbon surface, despite the existence of platinum
nanoparticles. It was confirmed that PNIPAM (3.79 wt % of
Pt/C-PNIPAM nanoparticle) existed in Pt/C-PNIPAM, which
could be estimated from the amount of N (nitrogen) since the
ratio of N on carbon support in Pt/C-PNIPAM was ∼8 times
higher than that in Pt/C by the elemental analysis (see Table
S1 in the Supporting Information). The catalysts with and
without PNIPAM were properly dispersed in the catalyst layer
of the MEAs as shown in the scanning electron microscopy
(SEM) images of Figure 2. Interestingly, the surface of Pt/C-
PNIPAM was similar to that of nontreated Pt/C in the SEM
images. To identify the surface structure of the catalysts, the
surface roughness of Pt/C and Pt/C-PNIPAM was additionally
measured by atomic force microscopy (AFM). From the
analysis, it was observed that the surface of Pt/C-PNIPAM was
rougher than the Pt/C surface, with the measured roughness
being 9.44 and 15.00 nm for Pt/C and Pt/C-PNIPAM,
respectively. It shows that PNIPAM can be well-distributed
among platinum nanoparticles on the carbon surface.
In PEMFC, the hydrophilicity of carbon support must be

switched at two steps: (i) particle dispersion at MEA
preparation process and (ii) water management at PEMFC
operation. Namely, the carbon support should have sufficiently
high hydrophilic functional groups to disperse the catalyst of
nanoparticles uniformly on the carbon surface when a carbon-
supported, Pt-based, or other metal catalyst is synthesized.19,20

Therefore, the carbon support such as carbon black, carbon
nanotube (CNT), and carbon nanofiber (CNF) is generally
activated through the acid treatment, to have functional groups
such as −COOH, −CO, and −C−O on the surface, and the
hydrophilic functional groups on carbon still remain after the
catalyst synthesis. It is noted, in this regard, that catalyst inks
having a carbon support without such functional groups have
shown poor dispersion,20,21 and large catalyst agglomerates may
be formed in a catalyst layer, which results in low platinum
utilization in the MEA.22 Therefore, the carbon surface must be
hydrophilic to well-disperse the catalyst ink, which consists of
catalyst, ionomer, and solvent, at room temperature. In sharp
contrast, from the water management point of view in the
MEA, a hydrophobic carbon surface is required to prevent from
flooding of the catalyst layer when operating PEMFC at ∼70
°C, since, otherwise, water can accumulate on the carbon
surface. In addition, oxygen gas can be easily transported to the
Pt through the hydrophobic channel on the carbon surface.13

Accordingly, to meet such a wide variation of hydrophilicity
from the catalyst synthesis to the PEMFC operation, the
wetting property of the carbon surface should be tuned at each
step.
Two approaches are conceivable at this stage. First, the Pt

surface should be intact throughout the carbon surface
functionalization. Otherwise, a significant reduction in the
active area of Pt nanoparticles would occur via contamination
of the platinum surface. Second, a material with temperature-
directed switchable hydrophilicity is needed because the only
variable is the temperature from room temperature (catalyst ink
preparation) to ∼70 °C (PEMFC operation). Therefore, we
utilized the switchable wettability of PNIPAM in PEMFC by
selective carbon functionalization in order to tackle the above

challenge, i.e., spontaneous wetting transition from hydrophilic
to hydrophobic without deteriorating the active area of the
catalyst. It is known that PNIPAM exhibits thermally
responsive switching between hydrophilicity and hydrophobic-
ity.23−28 This phenomenon is explained by the competition
between intermolecular and intermolecular hydrogen bonding
below and above the lower critical solution temperature
(LCST) of ∼32 °C. Because of this excellent responsive
behavior, PNIPAM has been studied in broad research areas,
such as tissue engineering,23,24 drug delivery,25,26 and micro/
nano actuators,27,28 after being tailored to respond to a specific
stimulus.
For the characterization of the selective functionalization,

each catalyst surface was analyzed by X-ray photoelectron
spectroscopy (XPS). The existence of the N 1s peak at 400.5
eV of Pt/C-PNIPAM shows that PNIPAM was definitely
located on Pt/C, and the amide bond was formed between the
carbon surface and PNIPAM29,30 (see Figure 3a). In addition, it

was confirmed that PNIPAM was selectively functionalized
only on the carbon surfaces without affecting Pt surfaces. Figure
S1 in the Supporting Information shows that Pt 4f core-level
peaks of Pt/C and Pt/C-PNIPAM were hardly changed, and
the ratio of Pt oxidation states of Pt/C-PNIPAM was analogous
to that of Pt/C (see Figure 3b, as well as Table S2 in the
Supporting Information). Especially, as shown in Figure 4,
cyclic voltammetry (CV) scans of the cathode catalyst layers
with and without PNIPAM were also similar to each other in
overall potential region, and the EAS of Pt/C-PNIPAM
estimated from the Hupd regions was comparable to that of
Pt/C. Based on these observations, it was concluded that
PNIPAM did not attach to platinum nanoparticles and hardly
affected the electronic structure of Pt catalyst. Therefore, the
synthetic method for carbon surface functionalization secured
the selectivity. In addition, similar CV and catalyst layer

Figure 3. (a) N 1s XPS peaks, and (b) ratio of Pt oxidation states in
Pt/C and Pt/C-PNIPAM.
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thickness (insets of Figure 4) indicate that the catalyst layers
had similar structure and particle dispersion. It means that Pt/
C-PNIPAM with a hydrophilic surface property could be well-
dispersed in the catalyst ink at room temperature, as well as
nontreated Pt/C, when the MEAs fabricated.
Next, the thermal responsibility of PNIPAM on the carbon

surface was verified by measuring advancing and receding CAs
at ∼20 °C (below LCST) and ∼70 °C (above LCST), as
shown in Figure 5a, as well as Figure S2 in the Supporting

Information. The catalyst layers with Pt/C had similar and high
CA hysteresis (θa − θr ≈ 28° and 23°, respectively) at 20 and
70 °C. It means that Pt/C may have strong water retention
ability in the catalyst layer, regardless of the PEMFC operating
temperature. In contrast, Pt/C-PNIPAM showed a CA
hysteresis of ∼5° at 70 °C, suggesting that the catalyst layer

with Pt/C-PNIPAM is very hydrophobic when operating a
PEMFC at 70 °C. It is noted, in this regard, that the CA
hysteresis turned out to be the most critical factor to ensure
optimal performance of PEMFC for the water manage-
ment.31,32 To elucidate the temperature dependence of the
fuel-cell performances, the unit cells with Pt/C and Pt/C-
PNIPAM were operated at various cell temperatures from 10
°C to 70 °C (see Figure S3 in the Supporting Information).
While the unit-cell performances of the MEAs were similar at
temperatures of <30 °C, the MEA with Pt/C-PNIPAM showed
higher performances than that with Pt/C as the cell
temperature was increased above 30 °C. Since the intrinsic
catalytic activities of the MEAs were the same at each cell
temperature, the difference of maximum power densities of the
MEAs in the high current region could be attributed to different
water management between the two systems. As shown in
Figure 5b, the difference of maximum power densities,
depending on the cell temperatures, indicated the typical
curves of the CA change of PNIPAM film, according to the
temperatures.17 The differences were insignificant at temper-
atures of <30 °C (below LCST), since the hydrophilicity of the
cathode with Pt/C-PNIPAM was similar to that with Pt/C at
low temperature. However, they were considerably increased by
∼0.10 W cm−2 at temperatures of >30 °C (above LCST),
because of the change of the hydrophilicity on carbon surfaces
in Pt/C-PNIPAM. Therefore, it was considered that PNIPAM
on carbon surfaces of Pt/C-PNIPAM played a role in water
management in the cathode, as expected from the CA
hysteresis data in Figure 5a.
As shown in the inset of Figure 6, the MEA using Pt/C-

PNIPAM as a cathode catalyst showed a distinctively higher

unit-cell performance than that using Pt/C at 70 °C, which was
a general fuel cell operating temperature condition. Interest-
ingly, PNIPAM on the carbon surface affected the fuel cell
performance mainly in the high current region related to water
flooding. Figure 6 clearly showed that the difference between
the power densities of MEAs with Pt/C and Pt/C-PNIPAM
was rapidly increased in the high current region above ∼0.7 A
cm−2, at which the unit cells started to be severely affected by
deficient oxygen transfer in the MEAs. In contrast, in the low
current region below ∼0.7 A cm−2, the difference was not
shown, because those current densities were included in the
charge transfer-controlled region without flooding in the
cathodes. Therefore, the PEMFC performances in the low

Figure 4. CV of the cathode catalyst layers with and without PNIPAM.
Each inset indicates the SEM images showing the catalyst layer
thickness of Pt/C and Pt/C-PNIPAM.

Figure 5. (a) Contact angle hysteresis of surfaces with Pt/C and Pt/C-
PNIPAM at 20 and 70 °C. (b) The difference between the maximum
power densities of the unit cells with Pt/C and Pt/C-PNIPAM,
depending on the cell temperatures.

Figure 6. The difference between the power densities of the unit cells
with Pt/C and Pt/C-PNIPAM, according to the current densities. The
inset shows the unit-cell performance of the MEAs with Pt/C and Pt/
C-PNIPAM.
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current region were nearly the same in both unit cells with Pt/
C and Pt/C-PNIPAM, since Pt surfaces of Pt/C-PNIPAM were
not affected by the selective functionalization of the carbon
support. However, in the high current region, water flooding
was reduced by hydrophobic property of PNIPAM-function-
alized carbon surface, which resulted in a high power density of
the MEA with Pt/C-PNIPAM. In addition, the semicircles in
the low-frequency region of the EIS in Figure 7b indicated that

the mass transfer resistance of Pt/C-PNIPAM was smaller than
that of Pt/C.33 When the EIS data were fitted and calculated by
the equivalent circuit (Figure 7a), the Warburg impedance of
Pt/C-PNIPAM (0.055 Ω cm2) was much smaller than that of
Pt/C (0.085 Ω cm2), as shown in the inset of Figure 7b,
although the current density of Pt/C-PNIPAM was higher than
that of Pt/C at 0.65 V. It means that the water removal from
the cathode catalyst layer with Pt/C-PNIPAM was facilitated,
and oxygen could rapidly access to the Pt catalyst through the
hydrophobic carbon surface. The charge transfer resistance
(Rct) of the cathode with PNIPAM (0.109 Ω cm2) was smaller
than that without PNIPAM (0.126 Ω cm2), because of the
higher current density in the MEA with PNIPAM, and the
series resistances (Rs) of the MEAs were similar (∼0.066 Ω
cm2). However, the EIS measured at 0.8 V of the MEA with Pt/
C-PNIPAM was similar to that with Pt/C, as shown in Figure
S4 in the Supporting Information. It was confirmed that the
charge transfer resistance and ORR activity of Pt catalyst were
hardly changed since Pt surfaces were intact, because of the
selective carbon functionalization.
To understand the enhanced water transport in the catalyst

layer with Pt/C-PNIPAM, we propose here a simple theoretical
model using as a pore channel system. As shown in Figure 8, we
hypothesize that the systematic pressure (i.e., “driving” force,
Fd) and adhesion force (i.e., “resistant” force, Fr) at the solid/
liquid interface would compete each other, and thus might
determine the extent of water transported through pores in the
MEA. The surfaces of Pt/C and Pt/C-PNIPAM are hydro-
phobic as can be seen from the contact angles (CAs) in Table
1. Hence, the pressure difference (ΔP) should overcome the

Laplace pressure (ΔPL) to force water into pores.34 The
relation is expressed in a simple form, given by

γ θ π

π γ θ θ

≥ Δ = | |

= | | ≥ °

F P A r r

r

(2 cos / )( )

2 cos , 90

d L w p p
2

p w (1)

where γw is the surface tension of water, rp is the average radius
of pore channel, which is almost the same in the catalyst layer
with Pt/C or Pt/C-PNIPAM, and θ is the CA of pore channel
surface.
When considering the counterbalancing term, water trans-

port is inhibited by adhesion or retention of water on pore
surface. The difference in the adhesion energy (ΔW) at the
solid/liquid interface can be calculated by measuring the CA
hysteresis.31,35,36 Accordingly, the resistant force of water
transport can be obtained as

γ θ θ π= Δ = −F Wl r(cos cos )(2 )r w r a p (2)

where l is the length of contact line, θr is the receding CA, and
θa is the advancing CA. To set up an index to determine
efficient water transport, the ratio of Fd to Fr can be used, i.e.,

θ
θ θ

≥ | |
−

F
F

cos
(cos cos )

d

r r a (3)

For the conditions used in our experiment, the ratios are 3.0
and 18.4 for Pt/C and Pt/C-PNIPAM, respectively, suggesting
that the latter allows for a much higher water transport, in
accordance with the results through the Warburg impedance
measurements. It further indicates that Pt/C-PNIPAM could
easily remove water from the carbon surface in the catalyst
layer. A detailed kinetic model incorporating the role of three
phase interactions is currently under investigation.

Figure 7. (a) Equivalent circuit of PEMFC (L = inductance of wire, Rs
= series resistance, Rct = charge transfer resistance, CPE = constant
phase element, W = Warburg impedance). (b) EIS of the MEAs with
Pt/C and Pt/C-PNIPAM at 0.65 V. (Dots represent raw data, line
represents fitted data.) The inset of panel (b) indicates the Warburg
impedances calculated from the fitting data.

Figure 8. Schematic illustration of theoretical model to estimate the
extent of water transport through the pore channel in the catalyst
layer.

Table 1. Contact Angle (Static, Advancing, and Receding)
Data, Depending on Temperature and Surface Composing
Materials

temperature,
T [°C]

contact
angle,
θ [°]

advancing
contact angle,

θa [°]

receding
contact angle,

θr [°]

adhesion
energy, ΔWa

[mJ m−2]

Pt/C
20 148.2 149.9 122.3 24.1
70 144.1 147.8 125.2 19.6

Pt/C-PNIPAM
20 149.5 150.6 121.9 25.0
70 148.7 151.8 146.6 3.4

aHysteresis in the adhesion energy was calculated based on the data.
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■ CONCLUSIONS
Carbon-supported Pt (Pt/C) catalyst was selectively function-
alized by thermally responsive poly(N-isopropylacrylamide)
(PNIPAM) to reversibly switch the wetting properties of the
carbon surface from hydrophilic to hydrophobic. During the
membrane electrode assembly (MEA) fabrication and proton
exchange membrane fuel cell (PEMFC) operation, Pt/C-
PNIPAM was able to change its surface property, with
respective to its required temperature. In addition, the
difference of maximum power densities between the MEAs
with and without PNIPAM was changed by switchable
hydrophilicity of PNIPAM on the carbon surfaces, depending
on the cell temperature. Notably, the platinum catalyst was not
affected by the surface functionalization; it was well-mixed in
the catalyst ink at room temperature and showed consistent
unit-cell performance in the low-current-density region without
affecting the platinum catalyst in the PEMFC operation at 70
°C. In the high-current-density region, by contrast, the
hydrophobic property of Pt/C-PNIPAM caused the power
density to increase significantly, because of the fast removal of
water and rapid oxygen accessibility to the platinum surface in
the catalyst layer. Consequently, it was confirmed that selective
functionalization of the carbon support with thermally
responsive polymer was successful for the water management
in PEMFC without a decrease in the oxygen reduction reaction
(ORR) activity of platinum. In addition, it is envisioned that the
present synthetic route and experimental results may provide a
new insight into various energy device applications using
organic and inorganic composite materials and functional
polymers.
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