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ABSTRACT: We report boron nitride nanoflakes (BNNFs),
for the first time, as a nanofiller for polymer electrolyte
membranes in fuel cells. Utilizing the intrinsic mechanical
strength of two-dimensional (2D) BN, addition of BNNFs
even at a marginal content (0.3 wt %) significantly improves
mechanical stability of the most representative hydrocarbon-
type (HC-type) polymer electrolyte membrane, namely
sulfonated poly(ether ether ketone) (sPEEK), during sub-
stantial water uptake through repeated wet/dry cycles. For
facile processing with BNNFs that frequently suffer from poor dispersion in most organic solvents, we non-covalently
functionalized BNNFs with 1-pyrenesulfonic acid (PSA). Besides good dispersion, PSA supports efficient proton transport
through its sulfonic functional groups. Compared to bare sPEEK, the composite membrane containing BNNF nanofiller
exhibited far improved long-term durability originating from enhanced dimensional stability and diminished chronic edge failure.
This study suggests that introduction of properly functionalized 2D BNNFs is an effective strategy in making various HC-type
membranes sustainable without sacrificing their original adventurous properties in polymer electrolyte membrane fuel cells.
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1. INTRODUCTION

Perfluorinated sulfonic acid (PFSA) polymers have been most
widely adopted membrane materials for polymer electrolyte
membrane fuel cells (PEMFCs). Despite their various advanta-
geous properties,1 most PFSA membranes suffer from critical
drawbacks, such as high cost, environmentally hostile nature,
limited temperature window for operation, and high fuel cross
over. As an alternative approach to avoid these shortcomings,
considerable efforts have been invested for development of
hydrocarbon-type (HC-type) PEMs, and poly(arylene ether
sulfone),2 polybenzimidazole,3 poly(arylene sulfide sulfone),4

polyimide,5 polyphenylene,6 and poly(ether ether ketone) are
good examples along this direction.7

A general design principle in synthesis of HC-type
membranes is to conjugate a large number of sulfonic acid
groups to the HC-polymer backbones because sulfonic acid
groups can trigger hopping mechanism for proton conduction
and can thus increase ion exchange capacities (IECs). However,
the high IECs, in turn, result in significant water uptake, which
leads to poor mechanical and dimensional stabilities. During
repeated wet/dry cycles, those polymer membranes are subject
to significant volume expansion/shrinkage,8 whereas the
electrodes on both sides tend to maintain the original
dimensions. As a result, the initially well-bonded interfaces
between the electrodes and membrane become impaired as the

wet/dry cycle proceeds, leading to severe edge failures at the
boundaries and consequently damaging the long-term cell
durability.9,10 Hence, avoiding swelling of HC-type PEMs and
therefore addressing their long-term durability is now a very
critical and challenging issue in the PEMFC community.
One of the most effective ways to resolve such unbalanced

dimensional issue is to create reinforced composite membranes
that contain additives with superior mechanical strengths.11−14

However, the difficulty in use of those additives is that most
conventional inorganic and polymeric additives simultaneously
bring unwanted properties, such as phase separation with the
mother electrolyte matrix, diminution of proton conductivity
because of conduction channel blocking, and processing
inconvenience from poor dispersion of additives.13,15−18 In
fact, it has been arduous to find any additives that could
enhance the dimensional stability of the membranes without
bypassing this trade-off situation.
On the other hand, few layered two-dimensional (2D) boron

nitride (BN) nanosheets have been found to enhance the
mechanical strengths of diverse composites when included even
at minimal concentrations.19−21 BN has additional advantages
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of low density, good thermal and chemical stability, electrically
insulating property, and simple synthesis based on liquid
exfoliation.22−27 Nevertheless, BN has been considered as a
nontrivial additive in actual processes because of its poor
dispersion, low compatibility with polymer matrices, and
natural aggregation by strong internal van der Waals
interaction.19,28 To overcome these processing drawbacks, BN
nanosheets have been functionalized in both covalent and
noncovalent approaches.29,30 The covalent functionalization is
based on chemical reactions with the functional groups on the
BN surfaces. Thus, the surface functionalization could lose the
intrinsic properties of BN sheets and also requires redundant
synthetic steps.20,31,32 By contrast, noncovalent functionaliza-
tion could improve the solubility of BN sheets without
sacrificing the original advantageous properties of BN.
Polyaniline (PANI), DNA, and conjugated polymers33,34 were
used for such noncovalent functionalization. In spite of the
increased solubility, the noncovalent functionalization known
to date still has room for further improvement in expanding
solvent pool and simplifying synthetic procedure. While
searching for diverse approaches for noncovalent functionaliza-
tion of BN, we were inspired by simple pyrene-based surface
functionalization used for similar 2D layered graphene.30,35 The
planar structure of pyrene originating from four fused benzene
rings accommodates well onto graphene sheets with similar
planar morphology, particularly utilizing favorable π−π
interaction. After the pyrene-graphene assembly, the polar
functional groups accompanied by pyrene endow the graphene
sheets with increased solubility in various solvents and
consequently processing capability. By expansion, in the current
investigation, we increased the dispersion capability of similarly
layered BN nanoflakes (BNNFs) by functionalizing non-
destructively with 1-pyrenesulfonic acid (PSA), and incorpo-
rated them with one of the most well-known HC-type
membranes, namely sulfonated poly(ether ether ketone)
(sPEEK). The BNNF containing sPEEK composite membrane
holds substantially enhanced mechanical strength even at a
marginal BN content (0.3 wt %) and therefore addressed
insufficient long-term durability of PEMFCs. Although BNNFs
have been used in various research areas,36−39 to the best of our
survey, the current study is the first demonstration in the fuel
cell area.

2. EXPERIMENTAL SECTION
Preparation of PSA-Functionalized BNNFs (PSA-BNNFs) and

Their Characterizations. PSA-BNNFs were prepared through
exfoliation of hexagonal BN (h-BN) microsized particles. In a typical
experimental, BN powder (100 mg, KOJUNDO KOREA CO., LTD,
used as received) was sonicated in 100 mL of N,N-dimethylformamide
(DMF) containing 100 mg of 1-pyrenesulfonic acid (PSA, Aldrich) for
10 h. The dispersed BN solution was then centrifuged at 3000 rpm for
15 min to remove the aggregate and thick flakes. The supernatant was
collected and washed several times with 500 mL of DMF to remove
the unreacted PSA and then dried in a vacuum oven at 80 °C for 2 h.
The yield of the final well-dispersed PSA-BNNFs (3 mg in 100 mL
DMF) was about 3% with respect to the initial BN amount (100 mg).
The morphology of PSA-BNNFs was investigated using atomic

force microscopy (AFM, Seiko Instrument Inc.) in tapping-mode
under ambient condition. Transmission electron microscopy (TEM,
JEOL JEM-2200FS) analyses were also conducted. The atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
samples were prepared by drying a droplet of the PSA−BNNF
suspension on a Si substrate and Lacey carbon grid, respectively. UV-
Vis spectra were attained using an UV-3101PC spectrometer. FT-IR
spectra were recorded using a Jasco FT/IR-4100 type-A spectrometer

at ATM mode. X-ray photoelectron spectroscopy (XPS) experiments
were performed using a Sigma Probe (Thermo VG Scientific, AlKα).
For thermogravimetric analysis (TGA) measurements, a TGA 92-18
device (Setaram) was used in the temperature from 20 to 900 °C at a
heating rate of 10 °C min−1 in air. To investigate the hydrophilic
character of PSA-BNNFs, we measured water contact angles by using a
contact angle analyzer (Phoenix 300 Plus, SEO Co.)

Preparation of Bare and Composite Membrane and Its
Characterizations. sPEEK was prepared by sulfonation of poly(ether
ether ketone) (Aldrich) according to a procedure reported else-
where.40 The 1 g of sPEEK was dissolved in the 9 g (9.45 mL) of PSA-
BNNF suspension in DMF. The entire 10 g of the homogeneous
mixture of PSA-BNNFs and sPEEK was directly cast onto a clean glass
plate (300 mm × 200 mm) by using a 600 μm thick doctor blade at a
constant speed of 3 cm s−1, and dried at 60 °C for 24 h and
subsequently dried again under vacuum at 120 °C for the following 24
h. The membrane was peeled off from the glass plate by submersing it
in deionized water. The thickness of all the membranes prepared in
this study was about 40 μm.

Water uptakes and dimensional changes were measured by the
differences in weight and dimensions of the membranes before and
after a wet treatment. For preparation of the wet membrane, the
membranes were soaked into deionized water at 80 °C for 1 h and
were then wiped out and the weight, length, and thickness were
measured immediately. The dry membrane was obtained after vacuum
drying at 60 °C for 24 h. Water uptake and dimensional change Δl (or
Δt) of the membranes were calculated based on the following
equations
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where Wwet, lwet, and twet are the weight, length, and thickness of the
wet membrane, respectively. Wdry, ldry, and tdry are defined similarly for
the dry membrane.

The IEC of the membrane was measured by the classical titration
method. The membrane was soaked in saturated NaCl aqueous
solution with excessive volume for 12 h. The solution was then titrated
toward an end point of pH 7 with a standard 0.01 M NaOH aqueous
solution based on the following equation

=− VM
m

IEC (mequiv g )1

dry

, where V, M, and mdry are the volume of the titrant, the molar
concentration of the titrant, and the mass of the sample, respectively.

The ionic conductivities of the bare and composite membranes
were determined by using AC impedance spectroscopy measurements
(1400 FRA and 1470E, Solartron) over a frequency range from 1 ×
105 to 0.1 Hz.

Stress-strain curves of the bare and composite membranes were
attained by using a universal testing machine (Instron 5583) at room
temperature with a strain rate of 20 mm min−1. To investigate the
water state of membrane, we conducted thermal analyses by using
differential scanning calorimetry (DSC, DuPont TA 2000) calibrated
with indium was used with dried samples. Each sample was first cooled
from 25 to −50 °C and then heated at a rate of 5 °C min−1 to 150 °C.

Fabrication of Membrane Electrode Assemblies (MEAs) and
Electrochemical Characterization. MEAs were fabricated by
transfer of the anode and the cathode catalyst layers (CLs) on
Kapton film to each side of the membrane at a pressure of 1500 psi
and at 130 °C for 3 min. After cooling to room temperature, the
Kapton films were peeled off from the laminates.40 The catalyst
loading and the catalyst transference ratio were obtained by measuring
the CL mass difference before and after the hot pressing. Pt loading
level of all the CLs was carefully controlled to be within 0.25 ± 0.02
mg cm−2 and the sizes of the CLs were 5 × 5 cm2. A cell was
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completed by assembling the MEA, a pair of gas diffusion media
(35BC, SGL), a pair of Teflon gaskets, and a pair of graphite blocks
with a triple serpentine flow field for reactants. The flow fields for the
anode and cathode reactants were symmetric.
The IV polarization curves of each single cell were obtained at a fuel

cell test station (CNL, Korea). The anode was fed with humidified
hydrogen gas (RH 100%) at a flow rate of 500 cm3 s−1 and the cathode
was fed with humidified air (RH 100%) at a flow rate of 1500 cm3 s−1,
which correspond to the stoichiometry of H2/air = 14.3/18.0 at 0.2 A
cm−2. The actual IV polarization curve of each cell was obtained at 80
°C without back pressure after a 3 day fuel cell operation to saturate
the cell performance under fuel supply. Electrochemical impedance
spectroscopic measurements were performed using an AC impedance
analyzer (1400 FRA and 1470E, Solartron) in which the AC amplitude
was 10 mV, and the frequency range was from 1 × 105 to 0.1 Hz.
Wet/Dry Cycle Tests of MEAs. After an initial evaluation of IV

polarization curve, wet/dry cycle tests were conducted to examine the
effect of the PSA-BNNFs nanofiller on the cell performance under
repeated hydration and dehydration cycles. For this experiment,
nonhumidified and fully humidified nitrogen gas was alternately fed

every 2 min at a flow rate of 1000 cm3 s−1. Such humidification was
controlled by (dis)connection to a humidifier. During these repeated
cycles, the curren−-voltage curve and open circuit voltage (OCV)
were monitored every 50 humidity cycles.

3. RESULTS AND DISCUSSION

Figure 1 schematically illustrates the overall procedure of PSA
functionalization onto the BNNFs and their inclusion into
sPEEK composite electrolyte together with a digital photograph
at each stage. BNNFs were first exfoliated from BN powder and
subsequently functionalized with PSA molecules by sonication
in N,N-dimethylformamide (DMF) containing PSA (0.3 wt %,
Figure 1a). During this process, pyrene groups of PSA
molecules bind onto BNNF surfaces by favorable π−π
interaction without structural destruction, and these π−π
interactions originate from electronic attraction between the
π-electron-deficient BNNFs and the π-electron-rich pyrene
groups of PSA molecules. PSA-BNNFs were well-dispersed in

Figure 1. Schematic diagram indicating the overall procedure for preparation of PSA-BNNFs and PSA-BNNFs/sPEEK composite membrane. (a)
Schematic illustration of exfoliated BNNFs from hexagonal BN by sonication in DMF containing 1-PSA alongside an actual photograph of highly
dispersed PSA-BNNFs solution. (b) Photograph of bare sPEEK and PSA-BNNFs/sPEEK solutions. (c) Photograph of PSA-BNNFs/sPEEK
composite membrane after solution casting and drying together with a graphical description of the interaction between PSA-BNNF and sPEEK.

Figure 2. Morphology of PSA-BNNFs. (a) Low- (top left) and high- magnification (bottom) TEM images and corresponding SAED pattern (top
right) of PSA-BNNFs. (b) An AFM topography image (dimension: 300 nm × 300 nm) of PSA-BNNF on the SI substrate. (Right) The height
profile along the black line shown in the AFM image.
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DMF because of the polar characteristic of the sulfonic groups
in PSA (Figure 1b). The PSA-BNNF preserved the good
dispersion even after mixing with sPEEK polymer electrolyte
(Figure 1b). This mixture was then cast to form films and
subsequently dried to produce the final PSA-BNNFs/sPEEK
composite membranes with thicknesses near 40 μm (Figure
1c). The good dispersion of the mixture must be associated
with the common amphiphilic nature of both components.
BNNFs maintained their original 2D morphology even after

the PSA functionalization as shown in Figure 2. The planar
geometry of BNNFs was observed from low-magnification
TEM characterization, and the hexagonal honeycomb-like
atomic configuration of h-BN was confirmed by selected area
electron diffraction pattern (SAED) that exhibited spots with
six-fold symmetry when the beam orientation was aligned along
the [0001] direction. Also, the lattice distance of the folded
edge was observed to be ∼0.33 nm, which is consistent with the
layer-to-layer distance of h-BN across the 2D stacking
orientation (Figure 2a).19 The thickness of a single PSA-
BNNF estimated by a height profile of AFM scanning (Figure
2b) was 2.7−3.1 nm, corresponding to 8−10 BN layers.
The surface functionalization of BNNFs was analyzed by

spectroscopic characterizations and TGA. Figure 3a compara-
tively displays FT-IR spectra of PSA, BNNFs, and PSA-BNNFs.
BNNFs exhibited strong absorption peaks at 1348 and 782
cm−1 assigned to the B−N stretching (in-plane ring vibration)
and B−N bending (out of plane vibration), respectively.22 On
the other hand, the spectrum of PSA showed peaks at 1180 and

1048 cm−1, corresponding to the stretching vibration of
sulfonic acid groups of PSA. After the noncovalent interaction,
PSA-BNNFs showed combined peaks from both PSA and
BNNFs but with some peak locations shifted, which is ascribed
to the π-electron state changes of both pyrene groups of PSA
and BN after their π−π interaction. This peak shift is
commensurate with previous studies.41−44 The UV−Vis spectra
of the same three samples consistently support the π−π
electron interaction between both components (see Figure S1
in the Supporting Information).
The TGA results (Figure 3b) provide further information on

PSA-BNNFs. While BNNFs exhibited excellent thermal
stability up to 900 °C, PSA began to show a weight loss in
the temperature range of 130−450 °C originating from
decomposition of the sulfonic acid group and another weight
loss in the temperature range of 450−650 °C originating from
decomposition of the pyrene group in PSA. The TGA curve of
PSA-BNNFs, however, followed a similar profile to that of
BNNFs. From a larger magnification (Figure 3b inset), the
similar stepwise loss behavior to that of PSA was observed with
an overall weight loss reaching ∼3.8 wt %, reflecting the
content of PSA involving the surface functionalization. In
addition, XPS data support the PSA functionalization onto
BNNFs (see Figure S2 in the Supporting Information) on the
basis of the presence of the relevant elemental bands (C 1s, B
1s, N 1s, O 1s, and S 2p). It is particularly noticeable that the C
1s peak can be deconvoluted into two sub-peaks corresponding
to the carbons from the sp2 pyrene moieties (284.6 eV) and
−C−SO3H functional groups (286.6 eV). Water contact angle
of PSA-BNNFs thin film was also measured to see the effect of
the PSA functionalization on the surface property of BNNFs.
As shown in Figure S3 in the Supporting Information, the
contact angles with and without the PSA functionalization were
66 and 90°, respectively, indicating the enhanced hydrophilic
nature of BN by the PSA functionalization.
Prior to electrochemical testing, we investigated various

physical properties for PSA-BNNFs/sPEEK composites with
different PSA-BNNFs contents:
(1) In the mechanical strength perspective (Figure 4a), the

composite membrane with 0.3 wt % PSA-BNNFs showed the
highest ultimate tensile strength of 47.2 MPa, which
corresponds to 41% increase compared to that of bare
sPEEK. At this PSA-BNNF content, the strength of the
composite becomes maximized utilizing the intrinsic mechan-
ical strength of BN and good dispersion of its flakes.45−47 In
particular, the good dispersion of PSA-BNNFs must be critical
in the enhanced strength and cell performance because the
BNNF-sPEEK contacts through large surface areas allow for
transferring the intrinsically superior mechanical strength of BN
to the composite efficiently48,49 while the decent electro-
chemical properties of sPEEK is impaired only to a minimal
degree. Once the PSA-BNNFs content goes beyond 0.3 wt %,
the tensile strength weakens because the interaction between
both components decreases due to aggregation of PSA-BNNFs.
(2) Interestingly, the IEC and proton conductivity also

exhibited the highest values at 0.3 wt % PSA-BNNFs (Figures
4b and c). The IEC behavior can be interpreted again by the
optimized dispersion of PSA-BNNFs that allows the largest
number of sulfonic groups available for the titration at this PSA-
BNNFs content. Up to 0.3 wt %, addition of PSA-BNNFs
contributes to increasing the total number of sulfonic group,
but its effect drops beyond 0.3 wt % once again due to
aggregation of PSA-BNNFs. Similarly, below 0.3 wt %, the

Figure 3. (a) FT-IR spectra of BNNFs, PSA, and PSA-BNNFs. (b)
TGA profiles of the same three samples in the temperature range from
RT to 900 °C at a heating rate of 10 °C min−1 in air. (Inset) The same
data but magnified in the smaller weight range.
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proton conductivity remained at the initial level by dominant
nature of sPEEK but increased by addition of PSA-BNNFs up
to 0.3 wt %. After this point, however, the conductivity went
down due to conducting channel blocking from aggregated
PSA-BNNFs.
(3) The aggregate formation beyond 0.3 wt % was visualized

by SEM characterization (see Figure S4 in the Supporting
Information). Although all of the surface images showed similar
smooth and homogeneous morphologies, the cross-sectional
SEM images showed the large sizes of PSA-BNNFs aggregates
for the PSA-BNNFs contents above 0.5 wt %.
(4) The proton transport of the composite membrane can

also be correlated with the content of so-called bound water.
The state of water in typical PEMs is classified into two kinds:
free water and bound water. Between these two, the bound
water plays a central role in the proton transport through
PEMs50,51 because the bound water facilitates proton transfer
through interaction with the sulfonic acid groups in ionomers,
whereas the free water that is not bound to the polymer chains
and thus behaves like bulk water does not serve such function.50

The bound water forms hydrogen bonding with sulfonic
groups, and proton can diffuse through the bound water by
forming hydronium ions during its hopping. As in the
aforementioned points 1−3, at 0.3 wt % PSA-BNNFs, the
bound water exhibited the highest value (Figure 4d), thus
supporting the highest proton conductivity at this content.
Also, water uptake (see Figure S5 in the Supporting
Information) follows the same trend as that of the free water.
Consistent with previous reports,52 the increased amount of
nanofiller (BNNFs in our case) decreased the water uptake

because of reduction in free volume as well as its occupation
near ionic clusters. The decreased water uptake with the PSA-
BNNFs content decreased the dimensional change of the
composite membrane (see Table S1 in the Supporting
Information). Overall, 0.3 wt % is therefore the golden spot
in both dispersion of BNNFs and bound water content.
To evaluate the PSA-BNNFs effect on the cell performance,

especially focusing on long-term durability, we carried out OCV
and galvanostatic polarization measurements over repeated
wet/dry cycles by engaging the U.S. Department of Energy
(DOE) protocol (see Figure S6 in the Supporting Informa-
tion). Figure 5a−c shows the galvanostatic polarization curves
of the composite membranes with 0.3, 0, and 0.7 wt % of PSA-
BNNFs, respectively, before and after a large number of wet/
dry cycles. The 0.3 wt % case exhibited only moderate
galvanostatic curve decay after 950 cycles (Figure 5a), whereas
the 0 wt % case showed much more pronounced decay even
after 500 cycles (Figure 5b). In the case of 0.7 wt % (Figure
5c), the polarization curve started at lower voltages over the
same range of the current density even in the initial cycle and
was also worse at maintaining the voltages after cycling. The
current density change at 0.6 V represents the observed trend
over this series of samples (Figure 5a−c, insets): (i) 0.3 wt %,
376 → 338 mA cm−2 after 950 cycles; (ii) 0 wt %, 360 → 0 mA
cm−2 after 500 cycles; (iii) 0.7 wt %, 314 → 0 mA cm−2 after
650 cycles.
Furthermore, the OCV results (Figure 5d) measured during

the same repeated wet/dry cycles also showed the consistent
trend among the samples. The OCVs of 0.3, 0, and 0.7 wt %
samples showed distinctive performance, such as 0.95→ 0.88 V

Figure 4. Various physical properties of the composite membranes with various PSA-BNNFs contents. (a) Ultimate tensile strength, (b) ion
exchange capacity, (c) proton conductivity, and (d) bound and free water uptake.
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after 950 cycles, 0.95 → 0.58 V after 500 cycles, and 0.94 →
0.59 V after 650 cycles, corresponding to 93%, 61%, and 63%
OCV retentions, respectively. The superior retentions of the
0.3 wt % case in both galvanostatic polarization curve and OCV
are attributed to the diminished local damages such as edge
failure at the active−inactive boundaries (Pt catalyst was loaded
only in the middle active region) and membrane creeping
during repeated swelling/shrinking processes.53 In our
particular cases, because severe membrane creep was not
observed as seen in Figure 5e, the degradation by edge failure
appears to be more critical.
To further confirm the improvement of the long-term

durability, we recorded impedance spectra at 0.6 V for the 0.3
and 0 wt % cases (Figure 5f). In PEMFCs, the bulk resistance
(Rm) is usually dictated by proton conductivity through the
membrane and/or at electrode-electrolyte interfaces, and is
determined by the intercept at the real axis of the Nyquist
plot.54 The improved durability by introduction of the optimal
amount of PSA-BNNFs was reconfirmed by Rm. Although both
types of membranes showed similar Rm (∼0.29 Ω cm2) before
cycling, the 0.3 wt % composite membrane was substantially
better at maintaining the original Rm compared to the 0 wt %
counterpart after 950 wet/dry cycles (0.299 vs. 0.445 Ω cm2),
which is again commensurate with the galvanostatic and OCV
measurements and verifies the crucial role of PSA-BNNFs. We
also determined the CL resistance (Rcl) and charge-transfer
resistance (Rct) from the impedance data (see Table S2 in the

Supporting Information) and confirmed that the performance
fading is mainly from membrane degradation, not from catalyst
degradation. See the Supporting Information for details.

4. CONCLUSION
In the present study, the markedly improved long-term
durability of PEMFC was achieved by incorporating 2D
BNNFs non-covalently functionalized with PSA into the
sPEEK PEM. Even with the marginal content of PSA-
BNNFs, the intrinsic mechanical strength of BN makes the
composite membrane more resistant against the chronic edge
failure associated with the volume expansion/shrinkage of the
membrane over a large number of wet/dry cycles. The
successful demonstration of BN incorporation in the current
investigation suggests that properly functionalized BNNFs
could be used for a variety of other applications where polymer
suffers from insufficient mechanical stability without sacrificing
its original properties.
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