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A method for preparing Nafion/acid functionalized zeolite Beta (NAFB) nanocomposite membranes
by in situ hydrothermal crystallization is described. The nanocomposite membranes have a slightly lower
proton conductivity but a markedly lower methanol permeability (ca. 40% reduction). When tested with
1 M methanol feed, the direct methanol fuel cells (DMFCs) with the NAFB composite membranes have
a slightly higher open circuit voltage (OCV; 3%) and much higher maximum power density (21%) than
those with the pure Nafion 115 membranes. With a higher methanol concentration (5 M), the DMFCs
with the NAFB composite membranes demonstrate a 14% higher OCV and a 93% higher maximum
power density than those with the pure Nafion 115 membranes. Compared with the commercial Nafion
115 membranes, the NAFB composite membranes have slightly lower tensile strength but higher elastic
modulus.

1. Introduction such as silicon oxid&? zirconial®!! titanial? aluminal®

Direct methanol fuel cells (DMFCs) are one of the most Zirconium phosphate’$, Pd®> polypyrrole;® polyfurfuryl
attractive power sources for portable electronics, due to their @lcohol;” and polyoxyalkyle_neéf? Nafion—inorganic filler
system simplicity and their use of high-energy density liquid €OMPosite membranes mainly have been prepared via two
fuel, methanok-3 Polyperfluorosulfonic acid ionomer de- metho.ds: (i) mixing Nafion solutions with inorganic fl!!ers
veloped by Dupont, under the trademark of Nafion, is the OF their precursors followed by castfhg®*241%and (ii)
most commonly used proton exchange membrane for |nf|!trat|on Qf c_ommerC|aI Naﬂc_m m_embranes with precursors
DMFCs because of its excellent chemical stability and high ©f inorganic fillers:1-17 Nafion is composed of discrete
proton conductivity. However, Nafion membrane has high nydrophobic and hydrophilic regiof$.The hydrophobic
methanol permeability, commonly referred to as methanol f€gion is the polymer fluorocarbon backbone. The hydro-
crossover, because methanol is easily transported togethePiliC région contains the ionic groups and their counter ions
with the solvated protons through the water-filled ion cluster Which form the ionic clusters and the inter-cluster channels
channels within Nafion structur®. This methanol crossover (8) Wang, H. T.. Holmberg, B. A.: Huang, L. M.. Wang, Z. B.: Mitra,
from anode to cathode is one of the major problems A.; Norbeck, J. M.; Yan, Y. SJ. Mater. Chem2002 12, 834-837.
hampering practical applications of DMFCs, because it (9 Shao, Z. G.; Joghee, P.; Hsing, I. M.Membr. Sci2004 229, 43~
wastes the fuel and causes performance losses at the cathodg) Ruffmann, B.: Silva, H.; Schulte, B.; Nunes, S. PSwiid State lonics
due to the mixed potential effect and catalyst poisoriifg. Proceedings of the Eleventh International Conference on Solid State
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in the Nafion?® For the infiltration method, the hydrophilic  reducing the methanol permeability, acid functionalized
ionic clusters and the inter-cluster channels of Nafion were zeolites have been prepafé@nd used successfully as an
used as a template or a reaction vessel for the formation ofinorganic filler in composite membranes in our previous
the inorganic phases such as silicon oxitié? zirconium work#? The acid functionalized zeolites were selected for
phosphaté$ and ORMOSIL?5 3! These composite mem-  their good proton conductivity~0.02 S/cm), excellent acid
branes containing inorganic fillers indeed reduced the stability, and hydrophilic nature. The particle size of the acid
methanol crossover, but this effect did not always lead to a functionalized Beta (AFB) nanocrystals was still larger than
desired improvement in the performance of the membrane 50 nm, and there was aggregation between the AFB
electrode assemblies (MEAS), mainly because the protonnanocrystals during the composite membrane casting. The
conductivity of the composite membranes was often mark- performance improvements of the composite membranes
edly lower than that of the pure Nafion membranes. were sometimes limited, likely because the recast Nafion
Zeolites, a class of crystalline aluminosilicates, are proton membranes had a significantly different microstructure from
conducting, hygroscopic, and microporous materials and havethe commercial thermally processed Nafion membrane.
been used as inorganic fillers in composite membranes by Recently, we sought to take advantage of the unique
employing a casting method. Most zeolites used in the structure offered by the commercial thermally processed
composite membranes for fuel cells in the literature are Nafion membranes and developed an in situ crystallization
micrometer-sized particles with low proton conductivity2® process to fabricate Nafion/AFB (NAFB) nanocomposite
Nanometer-sized inorganic additives have proved to be membranes by the following steps: (1) impregnation of a
crucial to the compatibility between the inorganic filler and Nafion membrane in the precursor solution for the organic
Nafion, which has significant effects on the proton conduc- functionalized Beta synthesis; (2) hydrothermal treatment of
tivity and methanol permeability of the composite mem- the impregnated Nafion membrane in the synthesis solution

branes® Different types of zeolite nanocrystals (A, NaX,

to grow organic functionalized Beta nanocrystals inside the

NaY, Beta, etc.) have been prepared successfully by templateéNafion membrane; and (3) concentratedSEy solution

and template-free methods in our grotip*® To minimize
the loss of proton conductivity caused by the fillers while
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treatment to remove the template in the zeolite pores and at
the same time sulfonate the organic functional groups. Here
the hydrophilic ionic clusters of the Nafion membrane likely
served as the nanoreactors for the formation of the func-
tionalized Beta nanocrystals. The main advantages of this
method are as follows: (i) smaller AFB nanocrystals, without
agglomeration, are formed in the ionic clusters of the Nafion
membrane (Figure 1a); (ii) the embedded AFB nanocrystals
have the ability to reduce the methanol crossover, while still
allowing proton transport via the acid groups present in their
internal pores and on their external surfaces (Figure 1b); and
(i) the Nafion polymer host still has the same microstructure
as the commercial thermally processed Nafion membrane.
To the best of our knowledge, this is the first time that
Nafion/nanozeolite composite membranes have been pro-
duced by an in situ crystallization method.

2. Experimental Section

2.1. Preparation of Precursor Solution of Organic Function-
alized Beta.The synthesis solution was prepared as follé#WBwvo
precursor solutions, one with aluminum and the other containing
silica, were prepared for each batch reaction. The aluminum
precursor solution was composed of Al powder (99.95%, Al,
Aldrich) and half of the required tetraethyl ammonium hydroxide
(TEAOH; 35 wt % in water, SACHEM). The silica precursor
solution was composed of the remaining half of the recipe’s
TEAOH, double deionized (DDI) D, fumed SiQ (99.8 wt %,
Aldrich), and phenethyltrimethoxysilane (PETMS; 99.8%, Aldrich).
Both solutions were stirred vigorously until the aluminum solution
became clear, indicating the complete reaction of the aluminum
powder. Finally, the solutions were mixed together in one bottle
for 3 h atroom temperature. The molar composition of the synthesis
solution was 1.0:48.5:1.5:14:750,8/SiO; (fumed)/SiQ (PETMS)/
(TEA),O (20H)/H,0. The weight composition of a typical batch
was 20.00 g of TEAOH, 0.0917 g of aluminum powder, 4.97 g of
fumed SiQ, 9.94 g of DDI HO, and 0.55 g of PETMS.

(46) Jones, C. W.; Tsuji, K.; Davis, M. Bature 1998 393 52—54.
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solutions described as follows. They were first boiled in 3 wt %
H.O, for 1 h and then rinsed with boiling DDI #. Then, they
were boiled in a 0.5 M sulfuric acid solution for 1 h, followed by
rinsing with boiling DDI H,O. Finally, the membranes were boiled
for 1 hin DDI H,O and allowed to cool, after which the membranes
were ready for testing.

2.3. Characterizations.X-ray Diffraction (XRD) XRD patterns
were obtained on a Bruker D8 Advance Diffractometer (Bruker
AXS) using a Cu Kx radiation. The dried membranes were mounted
on an aluminum sample holder. The scanning angle ranged from
5° to 50° with a scanning rate of°3min~1. All the spectra were
taken at ambient conditions.

Scanning Electron Microscopy (SEM) and Energy Dispersi
X-ray Spectroscopy (EDSThe morphologies of the surfaces and
the cross-sections of the membranes were investigated with a Philips
XL30-FEG scanning electron microscope. For the cross-sectional
SEM samples, the membranes were freeze-fractured in ligelid N
The EDS attachment of the microscope was used to analyze the
chemical composition of the samples. Since fluorine (F) is only
available from Nafion and should be constant across the membrane
and silicon (Si) is only available from the zeolite nanocrystals, the
intensity of F was used as an internal concentration standard, and
the Si/F intensity ratio was used to represent the relative quantity
of zeolite in the probed region.

Mechanical Property Analysighe mechanical properties of the
membranes were examined under ambient condition with a
universal materials testing machine (Instron 5543, Instron Corp.).
Stress versus strain plots were generated for the membranes for
elongations extending up to failure. Membrane thickness was
determined by using a standard metric micrometer witpni
resolution.

Raman SpectroscopiRaman Spectra were recorded using a FT-
Raman instrument (Bruker RFS-100/S, Bruker Optics, Inc., 1064
nm) using laser excitation. The power of illumination used was
about 200 mW. For pure powdery AFB samples, wafers were
prepared by pressing a small amount of AFB powder in an
aluminum holder. For the NAFB composite membranes and the
Nafion 115 membranes, they were measured by using small pieces
of 1 cm x 1 cm size.

Figure 1. Schematics of NAFB composite membrane and its proton and _11ansmission Electron Microscopy (TEMjor the preparation
methanol transport. (a) White region represents the hydrophobic section of Of TEM samples, small pieces of the membranes were first
the Nafion membrane, and the colored region represents the hydrophilic embedded in an epoxy resin (“Spurr” Low Viscosity Kit 18300-

section of the Nafion membrane; (b) proton and methanol transport in the 4221, Ted Pella, Inc.). The resins were polymerized &t @or 8
NAFB composite membrane. h. Samples at a thickness of about 50 nm were microtomed at room
temperature using a RMC XT-X and Sorval MT2 ultramicrotome.

2.2. Preparation of Composite MembraneFirst, Nafion 115~ The thin sections were then examined in a Philips CM 300
membrane was boileshia 3 wt % HO, solution fa 1 h and then transmission electron microscope operated at 200 kV.
rinsed with boiling DDI BHO. Second, it was boiled in a 0.5 M ThermoanalysisA thermogravimetric analyzer (TGA/SDTA851e,
sulfuric acid solution for 1 h, followed by rinsing with boiling DDl Mettler Toledo) was used for the measurement of thermal stability
H,0. Third, the membrane was boiled fbh in DDI H,0, allowed and the AFB nanocrystal loading in the NAFB composite mem-
to cool, and kept in DDI water. Finally, it was swollen in a boiling  brane. The thermogravimetric analysis (TGA) data were obtained

methanot-water solution (1:1 (v/v)) to expand the membrane. from 40°C to 700°C at a heating rate of 18/min under air flow
A Teflon liner with a volume of 45 mL was rinsed and scrubbed of 50 mL/min.
thoroughly with Alconox and DDI kLD. Then about 35 mL of the Methanol Permeability. The methanol permeability of the

organic functionalized Beta precursor solution was loaded, and the composite membranes was determined using the two compartment
treated Nafion 115 membrane of the desired dimensions was diffusion cell technique. One compartme¥f (= 62 mL) was filled
immersed in the synthesis solution. The Teflon liner was then sealedwith a solution of methanol (8 vol %) and 1-butanol (0.2 vol %) in
inside a stainless steel autoclave. The autoclave was then insertedDI H,O. The other compartment¥§ = 62 mL) was filled with

into our custom tumbling apparatus and tumbled end over end at1-butanol (0.2 vol %) in DDI HO. The membrane (area 3.14

70 revolutions per minute (rpm) within a convection oven at room cnmP) was clamped between the two compartments. The solutions
temperature for 1 day, followed at 14Q for 7 days. The resulting  in the two compartments were kept homogeneous using magnetic
composite membranes were treated in concentrated sulfuric acidstir bars at 600 rpm during experiments. Methanol flux was
(96 wt %) at 80°C overnight. After that, they were treated with a  established across the membrane due to the methanol concentration
commonly used pretreatment procedure usin@Hand HSO, difference between compartment A and compartmenYBand
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Vg were sufficiently large so that a pseudo-steady-state condition
arose after an initial transient period. The methanol concentration
in compartment B remained negligible compared to that in
compartment A, while the concentration in compartment A
remained essentially unchanged during the experiment. Using the
above assumptions, methanol flux was constant, and its concentra
tion in compartment B as a function of time is given ¥y(dCg/

dt) = A(DK/L)Ca, where Cg is the methanol concentration in
compartment B;A is the membrane ared; is the membrane
thickness; and® andK are the methanol diffusivity and the partition
coefficient between the membrane and the adjacent solution,
respectively. The assumptions were made hatas constant inside

the membrane and th#t did not depend on concentratioB.is

the membrane permeability and is defined as the produbtanid

K. Cg was measured several times during the experiment, and the
permeability was calculated using the slope of the straight @ae (
versus. tlr.ne),. ds/dt. A gas chromatograph (SRI 8610C) with a Figure 2. Optical images of NAFB composite membrane and Nafion 115
flame ionization detector was used to determ@ie Samples (2 membrane.

uL) were drawn from compartment B, and 1-butanol was used as
an internal standard for the gas chromatograph. |

Proton Conductiity. The proton conductivity of the composite = a
membranes and the Nafion 115 memberanes was measured by «
four-electrode method using an AC impedance analyzer under water
immersed conditions. A conductivity cell was made up of two
platinum foils carrying the current and two platinum wires sensing
the potential drop. All the membrane samples were immersed in =
room-temperature water overnight prior to measurement. The
impedance measurements were conducted using an impedance/gai
phase analyzer (Solartron Sl 1260) and a potentiostat (Solartron
S| 1287). The conductivity of the membrane was calculated using
the equationoc = L/RS whereo, L, R, and S are the ionic
conductivity, distance between the two reference electrodes,
resistance of the membrane, and cross-sectional area of th
membrane, respectively.

Single DMFC Cell PerformanceElectrocatalysts used in the . cag (o Fzecor B T e e T o SRR B
anode and cathode were-fRu/C (80 wt %, Pt:Ru= 1:1, E-TEK) Figure 3. SEM images of the membranes: (a) surface of Nafion 115; (b)
and Pt/C (80 wt %, E-TEK), respectively. The electrodes were surface of NAFB composite; (c) cross-section of Nafion 115; (d) cross-
prepared according to the following procedure. Both the anode andSection of NAFB composite.
the cathode consisted of a backing layer, a gas-diffusion layer, and
a catalyst layer. Teflon-containing (30 wt % Teflon in cathode, 10 ¢ejl polarization curves were collected after the operation conditions
wt % Teflon in anode) carbon papers (EC-TP2-060, ElectroChem, of the single cell remained stable for 0.5 h. The operation conditions
Inc., 190x#m thickness) were employed as backing layers in these yere as follows: anode fuel, 1.0 M or 5.0 M MeOH: flow rate,
electrodes. Teflon 10 wt % for anode and Nafion 20 wt % for 1 o mL/min; no back pressure; oxygen pressure, 0.2 MPa; and flow
cathode in Vulcan XC-72 carbon black was suspended in ethanol rate, 0.2 L/min. The temperatures of the cell and cathode humidifier
and agitated in an ultrasonic water bath, and the slurry was spreadyere 70°C and 65°C, respectively. All single cell tests were

onto the carbon paper as gas-diffusion layers (caw8@hickness).  conducted three times, and the results presented here are the average
The required amount of catalyst (FRu/C in the anode, 2.0 mg/  (ata.

cn? electrode loading; Pt/C in the cathode, 2.0 mg/@iectrode
loading) was mixed with 5 wt % Nafion solution to prepare the
catalyst layers, where the dry Nafion loading is 10 wt %. The
catalyst ink was coated on the diffusion layer using a spray gun  Figure 2 shows the optical images of the Nafion 115 and
(model H siphon feed single action airbrush, External Mix, NAFB composite membrane. The Nafion 115 is transparent,
Paasche). Finally, a thin layer of 5 wt % Nafion solution was put the NAFB composite membrane is cloudy because of
sprayed onto the surface of each electrode (1.0 mg Nafidlém  the incorporation of AFB nanocrystals. Figure 3 presents the
MEA with an active electrode area of 5 énwas obtained by SEM images of the Nafion 115 membrane and the NAFB
pressing the cathode and anode onto each side of a pretreated NaﬁoEomposite membrane. The surface of Nafion 115 membrane
115 membrane or NAFB composite membrane at 140 atm and 135iS much smoother than that of the NAFB composite

°C for 3 min (Hydraulic unit model 3912, Carver, Inc.). The MEA b = 3a.b). Particl b th i
was then assembled into a DMFC single cell fixture. The/ membrane (Figure 3a,b). Particles can be seen on the surface

curves were obtained by the following procedure: (1) a single cell ©f theé NAFB membrane (Figure 3b). However, these particles
was “activated” by 1.0 M or 5.0 M MeOH with 1.0 mL/min for 3 are not loose zeolite particles. Instead they are likely to be
h at 70°C with no oxygen flow at the cathode at that time; (2) Well lodged inside the polymer matrix because the composite
oxygen was introduced and increased until the oxygen pressuremembrane has gone through the harsh post-synthesis con-
reached 0.2 MPa with a flow rate at 0.2 L/min; and (3) the single- centrated sulfuric acid treatment (96 wt % at 8C

3. Results and Discussion
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Figure 4. Si/F ratio at different locations within the NAFB composite
membrane by EDS/SEM.

overnight). If these crystals are loose ones they would have
been removed during the harsh concentrated acid treatment
The cross-sectional images of Nafion 115 and the NAFB
composite membrane (Figure 3c,d) show noticeably different
appearances, and this may be a reflection of their different Figure 5. TEM images of the cross sections of the membranes. (a) Nafion
mechanical properties. | e el 115 1\ e P (€ VAT composte
Since silicon (Si) and fluorine (F) are only available from
the AFB nanocrystals and Nafion, respectively, the Si/F ratio

can be used to indicate the relative concentration of the AFB -

nanocrystals inside the membrane (Figure 4). Each pointin

Figure 4 is the composition within a small area. The Si ] AFB nanocrystals
concentration is higher at the surface and decreases inward I

from the membrane surfaces with the minimum in the
middle, suggesting that the AFB nanocrystals were formed

NAFB composite

Intensity (a.u.)

near the surface more than in the internal space of the Nafion I 1 2
membrane. .
The cross-sectional TEM images show that the Nafion 115 I Nafion 115
membrane is uniform and smooth and has no particles at
the surface or in the middle (Figure 5a,b). By contrast, the : ' A * > * - ' o * =
NAFB composite membrane has AFB nanocrystals<dt(
2-theta (degree)

nm) over the entire thickness of the membrane and has moreF, 6 XRD ¢ cid functionalized zeolite B |
H H H H H igure 6. patterns of acid functionalized zeolite Beta nanocrystals,

near.the surface than in the mlddle' (Figure 5c',d), which IS AFB composite membrane, and Nafion 115 membrane.

consistent with the elemental analysis results (Figure 4). This

is understandable in that the zeolite precursors penetrated

into the Nafion membrane through diffusion, and thus a
concentration gradient is expected for the precursors and this AFB nanocrystals
precursor concentration gradient may have resulted in more

and larger crystals near the surface than in the middle the
membrane. NAFE I
. ) composite
The XRD pattern of the Nafion 115 shows two typical

peaks at 17and 40, while two extra peaks at 72and 22.8 W:’__
are observed for the NAFB composite membrane (Figure Nafion 115
6). By comparing the positions of these two extra peaks and M A A A~
the two major peaks in the XRD pattern for the pure AFB ' r T r
nanocrystals, it is clear that these two extra peaks are caused 400 800 1200 1600
by the AFB nanocrystals embedded in the Nafion mem- Wavenumber/cm’”
branes. Figure 7. Ram_an spectra of AFB nanocrystals, NAFB composite mem-
. brane, and Nafion 115 membrane.

The Raman spectra of the AFB nanocrystals, Nafion 115
membrane, and NAFB composite membrane are shown inthat AFB nanocrystals are present in the NAFB composite
Figure 7. The spectrum of the NAFB composite membrane membranes.
has an extra peak at 1593 chwhen compared with the Both the composite membranes and the Nafion membranes
Nafion 115 membrane. This peak is a typical peak of the have good flexibility and mechanical strength. The tensile
Raman spectrum of AFB nanocrystég® which suggests  strength of these two kinds of membranes was measured

Intensity (a.u.)
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(Figure 8). Although the NAFB composite membrane shows 0 50 100 150 200 250 300 350 400 450

a slightly lower tensile strength than that of the Nafion . )

membrane (25 MPa vs 29 MPa), the Young's modulus Current density (mA/cm’)

(calculated by dividing the tensile stress by the strain) of Figure 11. DMFC single cell performance at 7T, fed with 5 M CH-

the composite membrane is much higher than that of Nafion

(350 MPa vs 232 MPa). selectivity ¢) of the NAFB composite membrane is much
The thermograms for the Nafion 115 membrane and the higher than that of Nafion.

NAFB composite membrane are displayed in Figure 9. The  The single cell DMFC performance with the pure Nafion

samples retain more than 94% weight up to a temperature115 membrane and NAFB nanocomposite membrane using

of about 300°C. After this point, all samples start decom- different methanol concentrations (1 and 5 M) at°mis

posing rapidly. It is clear that the incorporation of AFB shown in Figures 10 and 11. The DMFC performance for

nanocrystals do not significantly change the thermal stability MEAs with the NAFB composite membranes is better than

of the membrane. The AFB loading in the NAFB composite those with the pure Nafion 115 membranes at both methanol

membrane is about 5 wt % because the Beta nanocrystalsoncentrations. At the low methanol concentration (1 M

are still stable at 700C. MeOH; Figure 10), the DMFC with a NAFB composite
The proton conductivity and methanol permeability of membrane shows a higher performance than that with a pure

Nafion 115 and NAFB composite membranes are given in Nafion 115 membrane. The maximum power density is 81

Table 1. The proton conductivity of the NAFB composite mW/cn? for the pure Nafion 115 membrane and 98 mWw/

membranes is similar to that of Nafion 115 membranes at cn? for the NAFB composite membrane, which is about a

room temperature. However, its methanol permeability is 21% increase. Whrea 5 M methanol concentration is used

reduced by 40%. Table 1 also shows the ratio between the(Figure 11), the maximum power density of the MEA with

proton conductivity and the methanol permeability, an the pure Nafion 115 membrane is only 62 mW¢cnvhile

important selectivity factor ) under this study. The the maximum power density of the MEA with the NAFB

Table 1. Proton Conductivity and Methanol Permeability of NAFB Composite Membranes and Nafion 115 at Room Temperature

) average proton average methanol standard selectivity

average thicknesg(n) conductivity standard permeability deviation ¢ = olP

sample dry wet o (Slcm) deviation ofo P (cm?/s) of P (S slcnd)
NAFB 130 151 0.088 0.001 1.4010°6 6x 1078 6.29x 10*
Nafion 115 127 149 0.091 0.001 2.3610°6 6 x 1078 3.86x 10
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composite is 120 mW/cfn which is a 93% increase. 4. Conclusions

Comparing the same membrane DMFC performance at nAFB nanocomposite membranes have been successfully
different methanol concentration (1 M compared t0 5 M), nranared by an in situ hydrothermal crystallization method.

the maximum power density was increased by 22% for the The AFB nanocrystals are estimated to have a diameter less
NAFB composite membrane, but it decreased by 24% for 1,3, 50 nm, and their loading in the membrane is 5 wt %.

the pure Nafion 115 membrane. The open circuit voltage Compared with the commercial Nafion membrane, the
(OCV) of a MEA is closely related to the methanol crossover. composite membrane has similar proton conductivity but
Higher methanol crossover leads to a lower OCV.lIn Figures uch lower methanol permeability (40% reduction). The
10 and 11, the OCVs of the NAFB composite membrane NaFg composite membrane has a slightly higher OCV (3%)
and the pure Nafion 115 decreased with increasing methanol, 4 much higher maximum power density (21%) than that
concentration, but the OCVs of the NAFB composite f the pure Nafion wit a 1 Mmethanol feed. At a higher

membranes were higher than that of the pure Nafion 115 yathanol concentration (5 M), the performance of the DMFC
membranes under ot M and 5 M methanol conditions. \yith NAFB composite membrane shows a 14% higher OCV

When 1 M methanol was used, the MEA with NAFB 5.4 3 9394 higher maximum power density than the Nafion
composite membrane had a slightly (3%) higher OCV (0.71 115 mempranes. The NAFB composite membranes have the

V) than the pure Nafion 115 membrane (0'59 V; Figure 10). yotential to allow use of fuel with high methanol concentra-
However, wi a 5 M methanol feed, a 14% higher OCV  tiong The in situ hydrothermal crystallization method also

was achieved for the NAFB composite membrane (0.64 V' oo, e ysed to impregnate other zeolite nanocrystals into
vs 0.58 V; Figure 11). The higher OCV indicates that AFB  \4fion and other polymer membranes.

nanocrystals embedded into the Nafion membrane have
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