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ABSTRACT: Proton mobilities in Nafion and Nafion/Sj@omposites have been studied using high-resolution
solid-state MAS NMR. High-resolution solid-statel NMR show that low concentrations of TEOS or short
permeation times are necessary to allow complete hydrolysis of TEOS in Nafion. Incomplete hydrolysis of TEOS
leaves residual ethyl groups on the surface of silica, which not only reduces the amount of water adsorbed by
silica but also blocks the pathway of proton transport in the Nafion/8@nposites. The diffusion coefficients
established using PFG NMR show that the best Nafion/$i@nposite can be obtained from synthesis with a

low concentration of TEOS in a methanol solution. This composite gives a higher diffusion coefficient than pure
Nafion under dry conditions, although no differentiation in performance is observed when the membranes are
hydrated.?°Si NMR shows that this composite has a high ratio ef@ sites, consistent with a small particle

size and many surface hydroxyl groups. Together, these data demonstrate the role of high-surface;area SiO
particles in trapping water and building a pathway for structural (Grotthuss mechanism) proton diffusion. Good
proton transport under low relative humidity is the holy grail of the PEM-FC community, and this molecular
level study shows how conditions can be iteratively optimized to target desirable stryotaperty relationships.

1. Introduction surface hydroxyl groups of dopants which retain water at high
temperaturé:1® However, more information on how to obtain

Studies on proton exchange membranes for the appl'Catlonswell-controlled composites with optimized amounts of dopants

of fue_l cells have been encouraged by the necessity to re_duceand particle size is needed, since these factors play a particularly
pollution. As a well-known polymer electrolyte many studies

have focused on, Nafion (Dupont trade name) has been giVenmportant role in determining composite performance as a proton

. ! L exchange membrane.
much attention because of its excellent conductivity in the . . .
hydrated staté? However, when this membrane is operated at SOI"."State nuclear magnetic resonance (N.MR) can pro_wde
high temperatures (abO\,/e 10€), the conductivity of the useful information concerning proton mobility within conducting

s -
membrane is dramatically decreased due to water loss. Sinceoolymers on the molecular levéf>because it is able to probe

an elevated temperature has benefit to the fuel cell such asthe local chemical environments. Such information is helpful

minimizing platinum poisoning and improving the electrode to give a deeper understanding of the observed differences in

kinetics of the oxygen reduction reactidhmembranes provid- proton conduct_|V|ty. Magic ang_le spinning (MAS) IS used
ing acceptable conductivity at high temperature and low rou_tmely to atheve .h|gh “?30'”“0'.“ &1 NMR spectra in the.
hydration level are desirable. Although increasing the operating SOI'S.I.?tate' ?r:n?je d'ﬁplﬁr mterait.lonS Fin revtgzal thg rtila;ﬂve
pressure can raise the boiling point of water to prevent water :jno I"y’_ Te (i_ s whic ca:jn tr)e fieve in ormla ion about the
loss, this is not efficient due to the energy penalty associated Ipolar intéraction removed by magic_angle spinning are
with compressing the reactant gaSe. variety of polymer desirable. The doublglguantum filtering (DQF) pulse sequence,
electrolytes have been developed as proton exchange membran ck-.to-back (BaBajf;"has been used to recouple th? dlpola}r
(PEMs)%7 These membranes also show a strong conductivity coup_l_mg betv_veen _protons and thereby deduce their relative
dependence on the state of membrane hydration. It has bee obility. The intensity of the doub_le guantum coherence (DQQ
demonstrated that addition of inorganic particles to polymers depends on the product of coupling strength and the excitation

can enhance conductivilyA composite Nafion115/zirconium ~ Ume, meaning a DQC based on strong dipolar coupling will be

phosphate membrane displayed better fuel cell performance tharfefﬁ_Ciently excited in a short _recoupling _time._ Mobile protons
pure Nafion115 when the fuel cell was operated at reduced which generate weak or no dipolar coupling will be absent from

humidity conditions The proton conductivity of a Nafion/ the DQF MAS NMR spectra due to inefficient excitation. Hence,

i [ i distinguish mobile and rigid protons by comparing MAS
zirconium sulfophenyl phosphate (ZrSPP) composite membrane/¢ ¢an
was reported to reach 0.07 S/cm at T4Dwithout additional NMR with DQF MAS NMR spectra. On the other hand, a longer

humidification® Nafion/SiG has also shown better conductivity recou.pling (e_xcit_atiqn) timg is useful to de.tec'.[ weak dipqlar
than pure Nafion at high temperatdfé2 The improved couplings Whlch |nd|cat§ either slovyly mobile (|.e.,.less rigid)
conductivity of these composites is generally attributed to the protons o.r dlpolar.coupllngs occurring Qver long d'Sta,nceS'
Pulse field gradient (PFG) NMR provides a convenient and
_ _ noninvasive means for measuring translational motion of
91:1(5: g;fflsggngg?(gggh)?gz;-zmsgg.goward@mcmaster_ca, Ph (305)-525- protons. Although translational motion can be measured by
 McMaster University. analysis of spirrlattice relaxation data, the two methods will

* General Motors Research and Development Center. agree only under certain conditions since the relaxation is also
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sensitive to rotational diffusion, which does not necessarily lead
to long-range proton transpdit.ln PFG NMR, the nuclear
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range 306-360 K, with the sample temperature corrected to include
heating effects arising from the high-speed MASThe rotor-

motion can be measured by the attenuation of a spin echo signapynchronized DQF MAS spectra were recorded using the back-to-

resulting from the dephasing of the nuclear spins due to the
combination of the translational motion of the spins and the
imposition of spatially well-defined gradient pulses. Since this
method can measure motion over millisecond to second time
scales, the proton diffusion coefficient obtained by PFG NMR
will reflect the proton mobility on the macroscopic level. This
information can be used for comparison of various proton
exchange membranes.

In this paper, we studied proton mobility in Nafion/SiO
composites prepared by in-situ synthesis. Both the concentratio
of tetraethyl orthosilicate (TEOS) and the permeation time (PT)
were varied to investigate how the amount of silica and particle
size affects proton dynamics. Homonuclear double quantum
pulse (back-to-back) experiments were performed to distinguish
strong proton dipolar couplings from weak ones. PFG NMR
measurements were obtained for Nafion and NafiornSiO

back (BaBa) pulse sequence, witf. variable from half a rotor
period,/2 to eight rotor periods,#®, and 512 scan¥.

2.3. 2%Sj NMR. 2°Si solid-state NMR experiments were per-
formed on a Bruker AV 500 spectrometer at¥8i Larmor
frequency of 99.35 MHzA 4 mm diameter rotor was used for
samples spun at 5 kHz. A recycle delay of 180 s was used. It was
found that this delay time is long enough since the obtained
spectrum does not show observable difference from that by 420 s
delay time. The®Si NMR spectra were acquired with a9pulse
length of 3.5us and referenced to tetrakis(trimethylsilyl)silane

n(—10.02 and—135.7 ppm for?9Si). 512 scans were averaged for

the 2°Si NMR spectra.

2.4. PFG NMR. H diffusion coefficient experiments were
performed on Bruker Avance 400WB spectrometer ¥ &armor
frequency of 400.13 MHz. Gradient pulse duratidnranged from
1 to 2 ms, and diffusion time), ranged from 50 to 300 ms. The
maximum gradient strength ranged from 50 to 1800 G/cm. For
variable temperature measurement, the probe temperature was

composites in both the dried and hydrated states. The differencesalibrated using ethylene glycoA 5 mm Diff30 probe was used

in proton mobility are compared and discussed, in combination
with the results of our solid-state NMR measurements.

2. Experimental Section

2.1. Preparation of Samples.Treatment of Nafion 112 was
performed as follows. Nafion 112 was first washedliM NaOH
for 1 h, and then it was washed in distilled deionized water for
another hour, during which time the water was refreshed four times.
Subsequently, the membrane was washed iM HCI for 1 h.
Finally, it was washed repeatedly in distilled deionized water until
the pH of the water was unchanged by the addition of the
membrane. Nafion/Si© composite membranes were prepared
according to the procedure reported by Déhdhe pretreated
Nafion was first swollen in MeOH:bD (v/v) = 5:1 for 24 h. It
was then put in the mixture of methanol, water, and tetraethyl
orthosilicate (TEOS) for 24 h to allow permeation of TEOS into
Nafion. The concentration of TEOS in mixture was changed to
control the amount of silica in the resulting composites. Thus, in
this paper Nafion/Si@ composites made from different mixture
will be shown as Nafion/Si@(a:b:c) in which the ratio is molar
ratio of methanol to water to TEOS. For the mixtures in which no

methanol is used, a variable permeation time (PT) was used to
control the hydrolysis and condensation of TEOS. Three samples

made from MeOH:HO:TEOS (mol:mol:mol)= 0:1:1 with per-
meation times of 9 min, 120 min, and 24 h are denoted as Nafion/
SiO; (0:1:1, PT9 min), Nafion/SigX0:1:1, PT120 min), and Nafion/
SiO, (0:1:1, PT24 h), respectively. After the TEOS was allowed
to permeate into Nafion, the membrane was dried at 105
overnight to remove the excess alcohols and water. Some selecte
composites were further treated at 10 a temperature at which
water physisorbed on silica starts to be driven®®ffhis treatment
allowed the study of the interaction of water and silica. The
polymerization of TEOS to silica is an acid-catalyzed process. Since
the sulfonic acid groups within Nafion are the only source of acid,
it is assumed that the silica is formed within the Nafion membrane.
For comparison, silica was also made by simply mixing TEOS with
1 M sulfuric acid solution. The molar ratio of TEOS to sulfuric
acid solution is 4.5:1. The white powder obtained from this-sol
gel process was dried at 108 overnight to remove the excess
alcohols and water.

2.2.'H NMR . H solid-state NMR experiments were performed

on a Bruker AV 500 spectrometer at'el Larmor frequency of
500.13 MHz. Both 4 and 2.5 mm diameter rotors were used for

with a 60 A (Bruker Great 1/60) amplifier. The predried sample
was placed directly imta 5 mm NMRtube for measurement. The
uncapped NMR tube with the dried sample was placed in a humidity
chamber for 8 days at 5GC and 90% relative humidity to obtain

the hydrated sample. Hydrated samples were capped immediately
and analyzed within a few hours of removal from the humidity
chamber. The chemical shift of the sulfonic acid proton, which is
sensitive to humidity, remained unchanged during measurement
once the sample was in the capped NMR tube.

2.5. Proton Conductivity Measurement by Impedance Spec-
troscopy. A BekkTech four-probe conductivity cell with two
platinum foil outer electrodes and two platinum wire inner
electrodes was used for proton conductivity measurement. The
membrane samples were cut into strips which were-0.8 cm
wide and 2-3 cm long. The thickness of membranes was measured
by micrometer. An AUTOLAB PGSTAT30 impedance analyzer
was used for impedance spectroscopy. The instrument was used in
potentiostatic mode with an ac potential amplitude of 0.01 V over
a frequency range of 20 000 Hz. The conductivity of membrane
was measured in the longitudinal direction. It can be calculated
using the following equation

o =d/Rlh Q)
whereo, d, R, |, and h denote the ionic conductivity, distance
between the two inner electrodes, the measured resistance of the
membrane, the width of the membrane, and the thickness of the
membrane, respectively?®In order to measure the conductivity
of dried samples, membranes were dried at XD%or several days

@nd then equilibrated overnight at 3& in a sealed oven with

desiccants. The hydrated samples were equilibrated overnight at
35 °C and 95% relative humidity in a humidity chamber. This
equilibration time was found to be sufficiently long for the four-
probe cell configuration, since the membrane is entirely exposed
to the environment in the humidity chamber. The conductivity was
found to be constant within 1% over several days in the controlled
environment. The water content of these samples was measured to
determine number of water molecules per sulfonic acid group for
comparison of proton diffusion coefficients. For dried samples, the
water content can be determined from the first weight loss in a
thermal gravimetric analysis (TGA) study. The water content of
hydrated samples was measured by the weight difference of dried
samples and hydrated samples, with the weights of the dried samples
normalized for their known water contents.

Nafion samples spun at 5 and 25 kHz, respectively. In both cases3 Results and Discussion

a recycle delay ©3 s and a prescan delay of 45 were used.
The spectra were referenced to adamantane (1.63 pptd)faBolid
state’H NMR spectra were acquired with a 9fulse length of
2.5 us. Variable temperature experiments were performed in the

3.1. Nafion/SiG; Composites: Influence of Concentration
of TEOS. Figure 1 shows'H MAS NMR spectra of SiQ
Nafion, and Nafion/Si@prepared from different concentrations
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Figure 1. 'H MAS NMR of SiO,, Nafion, and Nafion/Si@composites —————r———— 11—
made with different concentrations of TEOS and 24 h of permeation 10 8 & 4 2 0 ppm
time. All samples were treated overnight at 105 (a) SiQ made ) ] ] ]
from mixture of TEOS ad 1 M H;SOuaqy MAS = 5 kHz; (b) Nafion, Figure 2. 'H MAS NMR of Nafion/SiG (0:1:1) composites made
MAS = 5 kHz; (c) Nafion/SiQ (23:1:1), MAS= 5 kHz; (d) Nafion/ using different permeation times. All samples were treated overnight
SiO; (2.3:1:1), MAS= 25 kHz. at 105°C: (a) Nafion/SiQ (PT9 min), MAS= 5 kHz; (b) Nafion/
SiO, (PT120 min), MAS= 5 kHz; (c) Nafion/SiQ (PT24 h), MAS=
25 kHz.

of TEOS and 24 h of permeation time. The high-frequency
proton resonance shown in Figure 1a is assigned to the re.s'dua!size. Since the sulfonic acid group is restricted by the pendent
sulfuric acid protons. Because of the complete hydrolysis of . . . o . J

o . . side chain of Nafion, the mobility of Hand SQ in Nafion
TEOS under these conditions, no residual ethyl group signals

were observed. The absence of-8iH oroton sianal in this will be lower than that in free sulfuric acid. Additionally, the
: ; proton sig increasing silica particle size will decrease its mobility. Both
spectrum could be attributed to the insignificant amount of

surface S+OH groups compared with the large number of factors inhibit the completg hydrolysis of residual thyI groups
. . e . in the membrane composites when the concentration of TEOS
sulfuric acid protons. The only peak shown in Figure 1b is

assigned to the sulfonic acid protons of Nafion. After silica was 's high.

doped into Nafion, water adsorbed on the silica surface forms 3.2. Nafion/SiQ, Composites: Influence of Permeation
! i 1 : H 1
hydrogen bonds with SIOH groups. This water shifts the Time. *H MAS NMR spectra of Nafion/Si@(0:1:1) prepared

sulfonic acid proton resonance to a lower chemical shift, as by varying the permeation time are shown in Figure 2. As
- acld p ’ expected, when the permeation time is decreased from 24 h to
shown in Figure 1c.

either 120 or 9 min, théH NMR spectra of the composites are
Proton resonances from-SDH groups were not observed  gominated by a sulfonic acid proton resonance. However, if
in this composite, as only a small amount of silica was formed e take a closer look at the two spectra, we can still observe
concentration of TEOS was used to dope silica into Nafion, Figure 2a,b. In addition, Figure 2b also shows weak proton
new peaks were observed in Figure 1d. The peaks at 1.0 andsignals for the residual ethyl group from TEOS (near 1.0 and
3.5 ppm are assigned to Gtdnd Ch groups of the residual 35 ppm). Since these signals are not observed in Figure 2a,
ethyl groups of incompletely hydrolyzed TEQOS, respectively. this means that there are virtually no residual ethyl groups of
The broad resonance spanning from 5 to 8 ppm in Figure 1d is TEQS in Nafion/SiQ (0:1:1, PT9 min) compared with the-Si
assigned to hydrogen-bonde®Q0;H and Si-OH protons. The  oH groups. The presence of residual ethyl groups from TEOS
wide range of local environments in the membrane causesyjl| have two negative effects on proton conductivity of the
significant spectral overlap. The broad resonance at 4 ppm iscomposites. One is to reduce the number of surface hydroxyl
assigned to water physisorbed on silica. Similar spectra havegroups by occupying the surface of the silica. This ultimately
been reported in the literature for silicates, in which a resonance gecreases the amount of water adsorbed by the silica particles,
at 4 ppm is assigned to physisorbed water and broad resonancegereby minimizing the targeted water-binding action of the
ranging from 2 to 8 ppm are attributed to silanol protons in - composite. The other is to block the proton channels of the
various hydrogen-bonding environme#ts?° composite due to the larger volume occupied by ethyl groups
Comparing Figure la with Figure 1c,d, we find that full compared with hydroxyl groups. This result demonstrates that
hydrolysis of TEOS can be achieved in a mixture of sulfuric a short permeation is preferable to allow hydrolysis of TEOS
acid and TEOS without polymer and in Nafion membranes when to silica, while maintaining a high surface area, ensuring that
the concentration of TEOS is very low. When the concentration ethyl groups are fully hydrolyzed and can escape from the
of TEOS is as high as that in Figure 1d, an incomplete hydrolysis membrane. These conditions will positively influence proton
of TEOS is observed. This is caused by the steric effect of the mobility within Nafion/SiQ, composite.
polymer microstructure in the Nafion/Sj@omposite. When 3.3. Nafion/SiG, Composites: Influence of Relative Hu-
Nafion is immersed in methanol and water, the competing midity. The unambiguous assignment'bfresonances for ¥D/
hydrolysis and condensation reactions favor the former, allowing OH/H* groups in these systems is difficult. With reference to
full hydrolysis of TEOS. When the concentration of TEOS is literature studies of related Sibased materials, and using our
increased, the condensation reaction dominates over full hy-knowledge of the treatment conditions of the composites, we
drolysis of TEOS, leading to a fast growth of silica particle attempt a logical interpretation of the observed changes as a
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) ) . .ppm _ Figure 4. 'H MAS and DQF MAS NMR spectra of Nafion/Si{2.3:
Figure 3. 'H MAS NMR of Nafion/SiQ; (0:1:1) composites with PT  1:1) composite dried at 105 for 24 h, MAS= 25 kHz.7; indicates

=24 h at 25 kHz: (a) treated at 108 for 24 h and then at 170C the number of rotor periods of recoupling used in the DQF sequence
for 24 h; (b) sample from (a) is hydrated in oven for 96 h at6tand (one in this case).

relative humidity of 90%.

function of temperature/humidity. Figure 3 shows spectra of
Nafion/SiQ, (0:1:1, PT24 h) treated by drying or hydration.
Comparing with Figure 2c, two new peaks at 1.6 and 3.0 ppm
are readily observed in Figure 3a, and the resonance assigned
to physisorbed water (4.3 ppm) has disappeared from the CH;...CH; <]
spectrum. The peak at 1.6 ppm is assigned to isolated (non-

hydrogen-bonded) SiOH groups?!:2728The other peak at 3.0 CH...CHs- 4~

ppm is assigned to rapidly exchanging, weakly hydrogen-bonded = -OH...CHs_ _ 7

hydroxyls (including those of both water and silangfs¥ Other Cfg}'l"cglz{ Y
= 2

studies have attributed the resonances at 3 ppm to water on
significantly dehydrated surfaces and those at-%.® ppm to _OH...-OH -
water on strongly hydrated surfaces, as reviewed by Turov et
al 311t has been reported that, for silica gels, physisorbed water
starts to be driven off at about 17275 °C.2%32 Since this
composite was dried at 17C for 24 h before NMR measure- !
ment, loss of physisorbed water is expected, which accounts 8 6 4 2 F2 '[p,‘,m]
for thg absence of a physisorbed yvater sjgnal. On the other hand,Fi ure 5. 1H 2D DO correlation MAS NMR of Nafion/Sig(2.3:1:1)
phyS|sorb_ed water must be very immobile at room temperature cogmposi.te dried at 105C for 24 h, MAS= 25 kHz, ton = 11,
because it was not removed even when the drying temperature
was as high as 10%C, as seen in Figure 2c. At 17C, not ethyl groups become observable in tH¢ NMR spectrum,
only is the physisorbed water eliminated, but water strongly confirming therefore the loss of this signal under hydration is
hydrogen bonded with SiOH is also partially removed. This  simply an issue of relative intensity and not a completion of
causes some isolated-SDH groups to appear with a peak at the hydrolysis reaction.
1.6 ppm. At the same time, the percentage of hydrogen-bonded 3.4. Immobile Protons Detected by DQ MAS NMR of
Si—OH groups decreases, which results in a smaller but broaderNafion/SiO,. Since DQF MAS NMR measurements provide
peak. information on the relative mobility of protons, it is used to
The weakly hydrogen-bonded hydroxyls at 3.0 ppm could distinguish immobile protons from mobile ones in Nafion/giO
be due to protons which are rapidly exchanging with water composites. Results of Nafion/Si(2.3:1:1) composite prepared
trapped within tiny cavities formed in silica particles. In an from an intermediate concentration of TEOS are chosen to
analogous study, the improved water retention of Nafion/ represent this information. Figure 4 and Figure 5 show the 1D
zirconium phosphate composites was attributed to capillary and 2D'H DQ correlation MAS NMR spectra of Nafion/S;O
condensation effects induced by zirconium phosphate doped in(2.3:1:1), respectively. It is clear that the residual ethyl group
Nafion5 In the present case, the strong capillary condensation of TEOS is not mobile since it did not disappear from the DQF
effect prevented the weakly bonded water from being eliminated MAS spectra when the recoupling time was increased frdéan
even at temperatures as high as 2@0 After this composite to 8ty (see, e.g., spectrum foy shown in Figure 4). This proves
was treated for another 24 h at the same temperature, the NMRthat the ethyl group is from incompletely hydrolyzed TEOS
spectrum (not shown here) indicates that the percentages of bothather than from free TEOS, since the ethyl group of free TEOS
strongly and weakly hydrogen-bonded-8)H groups decrease, would be mobile even if the TEOS was trapped in silica. In
while the percentage of isolated-SDH groups increases. This  DQF MAS NMR spectra, the presence of the-8iH resonance
also supports the hypothesis that hydrogen-bondedO&i indicates that some of these hydroxyl groups are not mobile,
groups changed into isolated-SDH groups after the loss of ~ which is consistent withtH CRAMPS dipolar dephasing
water. The hydrated sample shown in Figure 3b only presentedexperiments in which silanol groups show strong dipolar
two peaks which should be assigned to hydrogen-bonded Si interactiong82” Not surprisingly, the strong dipolar coupling
OH groups (5.6 ppm) and physisorbed water (4.5 ppm). Since between ethyl protons was observed in the 2D DQ correlation
a large amount of water is present in the sample treated at 50%MAS spectrum as well, shown in Figure 5. Strong dipolar
relative humidity, the residual ethyl groups cannot be observed coupling between protons of the ethyl group ane-GH was
from this sample due to their very low relative concentration. also observed. This implies that the residual ethyl groups are
However, once the sample is dried again, the resonances of thespatially close to StOH groups. Since these -SDH groups
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Figure 6. 2Si MAS NMR of SiO, and Nafion/SiQ composites dried & : ! |
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always are on the surface of silica, some of the residual ethyl ~ g2{------ R I LA RN SRS I
groups have to be on the silica surface. Those residual ethyl Jo I L [ [ o
groups located on the silica surface can still be hydrolyzed once E | | ! E i
an acid catalyst is available. Thus, acidifying the composite can =~ %8%===== o e N T S

finally complete the hydrolysis of these residual ethyl groups.

Figure 5 also shows strong proton dipolar coupling between Gradient Strength (G/cm)

Si—OH groups. The strong proton dipolar coupling between Figure 8. Example of fited PFG NMR data. The sample is dried

Si—OH groups suggests that-SDH groups are spatially close Nafion/SiQ, (23:1:1). The fitted diffusion coefficient is 2.5% 1077

to each other as well. This proximity is important for allowing cm¥/s at 305 K.

a hopping mechanism of proton transport. Water molecules

hydrogen bonded with these-SDH groups will be able to have

proton exchange with each other because of the short distanc

between these bonding sites. Nevertheless, since this composit

was treated at 10%C for 24 h before NMR measurement, water X < : .
Figure 6b, which suggests smaller silica particles in the

molecules left in the composite would not be expected to ) > S
P P composite compared with neat SiOhis is likely due to the

undergo proton exchange with each other at room temperature. ) : e i
The reduced intensity of the SDH resonance relative to the restricted motion of silica in water channels of Nafion. It has
CH,/CHs resonances in the 2D DQ correlation spectrum as been reported that the diameter of water channels in hydrated
compared to the MAS spectrum indicates a weaker coupling, Nafl_on Is as large as 5 nﬁﬁ.Compar(_ad with silica made from

a mixture of TEOS and sulfuric acid, such a narrow channel

pos_sibly attributable o local mobility. If the composite is will certainly restrict the motion of the precursor units within
subjected to an operating temperature above ‘ZK(_D,Sproton the membrane. Therefore, the condensation reaction among these
exchange among water would be expected. This is also the i it .”' be limit d Thi ntai I ber of
motivation for doping silica to improve proton conductivity of stica units will be fimited. 1S maintains a large number o
Nafion. surface hydroxyl groups of silica. Thus, more silicon atoms have
hoc: poce: ] ) the  coordination environment in the composite. Nevertheless,
3.5. °Si MAS NMR. #Si solid-state NMR is a well-  \yhen a longer permeation time is allowed (24 h), the ratio of
established means of determining the coordination envwonmentsQ3 to Qs decreases slightly, as shown in Figure 6c. This may
of 2%Si nuclei. From this information, we can deduce the number e attributed to the condensation reaction dominating over the
of surface hydroxyl groups in the various samples and optimize pyqrolysis reaction of TEOS. Interestingly, this composite also
the synthetic conditions to favor high surface area materials. A gjgws a peak at90 ppm, which is attributed to silicon in the
silicon atom which is bonded to three other silicon atoms tom of (HO),—Si—(0O—Si),, denoted as @ The Q sites of

that a full condensation reaction has occurred among the TEOS
olecules and that the average silica particle size is large. The
?afion/SiQ composite prepared using a short permeation time
120 min) gives an increased ratio o ® Q4 as shown in

through oxygen can be shown as HSI—(O—Si); and is silicon could be also due to the restricted condensation reaction
generally denoted asi(jiving a chemical shift of-—100 ppm.  petween newly formed small silica particles, since the initially
Similarly, Si—(O—Si)s is denoted as gand has a chemical shift  formed silica particles would be large and further prevent the
of ~—110 ppme*"*Itis clear that the higher ratio of 20 Qs fast motion of the subsequently formed small particles. As
indicates a higher surface area and therefore smaller averaggxpected, because of the reduced concentration of TEOS, the
size of silica particles for the same total amount of Sithus,  ¢omposite Nafion/Si©(2.3:1:1) shows an even higher ratio of
?°Si MAS NMR of Nafion/SiQ: composites can provide @, to Q,, as shown in Figure 6d, which suggests a further
qualitative information regarding the silica particle size. decrease in the condensation among silica particles. This is

295i MAS NMR of Si0O, and Nafion/SiQ composites are  desirable because silica with more surface hydroxyl groups will
shown in Figure 6. There is no silicon resonance observed atprovide more sites to retain water. Ramani reported that an
—80 ppm in all 2°Si spectra, confirming that there is no enhanced conductivity of Nafion/phosphotungstic acid com-
unreacted TEOS in these samples. Based on the data shown iposite membrane by up to 35% was obtained when the additive
Figure 6a, the majority of silicon nuclei in the silica made from particle size was reduced by nearly 2 orders of magnitude from
TEOS and sulfuric acid are in the form of,Qrhis indicates 1to 2um to 30 nmé’ The ratios of Q to Q4 calculated from
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Table 1. Ratio of Qs to Q4 in SiO» and Nafion/SiO, Composites

samples SiQ Nafion/SiG; (0:1:1) Nafion/SiG (0:1:1) Nafion/SiG; (2.3:1:1)
(TEOS and HSOy) PT= 120 min PT=24h PT=24h

Q3:Qq 1:4.2 1:1.2 1:1.6 1:0.7

1 for reference. dried hydrated
On the basis of thé°Si NMR results, we target samples that samples (x107cn®ls)  (x1077cnils)

have the maximum number of;@ites or, equivalently, a high Nafion 1.32+0.02 48.3+ 0.2
concentration of surface OH groups. We also note that samples Nafion/SiG (0:1:1, PT9 min) 0.96t 0.02 41.7£0.2
with even lower concentrations of silicate gave very wésk “:28252:% 831111;’ T120 min) 20-10&75006(2’02 22% 8-;
NMR signals but did not provide quantifiable spectra. Neverthe- Nafion/Si0, (1:0.5-0.005) 182 0.02 474402
less, the same trend is expected. Nafion/SiQ, (1:0.26:0.026) 1.6% 0.02 48.3+ 0.2

3.6. PFG NMR fpr Proton_DIfoS|0n Coefflc_lent Measu_re- aError bars reported here are based upon repeat measurements with
ment. The pulse field gradient NMR experiment provides a giterent diffusion times.
measure of the translational motion of protons in the membrane.

By comparing a select set of samples, where high numbers of o, is 9 and 14, respective.By comparison, HO/SQH
surface hydroxyl groups are present (i.e,, those with low jn our hydrated Nafion is found to be in the range between 10
permeation times or low concentrations of TEOS used in the gnq 13, as noted in Table 4. In Table 2, the dried NafionfSiO
sample preparation), we can determine the influence of thosecomposites made from high concentration of TEOS (such as
surface hydroxyl groups on water retention and proton transport \pjeOH:H20: TEOS= 0:1:1) have lower diffusion coefficients
within the dried vs humidified membranes. These data are than pure Nafion, but composites made from low concentrations
compared to the performance of Nafion itself under equivalent 5t TEQS (such as MeOH#®:TEOS = 23:1:1, 1:0.5:0.005,
conditions. and1:0.26:0.026) show higher diffusion coefficients than pure
The pulse sequence applied for PFG NMR measurement in njafion.
this study is shown in Figure 7. A pair of symmetrically spaced  poping silica in Nafion will have two opposing effects on
field gradient pulses is superimposed onto a standard spin echgyroton mobility of Nafion/SiQ. The first effect is to help Nafion
sequence. This is known as the stimulated echo (STE) pulseg retain water by forming hydrogen bonds between water and
sequence. The predicted dependence of the observed signahydroxyl groups of silica. This is desirable. The second is to
attenuation on gradient strengttfs block the pathway of proton transportation by silica. This is
undesirable. The diffusion coefficients of Nafion/Si3ted in
E(27) = S27) — exp(—yzgzDéz( A — 6/3)) ) _Tabl_e 2 impl_y competition of the two _effects. A_sketch sho_vvn
27) ¢ in Figure 9 is used to display the difference in Nafion/g8iO
prepared from low and high concentrations of TEOS. For
whereS27) is the observed signal intensity with applied gradient composites made from high concentrations of TEOS, the silica
pulseg, S(27)g4=0 is the signal intensity observed in the absence particles are relatively large since the condensation reaction of
of an applied gradienty is the nuclear gyromagnetic ratib, silica is facile, which has been proven by ¢88i MAS NMR
is the self-diffusion coefficienty is a pulse width of applied  data (see section 3.5). In such a case, the negative effect will
gradient, andA is the separation in time between the leading play a dominant role in changing the proton diffusion coefficient.
edges of the two gradient pulses (also referred to as the Moreover, for the a composite made from a high concentration
“diffusion time”). In this study, a series of spectra are obtained of TEOS with a permeation time of 120 min, the very low
at increasing gradient strengths, holding all other parametersdiffusion coefficient could be due to not only the increased silica
constant. The diffusion coefficient is obtained by fitting the peak particle size but also the residual ethyl groups which have been
intensity data vs the applied gradient strength, as shown in shown by oufH NMR spectra. In this case, the negative effect
Figure 8. will be overwhelming. Since the Nafion/Sj@omposites made
A fundamental requirement of a PFG NMR experiment is from low concentrations of TEOS have been shown to have
that the diffusional attenuation must be significant relative to smaller silica particle size and no residual ethyl groups, the
attenuation caused by relaxation of the observed nuclei. Deter-positive effect will be dominant in these composites. This
mination of diffusion coefficients by PFG NMR measurement composite would have well connected pathway for proton

will be difficult or infeasible if relaxation is too rapid. Boyie hopping, which contributes to higher proton diffusion coef-
reported that iron contamination in Nafion caused significantly ficient.
shortened relaxation timél{ on the order of 10 ms for 1100 TGA measurements, available in the Supporting Information,

EW Nafion), which made the PFG NMR experiment of Nafion provide information about the total amount of silica in the
impractical in their studies. On the basis of well-purified, composites. Nafion/Si©(0:1:1, PT120 min), Nafion/Si©(0:
protonic forms of Nafion, Zawodzinski found th&{ relaxation 1:1, PT9 min), and Nafion/Si§X23:1:1) have 2.8%, 1.2%, and
times vary from 80 to 200 ms for Nafion 117 membranes and 1.0% mass percentage of silica, respectively, after taking into
reduce with decreasing water content in the membf&ireour account of residual mass percentage of Nafion (1.7%). Clearly,
experiments, thd; relaxation times ranged from 130 to 580 Nafion/SiG (0:1:1, PT120 min) has the highest weight percent-
ms, and the hydrated samples showed lofigeelaxation times age of silica. Shortening the permeation time reduces the total
than dried samples as well. amount of silica in Nafion/Si@(0:1:1, PT9 min) but still slightly
The proton diffusion coefficients obtained by PFG NMR are exceeds the amount of silica made with a long permeation time
shown in Table 2. For pure Nafion, the hydrated sample shows and a low concentration of TEOS, as in Nafion/gi@3:1:1).
a proton diffusion coefficient around 37 times higher than the On the basis of the TGA results and diffusion coefficient data,
dried ones. Zawodzinski reported proton diffusion coefficients the composite made from the lower concentration of TEOS
for Nafion117 of 4.4x 1078 and 5.8x 107 cn¥/s when HO/ should have the smallest silica particle size, which should
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Figure 9. Schematic representation of the structure of dried Nafion/S@nposites prepared from low concentration TEOS (the left) and high
concentration TEOS (the right). The residual ethyl groups are highlighted.

has a Grotthuss hopping mechanism different from that in the
hydrated composite. In the dried composites, the proton transport
is achieved by proton hopping on the surface of silica. Thus,
well-distributed small silica particles can enhance the efficiency
of proton hopping. In the hydrated composite, the proton
transport is dominated by vehicle transport and completed by
reorganization of hydrogen bonds betweert knd water
molecules. Kreuer points out that the Grotthuss mechanism is
increasingly dominated by the vehicle mechanism as temperature
1 increased? Similarly here, the vehicle mechanism becomes
] increasingly important with increasing relative humidity. The

i existence of silica particles changes the pathway of proton
: migration and makes it somewhat longer but does not signifi-
1 cantly influence transport. The length scale of proton diffusion
(d) can be given by
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Figure 10. Arrhenius plot of proton diffusion for Nafion and Nafion/

d=v2DA ©)

SiO; composites.

Table 3. Activation Energy of Proton Transport for Nafion and
Nafion Composites

PFG NMR solid-state NMR
derivedE, derivedE,
fully dried samples values (kJ/mol)  values (kJ/mol)
Nafion 22.6 154 0.6
Nafion/SiG; (0:1:1, PT9 min) 20.9 12.2 05
Nafion/SiQ, (23:1:1) 18.0 N/A

whereD is the diffusion coefficient and is the diffusion time
shown in the STE pulse sequence. For the dried samgliss,
between 0.4 and 1 8m. Because of similar diffusion time, the
sample with higher diffusion coefficient shows longer length
scale of motion. For the hydrated sampleéss between 9 and
17 um. The difference of length scale of motion for the hydrated
samples results from different diffusion time, which was varied
between A of 50 and 300 ms. Nevertheless, no obvious

difference of diffusion coefficients is observed for the same
sample when the diffusion tima, is varied. The above values
for both dried and hydrated samples are apparently much greater
than the size of water channels in the hydrated Nafion, which
can be up to 5 nr#é This implies that proton diffusion is not
constrained by the diameter of the channels even under dried
in sample Nafion/Si@(23:1:1), provides the best pathway for ~conditions, but rather that the protons move readily along the
proton conductivity. channels, or from particle to channel wall, in the presence of
In contrast, no significant difference can be seen between Silica particles with hydrophilic surfaces.
hydrated Nafion and hydrated Nafion/Si@omposites. This is Since the diffusion coefficient is temperature dependent,
attributed to the high proton mobility in expanded water channels variable temperature measurements with PFG NMR can dem-
in hydrated samples. Compared with water added by hydration, onstrate how the diffusion coefficients changes with temperature.
under high relative humidity, water adsorbed on silica surface The corresponding activation energy of proton diffusion can
will not contribute much to the proton mobility of Nafion/SiO  then be obtained by fitting the equati@n= Dy exp(—E4/RT),
composites since the proton diffusion coefficient in this instance where D is the diffusion coefficientDg is a preexponential
is determined primarily by the water from hydration. Under this factor, E; is the activation energ\R is the ideal gas constant,
condition, the silica dopant in Nafion will merely be an obstacle andT is the temperature. Figure 10 shows the natural log plot
for proton transportation, leading to decreased diffusion coef- from which the activation energies were derived for Nafion and
ficients of Nafion/SiQ. However, because of rapid vehicle Nafion/SiG; (23:1:1), which are 22.6 and 18.0 kJ/mol, respec-
transport in the fluid phase of the expanded water channels andtively. The lower activation energy shown by the Nafion/8iO
the relatively small filled silica particles, the dopant cannot lower (23:1:1) composite indicates that proton mobility of these
the diffusion coefficient significantly, even for the composite composites is less sensitive to temperature change. The activa-
prepared with 120 min of permeation time. From this behavior, tion energies determined by PFG NMR are summarized in Table
we infer that proton transport in dried Nafion/Si@omposite 3, along with some of the data obtained from variable solid-

minimize the effect of blocking pathways for proton transporta-
tion. The number of surface hydroxyl groups in dried Nafion/
SiO, composite has a significant influence on the proton
diffusion coefficient. Therefore, minimizing the concentration
of SiO,, while maximizing the number of surface OH sites, as
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Table 4. Conductivity of Nafion and Nafion/Si0; at 35 °C

dried hydrated
samples o (S/lcm) HO/—SO;H o (Slcm) HO/-SO:H
Nafion 3.7x 104 3.1 6.0x 102 12.6
Nafion/SiG; (0:1:1, PT9 min) 2.4¢< 1075 3.1 5.7x 1072 12.7
Nafion/SiG, (0:1:1, PT120 min) 1.% 10°° 2.6 4.9x 1072 10.5
Nafion/SiG (23:1:1) 4.9x 104 2.8 5.1x 1072 11.8

state NMR line width calculations. The composite made from NMR and impedance spectroscopy allows us to derive a
a low concentration of TEOS gives a loweg than that made complete picture of the processes governing the function of the
from a high concentration of TEOS, although the difference is materials.

not very large. An interesting observation is that the composite

made from a high concentration of TEOS shows a lower 4. Conclusions

activation energy than pure Nafion, even though pure Nafion  Solid-state NMR measurements show that increasing the
exhibits higher diffusion coefficients at all temperatures mea- concentration of TEOS or extending the permeation time for
sured. The lower activation energy shown by both NafionfSiO  synthesis of Nafion/Si© composites will cause incomplete

(0:1:1, PT9 min) and Nafion/SikX23:1:1) composites indicates  hydrolysis of the ethyl groups of TEOS. The residual ethyl

that proton mobility of these composites is less sensitive t0 groups are located on the surface of silica, which blocks the
temperature. In our previous studies, an activation energy for pathway for proton transportation and therefore lowers the
proton transport has been obtained by linear fitting of the change proton conductivity. For synthesis with a high concentration of

of 'H line width with temperature in solid-state NMRThese  TEQS, a short permeation time needs to be used to avoid the
solid-state NMR-derived activation energies are also included jssue of residual ethyl groups present in the membrane

in Table 3. The large difference between the values derived from composite. Diffusion coefficient data obtained by PFG NMR
the two different methods is attributed to the fact that PFG NMR show that the best Nafion/Si@omposite can be obtained from
measures the proton motion over the millisecond to second timesynthesis with a low concentration of TEOS in methanol

scale, whereas solid-state NMR does so over the microsecondso|ution. Although all Nafion/Si@composites in this study give
time scale. In the case of motion over long time scale (i.e., PFG the same or slightly lower diffusion coefficients than pure Nafion
NMR), the activation energy obtained will include the energy in the hydrated state, composites made from low concentrations
of proton motion used for crossing longer length scales in the of TEOS display higher diffusion coefficient than pure Nafion
membrane, i.e., in and out of channels, similar to grain boundary in the dried state. The same trend has been observed from
effects in microcrystalline solids. Therefore, it is reasonable that conductivity measurements. This result suggests that Nafion/
PFG NMR measures a highgg than solid-state NMR. SiO, composites synthesized using the right procedures may

3.7. Proton Conductivity of Nafion and Nafion/Si0, hold promise for use as proton exchange membranes working
Composites. Although PFG NMR experiments can provide at elevated temperature and reduced relative humidity.
information on proton translation motion in the electrolyte, this
technique is not able to distinguish protons dissociated from  Acknowledgment. This work is supported by NSERC and
sulfonic acid groups from those associated with sulfonic acid General Motors of Canada through the CRD program. G.R.G.
groups which do not contribute to proton conductivity, according acknowledges support through a Premier’'s Research Excellence
to the NernstEinstein equatiod? Proton conductivity data Award.
measured by impedance spectroscopy is the industrially accepted
method for evaluation of the conductivity of Nafion and Nafion/ Supporting Information Available: TGA data for the Nafion/
SiO, composites. The obtained results are shown in Table 4. SiO, composites. This material is available free of charge via the
The measured number of water molecules per sulfonic acid Internet at http://pubs.acs.org.
group is shown in this table for comparison as well.
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