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Abstract
Phosphotungstic acid is an excellent proton conductor that can be incorporated into porous supports, and nanocomposite proton exchange
membrane materials made from mesoporous silica impregnated with phosphotungstic acid have been suggested for use in fuels cells operating
> 100 �C. In this work, quasielastic neutron scattering was used to study proton self-diffusion in mesoporous disordered and P6mm symmetry
silica impregnated with two concentrations of phosphotungstic acid. Overall, the silica structure had a significantly greater effect on proton
conduction and diffusion than phosphotungstic acid concentration, with higher proton conduction occurring for the P6mm symmetry silica
samples. Quasielastic neutron scattering revealed two populations of protons diffusing through each sample, and that proton conduction is
limited by the slower of these populations, which diffuse via a jump-diffusion mechanism. Whilst the fundamental jump-diffusion mechanism by
which these slower protons moved was found to be similar for both silica supports and phosphotungstic acid concentrations, the faster diffusion
occurring in P6mm structured silica arises from a lower residence time of protons moving between sites in the jump-diffusion model, suggesting
a lower energy barrier.
© 2017, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The development of proton-exchange membrane fuel cells
(PEMFCs) for portable energy production is attractive due to
the high power density of liquid and gas fuels, such as
methanol, ammonia, and liquid petroleum gas. The present
low temperatures of operation of PEMFCs (~80 �C) have a
number of issues, such as low tolerance to impurities, low
value heat and problems with water management. Increasing
the operating temperature of proton exchange membranes
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(PEMs) to 100e200 �C has many benefits, such as reduced
need for humidification, increased in catalytic activity of the
electrodes, improved heat recovery, and higher tolerance to
impurities in the fuel stream. Much work has been done to
develop low cost and high conductivity inorganic materials as
alternative PEMs for this purpose [1]. In particular, inorganic
framework materials such as mesoporous silica have shown
promise, and although the proton conductivity of such mate-
rials under fully hydrated conditions is too low for function as
PEMs, the incorporation of proton carriers into these struc-
tures can significantly enhance proton conductivity, making
them viable for this purpose. Phosphotungstic acid (HPW),
[PW12O40]

3�, a member of the Keggin type heteropoly acid
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group, has one of the highest known proton conductivities.
HPW has been shown to be a good electrolyte for low tem-
perature PEMs, although its water solubility results in leaching
from the electrolyte membrane without anchoring to a sub-
strate such as silica [2].

Following this first work using PEMs constructed from
HPW anchored to silica, highly ordered phosphotungstic acid
functionalised-mesoporous silica nanocomposite (HPW-MSN)
PEMs tolerant to the conditions within direct alcohol fuel cells
have been subsequently produced [3e8]. Single cell tests were
performed using a 30 wt.% HPW-impregnated P6mm-sym-
metry mesoporous silica membrane of thickness ~0.8 mm with
a Pt/C catalyst anode and cathode, which reveals a low
permeability of the HPW-MSN and an open circuit voltage of
0.97 V, very close to that of single cells assembled with
Nafion® membranes [4e6]. Despite the thick electrolyte, the
maximum power density of cells assembled with the HPW-
MSN was 24 mW cm�2 at 25 �C and 95 mW cm�2 at
100 �C, demonstrating the applicability of HPW-MSN as a fuel
cell PEM [4e6].

Previous work studying HPW-MSN PEMs revealed their
conductivity to be highly dependent on hydration level, HPW
concentration, and type of silica support [3e8]. Such effects
are difficult to understand, primarily because the exact mech-
anism of proton conduction in HPW-MSN is largely unknown.
Generally, proton diffusion is thought to occur in HPW-MSNs
via a jump-diffusion process [9]. Molecular dynamics simula-
tions have shown the shortest jump distance for a proton
moving between two HPW Keggin units in HPW-MSN to be
~1.6 Å, with an energy requirement that is lower than for intra-
Keggin hopping within the material [9]. This study also
demonstrated that proton conduction was correlated strongly to
increasing water and HPW concentration, to a limit.

HPW crystallizes with Pn3m symmetry in which the dis-
tance between two HPW units is 12.6 Å, where each Keggin
unit is ~5.5 Å in radius [10]. Theoretical studies using density
functional theory (DFT) have showed that proton jumps be-
tween charged sites within Keggin units in anhydrous HPW
have a high activation energy, 103.3 kJ mol�1, dropping to
11.2 kJ mol�1 under hydrated conditions [11], explaining
somewhat the hydration-dependent conductivity. Further,
combined solid-state nuclear-magnetic resonance (NMR) and
DFT calculations showed that protons in anhydrous HPW
were located at both bridging and terminal oxygens, and that
isolated protons are immobile at room temperature, but hy-
drated acidic protons were highly mobile [12]. This work
revealed that under semi- and fully-hydrated conditions pro-
tons associated with the outer HPW oxygen were highly mo-
bile. However, these studies did not take the silica matrix into
account.

A study on the proton conductivity of mesoporous silica
and porous silica glass showed the attachment/release of
protons from hydroxyl groups on the pore surface, noting that
conduction in these materials is ~4 orders of magnitude lower
than in HPW [13]. NMR studies found that in silica-HPW
systems one of the three protons associated with the HPW is
donated to the silica surface, inducing a net positive charge on
the silica surface which contributes to anchoring the charged
molecules [14,15].

Quasielastic neutron scattering (QENS) is an excellent tool
to elucidate the mechanism of proton diffusion underpinning
conduction as it can directly measure proton dynamics [16].
QENS spectra, S(Q, u), are dependent on the magnitude of the
scattering vector, Q ¼ ki ¡ kf, (4p/l)sin(q/2), where ki and kf
are the incoming and outgoing neutron wave vector, respec-
tively, l is the neutron wavelength, and q the scattering angle,
and the energy transfer which equals ħu, where ħ ¼ h/2p and
h is Planck's constant. Therefore, S(Q, u) uniquely contain
information relating to both the timescale of motion and also
the length scale over which motions occur [10]. For the pro-
tons in these HPW silica systems, the incoherent scattering
measured in a quasielastic neutron scattering measurement is
dominated by that from the protons, allowing the protons to be
measured alone.

The present work aims to study proton diffusion in phos-
photungstic acid-impregnated mesoporous silica and under-
stand the effects of HPW content and SiO2 support symmetry
on the diffusion. P6mm symmetry silica is studied at two HPW
loadings, as chosen in line with previous work [4e6]
demonstrating the effectiveness of this PEM in fuel cell tests
[4e6], with a disordered silica sample chosen for comparison,
also studied at two HPW loadings.

2. Methods
2.1. Sample preparation
Two mesoporous silica samples, one disordered and the
other with P6mm space-group symmetry, were prepared for
this study, as informed by previous single cell tests using
HPW-MSN PEMs [4e6]. Disordered mesoporous silica was
purchased from Glantreo Ltd., Ireland, and P6mm-symmetry
mesoporous silica was purchased from Unicarbon Shanghai
Environmental Science and Technology Company Limited,
China. To impregnate the silica with HPW, a water vacuum
impregnation method was used as per previous methods [7].
HPW solution at 2.5 and 5.0 wt.% was prepared by dissolving
HPW powder (SigmaeAldrich, phosphotungstic acid hydrate,
reagent grade) in deionized water. The dry silica was placed in
a Büchner flask with a filter paper between the vacuum pump
and the silica, and a rubber stopper sealed the top with a closed
burette fitted to the assembly and the HPW solution added
under vacuum. The vacuum pump was run for 6 h, after which
the desired quantity of well shaken solution was added to the
burette. The vacuum pump was turned off, and the solution
added, before the vacuum pump was run for a further 10 min
to remove any air and then was left to rest for 24 h. The
material was filtered and washed with deionized water, and
finally dried at 50e60 �C on a hotplate for ~4 h.
2.2. Sample composition and structure characterization
The proton conduction pathway in HPW-MSNs involves
both intramolecular and intermolecular proton transfer, with
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the overall barrier for proton diffusion determined by the
intramolecular transfer [9]. The intramolecular proton transfer
is closely related to the water content, which is shown to be
affected by the size and symmetry of the mesopores [6].
Subsequently, the maximum pore size and porosity are related
to the permeability of the membrane, but not directly to proton
conductivity. Therefore, nitrogen adsorption/desorption and
small and X-ray scattering measurements are commonly-used
to characterize HPW-MSN pore size and structure. Elemental
characterization allows the determination of HPW content.

2.2.1. Nitrogen adsorption/desorption measurement
Nitrogen gas adsorption/desorption isotherms for the silica

prior to HPW impregnation were performed using a TriStar II
3020 V1.03 with a built in SiO2 reference material. 0.25 cm3

of sample was cooled to ~77 K and measurements taken over
8e10 h. The specific surface area was calculated using the
BrunauereEmmetteTeller (BET) method [17,18] and the pore
size, volume, and distribution calculated using the Dollimor-
eeHeal approach for P6mm-symmetry silica as it assumes
cylindrical pores and the Barret, Joyner & Halenda method for
the disordered silica which assumes spherical pores [19,20].

2.2.2. Small angle X-ray scattering
Laboratory-based small angle X-ray scattering was per-

formed at the Western Australian Small Angle X-ray Scat-
tering Faculty using a Bruker AXS Nanostar with a 2-
dimensional Xe wire detector (1024 � 1024 pixels) at 1.541 Å
over the Q-range 0.014 to 0.85 Å�1. Samples were mounted in
a vacuum chamber and positioned 654 mm from the detector.
Due to the vacuum environment, samples were pressed into a
disk using potassium bromide (KBr) binder due to the very
low signal. Background, instrumental noise, and KBr contri-
butions were characterized using empty cell and KBr-only
spectra.

2.2.3. Elemental characterisation
Inductively-coupled plasma optical emission spectroscopy

(ICP-OES) was conducted on a Perkin Elmer Optima 7300DV.
Samples were digested using a Milestone Ethos-1 microwave
digester with hydrofluoric acid and analysed for W, Si, and P.
The HPW concentration was calculated as the percentage by
weight of the total sample, based on the Keggin unit con-
taining 12 W atoms.
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Fig. 1. Pore size distribution of mesoporous silica samples determined using

nitrogen adsorption/desorption isotherm measurements. P6mm-symmetry sil-

ica is shown in black circles and disordered silica in red squares.
2.3. Sample function characterization

2.3.1. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy measurements

were performed using a Solartron SI 1260 Impedance/Gain
Phase Analyser with ZPlot and data processed with equivalent
circuits using ZVeiw software. Samples were pressed with a
13 mm diameter steel die at 2 tonnes for 2 min using poly-
ethylene as a binder. Sample weight per volume varied
significantly with increased HPW content necessitating geo-
metric corrections specific to each sample due to differences in
pellet density and dimensions. Due to high resistance of the
samples and instrument limitations, measurements were taken
at ~24 �C under a pure hydrogen atmosphere. Pure silica and
HPW measurements were outside of the measurement ca-
pacity of the instrument, less than 10�12 S cm�1 for the silica
and greater than 10�2 S cm�1 for the HPW. The equivalent
circuit consisted of an initial resistance of 1 U to represent the
fixed resistance of the instrument, and two consecutive resistor
and parallel capacitor sets which represents the resistance and
capacitance of the material bulk and the intergranular regions,
respectively.

2.3.2. Quasielastic neutron scattering
Quasielastic neutron scattering was performed on

PELICAN, the cold-neutron time-of-flight spectrometer [21]
at the Australian Centre for Neutron Scattering at the Open-
Pool Reactor Facility at the Australian Nuclear Science and
Technology Organisation. For the samples analysed by QENS,
the final deionized water was removed by vacuum and not a
heat drying step. Approximately 1 g of sample was loaded into
a flat-plate aluminium can of 0.5 mm thickness and oriented
45� to the incident beam. A bottom-loading cryostat was used
to maintain the sample temperature at 300 K and S(Q, u) were
collected for P6mm and amorphous mesoporous silica
impregnated with the two loadings of HPW using 4.36 Å
neutrons with higher harmonics removed using a cooled Be
filter, affording a resolution at the elastic line of 207 meV. A
background spectrum for an empty can and instrument reso-
lution function from a standard vanadium sample were also
collected. Data corrections and manipulations were carried out
using the LAMP software [22,23], with S(Q, u) binned in
increments of DQ ¼ 0.1 Å�1 and Du ¼ 0.02 meV. S(Q, u)
were analysed using empirical peak-fitting within the STRfit
tool in LAMP. The Q-dependence of extracted parameters was
analysed using the software Origin.

3. Results and discussion

Nitrogen isotherm data (Fig. 1) reveals the pore size dis-
tribution of the silica prior to HPW impregnation. P6mm-



297K. Lamb et al. / Green Energy & Environment 2 (2017) 294e301
symmetry silica had a total pore volume of 0.831(23) cm3 g�1

with an average pore size of 6.46(36) nm within the narrow
5e8 nm range. The disordered silica had a total pore volume
of 0.676(19) cm3 g�1 and an average pore size of 4.77(1) nm
within the larger 3e12 nm range. The surface area was
calculated to be 563(19) and 516(43) m2 g�1 for the disor-
dered and P6mm samples, respectively.

The concentration of HPW measured using ICP-OES is
summarised in Table 1, which revealed an overall low con-
centration of HPW in all samples with HPW at two concen-
trations in each silica type. A higher level of HPW is found in
the P6mm-symmetry silica relative to the disordered silica,
likely as a result of its larger, ordered internal pore space.

Small angle X-ray scattering (SAXS) data for the HPW-
impregnated silica with P6mm symmetry shows three peaks
that can be indexed to the 11, 20, and 21 Miller indices, while
the disordered porous silica SAXS data shows no peaks
(Fig. 2). No features attributable to the HPW with Pn3 m space
group symmetry could be seen in either silica. These results
further support the samples being P6mm and disordered silica
with a low concentration of HPW.

Electrochemical impedance spectroscopy measurements
(Table 2) reveal a marginal increase in conductivity with
increased HPW concentration, as well as a more significant
order of magnitude increase in conductivity of P6mm over
disordered silica. Commensurate with this, the QENS data,
S(Q, u) indicates significantly greater signal broadening for
the P6mm than the disordered silica samples (Fig. 3), indi-
cating faster proton diffusion. Qualitatively, there appears
“pinching” in the Q-dependent broadening of S(Q, u) which is
more evident for the disordered than the P6mm silica and
marked by the dashed lines and arrows in Fig. 3, occurring at
Q ~1.8 Å�1. This saddle point indicates a change in motion at
this lengthscale.

The S(Q ,u) for all four samples could be described using
the phenomenological model [16]:

SðQ;uÞ ¼
(
A

"
G1

p
�
G2
1 þu2

�
#
þB

"
G2

p
�
G2
2 þu2

�
#)

5RðQ;uÞ

þC

ð1Þ

where two Lorentzian functions were required, each with half
width at half maximum (HWHM) of G1 and G2 that varied as a
function of Q with number densities of associated scattering of
A and B, respectively. R(Q, u) is the resolution function and C
is a linear background. Data were fitted in the range �3 to
3 meV from Q ¼ 0.5 to 2.2 Å�1. A typical fit of this model to
Table 1

HPW concentration in samples determined using inductively-coupled plasma

optical emission spectroscopy.

HPW concentration

solution, wt.%

HPW concentration

P6mm silica, wt.%

HPW concentration

disordered silica, wt.%

2.5 0.15 (1) 0.10 (1)

5.0 0.30 (2) 0.14 (1)
data is shown in Fig. 4 and all fit results are included in the
Supporting Information.

For clarity we will refer to the first Lorentzian as compo-
nent one, and the second as component two. Each Lorentzian
function represents a different population of protons moving
on different timescales, and the pre-factors in Eq. (2), A and B,
indicated that these populations are approximately equal in
size. Clear trends in Q-dependent broadening that are indica-
tive of the geometry of motion are observed for both
populations.

Component 1 shows Q-dependent broadening that is char-
acteristic of the translational diffusion of protons occurring via
a jump-diffusion mechanism [16,24] and is similar between
both silica support types and HPW loading (Fig. 5). Impor-
tantly, component 1 is almost twice as broad in the P6mm
silica than in the disordered data, clearly evidencing faster
diffusion. The saddle point in the S(Q, u) in Fig. 3 is captured
by this model, and notably occurs for all four samples at
approximately the same Q, suggesting that the geometry of
proton motion is similar for all samples. The Q-dependence of
component 1 broadening could be described by the Chudley-
eElliot jump-diffusion model [25], which describes a popu-
lation of protons with a residence time (t) at a site before
moving instantaneously to another site with a jump length, d is
the translational self-diffusion constant of the protons, D re-
lates to d and t [16]:

DG1ðQÞ ¼ 1

t

�
1� sinðQdÞ

Qd

�
ð2Þ

D¼ d2
�ð6tÞ ð3Þ

It is not uncommon for diffusing protons in solids, partic-
ularly oxides, to undergo complex diffusion processes,
necessitating more sophisticated models to explain the Q-
dependence of component broadening [26]. Whilst further
information may be gained by molecular dynamics simula-
tions, the very large number of atoms required to represent
such systems and the absence of structural detail for the
disordered system severely limits a detailed analysis. This is
not an uncommon problem, and the fit of the ChudleyeElliot
diffusion model to component 1 broadening is within the range
of those fairly typical for quasielastic neutron scattering data
[16,24], and the standard errors reported for the derived pa-
rameters (Table 3) are reasonable. It is the overall shape of the
Q-dependent broadening that defines key parameters for the
process, these being the rate of broadening in the lower Q
region and the Q of the maximum G1 where the broadening
tapers. Importantly, while not accurately representing the exact
process, the ChudleyeElliot diffusion model captures these
main features reasonably well, yielding a higher D for the
P6mm relative to the disordered silica and an identical jump
length within 1 estimated standard deviation for all samples, as
indicated clearly by the data.

The residence time of component 1 protons is significantly
different between the silica support types, with that of protons
in the disordered silica being approximately double that for
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Fig. 2. SAXS data for disordered and P6mm-symmetry mesoporous silica impregnated with various concentrations of HPW (concentrations determined from ICP-

OES).

Table 2

Results of electrochemical impedance spectroscopy measurements.

Sample Conductivity, S cm�1

Disordered 0.10 wt.% 1.7 � 10�6

Disordered 0.14 wt.% 3.9 � 10�6

P6mm 0.15 wt.% 2.1 � 10�5

P6mm 0.30 wt.% 2.9 � 10�5
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protons in the ordered P6mm matrix. A much smaller differ-
ence was observed when the HPW loading was varied, and in
both silica types the residence time decreased with increased
HPW content. Given the identical jump lengths for component
1 protons in all four samples, the higher D of these protons in
the P6mm silica clearly arises from a reduced site residence
time. Previous studies on HPW on silica have noted higher
conductivity in more acidic conditions [2], and significant
differences in surface acidity of P6mm symmetry and disor-
dered silica have been found [27,28]. Notably, the surface of
P6mm symmetry silica is highly acidic as a result of strained
SieO bonding in the structure, while disordered silica is found
to be closer in acidity to bulk SiO2 where surface protonation
is more dependent on the pH the material is exposed to. The
Disordered 0.1 wt.%
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and P6mm-symmetry mesoporous silica impregnated with the lowest concentratio
lower residence time of component 1 protons at sites within
the P6mm silica may arise from more acidic conditions
compared to those within the disordered silica, reducing the
energy barrier for proton transfer. The reduced residence time
results in faster diffusion and is consistent with the conduc-
tivity measurements that show higher conductivity of HPW-
impregnated P6mm than disordered silica, and also at higher
HPW loadings.

The width of component 2 in the S(Q, u) model in all four
silica samples is an order of magnitude greater than compo-
nent 1, indicating a faster diffusive process. Importantly, the
width of component 2 does not change considerably with
either silica type or HPW concentration, indicating that proton
conductivity is limited by the slower diffusive process of
component 1 protons (Fig. 6). For all samples, component 2
broadens initially with Q and then tapers at Q ~1.1 Å�1 before
broadening less quickly at higher Q. There is a further feature
at Q ~1.4 Å�1 in both samples where there is a narrowing of
the component before further broadening at higher Q. The
overall similarity of the features suggests, as with component
1 protons, a similar motion of component 2 protons in all four
samples. The greater prominence of the feature at Q ~1.4 Å�1

in the ordered P6mm samples suggests a mechanism of proton
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along with a flat background (green line) is also shown.

Table 3

Fit results of the ChudleyeElliot diffusion model to component 1 of the S(Q,

u). t is residence time in picoseconds, d is the jump distance in Å, and D is the

diffusion coefficient in cm2 s�1.

Sample Component 1

t, ps d, Å D, cm2 s�1

Disordered 0.10 wt.% 26.2 (9) 3.1 (1) 6.0 (5) � 10�6

Disordered 0.14 wt.% 24.9 (8) 3.0 (1) 6.2 (5) � 10�6

P6mm 0.15 wt.% 12.3 (3) 3.0 (9) 1.20 (7) � 10�5

P6mm 0.30 wt.% 11.7 (3) 3.01 (9) 1.29 (8) � 10�5
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diffusion that is spatially anisotropic, which is averaged in the
disordered silica matrix samples, supressing the feature.

The Q-dependence of component 2 broadening does not fit
any of the well-known jump-diffusion models typical for
protons in solids [16,24], with existing models capturing either
the Q-dependent broadening at lower Q or the feature at
Q ~1.4 Å�1 and beyond, but not both. This suggests a
mechanism that is more complex than a simple single popu-
lation. Again, the diffusion process is complicated and cannot
be explained without more sophisticated diffusion models
necessitating further information concerning the material
structure and relative position of proton interaction sites [26].
Nevertheless, to understand the differences in the Q-dependent
broadening, we approximate the average processes to the
Singwi and Sj€olander jump-type diffusion mechanism [29] in
which a population of protons undergo translational diffusion
alternating between oscillatory and jump processes. In this
model the jump process has a residence time (t) at a site and a
distribution of jump lengths where the mean-square jump
0 1 2 3 4 5
0.00
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0.10 wt.% amorphous model
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Fig. 5. Q2 dependence of the width of the first component in the S(Q, u) model for

concentrations of HPW.
length is <r2>, and the proton diffusion constant, D, is related
to d (¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< r2 >

p
) and t as per Eq. (3):

DG1ðQÞ ¼ 1

6t

�
Q2< r2>

1þ Q2< r2>=6

�
ð4Þ

The relatively-poor fit of the Singwi and Sj€olander model to
component 2 broadening results in a large estimated standard
deviation for the determined root mean average jump length
and therefore, no significant difference between these was
found for the four samples (Table 4). The residence time for
protons at sites is, however, different between silica types,
being slightly lower in P6mm structured relative to the
disordered silica. While not capturing the true diffusion
mechanism, the approximation to the Singwi and Sj€olander
type jump-diffusion reveals differences between the P6mm
and disordered silica samples that reflect those of the slower-
moving population of diffusing protons (component 1),
evidencing further a lower activation energy for jump-
diffusion in the P6mm silica.

4. Conclusion

Proton diffusion was studied using quasielastic neutron
scattering in phosphotungstic acid impregnated mesoporous
silica and correlated to proton conduction, as measured using
electrical impedance spectroscopy. Two types of mesoporous
silica were studied, one with an ordered P6mm symmetry
structure and another disordered structure, each at a lower and
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Fig. 6. Q2 dependence of the width of the second component of the S(Q, u) model for disordered and P6mm-space group mesoporous silica impregnated with

various concentrations of HPW.

Table 4

Fit results of the Singwi and Sj€olander diffusion model to component 2 of the

S(Q, u). t is residence time in picoseconds, d is the jump distance in Å, and D

is the diffusion coefficient in cm2 s�1.

Sample Component 2

t, ps d Å D, cm2 s�1

Disordered 0.10 wt.% 2.11 (9) 4.5 (5) 1.6 (3) � 10�4

Disordered 0.14 wt.% 2.1 (1) 3.9 (4) 1.2 (2) � 10�4

P6mm 0.15 wt.% 1.84 (6) 5.8 (6) 3.1 (6) � 10�4

P6mm 0.30 wt.% 1.82 (4) 6.3 (6) 3.6 (6) � 10�4
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higher concentrations of phosphotungstic acid. Overall, the
structure of the mesoporous silica support had a major effect
on the proton conduction, while very little difference was
made by changes in phosphotungstic acid concentration at the
tested level. Quasielastic neutron scattering revealed two
populations of diffusing protons, of approximately similar
size, in all four samples. Proton diffusion was found to be
controlled almost entirely by the slower-moving proton pop-
ulation, via a jump-diffusion mechanism in which the jump
length remained constant and the residence time of protons
changed considerably with the type of silica support used, with
lower residence times resulting in faster proton diffusion. The
higher conductivity of phosphotungstic acid impregnated
mesoporous silica proton conducting membranes containing
P6mm symmetry over disordered silica likely arises as a result
of the relatively-more acidic conditions, reducing the energy
barrier for proton transfer.
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