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aJülich Centre for Neutron Science at M

Lichtenbergstr. 1, 85747 Garching, Germany
bInstitute of Energy and Climate Research,
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in the catalytic layer for high
temperature polymer electrolyte fuel cells

Marina Appel,a Galin Borisov,bc Olaf Holderer, *a Marie-Sousai Appavou, a

Reiner Zorn,d Werner Lehnertbe and Dieter Richter d

The present study focuses on quasielastic neutron scattering (QENS) of the proton dynamics in phosphoric

acid (PA) inside the catalytic layer of high-temperature polymer electrolyte fuel cells (HT-PEFCs). The

nanosecond proton dynamics is investigated on the local length scale around operating temperatures

(300 K–430 K) using neutron backscattering spectroscopy. We have investigated the catalyst doped with

different amounts of PA in order to understand the distribution of PA inside the layer. Three approaches

are considered for the description of proton dynamics: the random jump diffusion model, distribution of

diffusion constants and, finally, the trap model. Due to adsorption of the PA on the Pt particles the

diffusion of protons in the catalytic layer is different in comparison to the bulk acid. The proton

dynamics in the catalytic layer can be described by the random jump diffusion with traps. This diffusion

is significantly slower than the diffusion of free PA; this also results in a lower conductivity, which is

estimated from the obtained diffusion constant.
1. Introduction

Phosphoric acid-based polymer electrolyte fuel cells operating
at elevated temperatures (160 �C–180 �C) attract increasing
attention for different applications in the kW power range.1–5

The advantages of this type of proton exchange fuel cells
include low sensitivity to CO contamination,6 no need for
complicated water management and potentially high proton
conductivity.7,8 The conductivity of such cells is directly
proportional to the amount of phosphoric acid (PA), which has
the highest intrinsic proton conductivity of any known
substance.9 The dependence of the HT-PEFC performance on
different operating parameters has been studied with operating
stacks on a more macroscopic length scale.10–13 However, the
conductivity of PA at the fundamental level is not yet fully
understood. Recently, the mechanism of the proton conduction
of PA has been described using ab initio molecular dynamics
simulations.14 Neutron scattering has been employed to study
PA.15 The experimental study of the proton dynamics of anhy-
drous PA on the local scale has been lately reported and
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compared with a random jump diffusion model.16 The situation
with studies on proton conductivity inside the elements of the
fuel cell is even more complicated. There is an obvious lack of
information about proton dynamics inside the cells. It has been
observed that in spite of high conductivity of the PA itself, the
conductivity of the HT-PEFC is lower than expected. Due to the
complex structure of the membrane electrode assembly (MEA) –
the central part of the fuel cells – there are many factors which
can inuence the proton transport and cause losses of the cell
performance. The understanding of the underlying physical
processes of proton transport of PA in the MEA can help to solve
problems in the proton conductivity and advance the design of
HT-PEFC towards higher performance.

The MEA typically consists of a polybenzimidazole-type (PBI)
membrane doped with PA and sandwiched between two gas
diffusion electrodes.17,18 The electrode is the catalytic layer
containing a carbon-supported Pt catalyst painted on the gas
diffusion layer. Since most of the PA is concentrated in the
membrane19 past research was mostly focused on proton
transport in the membrane and not in the catalytic layer. The
proton transport in the PBI membrane has been described
theoretically20,21 usingmolecular dynamics simulation as well as
experimentally using neutron scattering.22 However, the inter-
action of the PA with the catalytic layer can also contribute to
the conductivity of the MEA. Since the catalytic layer is in direct
contact with the PBI membrane doped with PA it also contains
some amount of acid, which is needed to provide good proton
conductivity in the electrode. On the other hand, too high acid
loadings of the electrodes lead to a signicant decrease in
performance.23 Neutron scattering is an extremely powerful
This journal is © The Royal Society of Chemistry 2019
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technique for studying the structure24,25 and proton diffusion by
quasielastic neutron scattering26 in complex environments27

due to its unique sensitivity to hydrogen and the possibility of
contrast variation with partly deuterated materials.28

Information about proton dynamics of PA in the catalytic
layer is completely missing nowadays. In our previous work29 it
has been briey mentioned that the structure of the catalytic
layer inuences the proton dynamics of the PA.

In this paper we report on experiments addressing the
dynamics of PA in the catalytic layer using high energy resolution
neutron backscattering spectroscopy. Quasielastic neutron scat-
tering (QENS) experiments directly probe the nanosecond proton
dynamics in a broad Q and temperature range. Two identical
electrodes loaded with different amounts of PA are analyzed and
compared. In Section 2 we rst describe the samples and
methods, which are later used in the discussion in Section 3.
2. Experiments
2.1. Sample preparation

Gas diffusion electrodes were prepared from a catalytic powder
consisting of Pt nanoparticles supported on carbon black with
a metal weight fraction of 20% (HISPEC 2000). The catalytic
powders were mixed with water and solvent (propan-1-ol : pro-
pan-2-ol (1 : 1)) using an ultrasonic nger. PTFE (Dyneon
TF5032Z, 24%) was added to the prepared mixture. The ob-
tained inks were coated onto a commercially available non-
woven gas diffusion layer (GDL) with microporous layer (Freu-
denberg H2315C2) by an automated doctor blade technique and
then dried in air over night.

In the next step the gas diffusion electrodes were doped with
85% phosphoric acid (H3PO4). The phosphoric acid was mixed
with deuterated ethanol (C2D5OD) in a ratio 1 : 4 under inert
atmosphere in order to control humidity of the sample and then
dried in vacuum over several hours. Two samples with a nal
amount of acid of 100 ml (6.3 ml cm�2) and 60 ml (3.8 ml cm�2) have
been prepared. Aerwards, the electrodes were sealed in specially
designed Al sample containers. A thin PFA foil (thickness 0.25
mm) was used around the electrode to protect the Al sample
container from corrosion. Before the experiment all samples were
heated up to 180 �C for several hours and then cooled down to
room temperature. The electrode layers with the two different
doping levels have been prepared in the same way, the long time
in the vacuum chamber removes excess water in the same way,
such that both doping levels can be directly compared.

Samples were characterized with a transmission electron
microscope JEM 2200 FS EFTEM instrument (JEOL, Tokyo,
Japan) with zero-loss energy ltering. The sample preparation
for the TEM images has been described in ref. 29.
2.2. Neutron backscattering spectroscopy

The dynamics of the PA was studied with QENS on the back-
scattering spectrometer SPHERES at the Heinz Maier-Leibnitz
Zentrum (Garching), which provides access to dynamics on
a time scale from a few hundred picoseconds up to a few
nanoseconds, corresponding to an energy resolution of 0.66 meV
This journal is © The Royal Society of Chemistry 2019
and a dynamical range of �31 meV to 30 meV, which can be
achieved by moving the Si(111) monochromator on a Doppler
drive. The detailed layout of the spectrometer can be found in
literature.30,31

Both samples have been measured at several temperatures
within the range of 300 K–430 K using the full Q range from 0.2
to 1.7 Å�1. The resolution function was obtained from
a measurement at 3 K. At this temperature the scattering is
considered to be purely elastic on the observation time scale.

Due to the large incoherent cross section of protons, neutron
scattering is very sensitive to their motions. Proton dynamics in
hydrogen-containing materials can be probed by incoherently
scattered neutrons, for example using QENS. A detailed
description of the basic principles of QENS can be found in
literature;32 here only the necessary relations will be given.

The intensity of incoherently scattered neutrons is propor-
tional to the incoherent scattering law S(Q,u) which is the
Fourier transform of the van Hove self-correlation function
Gs(r,t):

SðQ;uÞ ¼ 1

ð2pÞ3
ð
Gsðr; tÞeiðQ$r�utÞd3rdt (1)

where Q and u are related to momentum and energy transfer
respectively.33 The function Gs(r,t) describes the specic motion
of the atoms and thus plays in fact the role of a model function,
which then has to be Fourier transformed in order to obtain the
experimentally measured S(Q,u). Generally, the experimentally
measured line broadening can be written in the following way

S(Q,u) ¼ R(Q,u) 5 (A1(Q)d(u) + A2(Q)L(Q,u)) + bkg (2)

where R(Q,u) is resolution function of the instrument, the rst
component in the brackets is an elastic contribution that may
result either from immobile protons and/or from protons per-
forming spatially restricted motion. Then this component is the
Fourier transformed of the distribution of the proton at innite
times and is called elastic incoherent structure factor (EISF).
The elastic part is described with a delta-function d(u) and the
corresponding amplitude A1(Q). The second component is the
QENS contribution which is depicted by spectral function
L(Q,u) with the amplitude A2(Q). The spectral function is
dened by the chosen model of the microscopic motion. In the
simplest model-free approach, L(Q,u) can be chosen as a Lor-
entzian function with a characteristic width (half-width at half
maximum G).

In the present work we consider three possible models for
the proton diffusion such as random jump diffusion, the jump
diffusion model with distribution of the diffusion constants
and nally, the trap model. The random jump diffusion34 model
describes the scattering from particles which oscillate for the
time s, the so-called residence time, and then jump to a distance
l, dened as a jump length. In this case the spectral function
L(Q,u) is the Lorentzian line with width depending on Q in
following way

G ¼ DQ2

1þDQ2s
(3)
RSC Adv., 2019, 9, 37768–37777 | 37769
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Fig. 1 Temperature evolution of the QENS spectra of the catalytic
layers doped with 100 ml of PA. The fit function according to the
random jump diffusion model is shown in red. Temperatures from
back to front: 300 K, 340 K, 380 K, and 430 K. (a) Q ¼ 0.6 Å�1 (b) Q ¼
1.66 Å�1.
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where D is the diffusion coefficient. The model approaches the
standard continuous diffusion at low Q: G ¼ DQ2 and at high Q
the jump rate 1/s denes the width of the line. The jump length

can be obtained from D and s as l ¼ ffiffiffiffiffiffiffiffi
6Ds

p
: This model

describes well the diffusion of bulk phosphoric acid.16

Since the catalytic layer has a multiporous structure with
pore size from few nm to few hundreds nm the proton diffusion
can be affected by the structural differences within the sample.
Thus, instead of a uniform diffusion one would rather expect
a distribution of diffusion constants. Strictly speaking, in case
of the jump diffusion the jump length is a distributed param-
eter, since the jump length is sensitive to the structural
constraints. However, for the simplicity of the analysis the
distribution can be transferred to the diffusion coefficient due
to the simple dependence between l and D. Thus, D can be
distributed according log-normal distribution function:

PðDÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p exp

 
�ðlog10 D� log10 hDiÞ2

2s2

!
(4)

Then the spectral function L(Q,u) is basically the integral
over many Lorentzian lines with widths dened according eqn
3, where hDi is the geometric mean diffusion coefficient, and s

is the width of distribution.
The trap model35 is based on the jump diffusion model with

assumption that protons can be trapped for some time in the
structure of the catalytic layer and then released again. The
traps are characterized by the mean trapping time s0, which the
protons spend in the trap. Aer escaping the trap, the proton
diffuses, as it would without traps until it is trapped again. The
mean time between trapping events is dened as s1. Then the
function L(Q,u) has two components

LðQ;uÞ ¼ R1

G1=p

G1
2 þ u2

þ ð1� R1Þ G2=p

G2
2 þ u2

where the individual widths of both Lorentzian lines are dened
as

G1;2 ¼ 1

2

 
1

s0
þ 1

s1
þ GðQÞ �

"�
1

s0
þ 1

s1
þ GðQÞ

�2

� 4GðQÞ
s0

#1=2!

(5)

with the spectral weight

R1 ¼ 1

2
þ 1

2

�
GðQÞ s1 � s0

s1 þ s0
� 1

s0
� 1

s1

�

�
"�

1

s0
þ 1

s1
þ GðQÞ

�2

� 4GðQÞ
s0

#�1=2
(6)

3. Experimental results and
discussion

First of all, the obtained QENS spectra of PA in the catalytic layer
were normalized to vanadium and direct scattering. Due to the
quite low scattering signal the dry electrode was not directly
37770 | RSC Adv., 2019, 9, 37768–37777
subtracted from the data. Instead the QENS spectra of the dry
electrode have been measured at the same temperatures as the
doped electrodes and analyzed using eqn (2). It should be noted
that scattering from the dry catalyst has a small QENS contri-
bution, coming most probably from the PTFE contained in the
electrodes. This QENS can be described with a Lorentzian
function. The obtained parameters i.e. the width of the Lor-
entzian line and its amplitude have been included in the nal t
function for the doped electrodes as an additional constant
contribution.

The QENS spectra of the catalytic layer doped with 100 ml of
PA are shown in Fig. 1. One can observe the broadening of the
peak with temperature. We can see that the QENS contribution
develops from temperature to temperature: from small wings of
elastic line at 300 K to well pronounced peaks at the high
temperatures. Comparing two plots in Fig. 1 one can also
observe the evolution of the spectra with Q. For example, at T ¼
430 K the Q ¼ 0.6 Å�1 spectrum exhibits a clear QENS contri-
bution while atQ¼ 1.66 Å�1 this contribution becomes too wide
to be visible in the experimental window. As rst step, the
spectra have been tted using one Lorentzian line convoluted
with the resolution function; the resulting Q-dependence of the
HWHM of the Lorentzian line is shown in Fig. 2. At small Q
there is a linear dependence of the width with Q2 corresponding
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) HWHMof the Lorentzian line describing the QENS component of the spectrum at T¼ 340 K for the catalytic layer doped with 100 ml of
PA. Red line corresponds to the fit according to eqn (3). (b) elastic contribution A1 normalized to the sum of contributions (A1 + A2) in eqn (2),
reflecting the structure of the sample with a small angle scattering contribution from at lowQ, and a broad peak presumably from the amorphous
carbon support.
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to continuous diffusion, however, at large Q the width deviates
from the linear law and approaches a plateau. The red line in
Fig. 2a shows a t with the random jump diffusion model (eqn
(3)), which follows well the experimental points. The resulting
parameters are displayed in Table 1. The elastic contribution A1/
(A1 + A2) is shown in Fig. 2b and reects the structure of the
electrode layer with a peak at Q2 ¼ 1.5 Å�2 arising presumably
from the amorphous carbon support and a small angle scat-
tering contribution at low Q. The elastic contribution was
temperature independent within the precision of the
measurement.

As the next level of the analysis we take the jump diffusion as
a model for the proton transport in the catalytic layer and
implement eqn (3) directly into the Lorentzian of eqn (2) for
S(Q,u). Each temperature has been tted independently. The
resulting t is shown in Fig. 1 as red line. QENS contributions
arising due to proton motions of the PA as well as from the dry
catalyst are also shown in the plot. The obtained t parameters
D, s and l are summarized as a function of temperature in Fig. 3.
One can observe that the diffusion coefficient follows an
Arrhenius law, and the residence time, as expected, decreases
Table 1 Fit parameters obtained with simple jump diffusion and with di

Doping level T, K D, 10�7 cm2 s�1

Simple jump diffusion
High 300 1.4 � 0.4

340 6.0 � 0.5
380 22 � 2
410 44 � 6
430 37 � 6

Jump diffusion with distribution of diffusion constant
Low 300 0.6 � 0.3

340 2.4 � 0.2
380 16 � 1
410 31 � 5
430 43 � 9

This journal is © The Royal Society of Chemistry 2019
with temperature. The high value of s at 300 K can be explained
by the weak scattering signal of PA. The broadening of the
elastic line at this temperature is determined mostly by the
scattering of the dry catalytic layer. Therefore only at higher Q
the contribution of the PA plays a signicant role. This is also
clearly visible in Fig. 1. The weak QENS contribution of the PA
together with relatively large signal from the dry electrode leads
to a high uncertainty and instability of the t routine. A similar
argument holds for the highest measured temperature of 430 K
where the QENS signal of PA is getting too broad, and at high Q
partially moves out of the dynamical window of the spectrom-
eter; the Q range where the jump diffusion model can be
applied is signicantly narrowed. Nevertheless, the jump
diffusion model provides quite reasonable results on the
investigated temperature range. However, for the lower doping
level we could not obtain a systematic variation of the t
parameters, whichmight suggest that the jump diffusionmodel
is not a complete description of the system.

The reason for the deviation of the proton diffusion in the
catalytic layer from the random jump model could be the
heterogeneous structure of the layer itself. Since the layer is
stribution of the diffusion constant

S s, 10�2 ns l, Å Ea
D, meV

— 70 � 10 2.5 � 0.4 330 � 41
— 22 � 1 2.8 � 0.1
— 9.4 � 0.7 3.5 � 0.2
— 8.7 � 0.7 4.8 � 0.4
— 5.4 � 0.8 3.5 � 0.4

0.4 43 � 17 1.3 � 0.4 447 � 38
0.7 7 � 1 1.0 � 0.1
1.0 4.3 � 0.9 2.0 � 0.2
1.3 5.0 � 0.8 3.1 � 0.3
1.3 4 � 1 3.2 � 0.6

RSC Adv., 2019, 9, 37768–37777 | 37771
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a porous material diffusion with slightly different parameters
can occur in different regions within the sample. To account for
this heterogeneity in the diffusion we include the distribution of
the diffusion coefficients into the jump diffusion model
according to eqn (4). Thus, instead of one diffusion coefficient D
we obtain the mean geometric diffusion coefficient hDi with
a certain width of the distribution s. The difference of the
quality of the t between the simple jump diffusion model and
the model with included distribution is shown in Fig. 4.

As we can see, the distributed model accounts better for the
wings of the scattering curve. The resulting parameters of the t
are shown in Fig. 3 in blue. Again hDi follows an Arrhenius
behavior. At high temperatures the absolute value of the mean
diffusion coefficient is similar to the one obtained in the case of
the simple jump diffusion, and there is a deviation between two
models at low temperatures. The width of the distribution s

increases with temperature, and at high T the diffusion coeffi-
cient D is even distributed over multiple orders of magnitude D.
The large sigma suggests that there are some broad compo-
nents with respect to hDi, and the overall diffusion process is
very heterogeneous. Another explanation can be that there are
simply two components with signicantly different widths of
the Lorentzian lines, which will also lead to an apparent large s
in the distributed model. On the other hand, such a broad s

leads to instability of the tting routine due to simultaneous
tting of s and the amplitudes A1 and A2 (see eqn (2)), which are
increasingly correlated for large sigma. When the distribution is
very broad many Lorentzian lines lie in the range of the elastic
line and s starts to correlate with the elastic amplitude. In this
case the tting model cannot really account the very narrow
components properly, which of course can result to some
systematic errors in other parameters, for example the constant
value of residence time s (Fig. 3b), which in principle should
decrease with the temperature.

The jump length l obtained from D and s increases with
temperature from 1 Å to 3 Å, which is signicantly lower than
the jump length obtained from the simple jump diffusion
model.

Analysis of the sample with lower doping level again does not
give a consistent and systematic variation of the t parameters.
This also would speak against the distributed jump diffusion
model for the proton dynamics in the catalytic layer.
Fig. 3 Variation of the obtained fit parameters with temperature for the
with distribution of the diffusion constants (blue lines). (a) Arrhenius plot

37772 | RSC Adv., 2019, 9, 37768–37777
As was already mentioned above, a the QENS spectra may
also be parametrized in terms of a two components model,
containing one narrow and one broad QENS line. One such
model is the trap model, describing the diffusion processes in
a system with traps. For the diffusion in the catalytic layer this
model has a physical basis – adsorption of the hydrogen on the
surface of the Pt particles.36 Due to the interaction of PA with Pt
particles the protons can be partially immobilized and will not
participate in the diffusion for some time. The quality of tting
with the model is shown in Fig. 4 in blue. The trap model better
describes the experimental spectra than the simple jump
diffusion model or model with distribution of the diffusion
coefficient. However, the model introduces two more t
parameters and some assumptions have to be done.

First of all, the model contains two parameters D and s,
which describe diffusion of the free PA in terms of random
jump diffusion. These parameters do not depend on the sample
structure and the doping level of the catalytic layer. Thus, D and
s can be kept as global parameters for both the highly and the
low doped samples. The two new parameters s0 and s1 take into
account the traps as explained in Section 2.2. These parameters
are individual for each sample and can vary depending on the
doping level. In order to reduce the amount of free t parame-
ters we introduce an analytical temperature dependence of D
and s0. This allows tting all temperatures at the same time. As
we have seen above the diffusion coefficient follows an Arrhe-
nius law; instead of tting a diffusion constant per temperature
we can write it in the Arrhenius form:

D ¼ D0e
�Ea

D

kT (7)

where Ea
D is the activation energy of the diffusion process and k

is the Boltzmann constant. Strictly speaking D should not follow
an Arrhenius law, but a Vogel–Fulcher–Tammann (VFT) law.37–40

However, the limited amount of temperature points in the quite
narrow temperature range can be well described with an
Arrhenius law. The trapped protons will escape the trap aer the
time s0, and as the escape of the protons is also a thermally
activated process, the escape rate 1/s0 can be described by an
Arrhenius law as well:

1

s0
¼ 1

s00
e
�Ea

s

kT (8)
simple random jump diffusion model (red lines) and the jump diffusion
of diffusion constants with fit; (b) residence time; (c) jump length.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison of three different model functions for the QENS spectra of catalytic layer doped with 100 ml of PA for two differentQ-values.
For a single S(Q,u) all models fit the data well. Using common parameters for all PA concentrations and temperatures is then only possible with
the trap model.
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with activation energy Ea
s. Since the structure of the both

samples does not change with temperature during the experi-
ment we assume that the mean-squared distance between
trapping events s2 ¼ 6Ds1 is temperature independent.

The resulting ts are shown in Fig. 5a where two components
of the model are highlighted. One can observe that the broad
component dominates over the investigated temperature range,
while the narrow component adds a smaller contribution to the
t function. Fig. 6a illustrates the behavior of the two compo-
nents, namely their widths and spectral weights as a function of
Q2 obtained from the t at T ¼ 340 K. The vertical black dashed
lines show 1/s0 and 1/s1; for the obtained t parameters these
values lie below the rst measured Q value (for the rst
This journal is © The Royal Society of Chemistry 2019
measured point DQ2 ¼ 1.7 ns�1). In the experimentally
measured Q range both spectral components contribute to the
total spectrum. The width of the broad component monoto-
nously increases with Q; the shape of G1 is similar to the shape
of G of the free PA (red line in Fig. 6a). The spectral weight of
this component increases with Q. At small Q this component
has a weak contribution to the spectrum, and it dominates at
large Q. The width of the narrow component is nearly constant
almost over the entire Q-range except for the few smallest
values. The weight of the narrow component at high Q is
proportional to the amount of the trapped protons, which is
shown in Fig. 6b as a function of temperature. The amount of
trapped protons is reduced by a factor of 2 between 300 K and
RSC Adv., 2019, 9, 37768–37777 | 37773
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Fig. 5 QENS spectra of the catalytic layers doped with (a) 100 ml and (b) 60 ml of PA. Red lines correspond to the fit according to the trap model.
Two QENS components are highlighted in green and brown. The QENS contribution from dry catalyst is not shown here, but it is taken into
account during the fit.
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430 K; this happens due to the higher activation energy for the
escape rate than for the diffusion. The parameters of the trap
model can be found in Table 2.

The situation is different for the sample with lower doping
level. As we can see on Fig. 5b the narrow component is domi-
nant in this case. It has higher contribution at all Q and
temperatures, which means that the relative amount of trapped
protons is signicantly higher than for the sample with the
higher doping level, which is also illustrated in Fig. 6b Thus, the
trapping sites are attractive for the PA and at lower doping the
empty trapping sites are lled rst and the remaining relative
amount of free PA is lower than in the case of high doping.

The mean-squared distance between trapping events hs2i
obtained from the t is signicantly different for different
37774 | RSC Adv., 2019, 9, 37768–37777
doping levels: 413� 39 Å2 for the sample with high doping level
and 115 � 12 Å2 for the low doping level. Since the traps are
assumed to be a property of the structure of the catalytic layer,
and this structure is identical for both samples, there should be
no difference in hs2i. The reason of this discrepancy could be the
high amount of protons which are never trapped in the sample
with the higher doping level. In other words, this sample
contains some amount of free PA and an additional contribu-
tion describing the diffusion of the free PA should be included
in the t function. In the sample with the low doping level this
additional contribution is negligible since the amount of the PA
is not enough to completely ll the pores of the catalytic layer.
Re-tting the spectra with one more component described by D
and s (see eqn (2)) gives the fraction of free PA, which depends
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Widths of the two components G1 and G2 of the trapmodel and their spectral weights at T¼ 340 K. Red line is the width G of the free PA.
(b) Amount of the trapped protons (estimated from the R2 at the highest Q) in the catalytic layer for different doping levels.

Table 2 Fit parameters obtained with trap model for high and low doping levels of the catalytic layer

Doping level T, K D, 10�7 cm2 s�1 s, 10�2 ns l, Å s0, ns s1, ns Deff, 10
�7 cm2 s�1 hs2i, Å2 Ea

D, meV Ea
Deff, meV Ea

s, meV

High 300 7.0 � 0.1 65 � 3 5.2 � 0.2 2 � 1 9.8 � 0.4 5.8 � 0.7 413 � 39 155.4 � 1.7 157 � 1 165 � 18
340 14.3 � 0.3 19 � 1 4.0 � 0.2 1.0 � 0.6 4.8 � 0.3 12 � 1
380 24.9 � 0.9 4.0 � 0.2 2.4 � 0.1 0.5 � 0.3 2.8 � 0.2 21 � 2
410 35 � 2 1.9 � 0.1 2.0 � 0.1 0.4 � 0.2 1.9 � 0.2 30 � 2
430 43 � 7 1.8 � 0.1 2.2 � 0.2 0.3 � 0.1 1.6 � 0.2 37 � 3

Low 300 7.0 � 0.1 65 � 3 5.2 � 0.2 3 � 2 2.7 � 0.2 3 � 1 115 � 12 155.4 � 1.7 170.0 � 0.5 197 � 1
340 14.3 � 0.3 19 � 1 4.0 � 0.2 1.0 � 0.5 1.3 � 0.2 8 � 2
380 24.9 � 0.9 4.0 � 0.2 2.4 � 0.1 0.4 � 0.2 0.8 � 0.1 16 � 3
430 43 � 7 1.8 � 0.1 2.2 � 0.2 0.18 � 0.08 0.44 � 0.08 31 � 4
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on temperature and increases from 0.5 to 0.65 with T. Table 3
shows the change of the temperature independent parame-
ters for the high doping level, which are within the errorbars
identical to the low doping level parameters. Thus, diffusion
of only half the protons can be described by the trap model
(with the diffusion coefficient denoted Deff to distinguish it
from the simple jump diffusion coefficient D), while the other
half follows simple jump diffusion. This is also the explana-
tion why the sample with high doping level could be satis-
factory described with only the jump diffusion model, while
the t did not work for the sample with lower doping level
where the contribution of the trapped protons is much
higher.

The fraction of free PA in the sample with the low doping
level was kept xed to 0 due to simplicity. A t where this
parameter was free suggests that for low doping the fraction of
free PA is less than 5% at all temperatures.
Table 3 Final fit parameters of the trap model including the fraction of
free PA

Doping level hs2i, Å2 Ea
D, meV Ea

Deff, meV Ea
s, meV

High 115 � 12 155.4 � 1.2 168.0 � 1.0 204 � 2
Low 115 � 12 155.4 � 1.2 170.9 � 0.5 197 � 1

This journal is © The Royal Society of Chemistry 2019
The Arrhenius behavior of the diffusion coefficient D and the
times s0 and s1 are shown in Fig. 7. The green points on Fig. 7a
show the free PA, described by the diffusion coefficient D, red
and blue lines represent effective diffusion coefficients for high
and low doping levels respectively. Taking into account the
fraction of free PA, the activation energies for both samples do
not differ much: 170.9 � 0.5 meV and 168.0 � 1.0 meV for low
and high doping levels correspondingly. Knowing the diffusion
coefficients we can estimate the conductivity s of PA in the
electrodes using the Nernst–Einstein equation:41

s ¼ NvDe2/kT (9)

where Nv is the charge density which is estimated to Nv ¼ 3 �
1028 m�3 for PA,22 e is the elementary charge and k is the
Boltzmann constant. The obtained conductivity for the free PA
is consistent with known values42 and equals to s ¼ 0.56 S cm�1

at T¼ 430 K. Due to the trapping of the protons the conductivity
of the PA in the catalytic layer is accordingly lower than in the
bulk and equals to 0.49 S cm�1 for high doping level and
0.38 S cm�1 for the low one.

Fig. 7b shows that the trapping time in both cases is very
similar, which indicates that the nature of traps is the same and
dened by the structure of the catalytic layer and does not
depend on the amount of acid.
RSC Adv., 2019, 9, 37768–37777 | 37775
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Fig. 7 Arrhenius plots of (a) effective diffusion coefficients and (b) trapping time obtained from the trap model for catalytic layers with different
doping levels.
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It has to be emphasized that the two samples with different
doping levels have been prepared in the same way, and can thus
be compared directly. The sample storage in the vacuum chamber
guarantees that the phosphoric acid in both samples has the same
water contents, which depends on the partial water pressure and
temperature during storage.43 The phosphoric acid had sufficient
time for equilibrating with these conditions. Storage under
vacuum will lead to a concentration of the PA, since the partial
pressure of the H3PO4 is negligible and only water will evaporate,
i.e. the concentration is higher than 85%. The “bulk” PA (or free
PA) diffusion constant in Fig. 7 is the diffusion constant of the fast
component of the QENS spectra present in the electrode. The
conductivity at 430 K according to ref. 43 is varying only by approx.
�0.05 around its value of 0.56 S cm�1 depending on the exact PA
composition. We think therefore it is justied to assign this
component to free PA in the electrode layer. More details of the
chemical and thermodynamic properties of PA and the different
Fig. 8 TEM image of the catalyst layer. The Pt particles are clearly
visible on the carbon support. The average distance between Pt
particles measured on the image is �5 � 2 nm.

37776 | RSC Adv., 2019, 9, 37768–37777
PA species depending on temperature, pressure and water
contents can be found in ref. 43.

The decreasing jump length with temperature is somewhat
intriguing. A hypothesis might be that in the energy landscape
the protons nd more easily a nearby place with higher
temperature, thus reducing the jump length. In other words, at
higher temperatures more uctuations increase the probability
of a free nearby position to jump to.

In summary, the trap model describes well the proton
mobility in the electrode layers and allows to get insight into the
trapping of the PA by the Pt catalyst (visible in the TEM image in
Fig. 8), and also gives access to the amount of PA which is not
affected by trapping.
4. Conclusions

The proton dynamics of the phosphoric acid in the catalytic layer
of gas diffusion electrodes has been studied using quasielastic
neutron scattering. We have compared the dynamics in the
catalytic layers with high and low doping levels. Three models
based on random jump diffusion have been used to describe the
proton diffusion: random jump diffusion, jump diffusion with
distribution of the diffusion constant and a trap model. It has
been shown that the proton diffusion in the catalytic layer with
high doping level can be reasonably described with the jump
diffusion model while this approach does not provide consistent
results for the sample with low doping level. This indicates that
the diffusion in the catalytic layer is more complicated than the
diffusion of free PA. Applying a model where the diffusion coef-
cients are distributed according to a lognormal distribution as
described in eqn (4) leads to a broad width of the distribution
function and does not provide a realistic physical description of
the proton diffusion, especially for the low doping level. Finally,
the trap model successfully describes the QENS spectra for both
samples with low and high doping levels. The parameters which
characterize the traps, namely trapping time and the mean
squared distance between the traps, are independent of the
doping level and dened by the structure of the catalytic layer. The
catalytic layer doped with 100 ml of PA contains additionally 50%
of free PA which leads to an extra contribution in the spectra. At
This journal is © The Royal Society of Chemistry 2019
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the same time, the fraction of the free PA in the catalytic layer with
low doping level is almost negligible. Thus, the protons are trap-
ped in the electrode at the surface of the Pt catalyst particles; the
inuence of the traps on the proton diffusion and the loss of
mobility is well described by the jump diffusion model with traps
for all temperatures and length scales probed with QENS, which
will help in our opinion to assess the inuence of Pt catalyst
morphology and PA doping levels on possible losses of conduc-
tivity in the electrode layer.

The estimated proton conductivity of the free PA obtained
from the trap model is in good agreement with reported values.
The lower proton conductivity in the catalytic layers can be
explained by the trapping mechanism.
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