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Development of In Situ Formed Metal Pyrophosphates
(MP,0O,, Where M = Sn, Ti, and Zr)/PA/PBI Based

Composite Membranes for Fuel Cells

Zehua Wang, Jin Zhang, Shanfu Lu,* Yan Xiang, Zongping Shao, and San Ping Jiang*

Development of high temperature polymer electrolyte membrane fuel cells
(HT-PEMFCs) at elevated temperatures is important for the enhancement

of tolerance toward CO impurities and for the development of non-precious
metal catalysts. The key challenge in such HT-PEMFCs is the high tempera-
ture polymer electrolyte membranes. Herein, the development of in situ
formed metal pyrophosphates (MP,0;, where M = Sn, Ti, and Zr) in phos-
phoric acid doped polybenzimidazole (PA/PBI) composite membranes for HT-
PEMFCs is reported. The formation mechanism of MP,0;, and characteristics
of MP,0;/PA/PBI composite membranes are studied in detail. In contrast

to the rapid decay in performance of pristine PA/PBI membrane cells, the in
situ formed MP,0;/PA/PBI composite membranes show significantly higher
proton conductivity, improved performance, and stability at elevated tem-

1. Introduction

Proton exchange membrane fuel cells or
more commonly known polymer electro-
lyte membrane fuel cells (PEMFCs) are
one of the most efficient clean energy con-
version devices and have been extensively
used as power source for electric vehicles
and portable electronic devices.! PEMFCs
operating at temperatures higher than
100 °C or high temperature PEMFCs (HT-
PEMEFCs) possess adequate CO tolerance,
high reaction kinetics and promising
potential for the utilization of non-precious
metal electrocatalysts.”l Among them,

peratures of 200-250 °C. The best results are obtained on the in situ formed
SnP,0,/PA/PBI composite membrane cells, exhibiting a high peak power
density of 476 mW cm~2 and proton conductivity of 51.3 mS cm™ at 250 °C.
The excellent durability of SnP,0,/PA/PBI composite membrane is due to the
uniform distribution of in situ formed SnP,0; nanopatrticles in PBI mem-
branes and the formation of a gel-like region, thin and irregular amorphous
layer on the SnP,0; with the high acid retention ability. This effectively allevi-
ates the PA leaching at elevated temperatures of the new HT-PEMFCs.
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phosphoric acid doped polybenzimidazole
(PA/PBI) based HT-PEMFCs are the most
successful, showing good performance
with peak power density (PPD) of 500-
800 mW cm™2 and long-term stability over
18 000 h under H,/Air at the temperature
range of 140-160 °C.Pl As a Brensted base
in comparison with PA, each PBI polymer
repeat unit (PRU) can bound 2 PA mole-
cules at its basic functional sites through
acid-base complexation.’¥ Generally, PBI
membrane soaked in concentrated PA
solution can reach to a PA level (ADL) of about 6-11 PA/PRU,
and the excess PA molecules are so-called the free PA.B2c4
In PA/PBI membranes, protons are transferred through the
rearrangement of hydrogen bonds between PA molecules and
PBI skeleton, which mainly depends on the presence of doped
PA molecules.*’] At low ADL, the transfer of protons mainly
occurs between the basic N-H sites of PBI polymer and the PA
anions.l% In the case of high ADL, free PA in membrane can
form the H3;PO,/H,PO, pathway, which is beneficial to the
proton transfer and improve the conductivity.}3 For instance,
the conductivities of the PA/PBI based HT-PEMFCs are 50,
150, and 240 mS cm™ at160 °C when the ADLs are of 6, 11, and
30 PA/PRU, respectively.[®”] However, under anhydrous condi-
tions, the self-dissociation of PA generates phosphoric oxoacid
charge carrier of H,PO, [®! At the same time, the dehydration
of PA at high temperatures will also form hydrogen phosphate
anions, such as H,P,0,% or H3P;0,>.3>% Unfortunately, the
migration of these anions due to the electroosmotic drag during
the fuel cell operation always leads to the rearrangement of PA
in membrane.®% Although those vehicular ions also contribute
to the conductivity of fuel cell, the inevitable movement would
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result in the PA leaching and flooding in the anode side and
the shortage in the cathode side, decreasing the proton conduc-
tivity and limiting the full contact of Pt with oxygen and further
reducing the performance and stability of cells.[®!

Combination of PEMFCs and methanol steam reformer
(MSR) utilizes methanol as hydrogen fuel source, which effec-
tively overcomes technical and economic barriers of H, storage,
transfer and distribution for fuel cell vehicle and portable appli-
cations.[”) Liquid based fuels such as methanol and ethanol have
a much higher volume energy density of 15.6 and 20.9 MJ L™
at ambient temperatures than H, gas of 5.6 MJ L' under
700 bar.l In comparison, the endothermic reforming of meth-
anol occurs at 220-300 °C to reach sufficient kinetics, which
lead to inability to combine with the conventional fuel cell
stack without the regulation of thermal management devices.!'l
Therefore, increasing the operation temperature of PEMFCs to
250-300 °C is necessary to achieve effective thermal integration
with MSR.112] [ncreasing the cell operating temperatures can
also substantially increase the kinetics of oxidation reactions
of alcohols of direct alcohol fuel cells.'®! However, an increase
in operation temperature of PA/PBI based HT-PEMFCs would
accelerate the evaporation of PA and deteriorate the cell perfor-
mance. Yu et al. observed ten times increase in the loss rate of
PA at the cathode when the temperature enhanced from 160
to 190 °C."™ Li et al. investigated the conditions affecting acid
content during long-term operation, and found that high tem-
perature, gas flow volume and current density contribute to
the accelerated PA leaching.?®] The PA loss via evaporation
associated with the increased temperature and accumulated
gas flow mainly results in the increasing of area-specific series
resistance (ASR) in membrane.’>5] Meanwhile, high current
density also has an influence of increased humidity, charge
transfer, and water production in membranes, further exacer-
bating the deterioration of fuel cell performance.”! Therefore,
to obtain long-term stability, HT-PEMFCs need to be main-
tained at a lower current density of 200 mA cm and appro-
priate temperature of 160 °C to minimize the negative effects of
PA evaporation and dehydration.[326.1413]

Doping inorganic nanoparticles into PA/PBI membranes
is a promising approach to alleviate PA loss at elevated
temperature.31% By introducing hygroscopic fillers including
clay, SiO,, TiO,, and ZrO,, PA molecules would be bounded
into the membrane through the introduced trapping sites
and hydrogen bounds on the filler surfaces.*®] For example,
Lobato et al. fabricated a modified TiO,/PBI composite mem-
brane and showed a lower PA loss rate of 0.6 wt% calculating
from the exhaust gas for over 1200 h.["8l Metal phosphate mate-
rials, such as metal pyrophosphates and phosphosilicate, have
also been introduced into PBI polymer to form composite
membranes.'! Ooi et al. synthesized TiP,0,/PBI composite
membrane and reported the acid retention ability improved
from 12.8% in pristine PBI to 31.2% with addition of 1 wt%
TiP,0,%] Nevertheless, the proton conductivity of pure metal
pyrophosphates (MP,0,, where M = Si, Zr, Ti, and Sn) is gener-
ally low in the range of =107°-10% S cm™ at around 300 °C.12%
Among them, SnP,0; attracted more attention because of the
higher proton conductivity than other MP,0,U Theoretical
calculations by Kreller and Foran et al. revealed that the bulk
crystalline phase of SnP,0; do not contribute significantly to
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the proton conductivity as these materials do not contain struc-
tural protons.?%»22 Although doping low-valent cations, such
as In*, was shown to assist crystalline material to incorporate
protons from environment over 600 °C, the introduced cations
do not enhance the mobility of proton as the discontinuous
hydrogen bonds are difficult to form a network for transferring
protons.l?%23] Interestingly, the presence of residual phosphate
or phosphoric acid has significant effect on the proton con-
ductivity of metal pyrophosphates prepared by calcination. For
example, the proton conductivity of Sng¢Ing;P,0, increased to
1.0 x 102 S cm™ with a high phosphate to metal (P/M) ratio
of 2.81.12%4 1t has been shown that residual acid can form an
amorphous layer on particle surface, which has a good and
stable ionic conductivity at the temperature over 200 °C.[* Nev-
ertheless, the direct grinding of PBI and SnP,0; prepared from
the calcination method also causes the breakage of composite
membrane due to the neutralization reaction between basic
PBI and formed phosphors-rich layer.’]

In recent years, we found that in situ formed phosphotung-
stic acid—meso-silica/PBI composite membrane shows an excel-
lent performance and stability at operating conditions of 200 °C
for 2700 h, and the in situ formed phosphosilicate nanoclusters
in the composite membranes offer abundant hydroxyl groups,
which alleviates the PA leaching, achieving a very low cell voltage
degradation rate of as low as 27 uV h™1126l Herein, we carried out
the detailed study of the in situ formation of metal pyrophos-
phates (MP,0; where M = Zr, Ti, and Sn), fabrication and char-
acterization of the in situ formed MP,0,/PA/PBI composite
membrane cells. In comparison with TiO, and ZrO,, SnO, has
the slowest reaction rate with PA, which facilitates a uniform
distribution of in situ formed SnP,0; nanoparticles within
PBI membranes. The as-synthesized SnP,0,/PA/PBI based
membrane cells achieved an excellent PPD of 475.6 mW cm™
and high proton conductivity of 51.3 mS cm™ at elevated tem-
perature of 250 °C.

2. Result and Discussion

2.1. Characteristic of Pyrophosphate (MP,0;)

The formation process of MP,0; between metal oxides (SnO,,
TiO,, and ZrO,) and PA at different temperatures was investi-
gated by X-ray diffraction (XRD) measurement and the results
are shown in Figure 1. The results show that Ti(HPO,),-H,0
and Zr(HPO,),-H,0 intermediates are initially formed at tem-
perature of 160 °C for both TiO,-PA and ZrO,-PA samples after
calcined for 4 h and the reaction is completed at 200-220 °C
(Figure 1b,c), which quickly dehydrated to TiP,0, and ZrP,0,
when the temperature increased to 240 and 220 °C, respec-
tively. This is consistent with that reported in the literature.l?’]
In the case of TiO,-PA samples (see Figure 1b,e), results deliver
a two-step dehydration of Ti(HPO,),-H,0 (JCPDS: 33-1380).
The initial dehydration occurred at 220 °C forms anhydrous
Ti(HPO,), phase (JCPDS: 32-1369), which is related to the
loss of one water molecule. Subsequently, a second conden-
sation process occurred with the loss of water molecules
until 250 °C, resulting in the formation of TiP,0; phase
(JCPDS: 38-1468).172l However, only one XRD peak related to
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Figure 1. XRD patterns of a) SnO,-PA, b) TiO,-PA, and c) ZrO,-PA synthesized at the temperature range of 160-260 °C for 4 h, and d) SnO,-PA,
e) TiOp-PA, and f) ZrO,-PA synthesized at 250 °C for 2 h to 48 h. The ratio of metal/phosphors was kept as 1/4.
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anhydrous Zr(HPO,), (JCPDS: 51-0001) can be found at 220 °C,
see Figure 1c, indicating a fast dehydration in Zr(HPO,),-H,0
(JCPDS: 34-0217) crystalline phase. Note that pure ZrP,0,
phase was observed when the temperature increased to 240 °C
(Figure 1c), which is lower than the formation temperature of
pure TiP,0, (250 °C for 12 h) and SnP,0, (250 °C for 24 h). By
contrast, the SnO, and PA mixture started to react at a higher
temperature, forming the intermediate phase of Sn(HPO,),
(JCPDS: 51-0176) after calcination at 260 °C for 4 h (Figure 1a).
Nevertheless, the formation of Sn(HPO,), phase also depends
on the duration of heat treatment. For example, Sn(HPO,), was
formed after calcined at 250 °C for 8 h and further increase of
heat treatment time will dehydrate Sn(HPO,),, forming SnP,0;
(Figure 1d).1®1 Therefore, the reaction of SnO,, TiO,, and ZrO,
with PA start from the formation of M(HPO,), (M = Sn, Ti, and
Zr) intermediates at lower temperature, which will gradually
dehydrate to form MP,0; with the increased temperature and
duration. This can be shown in the following reaction steps:

MO, +PA - M(HPO,), - MP,0, )

Figure 2 shows the change of surface morphology and
microstructure of MP,0; formed at different temperatures. In
the case of SnO,-PA mixture, SnO, nanoparticles were uni-
formly distributed with the average diameter of 50 nm (see
Figure 2a). The morphology and structure of SnO, nanoparti-
cles were more or less the same after the heat-treatment with
PA at 200 °C for 4 h, indicating no reaction between SnO, and
PA, which is consistent with the XRD results of the mixture
(Figure 1a). After calcination at 250 °C for 12 h, SnO, nanopar-

L3 :
200 nm* & - 'SnO,-PA
; 200°C4h

Tio,-PA
200°C4h

www.advsustainsys.com

ticles disappear and instead nanosheets are formed (Figure 2c).
The nanosheets are the typical feature of layered Sn(HPO,),
intermediates.*”) Further increase of the heat treatment time to
48 h leads to the disappearance of nanosheets and the forma-
tion of irregular nanoparticles with the diameter in the range
of 100-200 nm (Figure 2d). This is an indication of the dehy-
dration of Sn(HPO,), phase and formation of SnP,0,, in good
agreement with the XRD result.

In the case of the reaction between TiO, and PA, TiO, nano-
particles with diameter of =50 nm were aggregated to hexag-
onal shaped particles with the particle size of about 600 nm
after calcined at 200 °C for 4 h, as shown in Figure 2f. This cor-
responds to the formation of Ti(HPO,), - H,0 intermediates.*?l
Moreover, it can be seen from Figure 2g that the hexagonal
Ti(HPO,),-H,0 is not stable and decomposed gradually as
the temperature rises from 200 to 250 °C, showing the molten
phase on the surface. In titanium phosphates, the water con-
tent varies with the synthesis temperature; therefore, the
dehydration of Ti(HPO,),-H,0 at 250 °C result in the vari-
ation of its crystalline structure, which is consistent with the
XRD results.’% Ti(HPO,),-H,0 is completely transformed into
the TiP,0; after heat treatment at 250 °C for 48 h, and at the
same time, hexagonal nanoparticles continue to decompose
into broken and irregular nanosheets, in an agreement with
that reported.”’23% Hence, TiP,0, nanosheets prepared by cal-
cination of the TiO, and PA mixture undergo three stages at
the temperature range of 200-250 °C according to scanning
electron microscopy (SEM) and XRD analyses. First, regular
and uniform hexagonal Ti(HPO,),-H,0 is emerged below
220 °C accompanied by the dramatic increase in the volume

\{ /TiO,-PA _
\\ 250°C 48"

Figure 2. SEM images of a) SnO,, e) TiO,, and i) ZrO, nanoparticles before the heat treatment, b—d) SnO,-PA, f-h) TiO,-PA, and j-I) ZrO,-PA mixture

calcined at different temperatures for different periods.
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of particles. Then, the gradual loss of water in homogeneous
Ti(HPO,), - H,0 with the increase of temperature to 240 °C lead
to the molten phase formation on the surface of collapsed par-
ticles. Finally the continuous heating up to 250 °C leads to the
formation of TiP,0,; nanosheets via the gradual dehydration
and decomposition of Ti(HPO,),.

The morphology and structure variation of Zr(HPO,),-H,0
from ZrO, and PA reactions is similar to that of Ti(HPO,), - H,0,
as shown in Figure 2i,j. However, ZrO, trends to transform into
large particles (around 10 um, see Figure 2j), which may limit
the proton transfer as the lattice conduction is negligible. The
dehydration of Zr(HPO,),-H,O starts at 200 °C according to
the XRD results in Figure 1c, consistent with that reported by
Costantino et al.?! This is also confirmed by the irregular and
broken particles (see Figure 2j). The molten phase on the sur-
face of ZrO,-PA sample calcined at 220 °C for 4 h can be clearly
seen, as shown in Figure 2k, which is ascribed to the formation
of anhydrous Zr(HPO,), phase and the loss of absorbed water
molecules between two crystalline layers.’U Increasing the cal-
cination temperature and time will also lead to the collapse of
Zr(HPO,),, thus, generating irregular particles of ZrP,0, with
the size from hundreds of nanometers to a few micrometers, as
shown in Figure 21.

As calcined SnO,-PA, TiO,-PA, and ZrO,-PA mixtures post-
treated with the same washing procedure were examined by
high-resolution transmission electron microscopy (HR-TEM)
and the results are shown in Figure 3. There are significant dif-
ferences in the surface morphology of the synthesized SnP,0;,

www.advsustainsys.com

TiP,0; and ZrP,0; samples. In the case of SnO,-PA (see
Figure 3a—d), there is a thin and non-uniform amorphous layer
attached on the surface of SnP,0, nanoparticles, consistent
with the result reported by Xu et al.?? It has been found that
this amorphous layer is unstable under the high accelerated
voltage, which gradually disappeared on the SnP,0; crystalline
surface, as seen in the Figure 3c,d. The EDS mapping images
(Figure 3i-l) also exhibit significant presence of oxygen and
phosphorus elements on the surface, indicating that this amor-
phous layer should be phosphorus-rich species derived from
PA.B32 Different to the amorphous layer formed on SnP,0, par-
ticles, the surface layer on TiP,0, particles is very uniform with
the average thickness of 10 nm. The HAADF mapping images
indicate the homogeneous distribution of titanium, oxygen
and phosphorus elements in the surface and crystalline areas
(Figure S1, Supporting Information), indicating that this layer
appears to be semi-crystallized phase. In contrast to the surface
morphology of both SnP,0; and TiP,0;, ZrP,0; particles show
a clean surface with no additional amorphous layer (Figure 3h).
The formation of core-shell structure with an irregular and
thin amorphous layer surrounding SnP,0, crystalline core is
a distinctive characteristic of SnP,0; phase formed between
SnO, and PA.

As-synthesized SnP,0;, TiP,0; and ZrP,0; samples
were studied by FTIR (see Figure S2a, Supporting Informa-
tion). The broad peaks between 2000 and 3000 cm™ and
two small peaks at around 1600 cm™ are the vibration of
—OH groups, which may originate from the absorbed water

Figure 3. TEM and HR-TEM images of a—d) SnP,0,, e,f) TiP,0O,, and g,h) ZrP,0;. i) A typical TEM image of SnP,0; and the corresponding elemental
mapping of j) tin (blue), k) phosphorus (green), and |) oxygen (red) elements.
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Figure 4. Proton conductivity of a) SnP,0;, b) TiP,0;, and c) ZrP,0; before and after washing treatment. The curves with diamond symbols indicate
the pure MP,0; phase after complete washing with PH value of 6.7-6.8 and PA mixture with the molar ratio of 1/2.

molecules, suggesting that the synthesized MP,0; samples
have a good hygroscopicity.?*3¥ In the case of washed SnP,0,,
two small peaks at around 1200 cm™ were observed, which
can be assigned to the deformation mode of P-OH group,
indicating the presence of acid.2%3233] The specific surface
area of the as-prepared SnP,0,, TiP,0, and ZrP,0; was ana-
lyzed by Brunauer—-Emmett-Teller (BET) method (Figure S2b,
Supporting Information) and the corresponding N, adsorp-
tion and desorption isotherms were characterized by typical
type-1V curves with slight H3 type hysteresis loop, indicating
the existence of mesoporous structure.’¥ Mesoporous struc-
ture in pyrophosphates would be beneficial to retain water
and PA molecules through capillary condensation and there-
fore improve the proton conductivity.***! Based on the BET
analysis, the calculated specific surface areas of SnP,0,,
TiP,0,, and ZrP,0, were 10.82, 1.03, and 0.59 m? g7, respec-
tively. SnP,0; shows a much higher specific surface area than
that of TiP,0; and ZrP,0, samples, consistent with the fine
microstructure of SnP,0; nanoparticles (see Figure 2).

The kinetics of the MP,0, formation was studied by NHj3-
TPD method and the results are shown in Figure S2¢, Sup-
porting Information. Obviously, SnO, contains two major
peaks at 363.1 and 452.5 °C, indicating a desorption of NH;
from strong acid sites on the surface.’% By contrast, ZrO,
exhibits a broad peak at around 100 °C with a downward plat-
form at the temperature range of 200-700 °C, confirming that
Zr0, is more basic.’”l The NH;-TPD curve of TiO, sample
is similar to that of ZrO,, and a broad peak located at about
375.3 °C indicates the existence of acid sites. Therefore, the
relative acidity trend is ZrO, < TiO, < SnO,, which is con-
sistent with the reported literatures.¥! According to the dis-
solution-nucleation mechanism based on the acid-base reac-
tion,3% metal ions are initially released from oxides into PA
solution, thereby reacting with phosphate anions and forming
metal hydrophosphates, in which the reaction is controlled by
the dissolution step. MP,0; phase is formed from the subse-
quent dehydration of hydrophosphates at elevated tempera-
tures. Therefore, it can be concluded that the formation of
SnP,0; takes a longer process with higher energy barrier than
that of TiP,0,, and ZrP,0,, thus requiring a higher heat-treat-
ment temperature to accelerate the reaction. The high energy
barrier could also be the reason for the formation of irregular
and thin amorphous layer on the surface of SnP,0; nanopar-
ticles (see Figure 3a—d). This is consistent with the XRD and
SEM studies as shown above.
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2.2. Proton Conductivity

The proton conductivity of MP,0; samples before and after
washing was measured at the temperature range of 140 — 260°C
and the results are shown in Figure 4. In the figure, the proton
conductivity values of MP,0; samples after complete washing
with molar ratio of 1/2 and as-prepared MP,0; after 1 washing
and complete washing with indicative pH were also added. For
MP,0; calcined at 250 °C for 24 h, no obvious change in the
characteristic XRD peaks was detected, indicating washing has
no effect on the crystalline phase of the synthesized MP,0,
(Figure S3, Supporting Information). The proton conductivity
of as-synthesized SnP,0,;, TiP,0; and ZrP,0, obtained at
250 °C before washing reached to 1.0 X 107! S cm™ at 140 °C
and increased slightly with the measurement temperature.
However, the conductivity of MP,0, samples after washing
treatment dramatically dropped. For example, the as-synthe-
sized SnP,0, sample after complete washing shows a proton
conductivity of 1.91 X 10 S cm™ at 260 °C, which is five orders
of magnitudes lower than the conductivity of as-synthesized
sample before washing, in good agreement with the proton
conductivity of =10°® S cm™ of pure SnP,0, powder reported
by Li et al.2%] The proton conductivity of MP,0, samples is also
dependent on the washing procedure. After washing one time,
the proton conductivity of as-prepared SnP,0; is 4.0 x 10~ at
260 °C, significantly higher than that of pure SnP,0, phase.
The high conductivity is clearly due to the presence of PA in
the sample, as indicated by the low pH value of 3.1 as com-
pared to the pH value of 6.8 for the completely washed sample
(Figure 4a). The results show that the presence of PA is respon-
sible for the high proton conductivity of as-prepared SnP,0,
sample. Figure 4b shows the proton conductivity of synthesized
TiP,0, before and after washing procedure measured at 260 °C,
decreased significantly from initial 0.1 S cm™ before washing
to 2.7 X 10° S cm™ after washing. The values of conductivity
in the washed TiP,0; powder can be recovered with the addi-
tion of PA, reaching to =0.1 S cm™ in the temperature range of
140-260 °C. Similarly, ZrP,0; also exhibited the importance of
the presence of phosphate phase in the proton conductivity of
samples varied between 0.1 and 3.7 x 107 S cm™ as a function
of washing procedures (see Figure 4c).

The proton hopping through the bulk crystalline lattice
defects has been confirmed to contribute little to the excellent
conductivity of the as-synthesized MP,0,?%! This is supported
by the very low conductivity of 2.7 X 10 and 3.7 x 107 S cm™
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at 260 °C measured on completely washed TiP,0, and ZrP,0;,
samples, respectively. However, SnP,0; sample shows a higher
proton conductivity of 1.9 X 10> S cm™ under identical test
conditions. As shown in Figure 3b, a distinctive presence of
a thin and irregular amorphous layer on the SnP,0; particles
may indicate the retention of a small amount of acid in the sur-
face, forming an proton-conducting layer around the surface
of SnP,0; nanoparticles.??l The formation of such core-shell
structure would be beneficial for the proton conductivity and
this explains the high proton conductivity of SnP,0; phase as
compared to TiP,0, and ZrP,0,

2.3. Characteristics of Composite Membranes

Before the characterization of the composite membranes, the
in situ formation processes of MP,0; phase in the composite
membranes were investigated by XRD patterns of the as-pre-
pared composite membranes after heat treatment at 250 °C
from 12 to 48 h and the results are shown in Figure 5. Pris-
tine SP-1/4, TP-1/4, and ZP-1/4 composite membranes showed
a broad peak in the range of 15-30°, which is related to the
amorphous structure of PBI, while sharp peaks are associated
with the oxide fillers. Small peaks at 26 of 19.3°, 22.3°, 24.9°
observed for SP-1/4 membrane heat-treated at 250 °C for 36
and 48 h are associated with SnP,0; (JCPDS: 29-1352), indi-
cating the in situ formation of SnP,0, phase in PBI matrix
(Figure 5a). It is noticed that the XRD peak intensity of SnO, in
SP-1/4 composite membrane maintains sharp and strong fea-
ture even after reaction for 36 h, and several small peaks were
also observed in samples sintered for 48 h. This suggests that
the reaction rate of SnO, with PA in the membrane is relatively
slow. Different from SP-1/4 membrane, TP-1/4 and ZP-1/4
composite membranes show only diffraction peaks associated

www.advsustainsys.com

with TiP,0, and ZrP,0; crystalline phase after heat-treatment
for 36 h (see Figure 5b,c) and no peaks associated with TiO,
and ZrO, phases were observed. This indicates that the in situ
formation of MP,0; phase in the composite membrane during
the heat treatment of the composite membrane at 250 °C is also
dependent on the nature of the oxides. In the case of ZP-1/4,
the particle size of ZrP,0, was estimated to be 5 um using the
Scherrer formula from XRD measurement (Figure 5c), which
is much higher than =300 nm and 3 pum calculated for the in
situ generated SnP,0; and TiP,0, particles, respectively. Nev-
ertheless, the in situ formed MP,0, phases in PBI polymer
matrix show similar characteristic peaks in comparison with
the XRD results of as-prepared MP,0; powders (see Figure 1)
under the same synthesis condition, and the only differences
are in the lower peak intensity and broader peak width of the
in situ formed MP,0; phases in PBI polymer matrix. This indi-
cates that PBI matrix does not inhibit the metal pyrophosphate
phase formation but alleviate the aggregation of in situ formed
MP,0; phase.

To identify the in situ formation mechanism of TiP,0; and
ZrP,0; in PBI matrix, PA doped TiO,/PBI and ZrO,/PBI com-
posite membrane were calcined at the temperature range of
180-220 °C for 2 h, and the corresponding XRD patterns are
shown in Figures S4 and S5, Supporting Information. Obvi-
ously, peak intensity associated with TiO, and ZrO, nanopar-
ticles increases with the increase of filler content. The results
show that Ti(HPO,), (JCPDS: 32-1370) was initially transformed
from TiO, nanoparticles at 180 °C and partially decomposed
to TiP,0, when the temperature increased to 250 °C, which
is similar to the formation of TiP,0; in the heat-treated TiO,/
PA mixture. In comparison with the XRD data of Zr(HPO,),
and ZrP,0, phases observed in the sintered ZrO,/PA sample,
the XRD peaks related to Zr(HPO,), crystalline phase in cal-
cined ZrO,/PBI composite membrane were higher and clearly

(a) SnO,/PBI 250 °C (b) TiO,/PBI 250 °C (C) 2r0,/PBI 250 °C
.-..«M\-—JL AP 1/448h h l | 'ZP1/448h
TP 1/4 36 h ZP 1/4 36 h
W'A | SP1436h Pty
- N -~ TiP,0, -~
3 3 3
s S TP 1/4 24 h S ZP 1/4 24 h
= 2 2 .-.MM
D SP 1/424 h ¥ B
3 3 ? TP 1/4 12h 3
= = Tyt = ,JU\I\. . zZP1412h
SP 1/412h Ti(HPO,),
‘_/_.LJ ) | SnO,PBI TiO,/PBI Z10,/PBI
—— SnO, (JCPDS:36-1468) —— TiO, (JCPDS:21-1272) —— 710, (JCPDS:37-1484)
—— $nP,0; (JCPDS:29-1352) —— TiP,0; (JCPDS:38-1468) — 71P.0, (JCPDS49-1079)
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Figure 5. XRD patterns of PA doped a) SP-1/4, b) TP-1/4, and c) ZP-1/4 composite membranes heat-treated at 250 for 12-48 h. Composite membranes
were washed by DI water and ethanol to remove excess PA in the membranes.
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Figure 6. Stress—strain curves and corresponding comparison charts of pristine O-PBI and composite membranes of a,d) SP, b,e) TP, and ¢,f) ZP with

various oxide/PBI molar ratios after immersing PA at 80 °C for 3 days.

separated, but disappeared after further heat treatment at
250 °C for 12 h. Therefore, the prior polarization treatment for
Sn0O,/PBI, TiO,/PBI, and ZrO,/PBI was selected at 250 °C for
at least 48 h to guarantee the in situ formation of MP,0; phase
in the composite membrane.

The PA doping treatment was carried out by immersing the
pristine PBI and composite membranes in 85% PA solution at
80 °C for 3 days. Figure S6, Supporting Information, shows the
volume swelling ratio, PA uptake, and PA doping level per unit
volume of prepared membranes. In the case of pristine PBI
membrane, the volume swelling ratio and PA uptake was about
140.4% and 214.3 wt%, respectively, corresponding to about
9.4 PA per PRU.P! The relationship between metal oxide con-
tent and volume swelling ratio and PA uptake are shown in
Figure S6a—c, Supporting Information, showing a decline trend
of volume swelling ratio and PA uptake with the increase of oxide
filler loading, varied in the range of 133.8-100.2% for volume
swelling ratio of SP-1/5 to SP-2/1. The reduced volume swelling
will result in the improved mechanical strength of membrane,
which is a critical aspect of operational stability of fuel cell.*!
The PA uptake of SP-2/1 was 129.3 wt%, corresponding to 5.7 PA
per PRU. The PA doping level per unit volume of pristine PBI
and oxide filler content is shown in Figure S6d—f, Supporting
Information. For example, it showed an increase PA doping
level varied from 1.29 to 1.31 g cm™ for pristine PBI to SP-1/4,
while it declines with the increase in the loading of SnO, filler,
reveling 1.09 g cm~ doping level in SP-2/1. In addition, the PA
doping level of TP-1/4 and ZP-1/4 is 1.34 and 1.35 g cm ™3, respec-
tively, indicating a positive influence of the oxide filler on the
PA doping of composite membrane due to the presence of the
hygroscopic group on the oxide surface.l33*1

The mechanical robustness of the membranes is an impor-
tant factor in the practical application of PEMFC as the

Adv. Sustainable Syst. 2023, 7, 2200432 2200432 (8 of 17)

mechanically weak membrane may crack during the operation,
resulting in gas leakage and therefore degrading the perfor-
mance and stability of fuel cell stack.*® Mechanical properties
of pristine and composite membranes after doping PA at 80 °C
for 3 days are shown in Figure 6. The pristine PBI exhibited
the lowest tensile stress of 5.63 MPa than that of composite
membranes due to the highest swelling. The reduced tensile
strength and increased elongation of PBI membrane are most
likely caused by the plasticizing effect of the doped PA mole-
cules.?l On the other hand, the tensile stress of SnO,/PBI
composite membranes increased to 12.33 MPa in the case of
SP-2/1 composite membrane, while the elongation dramati-
cally decreased to 32% (Figure 6a,d). This may be related to the
filler-filler crosslinks from oxides and lower PA doping level of
the composite membrane.**#?l The tensile stress and elonga-
tion of TiO,/PBI composite membranes after PA doping varied
between 7.21 and 1723 MPa and 71.2% to 37.6%, respectively.
Similar mechanical properties are also observed in ZrO,/PBI
composite membranes, showing an 8.62 MPa increase of ten-
sile stress and 41.5% decrease of elongation in ZP-2/1 as com-
pared to pristine PBI.

To evaluate the influence of PA retention capability in the
in situ formed MP,0,/PA/PBI composite membranes, an acid
leaching test was carried out by recording the weight loss of
membranes placed in a constant temperature and humidity
chamber at 80 °C and 70% RH.I! All composite membranes
were fabricated with clean MP,0; to minimize the influence of
residual acid within in situ formed MP,0; in membranes. As
seen from Figure 7, the PA retention of pristine PBI membrane
is 61.2%. In comparison, the adding of MP,0; fillers enhance
the PA retention capability of PA/PBI membrane, showing
73.2% for SnP,0,, 70.2% for TiP,0,, and 69.1% for ZrP,0,,
respectively. Among them, SnP,0; fillers show the best acid
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Figure 7. The PA retention capacity curves of pristine PA/PBI membrane
and 10 and 50 wt% SnP,0,/PA/PBI, 10 wt% TiP,0,/PA/PBI, and 10 wt%
ZrP,0,/PA/PBI composite membranes. All membranes were placed in a
constant temperature and humidity chamber at 80 °C and 70% RH.

retention capability. In addition, composite membrane with
50 wt% loading of SnP,0; has the highest PA retention of
80.4%, indicating that the in situ formed MP,0; can effectively
alleviate the leaching of PA from the membrane.

Figure 8 shows the SEM images of cross-section of pris-
tine SP-1/4, TP-1/4, and ZP-1/4 composite membranes and
heat-treated samples at 250 °C for 48 h, respectively. The cor-
responding surface microstructures are given in Figure 9.
Pristine composite membranes were characterized by dense
and smooth surface (Figure 9a,d,g). By contrast, the surface of

“~ SnP,0./PBI

L =

“A0um- .
]

www.advsustainsys.com

composite membrane became rough, accompanied by distinct
particles with the increase of oxide content (Figures S7-S9,
Supporting Information). The backscattering electron images
shown in Figure 8 confirm the homogeneous distribution of
metal oxide fillers in PBI matrix, where particles in white color
represent inorganic phases while dark phase corresponds to
the PBI matrix. In the case of heat-treated SP-1/4 membrane
(Figure 8d), SnO, nanoparticles were transformed to SnP,0,
in PBI membrane with no obvious aggregation. On the other
hand, after the calcination at 250 °C for 12 h, agglomeration
of particles occurs on the membrane surface of TP-1/4 and
ZP-1/4 and the particle size of TiP,0; and ZrP,0, is as large as
2 um (Figure 9e,h). This may be the reason for the formation
of cracks and isolated pores in membranes (Figure 8e,f). More-
over, further increase in the heat treatment time to 48 h led
to the significant agglomeration of in situ generated ZrP,0,,
forming a loose shell of oxide material covered on the surface
of PBI membrane (Figures 8f and 7i). Formation of such dis-
tinct oxide layer would result in the deterioration of perfor-
mance in the composite membranes as the proton conductivity
of ZrP,0; crystalline phase is negligible. In addition, formed
pores or cracks in membrane can promote the PA leaching,
which also leads to the deterioration of mechanical robustness
in composite membranes.*!

2.4. Electrochemical Performance of Composite Membrane Cells

The proton conductivity of pristine PA/PBI and composite
MP,0,/PA/PBI membranes after heat treatment at 250 °C for
48 h was measured and the results are shown in Figure 10. In
the case of heat-treated PA/PBI membrane, the proton conduc-
tivity decreased from 47 mS cm™ at 280 °C to 3.1 mS cm™ when

Figure 8. SEM images of cross-section of pristine a) SP-1/4, b) TP-1/4, and c) ZP-1/4 composite membranes and d—f) corresponding composite mem-

branes after polarization at 250 °C for 48 h, respectively.
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Figure 9. SEM images of the surface of a—c) pristine SP-1/4, d—f) pristine TP-1/4, and g—i) pristine ZP-1/4 and composites membrane after polarization
at 250 °C for 12 and 48 h, respectively.
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Figure 10. Proton conductivity of a) SnO,/PBI composite membranes, b) TiO,/PBI composite membranes, c) ZrO,/PBI composite membranes.
d) Arrhenius plots of pre-calcined PBI membrane, SP-1/4, TP-1/4, and ZP-1/4 composite membranes All composite membranes were pre-calcined at
250 °C for 48 h.
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temperature dropped to 160 °C (Figure 10a), corresponding to a
93% reduction in conductivity. The conductivity of 3.1 mS cm™
measured at 160 °C is also much lower than =50 mS cm™
reported on stable PA/PBI membrane measured at 160 °C.5! The
proton conductivity of pristine PA/PBI membranes increased
rather rapidly with temperature, but it is well known that the
proton conductivity of pristine PA/PBI membranes dete-
riorates quickly during the operation of PEMFC above 200 °C
due to the evaporation of PA at elevated temperatures.?>*!
Very different to the behavior of pristine PA/PBI membrane,
the proton conductivity of MP,0,/PBI/PA composite mem-
branes shows a much lower dependence on the temperature
in the temperature range studied. For instance, the SP-1/4
composite membrane showed a conductivity of 51.3 mS cm™
at 280 °C and decreased to 29.7 mS cm™ when the tempera-
ture reduced to 160 °C (Figure 10a), a 42% reduction in proton
conductivity. This is substantially lower than 93% reduction in
the case of pristine PA/PBI membranes. Similar behavior was
also observed for the TP and ZP based composite membranes.
However, the aggeration of TiP,0, and ZrP,0, particles forms
loose shells on composite membrane surface, which decreases
their proton conductivities. For example, in the case of TP-1/4
and ZP-1/4 composite membranes, the proton conductivity
is 49.9 and 48.3 mS cm™ at 280 °C, respectively, lower than
that measured on SP-1/4 composite membranes. Neverthe-
less, the proton conductivity of the composite membranes is
a strong function of the metal oxide to PBI ratios. The in situ
formation of MP,0; in the PA/PBI membrane consumed the
absorbed PA, resulting in inferior proton conductivity below
that of pristine PBI membrane when the molar ratio of oxide/
PBI enhances to 1/2. For example, the proton conductivity of
SP-1/2, SP-1/1, and SP-2/1 is 36.4, 30.3, and 24.7 mS cm™! at
280 °C, lower than 47 mS cm™ at 280 °C measured on pristine
PA/PBI membranes (see Figure 10a). However, increasing the
PBI content (i.e., low metal/PBI ratios) increases the proton
conductivity of the composite membranes.

Activation energy of proton conductivity of pristine and com-
posite membranes was obtained using the Arrhenius plots of
pre-calcined PA/PBI membrane, SP-1/4, TP-1/4, and ZP-1/4
composite membranes (Figure 10d). The activation energy (E,) of
the pristine PA/PBI membrane was calculated to 25.6 KJ mol™,
indicating that the Grotthuss mechanism become the domi-
nant for proton conduction in membrane.”) By comparison,
the calculated E, of composite membranes was 11.28 K] mol™
for SP-1/4, 16.17 KJ mol™ for TP-1/4, and 13.18 K] mol™! for
ZP-1/4, respectively, lower than that of pristine PA/PBI mem-
branes. The reduced energy barrier for proton transfer in
composite membranes may indicate the synergetic effect of
in situ formed MP,0; phase or nanoclusters in the composite
membrane. [#0:44]

The preliminary performance and stability were investigated
on pristine and composite MP,0,/PA/PBI membrane fuel cells
at 160 and 250 °C under a constant current load of 200 mA cm~2,
and the results are shown in Figure 11. In this case, the best
performed composite membranes with metal/PBI ratio of 1/4
were used. The open circuit voltage (OCV) of pristine PA/PBI
membrane cell is 0.923 V and the initial cell voltage is 0.613 V
and stable at 160 °C under a current load of 200 mA cm™
(Figure 11a), which is similar to the results reported by Li
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et al.'®") With the temperature raised to 250 °C, the cell voltage
dropped to 0.412 V under the same current load and decreased
quickly to 0.2 V after polarized for 33 h with a degradation rate
of 6.42 mV h7". The initial PPD of PA/PBI membrane cell is
124.9 mW cm2, and decreased significantly to 65.2 mW cm™
after tested at 250 °C for 33 h (Figure 11b). To further inves-
tigate the change in the properties of pristine PA/PBI mem-
brane cells, electrochemical impedance spectroscopy (EIS) was
conducted at a constant voltage of 0.6 V. The impedance of the
cells is characterized by typical depressed semicircles, in which
the high frequency intercept presents the total ohmic resist-
ance of the cell (Ryy,) and the difference between the low and
high frequency intercepts on the real axis indicates the total cell
polarization resistance (Rp).[*”! The results show that in the case
of pristine PA/PBI membrane cells, the Ry, increased signifi-
cantly from 0.17 Q cm? at 160 °C to 0.71 Q cm? at 250 °C, which
further increased to 1.65 Q cm? after polarization at 250 °C for
33 h. The corresponding Rp also dramatically increased from
0.31 to 1.32 Q cm? (Figure 11c). The significant increase in both
cell ohmic and polarization resistances is clearly attributed to
the evaporation and leaching of PA in pristine PA/PBI mem-
branes, leading to the substantially reduction in membrane
proton conductivity and loss of active sites in the catalyst
layer.’>*#] This clearly indicates that operation at high tempera-
ture of 250 °C is detrimental to the performance and stability of
pristine PA/PBI membranes.

The OCV of MP,0,/PA/PBI composite membrane fuel
cells are similar to that of pristine PA/PBI membrane cells
(Figure 11a). However, very different to pristine PA/PBI mem-
brane cell, the cell voltage of SP-1/4, TP-1/4, and ZP-1/4 com-
posite membranes increased to 0.637, 0.633 and 0.641 V, respec-
tively, when the temperature raised to 250 °C. Most significantly,
MP,0,/PA/PBI composite membrane cells show a much better
stability. For example, the SP-1/4 cell exhibits a very stable per-
formance over 50 h, while the voltage of ZP-1/4 cell decreases
slightly to 0.564 V after polarization at 200 mA cm2 at 250 °C
for 48 h, showing a small degradation rate of 1.55 mV h7.
The composite membrane cells show a significantly better
performance and stability at 250 °C, see Figure 11d-f. Among
them, the SP-1/4 composite membrane cells show the best per-
formance and stability, achieving initial PPD of 475.6 mW cm™2
and reaching a final PPD of 455.4 mW cm™ after tested at
250 °C for 54 h (Figure 11d). In the case of ZP-1/4 cells, the ini-
tial PPD is 420 mW c¢m2 and decreased to 332 mW cm™2 after
tested at 250 °C for 48 h. The EIS results reveal that the in situ
formed SnP,0; phase effectively inhibits the degradation of PA/
PBI membrane at 250 °C. For instance, the Ry, of SP-1/4 cells
slightly increased from 0.09 to 0.11Q cm? after tested for 54 h
(Figure 11g). After about 50 h, the increases of cell polarization
resistance of composite membrane cells are much smaller than
that of the pristine PBI membrane cell operating at 250 °C, sug-
gesting a positive contribution of MP,0; for the stabilization of
the electrode activity.")! Nevertheless, the inhibiting effect of
metal pyrophosphates depends strongly on the nature of the
in situ formed MP,0; phase. In the case of ZP-1/4 cells, the
initial Ryyy, is 0.11 Q cm? and increases quickly to 0.32 Q cm?
after tested at 250 °C for 48 h due to the loss of proton conduc-
tivity of the membrane (Figure 11i). This appears to be related
to the coarse microstructure and difficult in the formation of
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Figure 11. a) Preliminary stability test of pristine PBI, SP-1/4, TP-1/4, and ZP-1/4 fuel cells at 160 and 250 °C with the constant current density of
200 mA cm~2. b) Polarization curves and c) Nyquist plots of pristine PBI membrane fuel cell between 160 and 250 °C, respectively; polarization curves
of d) SP-1/4, e) TP-1/4, and f) ZP-1/4 composite membrane fuel cells tested before and after stability test at 250 °C for 50 h; and corresponding Nyquist

plots of g) SP-1/4, h) TP-1/4, and i) ZP-1/4 composite membrane fuel cells

amorphous layer on the surface of ZrP,0; particles formed in
the PBI matrix (see Figures 2 and 3).

The presence of in situ formed MP,0; also inhibits the
agglomeration of Pt/C electrocatalysts. The initial average
particle size of Pt nanoparticles in Pt/C catalyst was 2.52 nm
and increased significantly to 5.12 nm after testing in PA/PBI
membrane cell at 250 °C for 50 h (Figure S10a-d, Supporting
Information). This is consisting with the results that high tem-
perature promotes the agglomeration of Pt nanoparticles.2624/]
Interestingly, in the case of MP,0,/PA/PBI composite mem-
brane cells, the agglomeration of Pt nanoparticles was relatively
slow, increasing to 4.44 nm for SP-1/4 cells, 4.64 nm for TP-1/4
cells, and 5.07 nm for ZP-1/4 cells, respectively, smaller than
5.12 nm observed on pristine PA/PBI membrane cells tested
under identical conditions. The growth of Pt particles in acidic
medium is considered through Ostwald ripening, in which
high temperature and acidity accelerate the initial process of Pt
dissolution.¥! The reduced agglomeration of the Pt catalyst in
electrode is most likely due to the reduced leaching of PA from
MP,0,/PA/PBI composite membrane.[262:4049]

The single cell performance of the composite membranes
was carried out on selected SP-1/4, TP-1/4, and ZP-1/4 com-
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before and after stability test at 250 °C.

posite membrane at different temperatures and the results
are shown in Figure 12. Prior to the performance measure-
ment, the cells were treated at a constant voltage of 0.6 V and
250 °C for 48 h to in situ form MP,0; phase in the composite
membranes. The results indicate the strong dependence of the
cell performance on the operation temperature. For instance,
the PPD of SP-1/4 membrane cell is 394.6 mW cm™2 at 160 °C
and increases with the operation temperature, reaching a max-
imum value of 482.2 mW cm™ at 240 °C. Further increase of
the temperature to 260 °C leads to slightly decreased PPD to
466.8 mW cm™ (Figure 12a). Similar polarization behavior was
also observed on TP-1/4 and ZP-1/4 membrane cells, reaching
maximum PPD of 415 and 436 mW cm™2 at 240 °C, respectively
(see Figure 12c,e). In the case of SP-1/4 membrane cell, Ry, of
the cell is stable, =0.09 Q cm? in the temperature range of 160~
260 °C in this study. In the case of TP-1/4 cell, Ry, changed
slightly from 0.13 to 0.15 Q cm? in the temperature range of
160260 °C, while in the case of ZP-1/4 cells, the Ry, decreased
from initial 0.16 Q cm? at 160 °C to 0.13 Q cm? at 260 °C (see
Figure 12f).

To better evaluate the durability of composite membranes, an
accelerated stress test (AST) method proposed by Schonvogel
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Figure 12. Polarization curves of a) SP-1/4, ¢) TP-1/4, and e) ZP-1/4 composite membrane cells operated between 160 and 260 °C after polarization at
250 °C for 48 h with a constant voltage of 0.6 V and the corresponding EIS Nyquist plots of b) SP-1/4, d) TP-1/4, and f) ZP-1/4 composite membrane

cells at a voltage of 0.6 V under H,/air condition.

et al.’% was adopted to test the pre-polarized SP-1/4 and ZP-1/4
membrane cells. Li et al. revealed that high current density accel-
erates the overall degradation of PBI membrane, including the
increased water production and PA migration.?") As shown in
Figure 13a, all membrane cells exhibit performance degradation
in AST test. In the case of SP-1/4 composite membrane cell, the
degradation rate measured at OCV, 0.6 A cm™2 and 1.0 A cm™2
is .07 mV h7}, 1.29 mV h7}, and 2.91 mV h7, respectively, after
tested at 250 °C for 55 h. On the other hand, ZP-1/4 composite
membrane cell shows a much higher performance degrada-
tion and the degradation rate measured at OCV, 0.6 A cm™
and 1.0 A cm™ is 15.9 mV h7, 16.6 mV h7}, and 175 mV h7,
respectively. This indicates that the PA retention ability in the
composite membrane strongly depend on the nature of the
in situ formed metal pyrophosphates. The ZP-1/4 membrane
cell shows a significant reduction in the power output and is
2273 mW cm™2 after AST test at 250 °C for 17 h, significantly
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lower than 274.9 mW cm™2 of the SP-1/4 membrane cell after
AST test for 57 h (see Figure 13b,c).

The performance degradation process in selected SP-1/4
and ZP-1/4 composite membranes was further investigated
by measurement of the hydrogen crossover of the cells before
and after the AST. As shown in Figure 13d, the initial cross-
over current density of SP-1/4 and ZP-1/4 membrane cells
is similar. However, a dramatic increase of crossover current
density was detected in the ZP-1/4 membrane cell after 17 h
test, illustrating a high permeation of hydrogen from the
anodic side to the cathodic side. This is most likely due to the
agglomeration of ZrP,0, during the AST and the deteriora-
tion of the overall structure of membrane, which increases the
porosity and creates cracks that allow hydrogen to penetrate
the membrane. Therefore, this would result in the drastic
decrease of OCV and performance of the cell.*>>1 This is
supported by the significant reduction in PPD form initial
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Figure 13. a) Durability test and of SP-1/4 and ZP-1/4 composite membrane cells under AST condition; Polarization curves of b) SP-1/4 and c) ZP-1/4 com-
posite membrane cells before and after AST test at 250 °C. d) Hydrogen crossover current densities of SP-1/4 and ZP-1/4 cells before and after AST test.

462-217 mWem™ after AST for 17 h (Figure 13c). By con-
trast, SP-1/4 composite membrane cell showed a much stable
polarization performance, maintaining a PPD of 274 mWcm™2
from initial 447 mWcm™2 after AST for 57 h. This is consistent
with the more or less similar hydrogen crossover behavior
before and after the AST, indicating the much better interface
between the in situ formed SnP,0, phase and PBI matrix of
the composite membrane.

The current study evidently shows that the in situ formed
MP,0; phase has the capability to hold proton-conducting pyroph-
osphoric acid in the PBI matrix, which results in the significant
improved performance and stability of the composite membrane
cells as compared to pristine PA/PBI membrane cells. The results
also demonstrate that the acid-holding effect of the in situ formed
metal pyrophosphates depends strongly on the properties of the
in situ formed metal pyrophosphates, which is closely related to
the microstructure and nature of the amorphous layer formed.
As shown above, both TiP,0, and ZrP,0; tend to aggregate into
large particles and have less capability in the formation of thin
and irregular amorphous layer on the particle surface. This is
particularly the case for ZrP,0; with large aggregated particles
and clean surface morphology with no amorphous layer (see
Figure 3h), resulting in a limited effect for inhibiting acid loss and
reduced stability during long-term operation of cells at elevated
temperature of 250 °C (Figure 12f}i). In the case of SnP,0,/PA/
PBI composite membrane cell, the in situ formed SnP,0, shows a
much fine microstructure with nano-sized particles, high specific
surface area and thin and irregular amorphous layer. The high
proton conductivity and excellent stability of the SnP,0,/PA/PBI
composite membrane cell also indicates the gel-like regions in
the vicinities of the core—shell structure, similar to that of in situ
formed phosposilicate nanoclusters.?®! The presence of gel-like
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region around the in situ formed SnP,0; particles would be very
effective to hold the acid and limit the movement of PA within the
composite membranes, maintaining sufficient number of acid for
the hopping and migration of protons at elevated temperatures.
In contrast, in pristine PA/PBI membranes, the relatively free
acid would leach out of the membrane at elevated temperatures,
leading to the reduced acid lading and thus significantly reduced
proton conductivity and performance at elevated temperatures.
Figure 14 shows schematically the proton conduction in pristine
and SnP,0,/PA/PBI composite membranes. The acid-rich, gel-
like region and irregular amorphous layer plays a crucial role in
the high and stable conductivity at elevated temperatures. Such
core—shell structure of the in situ formed metal pyrophosphates
(MP,0,) nanoclusters can substantially reduce the vapor pressure
and alleviate the acid loss via evaporation in the composite mem-
branes at elevated temperatures.

3. Conclusion

In this work, the synthesis and characterization of in situ
formed metal pyrophosphates (MP,0;, where M = Sn, Ti, and
Zr) in phosphoric acid doped PA/PBI (MP,0,/PA/PBI) com-
posite membranes for HT-PEMFCs were reported in detail. The
characteristics and properties of MP,0; synthesized from metal
oxides/phosphoric acid (PA) depends strongly on the nature of
metal pyrophosphates. In comparison with TiP,0; and ZrP,0,
prepared under identical conditions, SnP,0; has the smallest
particle size, highest specific surface area, best acid retention
capability, and proton conductivity. The results show that in
situ formed MP,0,/PA/PBI composite membrane can effec-
tively inhibit the leaching and evaporation of PA at elevated
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Figure 14. Schematic illustration of the proton transfer mechanism of the pristine PA/PBI membrane and the in situ formed SnP,0,/PA/PBI composite

membrane at high operating temperature of 250 °C.

temperature and demonstrate high performance and signifi-
cantly better stability at high temperature of 250 °C as com-
pared to quick deterioration of cell performance of pristine PA/
PBI membrane cells tested under identical conditions.
However, the promotion effect of in situ formed MP,0; is
closely related to the microstructure and characteristics of
metal pyrophosphates. Among MP,0,/PA/PBI composite
membranes, in situ formed SnP,0, phase is uniformly distrib-
uted within PBI matrix due to the slow reaction rate of SnO,
and PA, while TiP,0; and ZrP,0, tend to aggregate, leading
to phase separation. The growth of TiP,0, and ZrP,0; parti-
cles is also accompanied by the formation of pores or cracks in
the composite membrane, leading to the leaching of PA from
membrane and the deterioration of performance at high tem-
peratures. In contrast to TiP,0; and ZrP,0,, the as-synthesized
SnP,0; is characterized by the presence of a distinct, irregular
and thin amorphous layer on the surface of SnP,0; particles,
forming typical core-shell structure. The results show that
such in situ formed irregular and thin amorphous layer has
the ability to hold gel-like region in its vicinities, effectively to
retain acid within the composite membranes and inhibit the
acid leaching, leading to the excellent high proton conduc-
tivity and high durability at elevated temperatures. The in situ
formed SnP,0,/PA/PBI composite membrane cell achieved a
high PPD of 475.6 mW cm™ and good stability in 57 h AST test
at 250 °C. This study provides a new platform for the develop-
ment of PEMFCs with operation temperatures over 200 °C.

4. Experimental Section

Preparation of Metal Pyrophosphates: ZrO,, TiO,, and SnO,
nanoparticles with the average size of 50 nm were purchased
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from Macklin reagent, China. Phosphoric acid (85% H;PO, PA),
dimethylacetamide (DMAC), and ethanol were bought from Peking
reagent CO., LTD., China. Pt/C (40 wt% on Vulcan XC-72 carbon) was
purchased from Premetek CO., USA. Poly(aryletherbenzimidazole)
(O-PBI) powder was obtained from Shanghai shengjun CO., China.

SnP,0;, TiP,0,, and ZrP,0; were synthesized at different temperatures
to evaluate the formation mechanism of MP,0;. Metal oxides were mixed
with PA in a PTFE beaker with continuous stirring to form a homogeneous
mixture, followed by calcination at 200-250 °C for 2-48 h, denoted as
SnO,-PA, TiO,-PA, and ZrO,-PA, respectively. Stoichiometric ratio of metal
oxides (SnO,, TiO,, and ZrO,) and phosphate (P) elements was kept
constant of 4. To avoid the interference of presence of PA, the as-prepared
powder was washed by deionized water and ethanol for several times
to completely remove excessive PA on the surface of the sample. The
conductivity of as-prepared and washed sample powders was measured
after pressing to disks with the diameter of 10 mm and thickness of 2 mm
using two-probe conductivity measurement technique.

Preparation of Composite Membrane and Membrane-Electrode-
Assembly: Pristine PBI membrane was obtained by solution casting. In
this method, 5 wt% O-PBI powder was first dissolved in 10 mL DMAC
with vigorous stirring, forming a viscous dark brown solution. Then,
PBI solution was filtered to remove any impurities, followed by placing
the solution in an ultrasonic cleaner for several hours before casting
on glass plate. The resultant membrane was obtained by heating in a
vacuum oven from 60 to 120 °C for 12 h to evaporate solvent.

The preparation of composite membranes is similar to that of
pristine PBI membrane. Typically, metal oxides with different content
were mixed with 10 mL DMAC under stirring at 80 °C for 4 h. This was
followed by adding 0.5 g O-PBI powder into the solution with further
stirring for 12 h. The molar ratios of metal oxides to O-PBI were 1/5, 1/4,
1/2,1/1, and 2/1, respectively, and the thickness of obtained membrane
after drying at 120 °C for 12 h was =40 um. Typically, for the composite
membranes prepared with different metal oxides/O-PBI ratios were
denoted as the SP-n for the SnO,-PBI, TP-n for the TiO,-PBI and ZP-n for
the ZrO,-PBI membranes (n is the value of ratio). Thus, for composite
membranes prepared with SnO,/O-PBI ratio of 1/4, the membrane was
denoted SP-1/4. For PA doping, the membranes were immersed in 85%
H;PO, solution at 80 °C for 3 days.
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Figure15. The total resistance obtained at high frequency intercept (R;o11)
as a function of wet membrane thickness of a pristine O-PBI membrane,
measured at room temperature.

Gas diffusion layers (GDL) were purchased from Freudenberg Group,
Germany. The Pt/C catalyst was dispersed on the surface of the GDL
by ultrasonic spraying with the active area of 25 cm™, and the loading
of catalyst was 1.2 mg cm™2 for cathode and 0.8 mg cm2 for anode,
respectively. Membrane-electrode-assembly (MEA) was fabricated by
sandwiching a PA/PBI or composite membrane between two pieces of
Pt/C coated GDLs, followed by hot pressing at 110 °C for 5 min with
the pressure of 25 kg cm™2. To form MP,0O; in the PA/PBI membranes
in situ, the as-prepared MEA was heated at 250 °C for 48 h under a
constant cell voltage 0.6 V, which is to prevent the loss of PA under open
circuit at elevated temperatures.

Characterization: Powder XRD analysis of the MP,0; formation
was performed by using D8 Advance diffractometer, Bruker, at 40 kV
and 40 mA. The data was collected between 5° and 80° in 26 with a
step of 0.15° s7. The SEM analyses of nanoparticles were carried out
in Sigma 300, Zeiss. The HR-TEM analyses were performed using FEI
Talos Fs200X, at 200 kV. The N, adsorption and desorption experiment
(Micromeritics TriStar 113020, USA) was performed to investigate the
specific surface area of MPPs according to the BET method. Specimens
were initially heat-treated under He flow at 200 °C forl h and then
measured at —196 °C in the liquid N,. Temperature programmed
desorption of ammonia (NH3-TPD) and the recorded spectra from a
thermal conductivity detector was measured and processed by using
a chemisorption apparatus (AutoChem Il 2920, USA). About 0.15 g
sample was evacuated at 300 °C for 1 h before the adsorption of
ammonia at room temperature. After that, the temperature was kept at
80 °C for 30 min to remove the absorbed NHj. The reactor temperature
was increased to 700 °C at the heating rate of 5 °C min~' with a constant
N, flow of 30 mL STP min~".

Electrochemical performance of as-prepared MEA assembled in
homemade fuel cell rig was measured by a battery testing system (CT-
4008, Neware). The stoichiometric ratio of H, and air was kept constant
as 2.5/5 controlled by the mass flowmeter during the operation. The
durability test of AST was performed alternately at 0.6 A cm2 for 4 min,
1 A cm2 for 16 min and at OCV for 10 min every 6 h. The EIS data of
membrane was recorded at OCV and 0.6 V in the frequency range
between 100 kHz and 0.1 Hz using an electrochemical workstation
(Parstat 2273, Princeton Applied Research, USA). The EIS of pressed
MP,0; disks was measured at a frequency range of 100 kHz and 10 Hz.
The hydrogen crossover current of membranes was compared by
feeding hydrogen and nitrogen to anode and cathode at the flow rate of
150 mL min~', and determined from 0.01 to 0.7 V at the rate of 5 mV s,
using a CHI workstation (CHI 660E).

The through-plane proton conductivity of composite membranes was
measured from EIS in the frequency range between 100 kHz and 0.1 Hz.
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The membrane was sandwiched between two GDLs and assembled to a
fuel cell rig. To determine the influence of electronic resistance of voltage
probes, that is, the system resistance (Ryystem), the resistance measured
from the high frequency intercept of the total ohmic resistance (Ryotar)
of the membranes with different thicknesses was tested on the same
fuel cell hardware, using pristine PBI membrane. Therefore, the ASR
associates with the membrane is calculated from the equation:

ASR= Rtotal _Rsystem (2)

Figure 15 shows the total conductivity of a pristine O-PBI membrane
as a function of membrane thickness. The R, shows a linear
dependence on the membrane thickness with an intercept at zero
membrane thickness of 52.1 mQ cm? This indicates that the system
resistance related to the voltage probes used is 52.1 mQ cm? at room
temperature. Therefore, the through-plane conductivity can be obtained
on following equation:

t 3)

O =AsR

where the ASR is the ohmic resistance related to the membrane and t is
the thickness of membrane.
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