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Abstract

Single-layer graphene (SLG) obtained by chemical vapor deposition is applied between
membrane and electrodes by a wet chemical transfer method to study its effect on the
performance and durability of polybenzimidazole membranes in high-temperature proton
exchange membrane fuel cells (HT-PEMFCs). After accelerated stress testing (AST), the
membrane electrode assembly (MEA) loaded with SLG at different positions exhibits higher
peak power density, lower electrode resistances, and larger electrochemical active surface area
than pure polybenzimidazole membranes with high phosphoric acid doping level. The peak
power density of the MEAs with both cathode and anode loaded with SLG is 480 mW cm™
after AST, while those based on pure membranes is 249 mW cm™. Lab-based X-ray micro-
computed tomography combined with Raman spectroscopic mapping was applied for the first
time to study the effect of SLG on controlling phosphoric acid leaching. In addition, samples
containing SLG on an ultra-thin membrane (7.5 pum) were also tested to explore its influence
on hydrogen crossover. After 100 hours of galvanostatic discharging, the hydrogen crossover
of samples loaded with single-layer graphene on the anode does not exceed 1.75x10™* mol s,
which is much lower than that of MEAs made using pure ultra-thin membranes (8.16x10* mol
sh.

Keywords: Single-layer graphene; high-temperature fuel cells; chemical vapor deposition; X-ray
micro-computed tomography; phosphoric acid leaching
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1. INTRODUCTION

Graphene is a two-dimensional carbon nanomaterial with a hexagonal lattice structure [1].
Single-layer graphene (SLG) can block the penetration of almost all molecules and atoms
including hydrogen atoms under ambient conditions [2]. Unlike its atomic form, hydrogen ions
can easily penetrate graphene with a low tunnelling barrier giving SLG a high proton
conductivity. The barrier to proton transport through graphene could be lower than the 1.2-2.2
eV, and the resistivity of SLG to proton can be lower than 10 Q cm? when the temperature
reaches 250°C [3, 4]. In addition, catalytic metal nanoparticles may enhance the proton
transport capability of graphene by virtue of their high affinity for protons [2]. The presence of
SLG is extremely minor, even negligible, to weaken the proton conductivity of the proton
exchange membrane [5-7]. Protons can form an intermediate case between the electrons and
atoms of graphene to pass through by simply tunnel [3, 8]. Transmembrane proton transport is
driven by electrical polarization across the graphene layer via electrolyte solutions [9].
Combined with the above properties, SLG also has good chemical stability and excellent
thermal stability, making it a promising material for proton exchange membrane fuel cells
(PEMFC)[10, 11].

Although the various properties of graphene have indicated its great potential value for
PEMEFC:s, especially its high selectivity and proton conductivity, it has only successfully been
applied to direct methanol fuel cell (DMFC) [5]. The conduction of protons by typical low-
temperature PEFMC based on perfluorosulfonic acid (PFSA) membranes is based on the
hydration of the sulfonate group at the end of its side chain to generate ionic sites [12]. The
replenishment of moisture in PFSA membranes usually depends on humidification of the gas.
Therefore, the application of SLG in PEMFCs based on PFSA polymers is very likely to cause
the transmission of water into the membrane to be blocked and affect the proton conductivity
of the membrane [13]. Additionally, it is still a challenge to produce large-area, high-quality,
low-defect SLG and transfer it to a specific substrate, which limits the application of SLG in
fuel cells [5].

Different from the low-temperature PEMFC, high-temperature (HT-)PEMFC based on
polybenzimidazole (PBI) and phosphoric acid (PA) conducts protons by the Grotthuss
mechanism, whereby the charge carriers jump across an extended hydrogen bond network
established between PBI and PA [14]. Under this mechanism, the fuel cell is no longer so
dependent on humidity and the operating temperature can be higher than 100 °C [15]. Therefore,
the performance of PA-doped PBI membranes largely depends on the acid doping level (ADL).
However, PA leaching will inevitably occur during the operation of HT-PEMFCs [16]. In
addition to being mechanically squeezed, diffusion causes PA to leach out from the membrane,
when the fuel cell starts and the current increases, PA has been shown to migrate from the
cathode to the anode under the influence of “electrochemical pumping” [17-19]. Moreover, PA
can bleed out from the membrane since PA can be dissolved in the water produced at the
cathode [20]. Excessive leaching of PA can cause the blockage of the gas diffusion layer (GDL),
poisoning of the catalyst and decrease of the PA content in the membrane, thereby increasing
the mass transfer resistance, reducing the activity of the oxygen reduction reaction (ORR), and



reducing the proton conductivity of the membrane, respectively [21-24]. Furthermore, weak
mechanical properties of the membrane caused by high ADL and the use of ultra-thin PBI
membranes (below 20 um) may cause significant hydrogen crossover and greatly reduce the
performance of the PBI membrane [25-27].

Based on the proton conduction mechanism of HT-PEMFC, the performance of PBI does not
depend excessively on the entry of external substances such as water. In addition, the relatively
high temperature of HT-PEMFC operation is conducive to high proton conductivity of SLG [5,
10]. Combining these characteristics, SLG is expected to become a barrier between the
membrane and the catalyst layer (CL) in HT-PEMFC to prevent hydrogen crossover and
excessive PA leaching.

This work aims to explore the effect of the addition of SLG, on HT-PEMFC electrochemical
performance, durability, and electrochemically active surface area (ECSA) under lifetime
testing or accelerated stress testing (AST). Chemical vapor deposition (CVD) method which
can prepare SLG with large area, good compatibility, less disorder and fewer defects was
applied [28-34]. The SLG is designed as a molecular sieve to prevent hydrogen crossover and
excessive PA leaching from the membrane to the electrodes.

2. EXPERIMENTAL SECTION
2.1 SLG-based MEA preparation

The preparation of membranes and electrodes, and acid doping are shown in supporting
information. SLG generation was achieved by CVD onto polycrystalline copper using methane
and hydrogen as precursor gases [35, 36]. The transfer of SLG to the electrode was performed
by a wet chemical transfer method and a poly(methyl methacrylate) (PMMA) layer was used
as the support material for the graphene [37]. The surface of SLG prepared by CVD on a copper
sheet was spin-coated with a PMMA layer. A 0.1 M ammonium persulfate aqueous solution
was used to etch away the copper sheet to form a SLG-PMMA film. The detached SLG-PMMA
film was washed with de-ionised water and floated on the surface of the water. The transfer of
SLG-PMMA to an amorphous carbon electrode was achieved by lifting out the electrode from
under the floating SLG-PMMA film. After drying at room temperature, PMMA was finally
removed under acetone rinsing. The transfer of SLG and the structure of MEA are shown
schematically in Figure 1.
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Figure 1. The transfer of SLG and the structure of membrane-électrode-assembly

2.2 Characterization of SLG and electrode coverage

Raman spectroscopy of the SLG loaded on the copper foil was performed using a Renishaw
inVia™ Qontor® confocal microscope system with a 532-nm-wavelength laser. Raman
acquisition of the SLG on the electrodes was carried out with the Renishaw inVia utilizing a
785-nm-wavelength laser to prevent laser damage to the catalyst surface and to reduce any
fluorescence. A laser spot size of 2 um was achieved by applying a pinhole. The coverage of
SLG on electrodes was evaluated by mapping the catalyst surface and calculating the integrated
peak intensity of the 2D peak.

2.3 Electrochemical characterization, performance study and MEA durability test

The prepared MEAs were assembled into an in-house fuel cell rig and operated at 150 °C with
100 mL min™ dry H> and 100 mL min™! dry O.. A GAMRY E5000 potentiostat was used to
measure linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV). Accelerated stress test (AST) is performed alternately at 0.6 A cm™
(4 min) and 1A cm™ (16 min), and the open circuit voltage (OCV) is operated for 10 min every
6 h. The specific parameters of electrochemical characterization are shown in supporting
information.

2.4 Characterization of PA distribution and MEA component migration

A method combining lab-based X-ray CT and machine-learning segmentation has recently
been established in our previous work [38]. Circular samples with a diameter of 2 mm were



milled out from MEAs by a laser micro-machining method [39] and placed on a 3D-printed
multi-layer jig for X-ray CT measurement. The structure of the jig is shown in Figure S1. A
Zeiss Xradia 520 Versa (Carl Zeiss) X-ray micro-CT instrument, equipped with polychromatic
source and 30 to 160 kV tube voltage, was utilized to scan all samples. The specific parameters
for XCT image acquisition are shown in Table S1.

Raman mapping of MEA cross-sections was carried out using a Renishaw inVia with a 785 nm
laser. MEAs were manually cut by a scalpel to expose the cross-section. The resultant spectra
were baseline-corrected and normalized. The free PA peak (~911 cm™) intensity was used to
form the concentration maps and the distribution curves.

3. RESULTS AND DISCUSSION
3.1 SLG Coverage of Electrodes

A typical Raman spectrum of graphene prepared by CVD onto copper foil is shown in_Figure
2a. The Raman spectrum only showed a G peak and a narrow 2D peak at Raman shifts of 1590
cm™! and 2680 cm’!, respectively. The intensity ratio of the 2D peak to the G peak (2p/I) was
ca. 2.5, which indicates that the graphene is monolayer [40-43]. 20 x 20 pm Raman mapping
with 64 points in 5 arbitrary areas across a macroscopic sample of A5 size was carried out. The
Iop/Ig of all of spectra exhibit same as the Raman spectrum shown in Figure 2a indicating that
the graphene prepared by CVD was effectively defect-free SLG with 100% coverage of the
copper foil. The graphene on the copper foil is transferred by the wet chemical transfer method.
It has been shown through Raman spectroscopy that the graphene on the copper foil is a single-
layer graphene. The wet chemical transfer method still maintains the graphene on the target
substrate as a single layer [37]. Therefore, the thickness of graphene on the electrode surface
is assumed to be about 0.335~1nm [40-43].

Although the SLG maintains good integrity on the copper sheet, SLG is prone to cracking and
defect generation during transfer from the copper sheet to the target substrate [44]. The Raman
spectrum of the catalyst surface is shown as the orange curve in Figure 2b. Raman spectrum
on the electrode surface basically has no 2D peak. This may be attributed to the relatively weak
energy of the 785 nm laser, which is not powerful enough to observe the relatively weak 2D
peaks in graphite [45]. The Raman spectrum of the catalyst surface with SLG is shown in the
blue curve in Figure 2b. Due to the use of electrodes with graphite-related materials as the
substrate for the Raman spectroscopy, subject to the influence of the G and D peaks of the
graphite materials, it is difficult for the Raman spectra of graphene on the catalyst surface to
be fully consistent with the characteristics of SLG. However, the relatively strong narrow 2D
peak characteristic of SLG is not completely covered by the signal from the substrate.
Therefore, the 2D peak area can be used as a strong basis for whether the electrode is covered
with SLG. Raman spectroscopic mapping of the 2D peak of two regions on the surface of the
SLG-loaded electrode is shown in Figure 2¢ (Region 1) and d (Region 2). The heterogeneous
distribution area of the 2D peak has obvious boundaries. The blue area is regarded as the area
without graphene. The SLG coverage shown by Raman mapping in Region 1 and Region 2 is



approximately 75% and 45%, respectively, indicating the distribution of SLG in different
regions may be vary to differing extents. Through multi-region Raman mapping, the average
coverage of SLG on the electrode surface was measured to be ca. 55+5%.
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Figure 2. Raman spectrum and Raman mapping (785nm laser) of SLG on different substrates, (a) Raman spectrum of
SLG on copper foil, (b) Raman spectra of electrode surface with (blue line) and without (orange line) SLG, (c) Raman

mapping of electrode surface region 1, (d) Raman mapping of electrode surface region 2.

3.2 Impact of SLG on PA leaching
3.2.1 Electrochemical characterization

To explore the impact of SLG on HT-PEMFC performance and durability, SLG was loaded on
anode, or cathode, or both sides. For all membranes, the ADL was approximately 11.5. MEAs
without SLG, SLG on anode, SLG on cathode, and SLG on both sides are denoted PBI, AS,
CS, and ACS, respectively. The naming of MEAs under different conditions is shown in Table
1. The initial measurement of MEAs is shown in Figure 3a. The peak power density of various
MEAs is shown in Table 1. From the perspective of power density curves, PBI-I and CS-I have
similar performance, while AS-I and ACS-I have similar but lower performance. The
application of SLG did not improve the performance of HT-PEMFC in the initial measurement,



such that AS and ACS performed worse than the pristine MEAs. The difference in the
performance of MEAs reflected by polarization curves in the initial measurement begins to
appear at the low current density stage, which is mainly associated with activation polarization
losses [46]. In the low current density stage, AS-I and ACS-I showed the most rapid voltage
loss, followed by PBI-I and CS-I. The middle current density stage is dominated by ohmic
losses, as the current density increases, the change in this difference is not obvious. Thus, ohmic
losses is not the main cause of the difference in voltage loss [46].

Table 1. MEA nomenclature, electrochemical performance, and resistances

) Charge transfer
Peak power Ohmic
. . . + mass transfer
Name SLG load Condition density resistance

(mW em?) (mQ em?) resistance (mQ

cm?)

PBI-I No SLG Before operation 404 201 307
AS-1 Anode side Before operation 330 205 394
CS-1 Cathode side Before operation 399 229 276
ACS-1 Both sides Before operation 321 263 348
PBI-F No SLG After AST 249 199 414
AS-F Anode side After AST 367 205 355
CS-F  Cathode side After AST 365 221 320
ACS-F Both sides After AST 480 205 308

The performance indicated by the final measurement of different MEAs after AST shown in
Figure 3b represents a significant change compared to initial measurements. ACS-F had the
highest peak power density of 480 mW cm™. AS-F and CS-F had similar peak power densities
of 367 mW cm and 365 mW cm™, while the peak power density of CS-F appeared at a lower
current density. PBI-F showed the lowest peak power density, which was 249 mW c¢cm. From
the voltage loss at different current density stages, PBI-F had the largest activation polarization
losses, ohmic losses and concentration polarization losses.

The performance changes are directly reflected by the voltage changes at different current
densities during the AST shown in Figure 3c. The upper, middle, and lower curves of each
MEA represent the OCV, the voltage at 0.6 A cm™ and the voltage at 1 A cm™, respectively.
During the AST, the MEA based on a pure PBI membrane maintained a stable OCV, but the
voltage at different current densities continued to drop significantly. This is generally
considered to be caused by factors such as corrosion, deactivation, or migration of the internal
components of the MEA, and established test methods have been shown to accelerate these
aging processes [47-49]. In addition, the detrimental edge effects caused by the small electrode
size and the high ADL may also accelerate the voltage drop versus other literature examples
[38]. The voltage changes at different current densities are shown in Figure 4. The voltage loss
of the MEA based on a pure PBI membrane at a high current density of 1 A cm™ is more obvious
than that at 0.6 A cm™, 43.3% and 23.6%, respectively. Different from PBI, the voltage of AS
and ACS at different current densities increased versus the initial stage, rather than decreasing.
This difference is reflected in the first 6-h cycle shown in the inset in Figure 3c. The



performance of PA-based HT-PEMFC continues to improve can be explained by favorable PA
redistribution, the removal of impurities, or the formation of new catalytic sites that lead to the
activation [50, 51]. Although the initial voltage of AS and ACS was slightly lower than that of
PBI at different current densities, these values surpass that of PBI after about 7 h of AST. After
24 h, the voltage of AS remained effectively constant, while the voltage of ACS increased
throughout the entire 70-h test. Although the voltage of CS continued to drop during AST, its
drop is only about a quarter of that of PBI. To further test the durability of ACS, an additional
70 h of AST was run. The voltage changes at different current densities during the AST from
70 to 140 h are shown in Figure S2. In the additional AST, the voltage of the ACS at different
current densities maintained a slow rise in the first 25 h. After that, the voltages remained
relatively stable. At the end of the additional AST of ACS (named ACS-E), the peak power
density of ACS-E reached 511 mW cm™. The polarization curve and power density curve of
ACS-E are shown in Figure S3.

Nyquist curves of initial and final measurement are shown in Figure 3d and e, respectively. The
equivalent circuit for fitting is shown in Table 2. The resistance between the intercept on the
real Z-axis at high and low frequencies is interpreted as the sum of charge transfer resistance
and mass transfer resistance of the anode and cathode, hereafter referred to as ARcparge+mass
[52-56]. The various resistances reflected by intercepts on the real Z-axis in the Nyquist curves
are summarized in Table 1. PBI-I and AS-I had very similar Ohmic resistance, which indicates
that placing SLG between the anode and the PBI membrane does not cause significant
hindrance to protons conduction, potentially benefitting from excellent proton conductivity of
SLG and high operating temperature [2, 3]. Unlike AS-I, CS-I has lightly larger ohmic
resistance and ACS-I have significantly larger ohmic resistances compared to PBI-I. That may
due to SLG blocking water generated at the cathode from entering the electrolyte in a short
time to hydrate and positively influence membrane conductivity [56]. Since the coverage of
the SLG on the electrode 1s limited, long-term operation at high current density provides the
possibility for the water produced at the cathode to enter the electrolyte and hydrate it. Thus,
PBI-F, AS-F, CS-F and ACS-F all have closer ohmic resistance. It is worth noting that the
ohmic resistance of ACS-I is significantly larger than that of CS-I, and the ohmic resistance of
ACS-I before and after AST changes more than that of CS-I. This may be due to the fact that
the performance of ACS in the initial stage 1s much lower than that of CS, resulting in that the
water production of ACS-I after initial activation is much smaller than that of CS-1, so that the
ohmic resistance of ACS-I is larger than that of CS-I. The difference in the impedance of each
MEA is more reflected in ARcparge+mass - The relationship between the magnitude of
ARcharge+mass 1n the initial measurement of different MEAs is AS-I1> ACS-1> PBI-1 > CS-1.
However, this relationship is completely changed in final measurement. In the final
measurement, the relationship between the ARcparge+mass Of €ach MEA is PBI-F > AS-F >
CS-F > ACS-F. The value and change of ARcparge+mass May be affected by various factors
such as PA migration, catalyst migration and corrosion, and the complex environment in
electrodes.

The initial and final CV curves with calculated ECSA are shown in Figure 3fand g, respectively.
Since the leaching of PA into the CL will poison platinum at high temperatures, and the



adsorption of phosphate anions on the catalyst surface will block catalyst active sites, in-situ
CV measurement of HT-PEMFC is not rigorous like the low-temperature PEMFC [22, 23, 57].
The aforementioned influence of PA on the catalyst causes distortion of the CV curves such
that the peak of the CV curve becomes very small [22]. The distortion of this CV peak is fully
reflected in the CV curves of PBI-I1 and AS-I. The ECSA of PBI-I and AS-I were only 55.5 cm?
mg! and 55.2 cm® mg!, respectively, and the ECSA of them dropped further after AST.
However, the ECSA of the cathode of CS-I and ACS-I, is much larger than that of PBI-I and
AS-I. The ECSA of the cathode of CS-I and ACS-I were 388.1 cm? mg! and 302.4 cm® mg’!,
respectively, which is almost 7 times that of PBI-I and AS-I. This indicates that the protection
of the surface of the catalyst by SLG at the cathode is immediate. While SLG has high proton
conductivity and electronic conductivity, it forms a certain isolation between PA and the surface
of the catalyst that may prevent excessive phosphate anions from adsorbing onto the surface of
the catalyst, thereby increasing ECSA. As for the ECSA of CS-I is higher than ACS-I, it may
be due to the osmotic pressure of phosphoric acid in the membrane with SLG on both sides
should be higher than when SLG is used on one side or SLG is not used on both sides. Therefore,
ACS is easier to leach appropriate amount of phosphoric acid at the cathode than CS. In other
words, the ACS may have more phosphoric acid covering the catalyst at the cathode. Although
the ECSA of CS-F (248 cm? mg™') and ACS-F (185.8 cm? mg™') both declined compared with
their respective initial values, they were still much larger than the ECSA of PBI-F (50.0 cm?
mg ') and AS-F (50.8 cm? mg™!). The protective capability of the catalyst by SLG is still present
after AST.

Table 2. The equivalent circuit and the definition of parameters

Rf—an Rf-ca
—AAA—
Eq‘?walfm R.E. — WE
circui
L wires Rs >> >>
Y o-an Y o-ca
Lyires (H) Inductance of cables
R (ohm) Ohmic resistance
Rf.an (ohm) Charge transfer resistance of anode
Yo-an (S s%) Constant phase element of anode
Rf.ca (ohm) Charge transfer resistance of cathode
Yo-ca (S s%) Constant phase element of cathode
a Dimensionless exponent




(@) 12 450 (b) 12 500
400 ‘& | 450 o~
350 = L 400 E

& 300 £ S 08 A0 2

g 250 7 h =

2 — g 06 250 &

g 2 g 200 5

P 150 2 0.4 150 &

100 & 5
e, 0.2 1002
5 50 50
1 0 0 0
0 500 1000 1500 2000 0 500 1000 1500 2000
Current density (mA cm?) Current density (mA cm?)
© 14
1 f f f ocv

09 . =-— PBI

: ———— -~ AS
5 08 =15
%0'7 : -~ ACS
<06 0.1 0.6 A cm?
=05

04 1.0A cm?

0.3 S

02 L - ' ' : ' CoE

0 10 20 30 40 50 60 70
Time (h)
(d) PBII  AS-I  CSI ACS- () PBI-F  AS-F  CS-F  ACS-F

04 | o T - 04 f ) ) ) )

7 [ RymQem?) 2025 2070 2295 2633 . R, (mQcm?) 2003 2003 2205 2048

o Rp(mQem?) 405 720 405 1395 ‘; Rpgn(mQcm?) 585 475 608 360

S 03 Py (55 0684 0798 0484 0185 2 03T YS9 0554 0697 0367 0386

g R, (MQom?) 2588 3128 2385 2093 c) R (mQcm?) 3758 3128 2858 2475

E’D 0.2 vy, 655 0.140 ‘0‘.253 0236 0117 ogn 02 F Yyou(Ss) 0291, 0_2§4. 0228 0254

£ + PBI-I W ;, Sl S « PBI-F ..'.,"x.:‘.:;, w s

N'J 0.1 F+ AS-1 ‘::"x x lx)g ..h. 01 F e AS-F ,:A,.' :x:A b

x CS-I V *e% -i\ « CS-F i G
00 L"ACST ) 00 LTACSE . \?ﬂ i
0.0 0.2 0.4 0.6 0.8 0.0 0.2 04 0.6 0.8
Z rcal (ohm cm?) Z real (ohm ¢m?)

(f) 150 (g) 100

100 50

50 f
o oot U

E 50 e 0T

=2 5]

<-100 - < -100

=-150 ECSA (cm? mg!) £ | ECSA (¢cm? mg)

— o, | PBI-I 555~ PBLI e PBLF 500  —PBLF
200 T Teer 000 gy ——=—=- AC ——AC-F
250 | AS-T 55.2 & =200 AS-F 50.8 B

550 | CS-I 3881 ——CS 250 | CS-F 2480  ——CSF
i ACS-1 3024 ——ACS ACS-F 185.8 —ACS-F
=350 L L =300 L L L "
0.0 02 0.4 0.6 0.8 1.0 0.0 02 04 0.6 08 1.0
E(V) E(V)

Figure 3. Electrochemical characterization. (a) initial measurement of polarization curves and power density curves

(150 <C, anode: 100 mL min™ hydrogen, 1 mg cm? Pt Cathode: 100 mL min” oxygen, 1 mg cm? Pt), (b) final

measurement of polarization curves and power density curves, (c) AST process, (d) initial measurement of Nyquist

curves, (e) final measurement of Nyquist curves, (1) initial measurement of CV curves and (g) final measurement of CV

curves (150 °C, anode: 100 mL min™ hydrogen, Cathode: 33.4 mL min™ nitrogen)
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3.22 X-ray CT

Typical 3D X-ray CT segmentations of MEA and GDL of each sample are shown in Figure 5.
Since the lab-based X-ray CT in this work is unable to distinguish between (microporous layer)
MPL, GDL and PA, the yellow and green phases shown in Figure 5a, c, e, g and 1 represent a
mixture of MPL, GDL and PA of anode and cathode, respectively. GDL/MPL/(PA) composite
phase may contain carbon materials, polytetrafluoroethylene (PTFE) binder, and PA. Although
limited by the degree of discrimination, the distribution of the GDL/MPL/(PA) phase in the
segmented XZ-orthoslice and filtered XZ-orthoslice of layer 506 in Figure 5a and c are
significantly different. Compared with the pristine MEA, the yellow and green phases in the
PBI-F tomogram show significant expansion, which is also accompanied by a decrease in the
porosity represented by the black area. The expansion of GDL/MPL/(PA) composite phase
indirectly indicates the leaching of PA, which has been demonstrated in our previous work by
comparing tomograms of ‘wet’ electrodes soaked in PA with ‘dry’ electrodes [38]. This
phenomenon can be more intuitively reflected in the phase fraction parameters of the
GDL/MPL/(PA) composite phase shown in Table 3. The voxels of the GDL/MPL/(PA) phases
in the anode and cathode of the pristine MEA account for 15.7% and 16.1% of the total 1015
x 1015 x 508 voxels. However, in PBI-F, the phase fractions of Anode GDL/MPL/(PA) phase
and Cathode GDL/MPL/(PA) phase reached 22.7% and 22.6%, respectively. The CL has the
greatest average X-ray attenuation coefficient due to the electron-dense Pt contained within,
and thus appears brightest in orthoslice in Figure 5. Combined with the resolution used, chosen
to capture a representative volume element, means the distribution of PA in the catalyst is not
resolvable. However, it is not difficult to infer that the swelling of GDL/MPL/(PA) composite
phase from the pristine MEA to the post-AST MEA in the electrode indicates PA leached
through the CL and MPL to reach the GDL. The degree of PA migration also indicates that it



is most likely the CL is saturated with PA by the end of the AST. According to the tomographic
images in Figure 4e, g and 1 and the phase fraction data in Table 3, it can be inferred that SLG
significantly reduce the degree of PA leaching after AST. The phase fraction of the anode of
AS-F is smaller than that of the cathode, being 17.4% and 21.2%, while the phase fraction of
the anode of CS-F is greater than that of the cathode, being 23.7% and 19.4%, respectively.
According to slice-by-slice plots of area fraction from Layer 1 to Layer 506 in the z-direction
of AS-F and CS-F shown in Figure 5k and 1, the above differences are mainly reflected in layers
100 to 200 and layers 300 to 400. The high phase fraction of GDL/MPL/(PA) is accompanied
by the low phase fraction of pore. In the same way, the GDL/MPL/(PA) phase fraction of the
anode and cathode sides of the MEA of ACS-F are relatively small, and the porosity is relatively
large.

PA leaching may not only immerse the CL, but also drive the migration of the catalyst. This
can be seen from the X-ray CT segmentation of the CL phase of pristine MEA and PBI-F shown
in Figure 5b and d. By comparing the catalyst distribution of the SLG-loaded MEA in Figure
51, h, j, k, | and m, the migration of the catalyst and the migration of PA are linked to a certain
extent. The CL phase is more concentrated at the junction of the membrane and the electrode
on the side of the electrode with SLG than on the side of the electrode without SLG.
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Table 3. Global GDL/MPL/(PA) of phase fraction of MEAs

Sample Electrode GDL/MPL/(PA) phase fraction Mean
Anode 15.7%
Pristine MEA 159 +0.4%
Cathode 16.1%
Anode 22.7%
PBI-F 22.7% +0.3%
Cathode 22.6%
Anode 17.4%
AS-F 19.3+1.3%
Cathode 21.2%
Anode 23.7%
CS-F 21.55£3.6%
Cathode 19.4%
Anode 16.3%
ACS-F 16.3+£0.4%
Cathode 16.2%

3.2.3 Raman spectroscopy

X-ray CT describes the migration of components in HT-PEMFC from morphology, and Raman
may prove it from a chemical point of view. Raman spectroscopy can detect the signal of free
PA in the high ADL PBI membrane when the Raman shift is around 911 cm™![56, 58]. The
Raman spectrum of PA-doped PBI membranes is shown in Figure 6a. The Raman spectroscopic
mapping of free PA peak area of PBI-I, PBI-F, AS-F, CS-F and ACS-F in 2D form are shown
in Figure 6b, c, f and h, respectively. Since Raman spectroscopic mapping is obtained by
scanning the cross-sections of different samples, the thickness of each component of each
sample may be different. Therefore, it is difficult to explain the migration of PA in different
MEAs by comparing the size and dimension of PA distribution. However, by comparing the
Raman spectroscopic mapping of PBI-I and PBI-F, free PA has a clear boundary before AST
but this changes after AST. Compared with PBI-I, the free PA boundary of PBI-F shows a step-
like decline from membrane to electrodes and this is more obvious in the cathode than the
anode. In addition, by observing 2D Raman spectroscopic maps of AS-F, CS-F and ACS-F, the
boundary of free PA on the SLG side of these MEAs is closer to the boundary between the
membrane and the electrode by comparing with the 2D Raman mapping of PBI-F. The
difference in the distribution of free PA in PBI-I and PBI-F as well as the influence of SLG on
the migration of free PA can be shown more visually by 3D Raman spectroscopic mapping.
The Raman spectroscopic mapping of PBI-I, PBI-F, AS-F, CS-F and ACS-F in 3D form are
shown in Figure 6d, e, 1, j and k, respectively. In contrast to the 2D mapping, the boundary of
free PA of PBI-I was steeper than that of PBI-F in 3D mapping. Similarly, SLG also steepened
the phosphate boundary on the additive side. The different ranges of intensity may have an
impact on the degree of convergence of the PA boundary in Raman spectroscopic mappings.
However, comparing the ratio of the average slope of the PA boundary between anode and

cathode in 3D Raman spectroscopic mappings, hereafter referred to as |Sanode/cathodels €an

more rigorously illustrate the influence of SLG on PA migration. [Sanoge/cathodel Of PBI-F,

AS-F and CS-F are 4.48, 7.14 and 2.11, respectively. Assuming the PA leaching situation on
the side of the electrode without SLG remains unchanged, the free PA boundary on the side



with SLG function on AS-F and CS-F will be steeper than that of PBI-F. The |Sano4e/cathodel

of ACS-F of 2.14 is similar to PBI-I of 2.91. Therefore, SLG has a buffering effect on PA
leaching on its active side, which is observable by Raman spectroscopic mapping of different
MEAs cross-sections. As for the obvious difference between the cathode and the anode shown
in Raman spectroscopic mapping of PBI-F and AS-F, or because the uneven distribution of PA

caused by the action of the “electrochemical pump” and the driving effect of the water produced
by the cathode on PA. [17, 18, 20].
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Figure 6. Raman spectrum and Raman mapping at 785 nm, (a) Raman spectrum of PA-doped PBI membrane showing
free PA at 911 cm™, Raman mapping of the free PA peak at 911 cm™, (b) PBI-1 in 2D, (c) PBI-F in 2D, (d) PBI-I in 3D,
(e) PBI-F in 3D, (f) AS-F in 2D, (g) CS-F in 2D, (h) ACS-F in 2D, (i) AS-F in 3D, (j) CS-F in 3D, (k) ACS-F in 3D



3.2.4 Mechanism

The following mechanism for how SLG acts in a HT-PEMFC is proposed. The hydrogen
oxidation reaction (HOR) and the ORR, which involve catalytic active reaction processes,
mainly occur at the three-phase boundary composed of electrolyte (PA), catalyst and gas [59,
60]. Therefore, the three-phase boundary directly affects the charge transfer resistance and the
activation loss in the polarization curve, and its size plays a vital role in the performance. As
shown in Figure 7, the green line represents the three-phase boundary of a specific cross-
section of the MEA. When PA is not leached from the PBI membrane at all, the three-phase
boundary is simply the interface between the membrane and the catalyst (approximately planar
under ideal circumstances). With the proper amount of PA leaching from the membrane into
the CL, the three-phase boundary can be envisaged as changing from the straight green line to
the wavy green line, which makes the three-phase boundary larger. This is also one of the
reasons for the activation of HT-PEMFC [50, 51]. However, when PA excessively migrates into
the GDL, the CL is submerged and driven to migrate, and the pores in the GDL are blocked,
affecting gas transport. In these situations, the charge transfer resistance and mass transfer
resistance of the MEA increase. Since the SLG prepared by CVD has good mechanical
properties and good large-scale integrity, it has a good buffering effect on PA, which can be
observed in X-ray CT, Raman mapping and CV. At the same time, SLG has ultra-high proton
conductivity, so it does not significantly affect the transmission of protons while preventing the
leaching of PA, which is reflected in EIS analysis. In summary, SLG can perform proton
transfer and acts as a boundary between PA and catalyst to protect the catalyst from being
soaked so that gas can reach it. Therefore, SLG can act as part of the three-phase boundary. In
addition, due to the limited coverage of the SLG on electrodes, PA can still be leached out
between the gaps in SLG coverage to provide a favourable distribution of PA in the vicinity of
the membrane (shown in the bottom-right image in Figure 7). This is conducive to the
expansion of the three-phase boundary. As mentioned above, there are different mechanisms
for the leaching of phosphoric acid at the anode and cathode. During the AST process, the
continuous application of higher current density and the alternating changes of the current will
cause the PA to move from the cathode to the anode under the drive of the ‘electrochemical
pump’ [17-19]. At the cathode, the production of water will also cause the leaching of
phosphoric acid [20]. Therefore, the appropriate amount of PA leaching at cathode though the
gap of SLG occurs at the initial stage after initial activation and is less affected by the AST
process compared to the anode. It is worth noting that in the initial stage, the difference in
impedance of different MEAs is mainly reflected in the Re.an of AS-I and ACS-I is much larger
than that of CS-I and PBI-I. This results in the performance of CS-I being better than AS-I and
ACS-I. With the progress of AST, the PA of AS-I and ACS-I gradually leached from the gaps
of SLG to form a sawtooth-shaped phosphoric acid distribution, which increased the three-
phase boundary and gradually improved the performance. This can be reflected by the
impedance changes of AS and ACS before and after AST. Since CS cannot control the
excessive PA leaching at anode, the performance gradually declines. In AS, the performance
improvement caused by the further appropriate PA leaching at anode may be countered by the
performance degradation caused by the excessive PA at cathode. Therefore, the performance
of AS in the later stage of AST no longer increases, while the performance of ACS continues
to increase.
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Figure 7. Proposed mechanism behind the positive effect of SLG on HT-PEMFC performance

3.3 Impact of SLG on hydrogen crossover

To explore the effect of SLG on hydrogen crossover of ultra-thin PBI (UT-PBI) membranes, a
PBI membrane with a thickness of 7.7 um was prepared, and the SLG was added between
anode and membrane (UT-AS). To avoid the strong influence of AST on PA leaching, UT-PBI
and UT-AS were tested under a constant current of 600 mA instead of the AST. The polarization
curves and power density curves of MEAs based on ultra-thin PBI membrane under different
conditions are shown in Figure 8. I and F stand for initial measurement and final measurement
after 100 h testing, respectively. The ultra-thin nature of the membrane allowed for a large
amount of hydrogen permeation, which gave an OCV for UT-PBI-I of only 0.57 V.
Nevertheless, reducing the thickness of the membrane also reduces membrane resistance,
which can be seen in the relatively low ohmic loss in the medium current density stage. This
gave a relatively high maximum power density of UT-PBI-I (464 mW cm), even higher than
the maximum power density of PBI-I (404 mW cm™?). The OCV for UT-AS-I of 0.80 V was
significantly higher than that of UT-PBI-I, indicating that SL.G had a significant blocking effect
on hydrogen crossover. Although UT-PBI and UT-AS both had relatively high ADL, the ultra-
thin nature made their overall PA content relatively low. Although this is helpful to avoid the
side effects of excessive PA leaching, SLG may prevent the only PA in the PBI membrane from
proper leaching to the electrode, leading to a dead zone between the membrane and the
electrode, and the appearance of these dead zones will affect proton conduction [50, 51]. The
100-hour test of UT-PBI and UT-AS is shown in Figure 8 b. The voltage of UT-PBI continued



to drop over time. In Figure 8 a, the polarization curve of UT-PBI-F is almost a downward shift
of the polarization curve of UT-PBI-I, and the OCV of UT-PBI-F dropped from 0.57 V at the
initial measurement to 0.48 V. Therefore, the continuous drop in voltage of UT-PBI during
test was largely due to the gradual increase in hydrogen crossover. Unlike UT-PBI, the voltage
of UT-AS continued to rise during the test. This is most likely caused by the activation of the
MEA due to the reduction of the dead zone during operation [50, 51]. The OCV for UT-AS-F
was effectively the same as that of UT-AS-I, which shows that there is no significant increase
in hydrogen crossover during the operation of UT-AS. In addition, due to activation, the
performance of UT-AS-F was significantly improved compared to UT-AS-I. The maximum
power density of UT-AS-F reached 513 mW cm™, which is better than all aforementioned
MEAs. The blocking effect of SLG on hydrogen crossing can be further reflected in the LSV
curve shown in Figure 8 c. The limiting current density from the LSV curves and the calculated
hydrogen crossover flux are shown in Table 4. SLG had a certain blocking effect on the
hydrogen crossover of ultra-thin PBI, and it continued to play a role throughout testing.
Although SLG failed to produce an OCV at the normal level (usually considered to be 1 V),
UT-AS still showed excellent performance in view of the low ohmic resistance of the ultra-thin
PBI membrane.

Table 4. Hydrogen crossover flux of UT-PBIl and UT-AS

MEA JH, cross (MA cm™) nH, Crossover (mols™)
UT-PBI-1 21 2.45x107*
UT-PBI-F 70 8.16 x107*
UT-AS-I 14 1.63 x107*

UT-AS-F 15 1.75 x10°4




(a) 12

--------- UT-PBI I
......... UT-PBIF 300 ~
10 F e UT-AS T g
......... UT-ASE =
- 400 2
S 08 F 2
@ | e, U, %)
2 - 300 5
= 0.6 e, .-"-. ...... -
b L
’ z
............. _ A i 8
04 + LSS P, —
00 I 1 1 1 0
0 500 1000 1500 2000 2500
Current density (mA/cm?)
(b) (c)
0.70 1800 00
0.68 1500
066 1200
2 0.64 2
2 g 900
F 0.62 <
3 600
§ 0.60 —
058 300
0.56 0
0.54 L L L -300 : : !
0 100,000 200,000 300,000 0.0 0.2 0.4 0.6 0.8
Time (s) VI (V vs. Ref)

Figure 8. Electrochemical characterization of UT-PBIl and UT-AS: (a) polarization curves and power density curves
(150 C, anode: 100 mL min™ hydrogen, 1 mg cm” Pt Cathode: 100 mL min™ oxygen, 1 mg cm” Pt), (b) constant-
current (600 mA) discharging curves, (c) LSV curves (150 °C, anode: 100 mL min™ hydrogen, Cathode: 100 mL min™

nitrogen)

4 CONCLUSIONS

Large-size and high-quality SLG prepared by CVD was added between the membrane and
anode, the cathode and both sides to study the effect of SLG on the performance and durability
of PA-doped PBI membrane-based HT-PEMFC. The average coverage of the SLG on the
electrode estimated by Raman spectroscopic mapping was about 55%=+5%. The performance
of AS-I and ACS-], reflected by their peak power densities of 330 mW cm™ and 321 mW cm’
2, respectively, was significantly lower than that of PBI-I (404 mW c¢m™). However, when the
SLG is only placed on the cathode side, its effect on the initial stage performance in terms of
its peak power density is not obvious (399 mW cm™ for CS-I). Although the SLG did not
contribute to the power output in the initial stage of test, the in-situ ECSA of the cathode of the
MEA with SLG loaded on the cathode was significantly higher than that of the PBI-I. The
introduction of SLG may slow down the activation of MEAs in the initial stage caused by



advantageous PA leaching.

During AST, the performance of the MEA based on pure PBI membrane decreased significantly
over time. This may be due to excessive PA leaching caused by the high ADL in the PBI
affecting the three-phase boundary. The application of SLG significantly improved the
durability of MEA in the AST process. The peak power density of CS-F was 365 mW cm™,
which is significantly higher than that of PBI-F. For AS and ACS, the voltage at each current
density during the AST process did not drop but increased, resulting in ACS-F showing the
highest peak power density of 480 mW cm™ across all MEAs. The resistance, ECSA, phase
fraction and free PA boundary of different MEAs show that SLG can effectively control the PA
leaching, maintaining a large three-phase boundary and protecting the CL.

The application of SLG can effectively limit hydrogen crossover. After 100 h of constant-
current testing, hydrogen crossover of UT-AS-F and UT-PBI-F were 1.75x107* mol s and
8.16x107* mol s, respectively, with UT-AS-F exhibiting excellent performance with a peak
power density of 513 mW cm™.
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