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Abstract:

Gas diffusion layer (GDL), consisting of a micropos layer (MPL) and a carbon fibre
substrate, is one of the major components in prekmhange membrane fuel cells (PEMFCSs).
In gas diffusion electrodes (GDESs) with in-situ \groaligned Pt nanowire (NW) catalysts,
the GDL can also provide an important function amtcolling the growth and distribution of
the Pt nanowires. In this work, a systematic ingesion is conducted to evaluate the
evolution of the GDL structure on the PtNW growtlogess to prepare GDEs. The influence
mechanisms including carbon loading, carbon contiposiand polytetrafluoroethylene
(PTFE) loading in the MPL and PTFE in the carbdirdisubstrate on the electrode power
performance are studied in detail. An optimum stmecfor MPL, 4 mg ci carbon loading
with an equal amount of carbon black (CB) and deagyblack (AB), plus 5% PTFE loading,
is deserved. This GDL structure can provide suitahlbstrate coverage, reasonable surface
nucleation sites and required hydrophobicity fog th-situ growth of PtNWs. The results
indicate that the GDL features play a significaplerin the growth and distribution of the

obtained Pt nanowires to achieve high performarb&<for PEMFC application.

Keywords. Gas diffusion layer; Microporous layer; Pt; nanmyi Proton exchange

membrane fuel cell (PEMFC)



1. Introduction
Gas diffusion layer (GDL) is one of the key compatisein proton exchange membrane fuel
cells (PEMFCs). It usually consists of double fumeal layers: one is a macroporous

substrate layer and the other is a microporousr |8@y#’L) coated on the surface of the

substratg1-3] The substrate is usually made from porousks&d carbon fibres and treated by

a water-proofing agent such as polytetrafluoroethg! (PTFE).[4-6] The MPL is made from
carbon nanospheres for an excellent electrical woihdty and a hydrophobic polymeric
binder, i.e. PTFE to maintain the integrity of cambnanospheres and facilitate an efficient
water transport out of the catalyst layers (CLs®] Therefore, the whole GDL is believed to
provide mechanical strength to support CLs, delreaictants to and remove produced water

from CLs as well as reduce interfacial contactstesice (ICR) with CLs.[10-12]

With a high specific surface area (ca. 250gn),[13] Vulcan XC-72R carbon black (CB) is
extensively used to fabricate MPLs in commerciallGand also as catalyst supports.[14]
Acetylene black (AB), with a surface area ranged5q70 nf g7, is also commonly used in
MPLs to achieve a homogeneous surface.[15] Theumixbf CB and AB with various
compositions can be used to control the surfacpgrties of MPLs such as specific surface
area, porosity and electrical conductivity. In dddi, PTFE as the additive agent in both the
substrate and MPL to avoid water flooding, can assgnificantly affect the surface

wettability and porosity, further influencing thieucture of GDLs.[16]

As a component next to the CL in fuel cell conginug the characteristics of the GDL
considerably affect the performance of PEMFCs, @aplg when the gas diffusion electrode
(GDE) technique is employed by directly coatingabats on the GDL surface.[17, 18]

Different from the conventional methods by painfiry 20], spraying[21, 22] or printing[23,



24] the catalyst layer onto the GDL surface, owugr have developed aligned Pt nanowire
(NW) GDE concept by in-situ growing Pt nanowires the GDL surface.[25-27] The
achieved extremely thin catalyst layer consistihgmy a monolayer array of single-crystal
Pt NWs could effectively reduce mass transfer taste and boost the catalyst utilisation
ratio for an improved power performance.[28] HoweVbke in-situ growth of PtNW CLs is
obtained by a one-pot wet-chemical process, wher&DL structure, including the porosity,
homogeneity, hydrophobicity, etc. can significantiffluences the growth and distribution of
the Pt NWs on the GDL surface.[28] Therefore, a@esystic investigation on the evolution
mechanism of the GDL structure for Pt nanowire dlows required to achieve

high-performance GDEs for PEMFC applications.

In this work, the evolution of GDL structures ore therformance of the aligned PtNW GDEs
is studied in detail. Considering the crystal natiten and growth processes of Pt NWs and
the actual PtNW GDE performance in single PEMFQ®g tarbon loading and carbon
composition in the MPL, as well as the PTFE amoumtsoth of the substrate and MPL are
investigated comprehensively. It is found that GBEs with a proper GDL structure can
exhibit an enhanced performance compared to thertexpresearch work. The morphology
and distribution of the Pt NWs on the GDL surface discussed in detail considering the

electrochemical impedance spectroscopy (EIS) aisadysl single cell test results.

2. Experimental Section

2.1 Chemicalsand Materials

All chemicals and materials were used as receivéthowmt any further purification.
Hexachloroplatinic acid hexahydrate f4Ck-6H,0, >37.50% Pt basis) and PTFE (60 wt%
dispersion in HO) were purchased from Sigma-Aldrich UK. Formicda(CH,O,, 90%) and

isopropanol (IPA) (gHsO, >99.5%) were obtained from Fisher Scientific UK. ldan
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XC-72R carbon black (CB) and acetylene black (AB)Q% compressed, 99.9+%) were
purchased from Fuel Cell Store USA and Alfa Aes&AUrespectively. DuPont Nafi6212
membrane and Nafiéhsolution (D1021, 10 wt%) were obtained from lonwo Inc.
SIGRACET® GDLs 35BA, 35BC, 35CC and 35DC carbon paper wemgplied by SGL
Group. The gas diffusion electrodes (ELE1065-098@, mg: cm ) were obtained from
Johnson Matthey Fuel Cells Ltd and used as anaddalfricating fuel cells. Ultrapure water

(18.2 MQ2 cm) from a Millipore water system was used thraugh

2.2 Carbon loadingin MPLs

35BA, the pure carbon fibre paper without MPL, we®d as the substrate for fabricating
GDLs with self-painted MPLs. According to the datam SGL Group, the areal weight of
35BA is 54 g nif, and that of 35BC GDL which consists of 35BA witte standard MPL is
110 g nY. Considering there is 20% PTFE in the standard MiRised on the total MPL
weight), the calculated carbon loading is 4.48 mf.cThis value is much higher than those
reported in literature that is usually in the rang®.5-2 mg crif.[29-31] To find the optimal
carbon amount for Pt NWs GDE, the carbon loadingiiALs was studied based on the
standard 35BA with the CB loadings of 1, 3, 4, 4a#8 5 mg cnf. The PTFE percentage in
the MPL was 20% based on the total MPL weight. fhgtures of CB and PTFE were
dispersed in ultrapure water and IPA solution kiyasbnic processing with bath for 15 min
(U300, Ultrawave, UK) and horn for 10 min (130 W98 amplitude, VCX 130, SONICS,
USA). The resulting carbon inks were brush pairdeB5BA substrate, and dried overnight
at 40°C in the oven. After that, the GDL samples weretéat 240FC for 30 min in air to
remove the remained dispersing agent and then @t°G5for 30 min to improve the

distribution of PTFE.[9] The treated GDLs were thieady to use for the growth of Pt NWs.

2.3 Carbon composition in MPLs



With the optimized carbon loading, a carbon mixtafeCB and AB were employed for the
preparation of carbon inks. The percentage of CB adjusted to 0, 10, 25, 40, 50, 60, 75, 90

and 100% in the carbon mixture. All other processeghe same as described in Section 3.2.

24 PTFE loading in substratesand MPLs

To study the effect of PTFE in the substrate, Siefa35BC, 35CC and 35DC GDLs, all with

the standard Sigracet MPL but different PTFE logdinf 5, 10 and 20% in the substrate,
respectively, were used. 35BA was used as the basbdtrate for the fabrication of

self-painted GDLs to investigate the influence ®FE in the MPL. Self-painted MPLs were

prepared with different PTFE loadings based ondp&mized carbon loading and carbon
composition. The PTFE loadings were 5, 10, 1528030 and 40% (to total MPL weight) in

carbon inks. The self-painted GDLs were then tckate mentioned above for the growth of

Pt NWs.

2.5 Pt NWs GDE preparation and physical characterization

Pieces of standard and the self-painted GDLs wseéd as supports for Pt nanowire growth.
The detailed procedure is described in our previstuslies.[32,33] Before use, the GDLs
were cleaned with ultrapure water and IPA. For ifsitu growth of 0.4 mg ci Pt
nanowires on a piece of 16 ¢®DL, 17 mg HPtCk-6H,0 (6.4 mg Pt) and 0.53 mL formic
acid were added to 10.6 mL ultrapure water. The G®&is then immersed and push to the
bottom in the mixed solution in a 10 cm glass Pdigh by a plastic tweezer and stored at
room temperature for Pt nanowire growth. After tt@dour of the solution changed from
yellow to colourless and the growth of nanowire veasnpleted, the samples were rinsed
using ultrapure water and IPA, followed by dryingt@ °C overnight. The as-prepared carbon
paper samples with in-situ grown Pt nanowires vaderectly used as GDEs at the cathode side.

The microstructure of CB and AB was characterizgdabhigh-resolution transmission
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electron microscope (HR-TEM, Philips CM200 FEG)eThorphology and distribution of Pt
nanowires within GDEs were analysed by a field smis scanning electron microscope

(FE-SEM, JEOL 7000F, operating at 20 kV).

2.6 Membrane electrode assembly (MEA) fabrication

The commercial Johnson Matthey GDEs with a Pt nartimbe loading at 0.4 mgcm > were
used as anodes and the as-prepared GDEs weredusathades. Before being fabricated into
MEAs the GDE surface was coated with a thin layeNafion ionomer (0.6 mg cf). The
two GDEs were then sandwiched at both sides of@ad» Nafion 212 membrane and the

MEA was hot pressed at 125 under 4.9 MPa pressure for 2 min.

2.7 Fuel cell tests

The fabricated MEAs were tested in a PEMFC testds{RaxiTech-BioLogic FCT-50S) with
electrochemical impedance spectroscopy (EIS) chpadi The gasket used in fuel cell
testing was PTFE sheet with a thickness of 254 pimoth cathode and anode sides. The
MEAs were conditioned by a break-in at 0.6 V fdn,7and after that polarisation curves were
recorded at a scan rate of 5 mV. sThe stoichiometry for Hand air was 1.3/2.4 with the
minimum gas flow rates of 120 and 300 mL Mijrrespectively. EIS measurements were
performed in the frequency range from 10 kHz tolzlwith amplitudes of 0.05, 1 and 2 A.
Three current densities at low, medium and higluesl i.e. at 0.05, 0.5 and 1.0 A ém
respectively, were chosen for the measurementsith&lldisplayed resistances in the EIS
spectra indicate the area specific resistance (ABRjer flooding test based on a 24 h hold at
0.6 V was also conducted. All the above tests wemeducted at 76C with gases fully
humidified before entering the cell. The backpressuas 2 barg on the pressure gauge at
both sides. Cathode cyclic voltammograms (CVs) weoerded using an EZstat-Pro system

integrated with the test stand. The cathode wasvigdfully humidified N, at 300 mL min'
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and the anode was fed with fully humidified pure & 120 mL min', serving as both
reference and counter electrodes. Then, the cathateatial was cycled between 0.05 and 1.2
V at 20 mV § for 5 cycles, and the fifth cycle was recordede Tell temperature and
backpressure for CVs were 25 and 0 barg, respectively. The electrochemicdasararea
(ECSA) was measured by the electrochemical hydragisorption/desorption method and

calculated by the equation given below:

Q. (©) 9
210uC cm™ [L(mg cm?) [A, (cm?)

where Qis the hydrogen adsorption or desorption chargs, the catalyst loading (e.g. 0.4

ECSA(m®/ g) = 1)

mge: cmi?) and A is the area of the GDE (e.g. 16 ¥mQy = 210 uC crif is used as the
conversion factor, corresponding to the charge @olgcrystalline Pt surface covered by a

monolayer of hydrogen atoms [34].

3. Resultsand discussion

3.1. Influence of carbon loading on MPL

Surface optical microscopy images of 35BA substsate the GDLs with self-painted MPLs
with Vulcan XC-72R CB at loadings of 1, 3, 4, 4a&& 5 mg crif are shown in Fig. 1. It can
be seen that the plain 35BA substrate (Fig. 1a)dde of stacked carbon fibres. With the CB
loading of 1 or 3 mg ciin the MPL, the substrate is not fully covered #melbottom carbon
fibres are still obvious. With a higher CB loadithgtter coverage is achieved on the substrate
surface. There is no obvious difference betweentlinee high CB loadings. Some cracks
appear on the dried MPL, which can’t be avoidethalgh they can be minimised by a

complex painting approach.

The catalytic performance of Pt NWs in-situ growm tbe GDLs with various CB loading

was characterised in the single fuel cell and tireesponding polarisation and power density



curves are shown in Fig. 2a. The relationshipshef ¢urrent density at 0.6 V and the
maximum power density versus the CB loading arsenied in Fig. 2b. The results of Pt
NWs directly grown on the 35BA substrate withowg MPL are also included for comparison.
It can be seen that the use of the MPL results sigaificant improvement in the fuel cell
performance, which is in line with the results ngpd in literature.[35] Importantly, the figure
shows that the performance is highly dependenthenGB loading in the MPLs. With the
lower CB amount of 1 and 3 mg &nthe performance is low, and this can be ascribatle
poor contact with the polymer electrolyte membreduoe to the uneven substrate surface (Fig.
3a-d), leading to a large ICR. Furthermore, som&Wis may grow in the substrate rather
than on the MPL surface because the large porélseirsubstrate enable the penetration of
reaction solution. In this case, there is veryelitbnic conducting path between substrate and
the electrolyte membrane, thus no contributionhe tatalytic activity. The performance
increases with growing CB loading due to the impeoverage of the substrate surface (Fig.
3e-f). At 4 mg crif, the current density at 0.6 V reaches 0.77 A cWith further increase of
the carbon loading, the power performance decread®ugh a slightly higher maximum
power density is observed when CB is 4.48 mg“cMBiven that the practical fuel cell
operation voltage is usually at 0.6-0.65 V, the I6&ding of 4 mg ci was regarded as the
optimal amount and used in the following work. Camgal with our early results by directly
growing Pt nanowires on Freudenberg H2315 16 capmper [25], where also no MPL was
used but a much higher power performance was dataiman that from the 35BA substrate
here. This can be ascribed to the different caflbwa type and compaction density of the two
GDLs. The uncompact 35BA substrate causes much Rtok8/Vs to grow in the large pores
within the substrate, together with the larger telecesistance of 35BA, finally resulting in a

very poor performance here.



EIS measurements were conducted to help understendffect of carbon loading on the
behaviour of Pt NWs. The measurements were pertbrateéhree current densities at 0.05
(Fig. 3g), 0.5 (Fig. 3h) and 1.0 A &Fig. 3i), corresponding to low, mid and high emtr
density range, respectively. At a low current dgnshe impedance represented by the single
semicircle is dominated by the charge transferdsswhile at a large current density, ™ 2
semicircle appearing at the low frequency regiomanly caused by the mass transfer losses.
From Fig. 3g, it can be seen that all samples shaery similar impedance, but the samples
with the low carbon loadings of 1 and 3 mg tmxhibit a much larger ohmic resistance
shown by larger start points at a high frequencliictv stands for the sum of all ohmic
resistances from the electrode and electrolytdudiog ICR. Considering the same fuel cell
construction is used for all samples except the GIDE difference can be ascribed to the
large ICR between the GDE surface and the polydeetrelyte membrane, in particular the
uneven GDL surface with the uncovered carbon filatethie low carbon loading as shown in
Fig. 3d. Samples with 4, 4.48 and 5 mg<wearbon loadings all show a similar ohmic
resistance due to the even MPL surface, furthefirmoimg that the main contribution to the
ohmic resistance in these samples is the ICR. iShaéso confirmed by EIS at larger current
densities of 0.5 A cifi (Fig. 3h) and 1.0 A cifh (Fig. 3i). A slightly lower charge transfer
resistance is observed for the sample with a catbading of 4 mg cfi and lower mass
transfer resistance for the one with 4.48 mg@ana large current density (Fig. 3c), which is

in line with polarisation curves shown in Fig. 2.

3.2. Influence of carbon composition on GPL

With the optimum carbon loading of 4 mg érand 20% PTFE, the carbon composition in the
MPL with different carbon black (CB) and acetyldslack (AB) ratios was then investigated.
The in-situ performance of Pt NWs GDEs from paint@®Ls with different carbon

compositions in the MPLs is shown in Fig. 4 witle tases of MPLs made from pure AB and
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CB. It is shown in Fig. 4a that Pt NWs GDE with @B in the MPL exhibits the poorest
performance. With the adding of CB the performaiscgradually improved and achieves the
highest value with CB 50%+AB 50%. At a higher CBamt, the performance slightly
declines but no big difference is observed with@Bamount between 60-100%. The change
of the current density at 0.6 V and the maximum @owensity versus various carbon
compositions shown in Fig. 4b can explain the trevedl. It increases at first, and then

reaches the peak at the optimum composition, firgdkcreases with a slight difference.

To further confirm the power performance, EIS measients were conducted and the
corresponding spectra are shown in Fig. 4c-e. rtlma seen that at the low current density
(Fig. 4c), the Pt NWs GDE with pure AB in the MPhosvs the largest resistance while the
smallest value is observed for the one with CB 58®%+%0%. Three other GDEs show a
similar impedance to each other. At the mediumtagt current densities (Fig. 4d and e), the
change trend of the impedance with the carbon csitipo generally agrees with that of the
polarisation curves (Fig. 4a), with the smallestirge and mass transfer resistances observed

for the sample with CB 50% and AB 50% and the Istr@é that for the one with pure AB.

To understand the mechanism of the performancegehah Pt NWs GDEs on different
carbon compositions, the detailed microstructurésC8 and AB were analysed by
transmission electron microscope (TEM). TEM imagé<B and AB presented in Fig. S1
(Supporting Information) demonstrate that CB haplzerical shape with an average diameter
of ca. 50 nm (Fig. S1a-b) and AB consists of graplfiakes with irregular shape (Fig. S1c-d).
According to the literature, CB has a microporotracture and thus a large specific surface
area[36] while the smooth and inert surface of &Bults in a lower specific surface.[37] In
this work, the irregular surface of CB particles gaovide more nucleation sites for Pt than

the smooth AB surface. The mixture of CB and ABhwdifferent compositions may change
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the external surface and internal pore structuréhan MPL, influencing the growth and
distribution of Pt NWs on the GDL surface. Scannabgctron microscope (SEM) images of
Pt NWs grown on the self-painted MPLs with diffearexarbon compositions can further
explain the performance difference and the resuktsshown in Fig. 4f-h. It can be seen that
Pt NWs are sparsely distributed on the surfacenefMPL with pure AB due to the inert
surface (Fig. 4f). When 50% CB+50% AB were mixed tbe carbon ink, the surface
becomes preferable for Pt nanowire growth as mbthem are observed on the surface and
distribute uniformly with little aggregation (Figg). But when pure CB is used, the number
of Pt NWs on the surface decreases and some of ¢wem grow into the carbon surface in

the pores (Fig. 4h) due to the large amount ofeatmn sites on the active CB surface.

The possible reason for the different behaviourPofNWs on the MPL surface can be
assumed in the following. When the pure AB is ugbkd,inert surface provides few sites for
the nucleation of Pt thus sparsely distributed &taowire agglomerates are formed. With the
increase of the CB amount, more nucleation sitepesvided for more Pt NWs growth, thus
a better distribution is obtained and achieves highest performance at the optimum
composition. Further increasing the CB amount tesal a much loose MPL and some Pt
NWs may grow into the internal surface of the par®PL, which has very little contribution

to the power performance as there is not enough twnduct path to the polymer electrolyte
membrane, resulting in a lower catalyst utilisatidherefore, the carbon composition in the

MPL can influence the growth of Pt NWs and furta#ects the fuel cell performance.

3.3. Influence of PTFE Loading on GPL
To avoid water flooding in fuel cell operation, bahe substrate and MPL are usually treated
with PTFE to achieve super-hydrophobicity. Thistéiea will significantly affect the GDL

porosity and the surface wettability as well. ANRWYs GDEs are fabricated by in-situ growth
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Pt NWs on the GDL surface through a wet-chemicatgss, the hydrophobicity feature of
the GDL could affect the nucleation and growth 6MN\®RVs, inevitably influencing the final
PEMFC performance. Therefore, the effects of thEEPTbading in both of the substrates and
MPL are also investigated and the detailed infoiomadf the standard and self-painted GDLs
used for the PTFE study is listed in Table 1. Th® Eesults of Pt NWs GDEs with various
PTFE loadings in the carbon fibre substrate of GBL#&e current densities of 0.05, 0.5 and
1.0 A cm?show similar diameters of semicircles in Fig. S#li¢ating that the charge and
mass transfer resistances are nearly the samered #ituations. Therefore, it can be

concluded that the PTFE amount in the substrateshtile effect on the growth of Pt NWs.

To evaluate the effect of the PTFE loading in tHelyIGDLs with different PTFE amounts in
the MPL but with the same substrate were studisdhs kind of GDLs couldn’t be obtained
commercially, MPLs were self-painted on 35BA sudiigts in the lab. Based on the optimal
carbon loading of 4 mg cfand the composition of CB 50%+AB 50%, carbon imlere
prepared with different PTFE loadings of 5, 10, 28, 25, 30 and 40% with respect to the
total MPL weight. Fig. 5 shows the performance ofN®s GDEs grown on the painted
MPLs with various PTFE loadings from 5 to 40%. Tdlectrode performance generally
decreases with the increase in PTFE amount. EISune@ents were conducted to further
confirm the results, and a similar trend is obséneethat of the polarisation curves. It shows
clearly in Fig. 6a-c that at all three current dgngoints, the sample with 5% PTFE exhibits
the smallest semicircles, indicating the smalléstrge and mass transfer resistances. On one
hand, this can be attributed to the uniform disttitm of Pt NWs on the carbon surface at low
PTFE loading and the increasing agglomeration gtiéri PTFE amounts. On the other hand,
at a high PTFE loading, the polymer in the poresigdly reduces the porosity of the MPL,
resulting in a large mass transfer loss.[38] Toficanthe assumption for the change of the

performance, the morphology and distribution of NBV/s grown on the GDLs with the
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self-painted MPLs with 5, 20 and 40% PTFE, corresiong to the low, medium and high
PTFE amount, were analysed by SEM and the imageshawn in Fig. 5. For the GDL with
the low PTFE loading of 5% in the MPL (Fig. 6d), RWs uniformly distributed on the
surface and the nanowire morphology can be obsdreadthe high magnification image. At
the medium and high PTFE amount of 20% (Fig. 6€)40%6 (Fig. 6f), the distribution of Pt
NWs becomes non-uniform and tends to aggregaterto $uperstructures, and some parts of
the surface are not covered by Pt nanowires. Ehizecause the high PTFE loading covers
more surface area of the GDL thus presents a hfodléhe surface nucleation and finally
leading to a dense agglomeration and non-uniforstridution. Therefore, the performance

declines with the increase of the PTFE loadindneaxMPL.

Cathode CVs were recorded in the single cell topama the ECSA of the Pt NWs GDEs with
different PTFE loadings in MPLs. According to CVresss in 7a and the Pt precursor, the
calculated ECSAs for Pt NWs GDEs with the PTFE ilegaf 5, 10, 15, 20, 25, 30 and 40%
are 19.65, 19.35, 18.25, 18.17, 18.61, 18.25, 163§, respectively. A summary of the
ECSAs with the PTFE loading is shown in Fig. 7lzdh be seen that the ECSA value slowly
decreases with increase in PTFE amount, but theesahre still very close to each other
except the value of 40% which is slightly lower.nSmlering the SEM analysis results (Fig. 6),
it can be concluded that with the increase in PHEAtOuUNt, the catalyst utilisation slowly
becomes poorer and thus a smaller ECSA value &r@, finally resulting in an increased

charge transfer loss and a lower catalytic actiffig. 5).

The above test results demonstrate the influendbeohmount of PTFE in the MPL on the
in-situ performance. To further check the possible in water flooding during the fuel cell
testing, in particular at a lower PTFE loading,. &%, Pt NWs GDEs with the painted MPLs

at low, medium and high PTFE amounts were testethtmdes by soaking at 0.6 V over a
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period of ca. 24 h. Fig. 8 indicates that during fferiod the performance of Pt NWs GDEs
is generally stable for the MPLs with low and medilPTFE loadings, but an obvious
decrease can be observed with the PTFE loadin@%. Although further investigation is

needed to clarify the mechanism, one possible ressthat the high PTFE loading results in
limited nucleation sites with agglomerated Pt NWistlee surface, resulting in a fast interface
degradation in the operation. Hence, it can be cedithat a PTFE loading below 20% in the

MPL doesn’t result in water flooding in the contous operation of fuel cells.

Furthermore, the comparison of the cathode perfocmaf the in-situ growth of Pt NWs
GDEs on Freudenberg H2315 16 GDL carbon papero@tihg 0.4 mg cif), E-TEK ELAT®
GDEs LT120EW (Pt loading 0.5 mg &@n Pt/C (20 wt%) nanoparticle GDEs, and the
optimized in-situ growth Pt NWs GDEs in this worlasvstudied (Fig. 9)[4-6] It can be seen
that optimized in-situ growth Pt NWs GDEs in thienk exhibits ahigher power performance
than the other GDEs at 0.6 V, while at the hightage region (>0.7 V), it also presents a
higher power performance. The optimum structuréneditu growth Pt NWs GDEs in this
work, 4 mg crif carbon loading with the composition of 50% cartidack (CB) + 50%
acetylene black (AB) and the 5% PTFE loading, cawvide a suitable substrate coverage,
reasonable surface nucleation sites and satistyyalgophobicity for the growth of Pt NWs.
Therefore a better performance is obtained comptaréke in-situ growth of Pt NWs GDEs

on the commercial Freudenberg H2315 16 GDL carkagpep [4-6]

4. Conclusion

In this study, the GDL structures such as carbadiltgy, carbon composition and PTFE
loading were systematically investigated to understthe effects on the power performance
of Pt NWs GDEs. The results demonstrate that, toeae a high performance GDE, it is

critical to control the amount of nucleation sitas the MPL surface for the production of
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uniform Pt NWs with a balanced mass transport Ibasthe PTFE loading in the substrate
exhibited very limited influence. The obtained aptim carbon loading in the MPL is 4 mg
cm?, as a higher carbon loading results in a verykthitPL and a smaller carbon amount
could not cover the surface very effectively. Relgag the carbon composition in the MPL,
the mixture of CB 50% and AB 50% provided a suigghbrosity and a reasonable number of
surface nucleation sites for the growth of alignetd NWs to achieve a high power
performance PtNW GDE. The higher CB amount madd\Ws to grow into the inner pore
surface between the active CB spheres while thieehigB content resulted in agglomerates
and sparse distribution of Pt NWs owing to the tirgrrface properties. Furthermore, the
PTFE amount within the MPL needs to be kept as &swvpossible to enable effective
nucleation sites on the surface while can stillypre water flooding during fuel cell operation.
The understanding obtained here can potentiallwigeo reference for the design and

development of fuel cell electrodes with other ambeti nanostructures.
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Figure and table captions

Table 1. Information of the PTFE loading in the standard aalf-painted GDLs.

Fig. 1. Optical microscopy images of (a) 35BA substrate twe GDLs with self-painted

MPLs at the Vulcan XC-72R CB loading of (b) 1, &)d) 4, (e) 4.48 and (f) 5 mg &n

Fig. 2. (a) Polarisation and power density curves, andh®)trend of the current density at
0.6 V and the maximum power density for Pt NWs GO different CB loadings in the
painted MPLs. (20% PTFE in MPLs based on the tbtBL weight). Measurements were
taken at Te=70°C with fully humidified H and air at 2 barg (stoichiometry s=1.3/2.4).

Fig. 3. SEM images at different magnifications for Pt NWswn on the self-painted MPL
with carbon loading of (a-d) 1 mg énfe) 4, (c) 5 mg cffi (20% PTFE in MPLs based on the
total MPL weight). EIS measured at (g) 0.05, (H§ 8nd (i) 1.0 A cif for Pt NWs GDEs
with different CB loadings in the painted MPLs. 2 TFE in MPLs based on the total MPL
weight). Measurements were taken a§d70°C with fully humidified H and air at 2 barg
(stoichiometry s=1.3/2.4).

Fig. 4. (a) Polarisation and power density curves, andh®)trend of the current density at
0.6 V and the maximum power density for Pt NWs G different carbon compositions
in the painted MPLs. EIS measured at (c) 0.050(8)and (e) 1.0 A ci for Pt NWs GDEs
with different carbon compositions in the painte®M. Measurements were taken a§370
°C with fully humidified H and air at 2 barg (stoichiometry s=1.3/2.4). SEMges for Pt
NWs grown on the self-painted MPL with (f) pure Atg) CB 50% + AB 50%, (h) pure CB.

(Carbon loading is 4 mg cmMPTFE is 20%).
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Fig. 5. Polarisation and power density curves of Pt NWEGWith different PTFE loadings
in self-painted MPLs. Measurements were taken.atT0°C with fully humidified H and
air at 2 barg (stoichiometry s=1.3/2.4).

Fig. 6. EIS measured at (a) 0.05, (b) 0.5 and (c) 1.0 X éon Pt NWs GDEs with different
PTFE loadings in the self-painted MPLs. SEM imagfeBt NWs GDEs with (d) 5%, (e) 20%
and (f) 40% PTFE amount in the self-painted MPLgakurements were taken at,¥70°C
with fully humidified H, and air at 2 barg (stoichiometry s=1.3/2.4).

Fig. 7. (a) Cathode CVs and (b) summary of ECSAs for th&Ws GDEs with different
PTFE loadings in the MPLs. Measurements were takdh,=70°C with fully humidified H
and N at 2 barg (stoichiometry s=1.3/2.4).

Fig. 8. Continuous operation test at 0.6 V for Pt NWs GDhé#ih painted MPLs at the low,
medium and high PTFE amounts. Measurements werentat Tq=70 °C with fully
humidified H, and air at 2 barg (stoichiometry s=1.3/2.4).

Fig. 9. Comparison of the cathode polarization curvesefin-situ growth of Pt NWs GDEs
on Freudenberg H2315 16 GDL carbon paper (Pt lapfiid mg crif), E-TEK ELAT® GDEs
LT120EW (Pt loading 0.5 mg cf), Pt/C (20 wt%) nanoparticle GDEs, and the optédiz

in-situ growth Pt NWs GDEs in this work.
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Table 1. Information of the PTFE loading in the standard aalf-painted GDLs.

Type GDL PTFE loading in the substrate (%) PTFHliog in the MPL (%)

35BA 5 No MPL
35BC 5 20
Standard 35CC 10 20
35DC 20 20
35BA+MPL1 5 5
35BA+MPL2 5 10
35BA+MPL3 5 15
Self-painted 35BA+MPL4 5 20
35BA+MPL5 5 25
35BA+MPL6 5 30
35BA+MPL7 5 40

Fig. 1. Optical microscopy images of (a) 35BA substrate tae GDLs with self-painted

MPLs at the Vulcan XC-72R CB loading of (b) 1, &)d) 4, (e) 4.48 and (f) 5 mg &n
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Fig. 2. (a) Polarisation and power density curves, andh®)trend of the current density at
0.6 V and the maximum power density for Pt NWs GDé&# different CB loadings in the
painted MPLs. (20% PTFE in MPLs based on the tMBL weight). Measurements were

taken at Te=70°C with fully humidified H, and air at 2 barg (stoichiometry s=1.3/2.4).
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Fig. 3. SEM images at different magnifications for Pt NWswn on the self-painted MPL
with carbon loading of (a-d) 1 mg énfe) 4, (c) 5 mg ci (20% PTFE in MPLs based on the
total MPL weight). EIS measured at (g) 0.05, (1§ and (i) 1.0 A cnf for Pt NWs GDEs
with different CB loadings in the painted MPLs. ¥ TFE in MPLs based on the total MPL
weight). Measurements were taken ad70°C with fully humidified H and air at 2 barg

(stoichiometry s=1.3/2.4).
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Fig. 4. (a) Polarisation and power density curves, andh®)trend of the current density at
0.6 V and the maximum power density for Pt NWs G different carbon compositions
in the painted MPLs. EIS measured at (c) 0.050(8)and (e) 1.0 A cf for Pt NWs GDEs
with different carbon compositions in the painte®M. Measurements were taken g§370
°C with fully humidified H and air at 2 barg (stoichiometry s=1.3/2.4). SEMges for Pt
NWs grown on the self-painted MPL with (f) pure Atg) CB 50% + AB 50%, (h) pure CB.

(Carbon loading is 4 mg cmMPTFE is 20%).
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Fig. 6. EIS measured at (a) 0.05, (b) 0.5 and (c) 1.0 A éon Pt NWs GDEs with different
PTFE loadings in the self-painted MPLs. SEM imagfeBt NWs GDEs with (d) 5%, (e) 20%
and (f) 40% PTFE amount in the self-painted MPLgaBurements were taken at,F70°C

with fully humidified H, and air at 2 barg (stoichiometry s=1.3/2.4).
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Fig. 9. Comparison of the cathode polarization curvesefih-situ growth of Pt NWs GDEs
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in-situ growth Pt NWs GDEs in this work.
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