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Abstract: Durability is a major issue and has been the
growing focus of research for the commercialization of
polymer electrolyte fuel cells (PEFCs). Corrosion of car-
bon support is a key parameter as it triggers the Pt cat-
alyst degradation and affects cell performance, which in
turn affects the longevity of the cells. Herein, we describe
a hybrid composite support of TiO2-nanowires and Multi-
walled carbon nanotubes (MWCNTs) that offers resistance
to corrosion under stressful operating conditions. Titania
nanowireswhichhavebeen shown tobemore efficient and
catalytically active than spherically shaped TiO2. TiO2-
MWCNT composites are prepared through a hydrothermal
method, followed by Pt deposition using a polyol method.
Crystal structure, morphology, and oxidation state are
examined through various characterization techniques.
Electrochemical performance of TiO2-nanowire/MWCNT
composite-supported Pt at various ratios of TiO2/MWCNT
is assessed in PEFCs. Pt on support with optimum com-
position of TiO2-nanowires to MWCNTs exhibits fuel cell
performance superior to Pt onMWCNTs. Accelerated stress
testing (AST) between 1 and 1.5 V reveals that the de-
signed catalyst on nanocomposite support possesses su-
perior electrochemical activity and shows only 16% loss in
catalytic activity in relation to 35% for Pt/MWCNTs even af-
ter 6000 potential cycles. Subsequently, the samples were
characterized after AST to correlate the loss in fuel cell per-
formance
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1 Introduction
In current energy crisis scenario, polymer electrolyte fuel
cells (PEFCs) are considered promising systems for hydro-
gen energy conversion and sustainable energy applica-
tion suited for both stationary and portable applications.
The present focus of the investigation primarily stresses
durability and cost, which are inter-related [1]. In order
to improve the durability of PEFCs, an understanding of
the degradation of catalyst, support and their mitigation
strategies is crucial. Carbon-based supports are the con-
ventional choice for platinum (Pt) electrocatalyst in PE-
FCs. However, the carbon support corrosion, particularly
in the cathode during start-up and shut-down remains a
bottleneck towards the sustainable long-term stability of
PEFCs [3, 4].

In this regard, focus has been shifted towards corro-
sion resistant support materials that can also stabilize the
Pt electrocatalysts in PEFCs [5–10]. One such approach
is applying more graphitic carbon-like carbon nanotubes
(CNTs), carbon nanofibers (CNFs) and graphene as sup-
ports for PEFCs [11–14]. Multi-walled carbon nanotubes
(MWCNTs) are particularly attractive as a catalyst support
for PEFC applications owing to their unique mechanical,
electrical and thermal stability [15–20]. However, aggrega-
tion of nanotubes and problems associated with disper-
sion of Pt electrocatalyst are a challenging task that ren-
ders them less desirable [20, 21]. The second approach is
use of stable transition metal-oxides as catalyst-supports.
In this regard, TiO2 possesses superior stability in highly
corrosive environments and exhibits good catalytic stabil-
ity making it certainly interesting [21, 22]. However, a sub-
stantial loss in the performance of PEFCs has been made
particularly due to its lower conductivity [23, 24]. To over-
come this drawback, a hybrid nanocomposite consisting
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of TiO2 and highly conducting carbon nanotubes (CNTs),
that can have high activity and durability through its in-
teraction with Pt, is promising for PEFC applications. Ac-
cording to literature reports, TiO2/MWCNT nanocompos-
ites are demonstrated to have improved photo-catalytic
activity [25–27]. In addition, nanocomposites comprised
of TiO2/MWCNTs are shown to have higher efficiency in
solar cells [28]. According to literature reports, titania
nanowires have been shown to be more efficient and cat-
alytically active than TiO2 spherical nanoparticles in var-
ious applications [29, 30]. According to a report by Hard-
castle, efficiency of TiO2 nanotubes is higher towards pho-
tocatalytic splitting of water than of spherically shaped
TiO2 [31]. Song et al. reported that titania nanotubes pre-
pared from polycrystalline TiO2 havemore interesting and
unique properties than the latter [32]. It has been reported
that the one-dimensional TiO2 has larger surface area
than the TiO2 nanoparticles, which is essential, particu-
larly in heterogeneous catalysis [32–34]. Shen et al. in-
vestigated TiO2/MWCNTs based nanocomposites for us-
age in lithium-ion battery and this nanocomposite seems
to be ideal for fast and efficient lithium storage [35]. De
Luca et al. have explored the sensing characteristics of
Pt/TiO2/MWCNTs composites and found that the synergis-
tic action between Pt, TiO2 and MWCNTs plays a key role
in fast response of this catalyst for hydrogen sensing [36].

In the literature, a few studies are available for Pt sup-
ported on TiO2 nanostructures, MWCNT and their com-
posites as electrocatalyst for PEFCs with appreciable elec-
trochemical activity [21, 37–40]. Our previous study re-
ported the enhanced electrocatalytic acitivity towardsORR
using a Pt/TiO2:TiN electrocatalyst [40]. Xia et al. pre-
pared CNT@TiO2 structures composed of TiO2 nanosheets
grafted on the CNT backbone as the support [21]. Ocampo
et al.prepared Pt-TiO2-CNT through ametal-organic chem-
ical vapor deposition (MOCVD) process and the results
showed that the Pt-TiO2-CNT composites displayed higher
Pt activity than the Pt-TiO2 catalysts [38]. In addition,
the above-mentioned catalysts were also evaluated for
methanol and ethanol electro-oxidation [41–43]. The stud-
ies did not demonstrate actual fuel cell performance and
stability during long-term operation in fuel cell mode.
Also, it is imperative and vital to study various composi-
tion ratios of TiO2 nanowire to MWCNT, which is expected
to tailor its properties towards activity and durability of Pt
in PEFCs. Hence, we envisage the use of optimum ratio of
TiO2 to MWCNTs as support for Pt in PEFCs. Herein, we de-
scribe a hybrid composite based on optimum ratio of TiO2
nanowires andMWCNTs that can disentangle the setbacks
associated with Pt dispersion and the reduced conductiv-
ity of TiO2. Besides, hybrid nanocomposites of TiO2-CNT

could provide added advantages, pertaining to the unique
electronic structure, large surface area, enhanced stability
of CNTs, and increased acid stability, corrosion resistance
and improved catalytic activity associated with TiO2 [44].
In this study, a hybrid composite of TiO2 nanowires (TNW)
andMWCNTs composite (TWCNTs) for fuel cell operation is
demonstrated. Various compositions of TWCNT (C to Ti ra-
tio) are prepared through a hydrothermalmethod. Pt is de-
posited on TWCNT by using a polyol method. Morphology,
microstructural properties, surface compositions and oxi-
dation state of electrocatalyst samples are evaluated using
X-ray diffraction (XRD), field emission-scanning electron
microscopy (FE-SEM), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). Cyclic
voltammetry and cell polarization studies are carried out
in order to assess the influence of the supports on the over-
all performance. An accelerated stress test (AST) proto-
col is employed to analyze the stability of the supports
in actual fuel cell environment under stringent operating
conditions. The tailored electrocatalyst is demonstrated to
have higher performance in PEFCs and to be stable up to
6000 cycles between 1 and 1.5 V. After the AST, the cat-
alytic activity and physical properties of Pt/TWCNTs are
compared with those of Pt/TNW and Pt/MWCNT.

2 Experimental

2.1 Preparation of titania nanowires

Titania nanowires were prepared by hydrothermal
method. In brief, about 3 g of Degussa TiO2 [P-25] pro-
cured from Aldrich Chemicals was dispersed in 100 ml of
10 M KOH by ultrasonication for 20 min and stirred for
1 h to get a homogenous suspension. Further, this sus-
pension was transferred to a Teflon-lined autoclave and
heat-treated at 200∘C for 48 h. Finally, titania nanowires
(TNW) were obtained after cooling to room temperature
and filtration, washing with diluted HCl, de-ionised water
and methanol. The obtained TNW samples were dried at
70∘C for 12 h. Formation of titania nanowires was con-
firmed by FE-SEM measurements discussed in the later
sections.

2.2 Surface treatment of multi-walled
carbon nanotubes (MWCNT)

Prior to the formation of nanocomposites, the MWCNT
(outer diameter 10-30 nm) (Aldrich chemicals) were sur-
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face treated according to the procedure reported else-
where [45]. In brief, an acid mixture containing 1:1 ratio
of conc. HNO3 and conc. H2SO4 was prepared and 1 g
of MWCNT was suspended. Further the acid mixture con-
taining MWCNTs was ultrasonicated for about 40 min and
stirred vigorously for 2 h at 80∘C. Finally, MWCNT were
separated after repeated washing with de-ionized water
and dried subsequently at 80∘C for 8 h.

2.3 Preparation of TWCNTs nanocomposite

TWCNTs nanocomposite was prepared from as-
synthesised TiO2 nanowires and surface-treated MWCNTs
by a hydrothermal method. In brief, the required amount
of TiO2 nanowires and MWCNTs was dispersed in iso-
propyl alcohol (IPA)-water mixture under ultrasonication
for 20 min followed by stirring for 1 h. This suspension is
further transferred to a Teflon-lined autoclave and heat-
treated at 150∘C for 6 h. The nanocomposites were purified
through repeated washing with excess of deionized water
followed by drying at 80∘C for 12 h. Various ratios of TWC-
NTs nanocomposite in terms of C to Ti weight percentage
such as 1:1, 2:1 and 3:1 were prepared by the above method
and labelled as TWCNT-1, TWCNT-2 and TWCNT-3 respec-
tively.

2.4 Deposition of Pt nanoparticles on
MWCNTs and TWCNT nanocomposite

Pt electrocatalyst with a composition of 30 wt.% of Pt on
TWCNT-1 was prepared by a polyol method. In a typical
experiment, 120 mg TWCNT-1 was dispersed in 2:1 volume
ratio of ethylene glycol-water mixture. Approximately, 215
mg H2PtCl6·6H2O (Aldrich Chemicals) was added to the
above solution dropwise under constant stirring, the solu-
tion sonicated for 30min, the pHwas adjusted to 13 by the
additionof sodiumhydroxide. Further, the solutionwas re-
fluxed in a round bottom flask at 140∘C for 6 h. Finally, Pt-
deposited on TWCNT-1 (Pt/TWCNT-1) was separated from
ethylene glycol solution after repeated washing with copi-
ous amounts of Millipore water followed by ethanol and
drying in a hot air oven at 80∘C for 12 h. Similarly, the
abovemethodwas followed for the preparation of Pt/TNW,
Pt/MWCNT and Pt/TWCNTs.

2.5 Fabrication and evaluation of membrane
electrode assemblies (MEAs)

MEAs were fabricated following a proprietary protocol re-
ported in our previous work [46]. To sum up, a Toray
carbon paper (TGP-H-120) of 0.35 mm thickness with 15
wt% Teflonization was used as the backing layer. For gas-
diffusion layer, Vulcan XC72R carbon suspended in cyclo-
hexane and ultrasonicated in a water bath for 40min with
15 wt% Teflon suspension was brush-coated on to the Tefl-
onized carbon paper and heat-treated at 350∘C for 30 min.

To prepare the catalyst layer, the required amount of
the catalyst (Pt/C for anode and Pt/TNW, Pt/MWCNT or
Pt/TWCNTs for cathode) was suspended in IPA and the
mixture was ultrasonicated in a water bath. Further, 7 and
30 wt.% of Nafionr (Dupont) ionomer, respectively, was
added to the anode and cathode slurry with continuous
sonication for 1 h. The resultant suspension was coated
onto the gas-diffusion layer. Both anode and cathode con-
tained a platinum loading of 0.2 mg cm−2 (active area
25 cm2) that was kept constant in all the MEAs. Finally,
MEAs were obtained by hot pressing the cathode and an-
ode on either side of a pre-treated Nafion-212 membrane
at 60 kg cm−2 at 130∘C for 2 min. MEAs were evaluated
using a conventional 25 cm2 fuel cell fixture with paral-
lel serpentine flow field setup procured fromM/s Fuel Cell
Technologies Inc., US. Prior to measurement of polariza-
tion data, the cells were equilibrated at constant potential
at 60∘C. The polarization data were recorded at varying
load current-densities at 60∘C with the recommended sto-
ichiometry of hydrogen (1.2) and oxygen (3) under ambi-
ent pressure on BioLogic Science Instruments Corporation
(FCT150S), France.

2.6 Accelerated stress test (AST)

AST was carried-out following a detailed standard dura-
bility testing protocol [47]. In brief, AST was carried-out
by potential cycling the cathode of the PEFC between 1
and 1.5 V with respect to the dynamic hydrogen electrode
(DHE) using a potentiostat (Autolab-PGSTAT 30). The test
was conducted at a cell temperature of 80∘C with humidi-
fied hydrogen at a flow rate of 1.2 stoichiometry at 1 A cm−2

and 100ml min−1 of nitrogen to cathode, respectively. Cell
polarization and CV for measuring ESA were conducted at
frequent intervals of AST.
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Figure 1: FE-SEM images of (a) TNW, (b) MWCNT, (c) TWCNT-3 and (d) TWCNT-2.

2.7 Physical characterization

Powder X-ray diffraction (PXRD) studies were conducted
on Philips X’Pert diffractometer using CuKα radiation (λ =
1.5406Å) to analyze the change in crystallinity and crystal-
lite size of Pt in Pt/TNW, Pt/MWCNT andPt/TWCNTs. X-ray
photoelectron spectroscopy (XPS) studies were conducted
to analyze the oxidation states of the elements using
Omicron nanotechnology instrument, Germany. The mor-
phologies, average particle size of Pt and surface atomic
compositions for various electrocatalyst were examined
using TESCAN MIRA 3 field emission-scanning electron
microscope (FE-SEM) with dispersive X-ray spectrome-
try (EDX), transmission electron microscopy (TEM) and

high resolution-transmission electron microscopy (HR-
TEM) using Tecnai G20 and G30, respectively.

3 Results and Discussion
The surface morphology of the hybrid composites for var-
ious electrocatalysts has been examined by FE-SEM. Fig-
ure 1 (a-d) shows FE-SEM images for MWCNT, TNW and
TWCNT nanocomposite electrocatalysts. Figure 1 reveals
the one-dimensional nanowire structure of titania pre-
pared through hydrothermal method (a) and MWCNTs (b).
Figure 1 (c & d) shows images of TWCNT-3 and 2, wherein
titania nanowires are seen entangledwithMWCNTs to give
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Figure 2: HR-TEM micrographs of (a) Pt/MWCNT, (b) Pt/TNW, (c & d) Pt/TWCNT-2 at different magnifications.

an intertwined structure of TWCNT nanocomposite. In ad-
dition, EDX was taken for Pt deposited on MWCNT, TNW
and TWCNT nanocomposite electrocatalysts. EDX result
clearly shows Pt content in all the electrocatalyst to be
30-32 wt.% and no other impurities were detected. To fur-
ther examine the Pt particle size, distribution and struc-
tural morphology, HR-TEM images were taken for vari-
ous electrocatalysts. Figure 2 (a-d) shows the HR-TEM im-
ages for Pt/MWCNT, Pt/TNW and Pt/TWCNT electrocata-
lysts. In the case of Pt/MWCNT, the Pt nanoparticles are
distributed evenly with slight agglomeration as shown

in Figure 2 (a). Whereas, in the case of Pt/TNW, fairly
uniform distribution of Pt nanoparticles is seen and the
nanowires are closely packed like bundles as shown in Fig-
ure 2 (b). HR-TEM micrographs for Pt/TWCNT-2 nanocom-
posite as given in Figure 2 (c & d) reveal the entangled
nanowire-nanotube structure with fairly uniform distribu-
tion of smaller sized Pt nanoparticles. The Pt particle size
for Pt/MWCNT, Pt/TNW and Pt/TWCNTs nanocomposite is
observed to be on the order of 2-6 nm with majority of the
particles to be 4 nm. HR-TEMmicrographs for Pt/TWCNT-1,
2 and 3 are also given in the Supporting Information (Fig-
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Figure 3: (a-f) Typical STEM and elemental mapping for Pt/TWCNT-2; (a) STEM, (b) Overall mapping, (c) mapping for Pt, (d) Ti, (e) C and (f) O.

ure 1S (a-c)). Histogram showing the Pt particle size distri-
bution for Pt/MWCNT, Pt/TNW and Pt/TWCNT-2 nanocom-
posite is given in Supporting Information (Figure 2S). The
typical STEM and elemental mapping for Pt/TWCNT-2 in
Figure 3 (a-f) clearly showTiO2 nanowires getting compos-
ited with theMWCNTs forming a perfect intertwined struc-
ture with Pt deposited on TWCNT-2.

PXRD patterns for Pt deposited on MWCNT, TNW and
various compositions of TWCNT nanocomposite are given
in Figure 4. PXRD pattern for TiO2 nanowires at 25.26,
48.35 and 68.78∘ corresponds to the lattice planes (101),
(200) and (116) of anatase TiO2, respectively. Similarly,
TWCNT nanocomposites also show typical peaks for (101)
and (200) lattice planes of anatase TiO2. In addition, the
peak at 26∘ corresponding to C (002) plane is seen over-
lapping with the (101) plane peak of titania. Pt/MWCNT,
Pt/TNW and Pt/TWCNT electrocatalysts show broad peaks
at 39.8, 46.4 and 67.6∘ corresponding to (111), (200) and
(220) lattice planes, confirming the face-centered cubic
(fcc) structure of Pt metal particles (JCPDS no. 87-0647).
The platinum crystallite size is calculated from full-width-
at-half-maximum (FWHM) value for the (111) peak using
Scherrer equation [46]. The average Pt crystallite sizes in
Pt/TNW, Pt/MWCNT and Pt/TWCNTs electrocatalysts are

furnished in Table 1S in the Supporting Information. It is
observed that the Pt crystallite size remains almost the
same for Pt/TWCNT-1, 2 and Pt/TNW. The Pt crystallite size
measured with XRD is in agreement with that observed in
HR-TEM micrographs.

Figure 5 (a and b) depicts the XPS survey spectra
of Pt/TNW and Pt/TWCNTs nanocomposite electrocata-
lysts. The XPS survey spectra for Pt/TNW and Pt/TWCNT-2
clearly reveal the presence of the expected elements with
no other impurities. Figure 5 (c and d) shows the Ti2p
binding energy level for Pt/TNW and Pt/TWCNT-2 electro-
catalysts. The binding energy doublet peaks at 464.2 and
458.4 eV for Pt/TNW correspond to the Ti 2p1/2 and Ti
2p3/2 asymmetric spin orbit levels, which confirm Ti to
be present in +4 oxidation state. Whereas, in the case of
TWCNT-2, a small shift is observed in the binding energy
at 464.5 and 458.8 eV, which is mainly due to the strong
interaction between titania and MWCNT. Figure 5 (e and
f) shows the deconvoluted O1s spectra for Pt/TNW and
Pt/TWCNTs nanocomposite. The O1s spectrum for Pt/TNW
shows three different peaks at 530.4, 531.4 and 532.4 eV as-
signed to the lattice oxygen, surface hydroxyl groups and
watermolecules in TiO2, respectively. However, in the case
of Pt/TWCNTs nanocomposite, apart from the above three
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Figure 4: Powder XRD pattern for Pt/MWCNT, Pt/TNW and various nanocomposites supported Pt (Pt/TWCNT).

peaks, an additional peak at 533.2 eV corresponds to theO-
C bond. This clearly confirms the interaction between the
TiO2 nanowires and MWCNTs through Ti-O-C bond [48].

From the deconvoluted spectra of the 4f region, it can
be seen that Pt (4f) for Pt/MWCNT andPt/TWCNT-2 electro-
catalysts consist of three pairs of doublet peaks as shown
in Figure 6 (a-b) which are attributed to Pt0, PtII and PtIV

oxidation state. Figure 6 (a) depicts the Pt 4f binding en-
ergypeaks at 74.7 and71.4 eVcorresponding toPt 4f 5/2 and
4f 7/2 orbital swhich is attributed to metallic state of Pt for
Pt/MWCNT in good agreement with literature reports [49,
50]. However, as compared to Pt/MWCNT (Figure 6 (a)) of
Pt 4f level, the Pt doublet metallic peaks are shifted to-
wards higher energy levels in case of Pt/TWCNT as shown
inFigure 6 (b). Thismaybedue to the strongmetal-support
interaction between Pt and titania nanowires which mod-
ifies the electronic and catalytic properties of Pt. The rel-
ative percentages of Pt0, PtII and PtIV for Pt/TWCNTs are
observed to be 78, 13 and 9% respectively, which is very
similar to that of Pt/MWCNT and Pt/TNW.

The performance data for PEFCs with Pt/MWCNT,
Pt/TNW and Pt/TWCNTs employed as cathode catalysts
are presented in Figure 7 (a). From the polarization curves,

it is clear that Pt/TWCNT nanocomposites, particularly
Pt/TWCNT-1 and 2 composite electrocatalyst exhibit bet-
ter performance followed by Pt/MWCNT and Pt/TNW in
the entire polarization region with the order of perfor-
mance being Pt/TWCNT-2 > Pt/TWCNT-1 > Pt/MWCNT >
Pt/TWCNT-3 > Pt/TNW. The PEFC with Pt/TWCNT-2 shows
a current density of 810 mA cm−2 at 0.6 V in relation to
Pt/MWCNT and Pt/TNW wherein current density of 600
and 350 mA cm−2 is seen, respectively. The unique elec-
tronic structure of MWCNTs helps enhancing the catalytic
activity of the Pt electrocatalyst in addition to its enhanced
ballistic electron transport. Besides, the titania nanowires
show enhanced electrocatalytic activity by their interac-
tion with Pt nanoparticles [36, 48, 51]. Together, the com-
bination of titania nanowires along with MWCNTs en-
hanced the catalytic activity of Pt through their interaction
and improved the fuel cell performance. MWCNTs as sup-
port provides mechanical integrity to the support struc-
ture, whereas titania nanowires are proven to be active
towards catalysis [52, 53]. Literature report also shows ti-
tania in nanowire/nanorod form to be catalytically more
active than in spherical form [33]. The MWCNTs in the in-
terconnected twinned-structure also act as charge-carriers
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Figure 5: XPS (a & b) survey spectra for Pt/TNW and Pt/TWCNT-2, (c & d) deconvoluted spectra of Ti 2p state for Pt/TNW and Pt/TWCNT-2 and
(e & f) O 1s for Pt/TNW and Pt/TWCNT-2.
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Figure 6: XPS deconvoluted spectra of Pt 4f state for (a) Pt/MWCNT
and (b) Pt/TWCNT-2.

and compensate for the conductivity loss with titania. A
graphic representation illustrating the entangled structure
of titania nanowires and MWCNTs followed by the depo-
sition of Pt nanoparticles is presented in Scheme 1. The
illustration of the one-dimensional local arrangement of
titania nanowires and MWCNTs is based on the inference
from structural investigations.

It is expected that the increased TiO2 content in the
Pt/TWCNT-1 has a lot of TiO2 nanowires aggregated on
the MWCNT surface. This may be the reason behind the
slightly reduced performance at high current densities due
to sluggish charge transport across TiO2 toMWCNT assem-
bly. In the case of Pt/TWCNT-3, there is a lack of surface
coverage of MWCNT by TiO2 nanowires. This results in the

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: (a) Comparative steady-state polarization curves and (b)
Comparative CV recorded for Pt/TNW, Pt/MWCNT and Pt/TWCNTs.

Scheme 1: Representation of TiO2 nanowires on to the MWCNT sur-
face followed by the deposition of Pt and ORR surface mechanism
on the as formed Pt/TWCNT-2 nanocomposite.

poor distribution of Pt, some of the Pt nanoparticles are at-
tached directly to MWCNTs leading to reduced cell perfor-
mance. However, Pt/TWCNT-2 shows better performance
than other combinations in the entire polarization region.
Thus, TiO2 nanowires to MWCNTs with C-Ti ratio of 2:1 are
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found to be optimum for Pt support in PEFCs. This is sub-
stantiated in the literature by De Luca et al. It is reported
that C/Ti ratio in the Pt/TiO2/MWCNT composite plays a
vital role in hydrogen detection [36].

To measure the electrochemical surface area (ESA)
and to corroborate the electrochemical behaviour with
performance, CV studies were carried out, employing
Pt/MWCNT, Pt/TNW and Pt/TWCNTs as cathode catalysts.
The resultant voltammograms are shown in Figure 7(b).
From CV, hydrogen adsorption/desorption (Had/Hde) re-
gion in the potential range of 0.05 to 0.4 V (vs. DHE) is ob-
served for all catalysts. The region between 0.4 and 0.65 V
corresponds to double layer region and the humpat poten-
tials > 0.65 V is attributed to oxide formation/reduction of
Pt. The Had/Hde charge for Pt/TWCNT-1 is higher followed
by Pt/TWCNT-2, Pt/MWCNT, Pt/TWCNT-3 and Pt/TNW.
From the CV, it is clear that ESA for Pt deposited on
TWCNT-1 and -2 are higher in comparison to Pt/TWCNT-3.
This is in good agreement with Pt distribution observed
in HR-TEMmicrographs. In addition, the Had/Hde charges
for Pt/TNWs are smaller than for other catalysts, which
is attributed to the uniform yet closely packed distribu-
tion of Pt nanoparticles which renders some of the Pt
in the interior layers unavailable for catalysis. The ESA
values estimated from CV for the PEFC cathodes com-
prising Pt/MWCNT, Pt/TNW, Pt/TWCNT-1, Pt/TWCNT-2 and
Pt/TWCNT-3 are 51.8, 30.4, 55.3, 45.59 and 28.3 m2g−1, re-
spectively. This clearly explains the role of the support and
the distribution of Pt nanoparticles and their influence on
the ESA and catalytic activity.

Following the evaluation of the initial performance
andmeasurement of ESA values, Pt deposited on MWCNT,
TNWandabetter performing catalyst amongTWCNTs sup-
ported Pt (Pt/TWCNT-2) are chosen and subjected to dura-
bility studies. Precisely, the PEFCs comprising Pt/MWCNT,
Pt/TNW and Pt/TWCNT-2 (henceforth named Pt/TWCNT)
cathodes are assessed for stability by potential cycling be-
tween 1 and 1.5 V at 80∘C as discussed in the experimental
part. During the potential transients, the cathode exhaust
is connected to the CO2 sensor.

During potential cycling at higher potentials, there is
a predictable performance loss due to independent pro-
cesses such as oxidation of the support and subsequently
Pt nanoparticles being leached-out or agglomerated [54].
During the AST a CO2 evolution of 70-90 ppm initially is
observed for PEFCs with Pt/MWCNT cathode, whereas for
Pt/TWCNT only 40-50 ppm is observed for the initial few
cycles after which there is no CO2 evolution. Besides in
the case of Pt/TNW up to 1000 cycles, initially 10-30 ppm
of CO2 is observed followed by no CO2 which may be due
to oxidation of carbon in the microporous layers. The in-

creased oxidation rate in the case of MWCNT shows vul-
nerability of MWCNT in this potential range.

To correlate the loss in ESA of the catalyst and the
performance of PEFCs during AST, cyclic voltammetry
and cell polarization studies are conducted frequently at
short intervals. The performance data for PEFCs compris-
ing Pt/MWCNT, Pt/TNW and Pt/TWCNT as cathode cata-
lysts before and after AST are shown in Figure 3S (SI). It is
observed that PEFC with Pt/MWCNT shows a peak power
performance of 520 mW cm−2 and after 6000 potential cy-
cles of AST, it is drastically reduced to 310mWcm−2. In the
case of Pt/TNW, the initial performance is observed to be
400 mW cm−2 and after AST it is observed to be 345 mW
cm−2. A similar trend in performance loss was observed
for PEFC with Pt/TWCNT which delivered a peak power
density of 635 and 545 mW cm−2 before and after AST,
respectively. The decline in cell performance in the case
of Pt/MWCNTs is more as compared to the Pt/TNW and
Pt/TWCNTs. Similarly, the deterioration in performance
for PEFC with Pt/MWCNT cathode is 40% after 6000 po-
tential cycles in relation to 14 and 16% for Pt/TWCNT and
Pt/TNW measured from the loss in peak power perfor-
mance. In addition, for more clarity the drop in steady-
state current density at 0.8, 0.6 and 0.4 V for Pt/MWCNT,
Pt/TNW and Pt/TWCNT during AST is given in Figure 8. It
is observed that the drop in current density for Pt/MWCNT
ismore at all threemeasured voltages. Theminimal loss in
performance after 6000potential cycles of AST for Pt/TNW
and Pt/TWCNT as cathode catalysts suggests that they are
corrosion resistant during fuel-cell operation due to the
synergetic nature of TiO2, resulting in stronger interaction
with Pt electrocatalyst.

Interestingly, it is observed from CV curves that there
is an increase in the capacitive current for PEFC cathode
comprising Pt/MWCNT as cathode electrocatalyst during
AST as shown in Figure 4S (SI). This increase in the capaci-
tive current in theCVcurvemaybeattributed to the surface
roughening initiated by the surface defects [55, 56]. Simi-
lar increase in capacitive current was already observed in
our previous study, were carbon corrosion occurred along
with increase in capacitance [57]. On the contrary, for the
PEFC comprising Pt/TNW and Pt/TWCNT (figure not in-
cluded) cathode, the increase in capacitance value is com-
paratively smaller both prior and after AST which indi-
cates stability of MWCNT support against oxidation due to
the presence of TiO2 nanowires. This is in good agreement
with theXPSdata,which suggest the presence of Ti-O-C in-
teraction providing electrochemical stability in addition to
the improvement of catalytic activity. These studies clearly
show that titania nanowires and MWCNTs together form a
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Figure 8: Comparative plot depicting drop in current density for
Pt/TNW, Pt/MWCNT and Pt/TWCNT at 0.8, 0.6 and 0.4 V during AST.

stable composite that can demonstrate higher resistance
to oxidation.

In order to comprehend the loss in cell perfor-
mance and ESA for PEFCs with Pt/MWCNT, Pt/TNW and
Pt/TWCNT cathodes, the loss in ESA and the steady-state
performance values during AST are presented in Figure 9
(a) and (b), respectively. It is observed that for PEFC com-
prising Pt/MWCNT as cathode electrocatalyst, the cell per-
formance and ESA values though initially stable up to
2000 potential cycles, fall sharply during AST. Whereas,
for PEFC comprisingPt/TWCNTas cathode electrocatalyst,
the cell performance and ESA values are comparatively
stable up to 6000 AST cycles with minimal loss. However,
in the case of Pt/TNW, though the initial performance is
poor, the stability and resistance to oxidation is higher
than that of the other two catalysts. That explains the role
of titania nanowires in enhancing the durability of the cat-
alyst as a whole. The partial loss in ESA and performance
in the case of Pt/TWCNT may be due to preferential oxi-
dation of MWCNT exposed in some regions of the catalyst
layer and followed by loss of Pt active sites. The loss in ESA
for Pt/MWCNT is found to be 23% in relation to only 15 and
18% for Pt/TNW, Pt/TWCNT cathode electrocatalysts. Like-
wise, the drop in performance for PEFCs with Pt/MWCNT,
Pt/TNW and Pt/TWCNT as cathode catalysts after AST is
35 and 16%, respectively, after 6000 cycles of AST as mea-
sured from the current density at 0.6 V. Hence, the change
in steady-state polarization data are akin to the loss in ESA
values during AST.

To understand the possible synergistic role of TiO2
nanowires and MWCNTs in stabilizing the Pt electrocat-
alyst, the MEAs that were subjected to durability study
and also the catalyst collected from the delaminatedMEAs
were analysedbya set of physical characterization studies.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Comparative plot depicting change in (a) steady-state
performance and (b) ESA during AST for Pt/ MWCNT and Pt/TWCNT.

Concisely, in order to ascertain change in crystallinity and
morphology for catalysts before and after AST, powder-
XRD and TEM studies were carried out. Powder-XRD pat-
terns for Pt/MWCNT, Pt/TNW and Pt/TWCNT electrocata-
lyst from delaminated MEAs after AST are shown in Fig-
ure 5S (SI). The diffraction peaks at 2θ ≈ 26∘ correspond-
ing to carbon (002) for both catalysts are broader after AST,
which may be due to some amount of graphitic carbon
fiber from Toray paper (backing layer). The mean parti-
cle size value for Pt particles in Pt/MWCNT is found to in-
crease from 4.3 nm before AST to 7.8 nm after AST. On the
other hand, for both Pt/TNW and Pt/TWCNT electrocata-
lyst, the Pt crystallite size before AST is 3.6 and 4 nm after
AST it increases to 5.1 and 5.8 nm, respectively. The uneven
increase in Pt crystallite size in Pt/MWCNT is due to the
Pt particle agglomeration due to support corrosion. The
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above results confirm that the titania nanowires-MWCNTs
composite-supported Pt is durable and the nanowire com-
posite support restrains the Pt particle fromagglomeration
during AST. Subsequently, catalyst samples from the de-
laminated MEAs were subjected to TEM characterization
to analyze anymorphology changes of the catalyst and the
support duringAST. TEM images for Pt/MWCNTs, Pt/TNWs
and Pt/TWCNTs catalysts after AST are shown in Figure 6S.
It is clearly seen that nanoparticles of Pt are agglomerated
with broader particle-size distribution for Pt/MWCNT as
compared to Pt/TNW and Pt/TWCNTs.

These data corroborate with corrosion behaviour dur-
ing AST suggesting that the titania nanowire-based sup-
ports and nanocomposites are resistant to oxidation even
under highly oxidizing conditions. The role of titania
in protecting the Pt nanoparticles is explained in detail
by Neophytides et al. based on the hypo-hyper-d-inter-
electronic bonding and the resulting strongmetal-support
interaction (SMSI) besides the amelioration of catalytic ac-
tivity. It is noteworthy that unique electronic structure of
MWCNTs helps in enhancing the catalytic activity of the
supported metal. In addition, graphitic carbon such as
MWCNTs provides mechanical integrity and stability for
the highly dispersedmetal ormetal oxide nanoclusters, re-
sulting in increased stability of Pt/TWCNTs [58, 59]. Thus,
the results confirm that optimum composition of TWCNT-
2-supported Pt enhanced the cell performance and long-
term durability compared to MWCNT-supported Pt.

4 Conclusions
Ahybrid support comprising of TiO2 nanowires (TNW) and
MWCNTs composite (TWCNTs) for fuel cell operation is
demonstrated. PEFC comprising TWCNT nanocomposite-
supported Pt cathode exhibits better cell performance and
durability in relation toMWCNT-supportedPt cathode. The
deterioration in performance for PEFC with Pt/MWCNT
cathode is 35% after 6000 potential cycles in relation to
16% for Pt/TWCNTs, Pt/TNW electrocatalyst. These data
corroborate with ESA loss during AST and suggest that
the titania nanowire-based supports and nanocomposites
are resistant to oxidation even under highly oxidising con-
ditions. The superior stability of the prepared nanowires
composite is based on the synergistic role played by the ti-
tania nanowires andgraphiticMWCNT. Besides, the strong
Pt-support interaction is known to play a critical role in the
overall stability of Pt/TWCNTnanocomposites electrocata-
lyst. Thus, a hybrid support comprising TWCNT-supported
Pt could possibly overcome the issues related to durability

of the catalyst and carbon oxidation support even during
stringent PEFC operation conditions.
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Supplementary Information

Table 1S: Pt mean crystallite size for Pt/MWCNT, Pt/TNW and Pt/TWCNTs before and after AST.

Catalyst Pt Mean Crystallite size
Before AST After AST

Pt/MWCNT 4.3 7.8
Pt/TNW 3.6 5.1

Pt/TWCNT-1 3.5 –
Pt/TWCNT-2 4.0 6.0
Pt/TWCNT-3 4.8 –

Figure 1S: Comparative HR-TEM micrographs for (a) Pt/TWCNT-1, (b) Pt/TWCNT-2 and (c) Pt/TWCNT-3 nanocomposite.
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Figure 2S: Histogram showing the Pt particle size distribution for
Pt/MWCNT, Pt/TNW and Pt/TWCNT-2.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

           

Figure 3S: Comparative polarization plots for PEFCs with Pt/MWCNT,
Pt/TNW and Pt/TWCNT electrocatalysts taken before AST and during
frequent intervals of AST.
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Figure 4S: CV for PEFC with Pt/MWCNT before and after AST.

Figure 5S: Powder XRD pattern for Pt/MWCNT, Pt/TNW and Pt/TWCNT electrocatalysts after AST.
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Figure 6S: TEM micrographs for Pt/MWCNT, Pt/TNW and Pt/TWCNT electrocatalysts after AST.
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