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ABSTRACT: A novel Pt nanoparticle (Pt NP) embedded aminoclay/Nafion (Pt/AC/
N) nanocomposite catalyst film was prepared for oxygen reduction reaction by sol—gel
method. The prepared nanocomposite films were surface characterized using XRD and
TEM and thermal stability was studied by TGA. The prepared film has firmly bound Pt
NP and could exhibit an improved electro-reduction activity compared to vulcan
carbon/Nafion supported Pt NP (Pt/VC/N). Moreover, the Pt/AC/N film possessed
good stability in the acidic environment. The limiting current density of the Pt/AC/N
film with 35.4 ug/ cm? of Pt loading was found to be 4.2 mA/ cm?, which is 30% higher
than that of the Pt/VC/N. The maximum H,O, intermediate formation was found to
be ~1.6% and the reaction found to follow a four electron transfer mechanism.
Accelerated durability test for 2000 potential cycles showed that ca. 78% of initial
limiting current was retained. The results are encouraging for possible use of the Pt/
AC/N as the free-standing electrocatalyst layer for polymer electrolyte membrane fuel
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1. INTRODUCTION

Fuel cells are electrochemical energy conversion systems with
higher thermodynamic efficiency than internal combustion
engines and one of the promising sources of clean energy.'™
Among various types of fuel cells, polymer electrolyte
membrane (PEM) fuel cells are highly attractive due to the
ambient temperature working conditions, hlégh specific power
density, quick startup, and easy portability.””® However, the
higher cost and the poor efficiency of the cathode catalyst for
oxygen reduction reaction (ORR) throw some technical
challenges to make it a commercially viable process.'® The
oxygen reduction process involves the breaking of an O—O
bond and the formation of an O—H bond which requires metal
surfaces that strongly enhance the kinetics of bond-breaking
and bond-forming steps.'"'* The most widely used catalyst for
ORR is Pt due to its high catalyzing nature, anticorrosive
properties, and high stability'*~"* and is usually supported on
carbon based materials (Pt/C) due to the unique properties of
carbon such as high surface area availability, conductivity,
porous structure, and so forth. Despite its widespread use,
carbon support is known to undergo electrochemical oxidation
to CO, at the cathode of a fuel cell, thereby reducing the Pt
surface activity due to agglomeration of Pt nanoparticles (Pt
NP), and many studies have reported decreased performance of
the Pt/C catalyst due to agglomeration and loss of Pt NP
content due to carbon surface corrosion.'*™"?
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In order to avoid corrosion of carbon support, other
alternative support materials, namely, natural or synthetic
clays, have been used.’®*' Zhang et al. have reported the
chemical vapor deposition of Pt NP over Cloisite 20A clay (Pt/
clay) and fabrication of the Pt/clay over Nafion to obtain
catalyst membrane for use in PEM fuel cells. They have
observed an increase in current density with Pt/clay/N catalyst
membrane compared to pure Nafion membrane.** Premkumar
and Ramaraj have studied the reduction of dioxygen using Pt
deposited over bentonite clay/Nafion coated electrode.”> The
improved barrier properties of clay/Nafion composite mem-
branes for PEM fuel cell applications have been reported.”* >’
Jung et al. have investigated the barrier properties of
montmorillonite clay (MMT)/Nafion membrane for methanol
permeation in direct methanol fuel cells and found a little
reduction in methanol permeation.28 However, the absence of
functional groups on MMT limits the uniform distribution of
metal nanoparticles. Naturally occurring clays are subjected to
surface modification for better intercalation with polymers to
form nanocomposites.”” > MMT type of clays requires surface
modification, and also these modified clays are more soluble in
organic medium, restricting their usage in aqueous medium.
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Nafion ionomer is widely used for the fabrication of
membrane electrode assembly in PEM fuel cell stack systems
and used as binder material in characterizing the catalyst layers
in a three electrode configuration cell to keep the catalyst
particles intact. It is well documented that Nafion contains
heavily interconnected water channels of diameter ca. 4.0 nm
formed through self-aggregation of sulfonic acid groups.*>
Therefore, clay with surface functionality for binding Pt NP
may be used with Nafion to form stable catalyst layers. For
better interaction of hydrophilic domains of Nafion, water
dispersible clay will be highly desirable and can efficiently bind
to metal nanoparticles. The synthetic “amino group function-
alized Mg—phyllosilicate clay” (briefly aminoclay) is one such
water dispersible clay and also can effectively bind to metal
nanoparticles.”® Aminoclay (AC) during the exfoliation process
goes to single or few layer sheets>® which can in principle have
nice binding toward hydrophilic domains of Nafion. Thus, AC
containing surface functionality may serve as a good support,
and the uniform distribution of metal nanoparticles could be
achieved due to the presence of AC over Nafion matrix. Datta
et al. have reported the stabilization of Ag, Au, Pd, and Pt NP
over AC* and also studied the permselective nature of the AC
toward Cu NP which selectively allows only the ions to pass
through it and AC-PVA nanocomposites exhibiting good
oxygen barrier and improved ductile properties compared to
neat PVA***> These remarkable properties of AC could be
harnessed if suitably incorporated with Nafion for holding Pt
NP and for catalyzing ORR.

Here, we report for the first time the fabrication and
electrochemical characterization of Pt NP embedded AC/
Nafion nanocomposite films (Pt/AC/N) which exhibit good
oxygen reduction activity compared to the Pt/vulcan carbon/
Nafion (Pt/VC/N) nanocomposite films in acid medium. The
prepared catalyst films were surface characterized using
transmission electron microscope (TEM), X-ray diffraction
(XRD), and thermal gravimetric analysis (TGA) analyses. The
effect of accelerated potential cycling on ORR kinetics was
investigated, and the mechanistic pathway is presented.

2. EXPERIMENTAL SECTION

Materials. 3-Aminopropyltriethoxysilane (C,H,;NO5Si, Sigma),
MgCl,.6H,0, chloroplatinic acid hexahydrate (Sigma), sodium
borohydride (Rankem), Nafion perfluorinated polymer resin solution
(5 wt %, Aldrich), sulfuric acid (Rankem), absolute ethanol (s.d. fine),
and N,N’-dimethylformamide (Rankem) were used as received.
Vulcan XC-72 carbon was received as a gift sample from Cabot (I)
Ltd.

Methods. The AC was prepared by the method reported in the
literature.*® Typically, an AC was prepared at room temperature by
dropwise addition of 3-aminopropyltriethoxysilane (1.3 mL, 5.85
mmol) to an ethanolic solution (20 g) of magnesium chloride (0.84 g,
3.62 mmol). The white slurry obtained after S min was stirred
overnight and the precipitate isolated by centrifugation, washed with
ethanol (20 mL), and dried at 50 °C in air. H,PtCl; was used as metal
precursor for the preparation of Pt nanoparticles. The synthesized AC
was then exfoliated by dispersing 20 mg of clay in 2 mL of Millipore
water by sonication for 2 min. To this transparent clay suspension 2
mL of 1 mM H,PtCly solution was added followed by the slow
addition of 2 mL of 0.1 M of NaBH, solution. Pt/AC/N
nanocomposite membranes were prepared by solvent recasting
procedure as follows. A desired amount of Pt/AC from the previous
stage was mechanically mixed into deionized water. Then a mixture of
S wt % Nafion solution, DMF, and ethanol with a volume ratio of
2:1:1 was added to the aqueous mixture of Pt/AC, and the whole
mixture was sonicated using an ultrasonication bath at room
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temperature for 10 min. This mixture was then stirred at 95 °C
until a gel-like solution was obtained. The high viscous mixture was
cast onto a working electrode area (disk of rotating ring disk electrode
(RRDE)) or glass Petri dish and dried at room temperature slowly and
then at 80 °C in a nonconvection air oven for 2 h. The clay loading
inside the nanocomposite membrane was varied from 2 to 10 wt %
with respect to Nafion and Pt mass loading was varied from 18.2 ug/
cm? to 2092 ug/cm® of the GC disk area (0.2471 cm?). For
comparison of ORR activities, Pt/VC/N was prepared following the
same procedure as above. Briefly, to a 2 mL solution of 20 mg VC, 2
mL of 1 mM H,PtClg solution was added followed by the slow
addition of 2 mL of 0.1 M of NaBH, solution. Pt/VC/N
nanocomposite membranes were prepared by solvent recasting
procedure similar to the procedure shown above for Pt/AC/N.

Characterization Techniques. ATR-FTIR spectra were recorded
for AC and Pt/AC/N film using Bruker FTIR spectrometer (Alpha).
Powder XRD patterns were recorded using Bruker-D8 diffractometer
using Cu Ka radiation, (4 = 1.54 A, step size: 0.02, current: 30 maA,
and voltage: 40 kV), and the mean nanoparticle size was calculated by
applying the Debye—Scherrer equation. For TEM analysis, the sample
was redispersed in absolute ethanol by sonication before drop casting
on a carbon-coated copper grid. TEM measurement was recorded on a
JEOL JEM-3010 electron microscope with an applied acceleration
voltage of 300 kV. TGA was performed using Mettler-Toledo 850
from 30 to 800 °C in nitrogen atmosphere at a heating rate of 10 °C
per minute. The electrochemical measurements were conducted to
investigate the catalytic activity of the Pt/AC/N nanocomposite films
for ORR in acidic medium. RRDE measurements were performed in
0.5 M H,SO, solution in a three electrode double walled thermostated
cell. A 02 mm platinum sheet (1 cm?) was used as the counter
electrode and a thin gap RRDE taken as the working electrode (Pine)
while the reference electrode used was double junction Ag/AgCl in 3
M KNO; (Pine). The working electrode was polished to a mirror
finish using 0.05 ym alumina slurry (Buehler) prior to each catalyst
coating. The GC disk of the RRDE working electrode was loaded with
an aliquot of 15 uL of the prepared colloidal catalyst ink and allowed
to dry in N, atmosphere. For convenience all potentials are reported
relative to the reversible hydrogen electrode (RHE), and current
density was calculated using the GC disk area. The static and
hydrodynamic voltammetry experiments were conducted with a
computer interfaced bipotentiostat (Autolab PGSTAT-128N) con-
trolled by Nova 1.6 software in conjunction with a rotator (Pine).
Voltammetric studies were carried out after nitrogen or oxygen
purging for 15 min before start of the experiment and forming a
blanket during the experiment. Prior to each voltammetry, the
potential cycling was carried out in the potential window 0.0—1.2 V vs
RHE. Blank cyclic voltammetry (CV) experiments were conducted in
N, purged 0.5 M H,SO, to calculate electrochemically active surface
area (ECSA). The ring currents were measured keeping the constant
ring potential of 1.2 V vs RHE, where the oxidation of peroxide is
diffusion limited and such potential is sufficiently high to enable the
complete oxidation of any H,O, reaching the ring by centrifugal flow
due to the rotation. The formation of H,0, intermediate can be
calculated from the ring and disk currents and the equation used to
calculate the percentage of H,O, is given as follows:>”

20, /N

H,0, (%) = — R~
20, (%) I + I/N

X 100

where I, is the disk current, Iy is the ring current, and N is the RRDE
collection efficiency (N = —Iz/Ip). The collection efficiency for the
RRDE electrode used was estimated to be 0.37°° from the
experimental values of Iy and I, using the classical redox couple
[Fe(CN)¢]*~/[Fe(CN)e]* in 1 M KNO,.

The corrosion behavior was tested by chronoamperometry in an
airtight three electrode electrochemical cell at 0.7 V vs RHE, and the
evolved CO, was measured quantitatively (ppmv) using an infrared
CO, gas analyzer (Geotechnical Instruments, Anagas, CD 95). For
accelerated durability, test potential cycling was carried out between
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0.2 and 1.2 V vs RHE at the scan rate of 50 mV/s in O,-purged 0.5 M
H,SO, solution at 25 °C.

3. RESULTS AND DISCUSSION

The approximate unit cell composition of AC is
R;SigMg,0,4(OH), (R = CH,CH,NH,) and consisted of
octahedrally coordinated MgO/OH sheets (brucite) overlaid
on both sides with a tetrahedrally coordinated aminopropyl-
functionalized silicate network as a layered structure.*® An
important feature of AC is its free and immediate exfoliation in
water due to the protonation of amine groups.>> The schematic
diagrams for Pt/AC/N and Pt/VC/N are shown in Figure 1.
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Figure 1. Schematic representation of Pt NP embedded over AC/
Nafion and VC/Nafion nanocomposite.

ATR-FTIR spectra (see the Supporting Information, SI-1) for
AC and Pt/AC/N were recorded. The symmetric stretching
and bending frequencies for the amino group were seen
respectively in the range 3500—3400 cm™' and 1650—1550
cm™! confirming the presence of —NH, group. XRD patterns of
AC, AC/N, and Pt/AC/N are shown in Figure 2. The as-
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Figure 2. XRD patterns of (a) AC, (b) 6 wt % AC/Nafion
nanocomposite, and (c) Pt NP (10 wt %) embedded AC/N
nanocomposite, inset showing the (111) peak corresponding to Pt NP.
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synthesized AC exhibits a basal distance of 1.6 nm at 26 = 5.5°,
along with broad in-plane peaks at 260 = 22 and 35° with
corresponding d-spacing of 0.4 and 0.25 nm, respectively. The
characteristic peak around 26 = 60° corresponding to the 2:1
trioctahedral smectite clay is weak due to the stacking disorder
induced by the organofunctional groups (Figure 2a). The
absence of the dy,; peak at 20 = 5.5° corresponding to the AC
in the AC/N and Pt/AC/N nanocomposites confirms the
extensive exfoliation of clay within the Nafion polymer (Figure
2b,c). On the other hand, Nafion possesses a broad peak
centered at 26 = 17° due to its semicrystalline nature.*® This
peak position is retained even after the stabilization of Pt NP
jindicating the structural integrity of the Nafion network.
Furthermore, we observe a broad (111) reflection centered at
20 = 39° corresponding to the face centered cubic structure of
crystalline Pt. This peak is very broad and weak, suggesting the
formation of nanocrystalline Pt within the AC/N matrix. This is
further evident from the TEM image, showing less than 5 nm
sized Pt NP (dark spherical dots) homogenously distributed
over the AC/N matrix (Figure 3a). In the case of the Pt/VC/N
composite, we observe mostly fused Pt NP (as compared to
that of Pt/AC/N) on the back drop of VC/N matrix (Figure
3b). The uneven distribution and coalescence of Pt NP in the
case of Pt/VC/N composite is due to the absence of functional
groups in VC as compared to that of AC. The TGA images of
pristine Nafion, AC/N, Pt/AC/N, and Pt/VC/N are presented

Figure 3. Transmission electron microscope images for Pt NP (170
ug) embedded over (a) 6 wt % AC/Nafion and (b) 6 wt % VC/Nafion
matrixes.
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in Figure 4. The thermal stability of Nafion slightly increases
after the incorporation of 6 wt % of AC. This is due to the
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© 40
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100 200 300 400 500 600 700
Temperature (°C)

Figure 4. TGA curves for neat Nafion, 6 wt % AC/N nanocomposite,
Pt NP (170 pg) embedded over AC, and VC Nafion matrix.

extensive exfoliation of individual AC platelets over the Nafion
network. Furthermore, there is no significant change in the
thermal stability of Pt/AC/N and Pt/VC/N films, and it is
comparable to that of the AC/N nanocomposites.

Figure Sa shows the CVs of Pt/AC/N in N, purged 0.5 M
H,SO, solution at the scan rate of 50 mV/s at 25 °C recorded
in the potential range —0.1 V and +14 V vs RHE. The
voltammogram of the Pt/VC/N is also included for
comparison (dotted lines). A blank run was also made without
Pt. It was found from CV that the oxygen reduction current for
the AC/N nanocomposite film without Pt NP decreased
rapidly after a few potential cycles and therefore before each
experimental run potential cycling was carried out in the
window 0.0 V and +1.0 V vs RHE repeatedly for 10 times. This
nullified the effect of the blank run and eliminates the need for
subtracting the blank value from each experimental run. CVs
were reproducible in the consecutive scans, and the
voltammetry curves remained stable, confirming that during
the experiment there was no dissolution of the components of
the nanocomposite film. Though the voltammograms resemble
that of polycrystalline Pt,*' they lack the well-defined multiple
peaks due to hydrogen adsorption in the cathodic sweep and its
desorption in the reverse sweep like the characteristic CV
pattern on Pt electrode in H,SO, solution, which exhibits two
peaks in the anodic branch from 0.0 V to +0.2 V vs RHE that
are attributed to adsorption on different crystallographic planes
of Pt.** In this study both the CVs of AC and VC support are
almost similar with a single hydrogen adsorption and
desorption peak indicating that Pt is present predominantly
in a single crystallographic plane as confirmed by XRD. Also,
the observation of peak currents of the hydrogen adsorption/
desorption region indicates that surface properties of Pt/AC/N
are similar to those of standard ORR catalyzing systems,
namely, Pt/C or Pt/CNTs.*> The platinum oxide formation
wave at +1.15 V and its complete reduction at +0.6 V indicate
the unique features of active surface Pt. But, the reduction
current for VC supported Pt is less than that of AC supported
Pt. The limiting current density obtained is comparable to
some of the reported systems on Pt.*** The ECSA was
obtained from the N, CV curve®® (Figure Sa) by integrating the
area under the H-desorption region, subtracting the double-
layer charging current, and dividing the resulting columbic
charge by 210 uC/cm?. For different Pt loadings the hydrogen
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Figure S. (a) CVs of clay and carbon supported Pt NP over Nafion
matrix in N, saturated 0.5 M H,SO, and (b) enhanced view of the H-
desorption region for various Pt loadings supported on AC/Nafion
taken from corresponding CVs in 0.5 M H,SO, with N, purging.

desorption regions are shown in Figure Sb, and it can be seen
that for the Pt mass loading of 35.4 ug/cm® the maximum
current density was obtained with the calculated ECSA of 11.2
m?/ g. It is to be noted that though ECSA values are significant
in finding the accessible surface area, the ORR activity does not
always directly correspond to the measured surface area as
evidenced from various literature reports (Supporting In-
formation Table ST1). It can be observed from the Table ST1
that availability of ECSA alone does not ensure the extent of
ORR activity, and there may be other influential parameters,
namely, Pt—O coverage,* orientation of different crystallo-
graphic planes,*® surface adsorption energy,’' interfacial
activity,”> Pt—Pt interatomic distance,> and so forth, operating
depending on the nature and type of the catalyst system, and as
these parameters vary for different systems, there exists no
linear correlation between ECSA and limiting current density.
On the other hand, if the limiting current is divided by the
actual Pt mass loading, the trend has now changed and
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maximum current was seen for 18.2 ug/cm® (see the
Supporting Information, SI-2).

The electrochemical reduction of oxygen on the electro-
catalyst film was investigated in oxygen-saturated 0.5 M H,SO,
using a RRDE. Figure 6 presents the disk and ring currents in
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Figure 6. RRDE LSVs of 6 wt % AC and VC supported Pt NP over
Nafion in O, saturated 0.5 M H,SO, at 2000 rpm.

linear scan voltammogram (LSV) mode for Pt/VC/N and Pt/
AC/N with 2000 rpm recorded at a 10 mV s™" scan rate with
the Pt mass loading of 35.4 ug/cm® at 25 °C. From the disk
LSV curves three defined regions are observed: (i) kinetically
controlled charge-transfer region from 0.91 to 0.65 V where the
current density was not affected by the rate of mass transfer and
is independent of the rotation rate; (ii) sloppy mixed kinetic
and diffusion controlled region from 0.65 to 0.4 V, where the
current is partially controlled by mass transport and partially by
the kinetics of electron transfer; and (iii) diffusion/mass
transfer controlled region also called limiting current region
below 0.4 V. This sloppy increase in peak current from +0.65 to
+0.4 V indicates the ORR current trend as reported elsewhere
for Pt catalyst systems.>* ™" It can be seen from the RRDE disk
currents (lower graph of Figure 6) that at 0.2 V the observed
limiting current densities were 3.15 and 4.2 mA/cm?,
respectively, for VC and AC supports. The higher reduction
current of Pt/AC/N than Pt/VC/N shows the improved
catalytic activity of Pt supported on the AC/N matrix. On
comparing the LSV limiting current of Pt/AC/N with
commercial Pt/C systems (E-Tek), it was observed that Pt/
AC/N possesses nearly equal or better ORR performance. In
the reported commercial Pt/C systems, LSV currents ranged
from 2.5 mA/cm? to 4.2 mA/cm?, for Pt mass loadings of 40—
170 pg/cm?>*7°" The onset potential taken from the Tafel plot
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(see the Supporting Information, SI-3) was found to be 0.91 V
vs RHE for the Pt/AC/N film. On comparing the AC and VC,
the onset potential for AC is 40 mV positively shifted,
indicating early initiation of reduction kinetics. Nevertheless,
compared to the standard Pt/C catalyst the onset potential of
AC is less by 40 mV. The fact is that standard Pt/C catalysts are
characterized by taking Pt/C catalyst slurry directly spread over
the disk electrode and coating with a thin film of dilute Nafion
as a binder material, whereas in this work Pt/AC/N
nanocomposite was used as a catalyst film which might have
contributed a higher diffusion resistance to the oxygen species
and delayed the onset potential. From the disk and ring
currents (Fi7gure 6), the percentages of hydrogen peroxide were
calculated.®” It was observed that H,0, formation was less at
2000 rpm and increased at lower rotation rates, and only a
maximum of 1.6% H,0, was formed, indicating a predominant
four electron pathway.

Figure 7 shows the accelerated durability test LSV pattern
observed at the 10th and 2000th potential cycles at the scan
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Figure 7. LSVs during ADT potential cycling of Pt/6 wt % AC/N
nanocomposite in O, saturated 0.5 M H,SO, at 25 °C (Inset: plot of
i/ii, vs number of potential cycles).

rate of 10 mV/s and at 2000 rpm. The plot of observed limiting
current with respect to the tenth cycle (i/iy) vs number of
potential cycles is given in the inset of Figure 7. Although
during the first 1000 cycles a decreasing trend in limiting
current was noted, it improved after 1000 cycles, and after 2000
cycles only ~22% of limiting current loss was observed, as
shown in the inset of Figure 7, and this trend might be due to
the self-regeneration and surface activation of the initially
blocked Pt surface as a result of electrochemical polishing
during potential cycling. Under the fuel cell conditions (80 °C),
nearly the same trend upon cycling was observed and affirms
the potential possibility of Pt/AC/N catalyst film for practical
utilization. It has been reported by Haung et al. that for Pt/C
(50 wt % on TKK) catalyzed ORR in sulfuric acid medium the
initial limiting current decreased ~86% after 1500 cycles,”* and
this decrease is nearly four times higher than that of Pt/AC/N
composite film catalyzed ORR. The chronoamperometric
measurements of the two supports indicate that the corrosion
current for the Pt/AC/N is nearly six times less than Pt/VC/N
(Figure 8). This might be due to the lower poisoning of the Pt
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Figure 8. Chronoamperometric curves for AC and VC based Nafion
nanocomposites in O, saturated 0.5 M H,SO, at 25 °C at 0.7 V vs
RHE (Inset: CO, evolution profile for the VC/N nanocomposite).

surface when embedded on AC compared to VC support. The
real time CO, gas evolved during ORR in the case of Pt/VC/N
was measured and is shown in the inset of Figure 8, and no
such evolution was observed for Pt/AC/N. Hence, it can be
said that AC exhibits better electrochemical stability as a
support material compared to VC support for anchoring Pt NP.
Instead of drop casting the nanocomposite slurry on the
working electrode, separate free-standing films (thickness ~ 40
um) were also cast over a Petri dish, peeled off, and recasted
over the working electrode using a dilute Nafion solution as the
binder. It was observed that, in both the cases, the current
response was nearly the same, suggesting the possible use of the
free-standing Pt/AC/N nanocomposite film for catalyzing the
ORR in acid medium.

4. CONCLUSION

A novel synthetic “amino functionalized clay/Nafion” nano-
composite embedded with Pt NP was prepared. Pt NPs of the
size < S nm are finely dispersed over AC/N matrix. The
catalytic activity toward oxygen reduction reaction in 0.5 M
H,SO, was probed using CV and LSV under static and
hydrodynamic conditions, respectively. From the RRDE ring
and disk currents the maximum percentage of H,O,
intermediate formation was found to be ca. 1.6%. The
nanocomposite showed good stability during potential cycling,
and ca. 78% of the initial LSV current was retained at the end of
2000 cycles, indicating that Pt/AC/N is having significant
stability in the acid environment for catalyzing ORR. Both the
drop-casted and free-standing films (of thickness ~ 40 pm)
were responding to the same extent toward ORR, hinting the
possibility of using the nanocomposite film in small and
portable PEM fuel cells as an electrocatalyst layer.
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