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a facile electrochemical method as an electrocatalyst for the oxygen reduction reaction (ORR) is reported.

The uniform micropores of ZTC serve as nanocages to stabilize the PtNCs with a sharp size distribution of
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Platinum (Pt) is currently considered one of the best electro-
catalysts for the oxygen reduction reaction (ORR), which occurs
at the cathode of a fuel cell and is the key process determining
the overall performance.”* However, the high cost and scarcity
of Pt limit its wide commercialization in this field. According to
the US Department of Energy, the total Pt loading is required to
be below 0.125 mg cm 2, in contrast to a presently used Pt
loading of 0.4 mg cm > or more for fuel cell application.*
Therefore, reducing the Pt loading without loss or with an
improvement of the cathode performance has received signifi-
cant interest in electrocatalytic research for fuel cell systems.**°
In this regard, reducing the size of Pt particles to a nanocluster
scale (size < 2 nm) and maximizing the Pt dispersion may offer
an efficient way to achieve maximum utilization of the Pt elec-
trocatalyst with appropriate consumption.****

The size of nanomaterials generally plays a critical role in
controlling the physical and chemical properties for catalytic
applications.’*?® With a decrease in the particle size to the
nanoscale, quantum size effects are induced, which alter the
surface energy of the material due to unsaturated coordination
and change in the energy level of the d orbital of metal atoms,
leading to spatial localization of the electrons.”** This size-
induced effect on the electronic structures at the active sites
modifies the capability of binding the reactant molecules in
catalytic reactions, thereby altering the activity of the nano-
catalyst.>* When the particle contains a few to several dozens of
atoms with sizes, ranging from sub-nanometer to 2 nm often
termed as nanocluster that bridges nanoparticle and a single
atom.”* However, the Pt single atom is not an appropriate
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0.8-1.5 nm. The resultant PtNC/ZTC exhibits excellent catalytic activity for the ORR due to the small size of
the Pt clusters and high accessibility of the active sites through the abundant micropores in ZTC.

electrocatalyst for the ORR in a fuel cell system as the fast four-
electron (4e ) pathway for the reduction of O, to H,O requires at
least two neighboring Pt atoms.**** Anderson's group demon-
strated that the ratio between the production of H,O (product of
4e” process) and H,0, (2e ) in the ORR strongly depends on the
number of atoms in the Pt cluster. Typically, it requires more
than 14 atoms in a Pt cluster to produce H,O efficiently through
the 4e~ pathway of the ORR.* Therefore, Pt nanoclusters having
more than a dozen atoms have proven to be highly efficient ORR
electrocatalysts for fuel cell systems."*™* Upon decreasing the
size of the nanoparticles to a nanocluster, the electronic state
and structure are known to be changed, leading to an increase
of the catalytic activity in the ORR. Therefore, it is highly
desirable to synthesize a Pt nanocluster-based material as an
ORR electrocatalyst with high catalytic performance. To date,
several synthesis strategies, such as wet-chemical, atomic-layer
deposition, and photochemical methods, have been applied for
the preparation of well-dispersed Pt nanoclusters on different
types of support, such as dendrimer, metal oxide, and carbon
materials. 3752531

An alternative approach to synthesize Pt nanocluster (PtNC)
is the encapsulation of the cluster within nanosized pores, for
example, by utilizing microporous (diameters less than 2 nm)
carbon materials.*> Among the microporous carbons, zeolite-
templated carbon (ZTC) has been attractive for supporting Pt
clusters due to its ordered microporous structure.***” ZTC is
a potentially promising material as catalyst support as it offers
the advantages of extremely large surface area and high elec-
trical conductivity of graphene-like carbon frameworks consti-
tuting a three-dimensional (3D) interconnected pore
structure.*®* Moreover, the micropores of ZTC can serve as
nanocages for stabilization of the Pt nanoclusters. Coker et al.
used Pt*" ion-exchanged zeolite as a carbon template to
synthesize Pt nanoparticles in ZTC with size in a range of 1.3 to
2.0 nm.*® Recently, atomically dispersed Pt ionic species was
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synthesized via a simple wet-impregnation method on ZTC
containing a large amount of sulfur (17 wt%).>* Itoi et al
synthesized PtNC consisting of 4-5 atoms and a single Pt atom
in ZTC using the organoplatinum complex.’” Although these
methods produced Pt nanoclusters with narrow size distribu-
tion and atomic dispersion, they required multi-step processes
and/or high-temperature treatment (>300 °C). High-
temperature treatment often induces the sintering of nano-
clusters to aggregated clusters. Therefore, it is highly desirable
to develop a simple and low-cost method for the preparation of
PtNC supported on ZTC (PtNC/ZTC) for use as an efficient ORR
electrocatalyst. The electrochemical reduction approach offers
an alternate and efficient route for the synthesis of PtNC in the
micropores of ZTC. The electrochemical method is one of the
popular ways to prepare electrocatalysts because it is a simple
single-step procedure and ensures electrical contact between
the nanoparticles and the support.***°

Herein, we report a facile electrochemical method for the
formation of PtNC with a narrow size range of 0.8-1.5 nm
supported on ZTC. The resultant PtNC/ZTC shows higher elec-
trocatalytic activities towards ORR compared to that of
commercial Pt/C. Here, ZTC plays two important roles: (i) it
provides nanocages to stabilize the PtNC and (ii) it accelerates
the ORR activity by enhancing the accessibility of active sites
through its abundant micropores.

Fig. 1a shows a schematic representation of the typical
electrochemical synthesis of PtNC/ZTC. In the first step, ZTC
was impregnated with a Pt-precursor dissolved in a water-
ethanol mixture. As ZTC possess ordered micropores (Fig. S1at)
with high Brunauer-Emmett-Teller (BET) surface area of 3400
m? ¢~ (vide infra), the uniform adsorption and anchorage of
PtCls>~ ions into the micropores of ZTC was favored. After
impregnating and drying, the resultant ZTC-PtCl,>~ was mixed
with water-ethanol and Nafion to make the ink for the prepa-
ration of the electrode. Using the prepared electrode, a potential

g K
¥4 Impregnating
~ _ anddrying >

*: PtCIg>

(b)0.8 (©) (d) w
0.4 300] =PNCIZTC -
06 z =ZTC "o
£ Eo0 a8 ..
Zo4 £ =200 .
£ | h X
© 0.2 (5] 100
L 0.8

0.0 0.2 0.4 0.6 0.8 1.0

0.0
0 20 40 60 80 100
Time (s) Poential (V vs RHE)

00 40 80 120 160 200
Z(©

Fig.1 (a) lllustration for the formation of PtNC/ZTC:Pt-precursor was
impregnated into ZTC micropores, and then a potential (0.77 V vs.
RHE) was exerted on the ZTC—PtClg>~ composite in a 0.1 M KOH
solution to form PtNC/ZTC (b) Chronoamperometric response of
ZTC—-PtClg?~ at a constant potential of 0.77 V (vs. RHE) in 0.1 M KOH
electrolyte. (c) Cyclic voltammogram of PtNC/ZTC in a fresh 0.1 M
KOH at a scan rate of 20 mV s~ (d) Nyquist plots of ZTC and PtNC/
ZTCin 0.1 M KOH.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

of 0.77 V vs. reversible hydrogen electrode (RHE) (Fig. 1b) was
applied followed by potential cycling between 1.12 to —0.02 V vs.
RHE until the cyclic voltammogram was stabilized. The Pt
content of PtNC/ZTC was determined to be ~10 wt% (Fig. S21)
by thermogravimetric analysis (TGA). The obtained PtNC/ZTC
was electrochemically characterized by cyclic voltammetry and
electrochemical impedance spectroscopy. The cyclic voltam-
mogram (Fig. 1c) after potential cycling in fresh KOH electrolyte
shows the characteristic Pt peaks corresponding to hydrogen
adsorption and desorption. The Nyquist plots (Fig. 1d)
demonstrate that PENC/ZTC has lower electrolyte resistance (42
Q) than that of ZTC (70 Q), implying an improvement in the
conductivity of ZTC by the presence of PtNC. Due to the increase
in the conductivity, PtNC/ZTC could facilitate the electron
transfer more effectively than ZTC, enhancing its electro-
catalytic activity.

Fig. 2a and b show images from aberration-corrected scan-
ning transmission electron microscope (STEM) with high-angle
annular dark-field (HAADF). The HAADF-STEM images exhibit
the typical morphology of the final product (PtNC/ZTC) after
electrochemical reduction. As shown in Fig. 2a, it is very clear
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Fig. 2 (a—d) Representative spherical aberration-corrected HAADF-

STEM images of PtNC/ZTC at various magnifications. (e) XRD pattern
of PtNC/ZTC and (f) Ar adsorption—desorption isotherms of ZTC and
PtNC/ZTC. Inset in (e) shows a 30 times magnified high-angle region
of XRD of PtNC/ZTC. Inset in (f) shows the pore size distributions of the
ZTC and PtNC/ZTC.
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that isolated PtNCs are uniformly dispersed in ZTC. These
PtNCs have a homogeneous distribution with a narrow size
range (0.8-1.5 nm, Fig. 2b). On further magnification, the STEM
image shows a cluster-like structure of Pt (Fig. 2c). The STEM
image of selected PtNC (Fig. 2d) reveals that it consists of ~20
atoms. The number of atom content in PtNC was further
determined by matrix-assisted laser-desorption-ionization time-
of-flight (MALDI-TOF) mass spectrometry using trans-2-[3-(4-
test-butylphenyl)-2-methyl-2-propenylidenelmalononitrile  as
the matrix.*>*' As shown in Fig. S3, MALDI-TOF measurement
produces a mass spectra with a predominant peak centered at
~3700 Da corresponding to the Pt;o cluster. The TEM image
(Fig. S4 a and bt) validates the formation of PtNC with an
average size of 0.9 nm. In addition, the energy dispersive X-ray
spectrometer (EDS) mapping images clearly shows the uniform
dispersion of Pt nanocluster in ZTC (Fig. S4ct). The X-ray
powder diffraction (XRD) pattern (Fig. 2e) of PtNC/ZTC
showed three broad peaks associated with small size metallic
Pt corresponds to (111), (200), and (311) planes (Fig. 2e, inset),
along with peaks of ZTC at 26 = 7.8° and 14.9° corresponding to
the ordered microporous structure. Along with the structural
analysis, the porous texture of PtNC/ZTC was examined by Ar
adsorption (Fig. 2f). PtNC/ZTC had a high BET surface area of
2360 m” gzrc ', which is 1.4 times lower than that of pristine
ZTC (3400 m* gzrc ). The decrease in Ar adsorption capacity
after the formation of PtNC in ZTC is interpreted as a result of
the filling of ZTC micropores by PtNC. This micropore filling
was confirmed in the pore size distributions of the pristine ZTC
and the metal-loaded carbon (inset of Fig. 2f). The X-ray
photoelectron spectroscopy (XPS) results reveal the signature
of Pt in ZTC (Fig. S5t). The elemental survey (Fig. S5at) shows
the signature of C 1s, O 1s, F 1s (Nafion), and Pt 4f. The chemical
nature of Pt in PtNC/ZTC was inspected by a detailed Pt 4f XPS
analysis. The deconvoluted Pt 4f XPS spectra (Fig. S5b¥) reveals
the presence of both metallic and ionic Pt species. The peaks
observed at 71.0 (4f;,,) and 74.2 (4fs),) eV correspond to metallic
Pt whereas the other peaks positioned at 72.6 (4f/,) and 76.0
(4fs,,) are attributed to Pt** and the peaks at 74.9 (4f,),) and 77.8
(4fs)) eV are attributed to Pt** originating from the surface
oxidation of metallic Pt.**

The formation of narrow sized PtNC by the electrochemical
method can be ascribed to the stabilization of PtNC in the ZTC
micropores, which serve as cages to impose a spatial limitation
on the size of the Pt clusters. For comparison, Pt supported on
ZTC was also prepared by the conventional incipient wetness
impregnation and subsequent H,-reduction at high tempera-
ture (300 °C). The Pt obtained by this incipient wetness
impregnation method shows the formation of Pt nanoparticles
on the exterior surface of ZTC (PtNP/ZTC) (Fig. S6T). The
formation of larger Pt nanoparticles is due to the sintering at
high temperature, showing that even ZTC micropores could not
prevent the aggregation of PtNCs at high temperatures.

Fig. 3 shows the electrochemical ORR activity of PtNC/ZTC
using linear sweep voltammetry (LSV) technique on a rotating
disc electrode (RDE) in a 0.1 M KOH solution saturated with O,
at a scan rate of 5 mV s~ '. The ORR activity of ZTC (without
PtNC) was measured for comparison as well. As shown in
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Fig. 3 (a) RDE ORR polarization curves of PtNC/ZTC with different
mass loading of Pt. (b) Comparison of PtNC/ZTC (PtNC;45/ZTC) with
commercial Pt/C-TKK at the same loading of 40 pgp; cm~2. (c) RDE
ORR polarization curves of PtNC/ZTC at different rotation speeds.
Inset in (c) shows the corresponding K—-L plots at different potentials.
(d) Represents the kinetic current density values of Pt/C-TKK and
PtNC/ZTC at the potential of 0.8 V vs. RHE.

Fig. 3a, PtNC/ZTC exhibited higher diffusion limiting current
density and higher positive onset and half-wave potential
compared to ZTC alone, indicating that PtNC is the active center
for the ORR. To investigate the effect of the Pt loading amount
on the ORR activity, PtNC/ZTC with various Pt loadings, 2-
20 wt%, was used for the measurement of LSV at 1600 rpm.
With an increase in Pt content, both the onset and half-wave
potential shifted towards more positive potential up to
10 wt% loading of Pt (Fig. 3a and S7t). Upon further increase of
loading of Pt on ZTC to 20 wt%, both the onset and half-wave
potential of PtNC/ZTC shifted towards less positive potential
along with a slight decrease in the diffusion limiting current
density (Fig. 3a). The decrease in the ORR activity of PtNC/ZTC
at high loading of Pt (20 wt%) was attributed to the decrease in
the electrochemically active surface area (Fig. S81) and decrease
in the specific surface area (Fig. S9t1). The STEM image clearly
shows that the aggregated Pt clusters were formed on the
exterior surface of ZTC at 20 wt% loading of Pt (Fig. S10ct),
blocking the accessibility of active sites. Therefore, PtNC/ZTC
with the optimum loading of 10 wt% of Pt leads to superior
ORR activity with a high positive onset potential of 0.99 V, which
is similar to commercial Tanaka Pt/C (Pt/C-TKK) (Fig. 3b), and
a half-wave potential of 0.87 V, which is ~10 mV more positive
than that of commercial Pt/C-TKK (0.86 V) (Fig. 3b). Compared
to the case of PtNC/ZTC, both the onset and half-wave potential
of PtNP/ZTC prepared by the conventional incipient wetness
impregnation and subsequent H,-reduction with the same

This journal is © The Royal Society of Chemistry 2020
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loading of Pt exhibited a less positive value (Fig. S11t). The
poorer activity of PtNP/ZTC is due to the blockage of active sites
by larger PtNPs formed on the exterior surface of ZTC (Fig. S67).

To investigate the kinetics of the ORR activity of PtNC/ZTC,
LSV measurements were performed with RDE at different
rotating rates (Fig. 3c), and the kinetics was analyzed using
a Koutecky-Levich (K-L) plot (Fig. 3¢, inset). From Fig. 3c, it was
observed that the current density increases with the increasing
speed of rotation of the electrode, which is characteristic of
a diffusion-controlled reaction. The corresponding linear K-L
plots (Fig. 3c, inset) with a similar slope at different potentials
reveal that the number of transferred electrons was ~4, indi-
cating that O, is directly reduced to OH™ and the ORR is
dominated by the H,O,-free 4e~ pathway. To estimate the
amount of produced peroxide ion, rotating ring-disc electrode
(RRDE) measurement was performed and the produce peroxide
ion calculated from RRDE curve was < 4% (Fig. S12f). The
kinetic current density (i) obtained from K-L plot at the
potential of 0.8 V (Fig. 3d) for PENC/ZTC (Ji = 50 mA cm ™) is 2.2
times higher than that of commercial Pt/C-TKK (J, = 22 mA
cm ).

As Pt-based electrocatalysts are known to be highly active in
an acidic medium, the ORR activity of PtNC/ZTC in O,-saturated
0.1 M HCIO, was also evaluated by comparing it with that of
commercial Pt/C-TKK with the same loading of Pt on the elec-
trode surface using RDE at a scan rate of 5 mV s~ '. The PtNC/
ZTC-based electrode exhibited ORR activity with an onset
potential of 0.96 V (Fig. 4), which is close to that of Pt/C-TKK
(0.98 V), and half-wave potentials of 0.84 V, which is 20 mV
more positive than that of Pt/C-TKK (0.82 V). PtNC/ZTC showed
a slightly higher diffusion-limiting current density of ~5.9 mA
em™? (0.4-0.7 V) compared with that of the Pt/C-TKK catalyst
(~5.6 mA cm ™ ?). The kinetics of the ORR in an acidic medium
was further analyzed using RDE at different rotation rates
(Fig. S131) and it was observed that the current density
increases with the increasing speed of rotation of the electrode,
as in the case of the alkaline medium. The number of electron
involved and the amount of produced H,O, estimated by RRDE
measurement were ~4 and < 5%, respectively (Fig. S14t). The
mass activity of PtNC/ZTC obtained using the mass transport
corrected kinetic current at 0.8 V is 0.15 A mg™ ', which is 3.2
times higher than that of Pt/C-TKK (0.046 A mg ).
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Fig. 4 (a) RDE ORR polarization curves at 1600 rpm and (b) mass
activity at 0.8 V of PtNC/ZTC and Pt/C-TKK in 0.1 M HCIOs,.
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Furthermore, the methanol tolerance of PtNC/ZTC was
assessed by intentionally adding methanol to the oxygen satu-
rated electrolyte solution (both in alkaline and acidic media).
The commercial Pt/C-TKK was used for comparison as well. The
peak current densities for methanol oxidation with PtNC/ZTC
were ~2.8 and ~3 times lower than that of Pt/C-TKK in alka-
line (Fig. 5a) and acidic (Fig. 5b) media, respectively. These
results indicate that PtNC/ZTC has much higher tolerance
towards methanol than Pt/C-TKK does. This higher methanol
tolerance of PtNC/ZTC can be attributed to the small size of the
Pt cluster, which may not be sufficient to catalyze the oxidation
of methanol efficiently, as the oxidation of methanol requires Pt
ensemble sites.*

The durability of PtNC/ZTC was also investigated by the
amperometric technique. The test was performed at a constant
voltage of the half-wave potential in an O,-saturated alkaline
medium and at 0.7 V in an O,-saturated acidic medium at
a rotation rate of 1600 rpm (Fig. S15a and bt). The durability of
the PtNC/ZTC catalyst in the alkaline medium was higher than
that of Pt/C-TKK, exhibiting a 30% decrease compared to a 40%
decrease of Pt/C-TKK in 5.5 h of ORR operation (Fig. S15at). The
higher durability of PtNC/ZTC compared to Pt/C-TKK in the
alkaline medium may be due to the stabilization of PtNC by
pore entrapment. In the acidic medium, however, PtNC/ZTC
exhibited a 54% decrease in the initial current after 5.5 h of
operation while a 33% decrease was observed in the case of Pt/
C-TKK (Fig. S15bt). The decrease in ORR activity in the acidic
medium may be due to the leaching out of tiny Pt nanoclusters
in acid electrolyte from the ZTC micropores. To understand the
decrease in the ORR durability with time, STEM measurements
of PtNC/ZTC after 5.5 h of ORR operation were performed. In
the alkaline medium, the STEM image of post-ORR PtNC/ZTC
shows a slight change in the size of PtNC (Fig. S15c}) while
the STEM image of PtNC/ZTC after ORR in the acidic medium
exhibited sintering of PtNC into large particles with an average
size of 30 nm (Fig. S15d¥), resulting in a decrease of the ORR
activity. In the alkaline medium, the decrease in ORR activity
with time may be due to the oxidation of the ZTC support in
KOH.*

We attributed the excellent ORR activity of PtNC/ZTC to the
interplay between the following: (1) the structure of the Pt
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Fig. 5 ORR polarization curves of PtNC/ZTC and Pt/C-TKK in the
absence (solid line) and presence (dotted line) of 0.1 M of CH3zOH at
a rotation rate of 1600 rpm in (a) alkaline and (b) acid media.
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cluster possessing a high ratio of surface atoms that benefits the
surface reactions,”*” (2) the microporous 3D graphene-like
structure of the ZTC support that enables easy access of O,
and electrolyte molecules to the active sites,* and (3) the high
conductivity and large accessible surface area of ZTC that
facilitates the electron transfer.*-*

Conclusions

In conclusion, we have demonstrated a simple electrochemical
approach to synthesize highly dispersed PtNC supported on
ZTC as an excellent electrocatalyst for the ORR. The micropores
of ZTC served as cages to impose a spatial limitation on the size
of the Pt clusters. The formed Pt nanoclusters exhibited
enhanced ORR activity by improving the accessibility of active
sites through the micropores of ZTC. The resultant PtNC/ZTC
showed high ORR activity both in alkaline and acid media.
The high ratio of surface atoms resulting from the cluster-like
structure and high-surface-area ZTC with uniform micropo-
rosity is mainly responsible for the high electrocatalytic activity.
The small size of the Pt cluster led to higher methanol toler-
ance, as compared to that of commercial Pt/C-TKK. Due to the
entrapment of PtNC in the ZTC micropores, PtNC/ZTC exhibi-
ted high durability both in alkaline and acid media. The
developed PtNC/ZTC catalyst will be useful for manufacturing
high-performance alkaline anion-exchange membrane (AAEM)
and proton-exchange membrane (PEM) fuel cell systems.
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