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ABSTRACT: The development of highly stable and efficient catalysts
for sluggish cathode oxygen reduction reaction (ORR) is extremely
important for the long-term operation and the commercialization of
proton exchange membrane fuel cells (PEMFCs) but still challenging.
We present herein a facile strategy to efficiently embed Pt nanocrystals
into N-doped porous carbon/carbon nanotubes (Pt@CNx/CNT). The
N-doped porous carbon shells not only effectively prevented Pt
nanocrystals from detachment, dissolution, migration, and aggregation
during accelerated durability tests or heat-treatment at 900 °C, but also

allowed the access of electrolyte to the Pt surface and preserved the

good electron transfer of CNT by avoiding the structural damage of carbon nanotubes (CNTs). The interaction between the
embedded Pt nanocrystals and the encapsulating CNx layer was found in Pt@CNx/CNT, which markedly affected the electronic
structure of Pt nanocrystals and contributed to the improvement on the catalytic activity and stability of Pt@CNx/CNT. As a
result, the Pt@CNx/CNT catalyst exhibited an excellent thermal stability, durability, and sufficient catalytic activity for ORR.
The demonstrated strategy could be easily extended to produce a wide range of other electrocatalysts with even better activity

and extraordinary stability.
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1. INTRODUCTION

As worldwide demands for exploiting a sustainable energy
supply and reducing environmental pollution continue to
increase, proton exchange membrane fuel cells (PEMFCs) have
attracted considerable attention as one of the most promising
energy conversion devices for automotive and stationary
applications because of their high energy conversion efficiency,
low emissions, and renewable fuels. For PEMFCs to quickly
reach commercial implementation, developing a promising
catalyst for the oxygen reduction reaction (ORR) is of great
importance.l’2 At present, Pt nanoparticles (NPs) on a carbon
support (Pt/C) is still considered as one of the most efficient
catalysts for ORR. Supporting Pt NPs on carbon increases the
electrochemical activity and utilization of Pt and, thus,
effectively decreases the overall cost of PEMFCs. However,
the stability of Pt/C for ORR cannot meet the requirement for
the long-term operation of PEMFCs owing to the rapid loss of
electrochemical surface area (ECSA) and the performance.*~>

Under the corrosive operating conditions in strong acidic
media (pH < 1) and highly positive potentials even up to 1.5V,
etc.,, carbon supports are easily oxidized, which results in the
detachment of Pt NPs from the carbon support and, thus, the
performance loss.°” Meanwhile, the Pt dissolution, eventually
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followed by particle growth due to Ostwald ripening, would
take place.”'>"" Furthermore, the migration and agglomeration
of Pt NPs on the carbon surface cannot be effectively
suppressed by the weak interaction between the carbon support
and Pt NPs."" Therefore, enormous studies have attempted to
solve these issues, including improving the carbon support with
other species, such as a polymer, organic group, or metal
oxide; >~ designing new Pt nanostructures, such as
mesoporous particles, nanowires, and nanotubes;">™° forming
multimetallic Pt alloys with other transition metals, such as Y,
Ni, Co, and Ga;j*'™** developing a more corrosion-resistant
support, such as Tay;Tiy,0, and TiO,;*>?° and enhancing the
interaction between Pt and the supports by employing a
modified support, such as SH—CNTs, Tiy;Mo,;0,, and
CogMo,C,/C.*""* The resulting catalysts exhibit improved
corrosion resistance and reasonable activity for ORR; however,
the improved stability of such catalysts usually comes at the
cost of a significant increase in the size of the Pt NPs or a
decrease in the catalyst conductivity, which does not favor the
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Figure 1. Schematic illustration of the preparation of Pt@CNx/CNT catalyst.

enhancement of catalyst performance and their application in
practical PEMFCs. More importantly, the dissolution and
migration of Pt have not been satisfactorily suppressed. Thus,
new strategies to develop highly stable and efficient ORR
catalysts are still extremely desirable but challenging.

Herein, we present a facile but effective strategy to embed Pt
nanocrystals into N-doped porous carbon on carbon nanotubes
(Pt@CNx/CNT). The embedding of Pt nanocrystals into a N-
doped porous carbon layer not only effectively prevented the Pt
nanocrystals from detachment, dissolution, migration, and
aggregation during accelerated durability tests or heat-treat-
ment at 900 °C, but also allowed access of the electrolyte to the
Pt surface as a result of the porous structure and preserved
good electron transfer from the CNTs by avoiding structural
damage to the CNT surface, as compared with other strategies.
The interaction between the embedded Pt nanocrystals and the
encapsulating CNx shells was found in Pt@CNx/CNT, which
would markedly affect the electronic structure of Pt nanocryst-
als and contribute to the improvement in catalytic activity and
stability of the catalyst. As a result, the Pt@CNx/CNT catalyst
exhibited excellent durability and sufficient catalytic activity for
ORR.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Pt@CNx/CNT Composite. Carbon
nanotubes (CNT, Shenzhen Nanotech Port Co. Ltd.) were first
ground for 10 h and then immersed in concentrated HCI
solution for S days, followed by washing and vacuum drying at
80 °C overnight. A 100 mg portion of CNT and 100 mg of
aniline monomer (distilled before use) were dispersed in 50 mL
of HCI (1 M) aqueous solution and ultrasonicated for 1 h.
Appropriate H,PtCl; (38.5 mM) was then added into the
dispersion. The mixture was stirred below 5 °C for 10 h to
achieve a homogeneous dispersion, and then 50 mL of HCI (1
M) aqueous solution containing 245.2 mg of (NH,),S,04
(APS) was added dropwise under vigorous stirring (the
molar ratio of APS to aniline was 1:1). The polymerization
was conducted in an ice bath (<5 °C) for 20 h. After the
polymerization, the liquid was evaporated at S0 °C under
stirring. The obtained Pt-PANI/CNT product was washed with
anhydrous alcohol and Milli-Q water and then dried under
vacuum at 60 °C overnight. The sample was then pyrolyzed at
900 °C for 1 h under argon flow. Finally, the heat-treated
sample was preleached in 1 M H,SO, at 80 °C for 8 h and
thoroughly washed in Milli-Q water. For comparison, the CNx/
CNT was prepared in parallel under the above conditions but
without the addition of H,PtCl, solution.

2.2. Electrochemical Measurement. The cyclic voltam-
mograms were carried out in a N,-purged 0.1 M HCIO,
solution at a scan rate of 50 mV s™'. The ORR polarization
curves were recorded in O,-saturated 0.1 M HCIO, solution at
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a scan rate of 10 mV s~ solution. The CV accelerating

durability tests (ADT) were performed in N,-purged 0.1 M
HCIO, by potential cycling between 0 and 1.2 V vs RHE at a
scan rate of SO mV s~ at room temperature. The details for all
electrochemical experiments and analysis are presented in the
Supporting Information. The catalyst loadings of Pt@CNx/
CNT and commercial Pt/C for all measurements were fixed to
22 pgp, cm™2

3. RESULTS AND DISCUSSION

The Pt@CNx/CNT catalyst was synthesized via a facile in situ
reduction process, as illustrated in Figure 1. In brief, aniline
monomer was first selectively adsorbed onto the CNT surface
via 7—7 interaction between the aniline and CNT. After the
addition of the H,PtCls solution, the polymerization was
initiated by the introduction of APS, which allowed the
formation of a polyaniline layer on the CNTs and the
encapsulation of Pt source inside the polyaniline layer.
Afterward, the resulting product was sufficiently washed to
remove PtCl>~ species adsorbed on the outer surfaces of
CNTs. The dried product was then heated at 900 °C for 1 h
under flowing argon gas and then preleached in 1 M H,SO, for
8 h to remove any unstable species in carbonized materials and
expand the nanopores to make more Pt surface accessible to
the electrolyte. During the pyrolysis process, the polyaniline
layer was pyrolyzed into the N-doped porous carbon layer, and
the Pt sources in the polyaniline layer were simultaneously
reduced by carbon into the Pt nanocrystals, which were
embedded in the resulting N-doped porous carbon layer. The
typical overall Pt loading in Pt@CNx/CNT composite used in
the following experiments was 13.01 wt %, determined by
inductively coupled plasma atomic emission spectroscopy. It
should be noted that the Pt loading in Pt@CNx/CNT can be
easily tuned by adjusting the amount of Pt sources during the
preparation of catalyst. Two examples with a Pt loading of 1.3
and 5.2 wt % were prepared. The TEM images shown in Figure
S1 clearly demonstrate the distribution of Pt nanocrystals in the
Pt@CNx/CNT was closely related to the Pt loading.

The crystalline structures of the prepared composite and the
commercial Johnson Matthey (JM) Pt/C (20 wt %) catalyst for
comparison were first analyzed by powder X-ray diffraction
(XRD). Four major peaks at 39.76°, 46.26°, 67.55°, and 81.41°
shown in both XRD patterns (Figure 2a) can be indexed well to
the diffraction from (111), (200), (220), and (311) planes of
cubic Pt (JCPDS 04-0802). The XRD peaks at 26.07°, 42.76°,
and 53.66° in the composite can be attributed to diffraction
from carbon nanotubes.***' This result indicated that the
product should be the composite of cubic Pt nanocrystals and
carbon nanotubes. X-ray photoelectron spectroscopy (XPS)
was further performed to determine the composition of the
composite. The XPS spectrum (Figure S2) clearly exhibited the
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Figure 2. (a) XRD patterns of Pt@CNx/CNT and JM Pt/C; TEM images (b,d) and HRTEM images (cef,gh) of Pt@CNx/CNT; (i) The
statistical pie diagram of Pt nanocrystals in different status in Pt@CNx/CNT catalyst.

signals of C 1s, N 1s, and Pt 4f, confirming the existence of
element N and Pt in the product.

The morphologies and structure of the composite were
investigated by transmission electron microscopy (TEM). The
typical TEM image in Figure 2b displays the smooth surface of
a CNT coated with a thin layer with a rough outer surface,
which could be ascribed to a N-doped carbon layer (CNx)
originating from the pyrolysis of polyaniline. Numerous
nanoparticles in a narrow size distribution dispersed on the
substrate without obvious aggregation can also be seen. The
average particle size was 3.12 + 0.87 nm, based on statistical
analysis. The high-resolution TEM image (Figure 2c) shows
clear and continuous lattice fringes throughout the particles,
with a distance of 0.23 nm, which is consistent with the d-
spacing of (111) planes of face-centered cubic (fcc) crystalline
Pt, corroborating these nanoparticles are fcc Pt nanocrystals.
Moreover, by closely looking at a large quantity of nano-
particles dispersed at the edge of a CNT during TEM
observation, it was found that most of the Pt nanocrystals
were buried in the CNx layer and coated with a few fractured
carbon layers (Figure 2d—f), and some were inlaid in the CNx
layer with partial surface exposed (Figure 2g,h). Almost no Pt
nanoparticles directly attached on the outer surface like the
ones in JM Pt/C were found.

A statistical analysis of over 200 Pt nanocrystals at the edge
of CNT showed that 71.23% of the Pt nanocrystals were coated
with carbon layers, and the rest were inlaid in the carbon
(Figure 2i). It should be noted that these Pt nanocrystals were
obtained and survived after the pyrolysis at 900 °C for 1 h. It is
reasonable to believe that these nanocrystals (shown in Figure

2905

2d—f and gh) were buried or inlaid in the CNx layer because
they would aggregate and grow into larger particles after such
heat-treatment at 900 °C if they were just physically attached
on the top of the CNx layer.

For comparison, the JM Pt/C catalyst, in which Pt
nanoparticles are directly deposited on the carbon support
with no encapsulating layer, was subjected to the same heat
treatment and characterized. TEM images (Figure S3)
manifests that Pt nanoparticles originally in ~3 nm severely
aggregated together and grew into larger particles in tens of
nanometers after such a treatment. Therefore, it was reasonably
believed that the CNx layer encapsulating the Pt nanocrystals
effectively prevented them from immigration and aggregation.
The CNx layer was also expected to keep Pt nanocrystals from
peeling off or aggregating during the long-term electrochemical
operation.

To evaluate the electrochemical performance of Pt@CNx/
CNT and the effect of the CNx layer on catalytic performance
for ORR, cyclic voltammograms (CV) and linear sweep
voltammetry (LSV) experiments were first conducted on the
Pt@CNx/CNT and JM Pt/C catalysts (20 wt % Pt) for
comparison. The CV curves of both samples (Figure 3a) exhibit
similar peaks associated with the adsorption/desorption of
hydrogen and the formation/reduction of Pt oxides. The
electrochemical surface area (ECSA) was calculated by
measuring the Coulombic charge for hydrogen adsorption/
desorption. The ECSA of Pt@CNx/CNT was estimated to be
74.29 m* ¢!, 12.36% smaller than that of Pt/C (86.65 m* g™ ").
Considering the slightly larger size of the Pt nanocrystals in
Pt@CNx/CNT (3.12 + 0.87 vs 2.85 + 0.60 nm) and the same
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Figure 3. (a) CV curves of Pt@CNx/CNT and JM Pt/C recorded in N,-purged 0.1 M HCIO, solution at a scan rate of 50 mV s™'; (b) ORR
polarization curves of Pt@CNx/CNT and JM Pt/C recorded in O,-saturated 0.1 M HCIO, solution at room temperature (1600 rpm, sweep rate of
10 mV s7'); (c) ORR polarization curves of Pt@CNx/CNT at different rotation speeds, recorded in O,-saturated 0.1 M HCIO, at room
temperature, sweep rate 10 mV s™'; (d) corresponding Koutecky—Levich plots at different potentials.

Pt loading on the electrodes, the decrease in ECSA for Pt@
CNx/CNT could be reasonably attributed to the presence of
the encapsulating CNx layer, which covered a part of the Pt
active sites. Taking the nanospheres in 3.12 and 2.85 nm as
models, the difference in surface area is about 8.66%. Therefore,
a 12.36% loss in ECSA for Pt@CNx/CNT compared to Pt/C
also implied that the CNx layer should have porous structures
and allow access of the electrolyte to the surface of Pt
nanocrystals. Comparing to the CV curves tested in N,-
saturated solution, CV curve of Pt@CNx-CNT recorded in O,-
saturated electrolyte (Figure S4) shows apparently enhanced
cathodic current density and high sensitivity for ORR,
indicating that oxygen can reach the surface of the Pt
nanocrystals, and the porous structure should really exist in
the Pt@CNx/CNT.

The N, adsorption—desorption experiment was further
carried out to directly confirm the porous nature of the Pt@
CNx/CNT. The Brunauer—Emmett—Teller (BET) analysis
(Figure SSa) demonstrates that the Pt@CNx/CNT showed a
high surface area of 308.8 m?/ g, which is much larger than that
of pristine CNTs (79.5 m?/g).>* This value is comparable to
the results reported by Kuo and Hsu.*>** The corresponding
pore size distribution analysis (Figure SSb) clearly reveals the
existence of a great quantity of nanopores. The diameter of
most pores falls in a range of <1 nm or from 3 to 4 nm, which
should be large enough for free diffusion of the oxygen

molecule with a kinetic diameter of 0.346 nm.>> As
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demonstrated by Karl et al,*® the Pt nanocrystals in the
porous structure can be fully utilized in real fuel cells, and there
are no limitations to the ionomer access through the porous
structure. Therefore, the porous structure would not affect the
transfer of oxygen and proton in real fuel cells. Furthermore, it
should be noted that the onset potential of Pt oxidation in the
Pt@CNx/CNT catalyst recorded in N,-saturated solution was
significantly shifted to more positive potential compared with
that of JM Pt/C as indicated by vertical lines in Figure 3a,
suggesting a delayed formation and weak adsorption of
oxygenated species on Pt surfaces embedded in CNx layer
and, thus, better durability during ORR.**%’

Moreover, the LSV measurements were carried out by using
a rotating-disk electrode (RDE) operated at 1600 rpm in O,-
saturated 0.1 M HCIO,. Figure 3b shows typical ORR
polarization curves recorded on RDEs coated with Pt@CNx/
CNT and JM Pt/C as catalysts. It can be seen that Pt@CNx/
CNT exhibited a very similar onset potential and half-wave
potential compared with JM Pt/C, implying that the
encapsulating CNx layer did not affect the catalytic activity of
Pt@CNx/CNT for ORR. Considering the smaller ECSA of
Pt@CNx/CNT vs JM Pt/C, the former demonstrated the
higher specific activity. Although the CNx/CNT itself did not
contribute much to the improved activity, as indicated by its
very poor catalytic activity for ORR (Figure S6), the conductive
network constructed by CNx/CNT, which enhanced the
electron transfer in Pt@CNx/CNT during ORR, and the
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Figure 4. (a,c) CV curves, and (b,d) ORR polarization curves of JM Pt/C and Pt@CNx/CNT before (black) and after (red) ADT. (e,f) The
comparison of (e) specific activities and (f) mass activities at 0.85 V vs RHE before and after ADT.

possible interaction between Pt nanocrystals and CNx layer (as
discussed later on) should be responsible for the improvement
of the catalytic activity.

To better understand the ORR kinetics of Pt@CNx/CNT, a
set of polarization curves (Figure 3c) for ORR were recorded at
varied rotation speeds in O,-saturated 0.1 M HCIO,. The
Koutecky—Levich plots calculated with these curves (Figure
3d) show good linearity and near parallelism of the fitting lines,
indicating the first-order reaction kinetics toward the
concentration of dissolved oxygen and similar electron transfer
numbers for ORR at different potentials. The electron transfer
number of Pt@CNx/CNT for catalyzing ORR was calculated
to be ~3.9 through the slopes of Koutecky—Levich plots, which
is in good agreement with the theoretical value.

As mentioned above, the stability of an ORR catalyst is
critical for the application of PEMFCs. To demonstrate the
effectively stabilizing Pt nanocrystals by the CNx layer in the
designed Pt@CNx/CNT catalysts, ADTs for Pt@CNx/CNT
and JM Pt/C were thus carried out in N,-purged 0.1 M HCIO,,
solution by applying continuous potential sweeps between 0.0
and 1.2 V vs RHE for 1500 cycles at a scan rate of S0 mV s™".
As indicated by CV curves and ORR polarization curves in
Figure 4a,b, the JM Pt/C catalyst underwent ~65% loss in
ECSA after ADT (86.65 vs 3091 m? g™'), which was
accompanied by an ~60 mV negative shift of the half-wave
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potential in the ORR polarization curve; however, the Pt@
CNx/CNT catalyst exhibited negligible changes in both ECSA
(74.29 vs 75.46 m* g, Figure 4c) and ORR activity (Figure
4d) after ADT. The small increase in ECSA of Pt@CNx/CNT
could be ascribed to the slight corrosion of the CNx layer after
ADT, which led to a slight increase in the exposed surface area
of embedded Pt nanocrystals. This result could be corroborated
by the small increase in the double layer capacitance, as shown
in Figure 4c (red curve).

To directly compare the electrocatalytic activities of all
evaluated catalysts for ORR, both the specific activity (Figure
4e) and the mass activity (Figure 4f) before and after ADT
were calculated by using the Koutecky—Levich equation to
represent the intrinsic activity of the catalysts. Pt@CNx/CNT
delivered an ~12 times larger area-specific activity, and a
similar mass activity at the given potential compared with JM
Pt/C before ADT. It was notably found that Pt@CNx/CNT
exhibited negligible degradation in both the specific and mass
activity after ADT (0.141 vs 0.150 mA cm ™ for specific activity,
and 0.1085 vs 0.1110 mA ug~" for mass activity). Compared to
JM Pt/C, the specific and mass activity of Pt@CNx/CNT are
~1.6 and ~4 times larger after ADT, respectively.

The different degradation behaviors of JM Pt/C and Pt@
CNx/CNT were further investigated by checking the
morphologies of both catalysts before and after ADT with
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Figure 6. (a) XPS spectra showing the binding energy of Pt 4f in the Pt@CNx/CNT and JM Pt/C catalysts; (b) XPS spectra showing N 1s signals
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the TEM technique, as shown in Figure S. The size
distributions of Pt nanocrystals were also analyzed by randomly
selecting over 200 Pt nanocrystals and measuring their
diameters. Figure Sa—d demonstrates that Pt nanocrystals
with an average diameter of 2.85 + 0.60 nm were well-
dispersed on the support in the JM Pt/C catalyst before ADT,
but they aggregated and agglomerated severely into irregular
larger nanoparticles with a size of 10.30 + 3.75 nm after ADT.
This was consistent with a dramatic decrease in the ECSA (65%
loss). In contrast, the morphology of Pt@CNx/CNT did not
appreciably change before and after ADT (Figure Se—h). No
obvious aggregation or peel-off of Pt nanocrystals were
observed in TEM observation, indicating that the encapsulating
CNx layer accommodated these nanocrystals very well and
prevented them from dissolving, migrating, aggregating, and
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growing. This result accounted for the excellent stability of Pt@
CNx/CNT in catalyzing ORR.

Furthermore, to investigate the possible interaction between
Pt nanocrystals and the support, high-resolution XPS signals of
Pt 4f and N Is were deconvoluted into the corresponding
components, as presented in Figure 6. By comparing the XPS
peaks of Pt@CNx/CNT and JM Pt/C, it could be seen that the
binding energies for both Pt 4f5/2 and 4f7/2 peaks in Pt@
CNx/CNT shifted positively by ~0.76 eV relative to JM Pt/C
(Figure 6a). This shift in binding energy could be ascribed to
the electronic interaction between the embedded Pt nanocryst-
als and the encapsulating CNx layer, which was corroborated
by the shift of the N 1s peak in Pt@CNx/CNT toward a lower
binding energy compared with that in pure CNx/CNT (Figure
6b). It was believed that the electronic interaction between the
Pt nanocrystals and CNx layer would affect the electronic
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structures of the surface atoms in the Pt nanocrystals and, thus,
the adsorption/desorption of oxygen species on their surface,
which would contribute to the improvement of the stability and
catalytic activity in Pt@CNx/CNT. This result was consistent
with a positive shift in the onset potential associated with Pt
oxidation in Pt@CNx/CNT catalyst (Figure 3a).

4. CONCLUSIONS

In summary, to address the issue of durability in supported
noble-metal-based electrocatalysts, an effective strategy was
developed to embed Pt nanocrystals into porous carbon shells
on a carbon nanotube substrate by means of precursor
polymerization, pyrolysis, and in situ reduction. The fixation
of Pt nanocrystals inside a porous CNx layer not only
restrained the Pt nanocrystals from detachment, dissolution,
migration, and aggregation during accelerated durability tests or
heat-treatment at 900 °C, but also maintained their catalytic
activity. A benefit from this unique structure as well as the
electronic interaction between the embedded Pt nanocrystals
and the encapsulating CNx layer, the developed Pt@CNx/
CNT electrocatalysts exhibited an excellent durability and
efficient catalytic activity for ORR. The demonstrated strategy
could be easily extended to produce a wide range of other
electrocatalysts with extraordinary stability.
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