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ABSTRACT: PtM; alloys have demonstrated superior oxygen reduction reaction (ORR)
activity due to the strong strain effect caused by non-noble metal cores. However, the
serious corrosion of non-noble metals in acid solution is still challenging. Herein, a
hollow porous N-doped carbon sphere encapsulated PtCos intermetallic electrocatalyst
(O-PtCo3@HNCS) is successfully prepared through Co pre-embedding and subsequent
impregnation-reduction method. The Co pre-embedding step is responsible for the
formation of abundant mesopores, and the subsequent impregnation-reduction process

leads to the Pt-Co ordering and carbon encapsulation. Benefiting from the accelerated



mass transfer process, enhanced metal interaction and physical confinement effect, O-
PtCo3;@HNCS exhibits excellent ORR activity and durability with negligible half-wave
loss after long-term stability test in acid solution. The ordered PtCos nanoparticles
tightly anchored in the carbon matrix without obvious aggregation, sintering and
agglomeration, responsible for the superior durability. The strategy for the carbon
confinement in this work paves the way for achieving highly efficient catalysts with
low Pt content, which can be used in various energy-related systems.
Introduction

Proton exchange membrane fuel cells (PEMFCs) have been considered as one of
the most promising candidates for replacing traditional fossil fuel with renewables.!
However, the sluggish oxygen reduction reaction (ORR) and high cost of Pt are the two
major obstacles that hinder its application. While tremendous efforts have been spent
on the development of non-noble metal catalysts and metal-free catalysts, such as

y** and carbon

transition metal-nitrogen-carbon (M-N-C, M=Fe, Co and Cu et al.
materials with various heteroatom doping,> ¢ their ORR performances are still far from
satisfactory, especially in acid medium where serious corrosion can happen. Thus,
lowering the usage of Pt and tuning its electrocatalytic property are still urgent but
challenging.”® Alloying transition metals with Pt can not only reduce the usage of Pt
but also improve the ORR efficiency. Among various Pt-based bimetallic catalysts, Pt-
Co and Pt-Ni are the most representative. For example, Stamenkovic and co-workers

have reported Pt3Ni nanoframes which showed unprecedented ORR activity in 0.1 M

HCIOs4.? Such enhanced ORR performance can be ascribed to the imposed strain from



the inner non-noble metal core on the spontaneously formed Pt-rich outer shell. Higher
ORR activity resulting from the strong compressive strain in low-Pt alloys has also been
suggested in other works.!® ! Strasser and co-workers have reported that, in acid
electrolytes, PtCos exhibits the highest ORR activity compared with Pt3Co and PtCo,
which is largely caused by the formation of favorable Co-rich core-Pt-rich shell
structure.!® However, considering the low dissolution potential and poor thermal
stability of non-noble metals (Co and Ni et al.) in acid electrolytes, the strain effect on
Pt-rich shells can be weakened with the leaching of non-noble metals, leading to the
rapid loss of ORR performance.'? > Thus, a fundamental challenge is how to avoid
non-noble metal leaching from low-Pt content alloy catalysts to retain the strong strain
effect during ORR.

To prevent the leaching of non-noble metals from Pt-based bimetallic alloys, one
effective way is to transform disordered alloys into atomically ordered intermetallics to
achieve stronger d-d orbital interactions.'* ! The associated problem is that the
synthesis of intermetallics tends to be conducted at high temperature, which may reduce
the exposure of active sites caused by sintering, aggregation and/or agglomeration. ' 7
On the other hand, the degradation mechanism of Pt during stability test is studied in
detail. During the operation, the ORR performance can be significantly degraded by
Ostwald-ripening, coalescence, aggregation and/or detachment.!® Especially for
coalescence and aggregation and/or detachment, the movement of Pt nanoparticles is

mainly responsible for the performance degradation.'” Carbon encapsulation can be a

promising way to avoid the above-mentioned problem during both synthesis and



electrochemical processes, but a great challenge remaining is how to achieve the
balance between the activity and durability of encapsulated nanoparticles.!® 2°23 In
other words, could the activity be maintained, or even enhanced if possible, under the
physicochemical protection of carbon shells?

Herein, we developed a strategy to achieve the atomic structure ordered PtCos
intermetallic confined in hollow porous N-doped carbon (O-PtCos@HNCS) with low-
Pt content for ORR. During synthesis, pre-embedded Co nanoparticles are essential as
they not only serve as Co precursors for the formation of carbon confined PtCos
intermetallic nanoparticles but also create abundant mesopores for accelerated mass
transfer as evidenced by transmission electron microscopy (TEM), X-ray diffraction
(XRD) and Brunauer—Emmett-Teller surface analysis. More emphasis is put on
understanding the morphology and surface structure change under the protection of
carbon ‘armor’ before and after the stability test through surface-sensitive CO stripping
voltammetry. We show that carbon encapsulation can not only inhibit the oxidation of
Co and particle growth during high-temperature synthesis, but also avoid Oswald
ripening, aggregation and agglomeration during the electrochemical process. These
results deepen the understanding on performance improvement mechanism of carbon
encapsulation, and provide essential guidance for constructing carbon encapsulated
nanoparticles for various applications.

Results and discussion

Structural characterization of catalysts
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Figure 1. Schematic illustration of the synthesis of O-PtCo3@HNCS (Route 1) and
O-PtCo3/HNCS (Route 2).

The synthesis of O-PtCos@HNCS is illustrated in Figure 1 (route 1, see more
details in supporting information). Briefly, Polystyrene (PS) spheres (~250 nm) were
first obtained using emulsion method,> and then dispersed in Tris-buffer solution
containing a certain amount of Co?*. After fully mixing, dopamine (DPA) was added
to above solution under vigorous stirring to achieve in situ polymerization on the
surface of PS spheres. Benefiting from the strong chelating capability of DPA, DPA-
Co?* covering layers can be formed. Ultrafine Co nanoparticles confined in hollow N-
doped carbon spheres (Co@HNCS) were obtained by annealing PS@DPA-Co*" at 700
°C, during which the PS spheres serve as the sacrificial template and pore-forming agent
(mainly micropores), and DPA layers provide confinement effect to prevent the
overgrowth of Co nanoparticles.?> The scanning electron microscopy (SEM) and TEM
images of Co@HNCS revealed the achieved hollow structure with uniform distribution
of Co nanoparticles. Co nanoparticles can be rarely observed on the surface, indicating
no collapse of morphology and the successful embedding of Co nanoparticles in the

hollow carbon matrix (Figure S1 and S2). To achieve the formation of PtCos



nanoparticles and the subsequent disorder-order transformation, the Pt precursor
reacted with Co@HNCS and was then deposited inside the hollow carbon matrix
facilitated by the reducing-atmosphere and high-temperature annealing. For
comparison, the ordered PtCos nanoparticles supported on HNCS (denoted as O-
PtCo3/HNCS, Figure 1, route 2, see more details in supporting information) rather than
embedded in HNCS, as well as carbon black (O-PtCos/C, with relatively weak metal-
support interaction compared with that using N-doped carbon materials) were

fabricated.
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Figure 2. Morphology and structure characterization of O-PtCo3@HNCS. (a) SEM, (b)
dark-field, (c) bright-field TEM, and (d, €) HRTEM images of O-PtCo3@HNCS. (f)

XRD, (g) EDS and (h-1) corresponding EDS elemental maps of O-PtCo3@HNCS/C.



The SEM image of O-PtCo3@HNCS (Figure 2a) shows similar size and
morphology to the Co@HNCS precursor (Figure S1 and S2), indicating good
thermostability during high temperature synthesis. Interestingly, many mesopores (2-
50 nm) are observed on the surface of O-PtCos@HNCS (but not on Co@HCNS, Figure
2a and Figure S1), which presumably results from the reaction between Co
nanoparticles and Pt precursor during the impregnation and reduction process. The
homogenous distribution of nanoparticles and the hollow structure with a shell
thickness of ~20 nm is revealed from TEM images (Figure 2b-c¢). The ordered structure
of PtCos nanoparticles is confirmed by high-resolution TEM (Figure 2e), and XRD
(Figure 2f), both showing the (001) superlattice fringes of ~0.37 nm.!! Besides, the
ordered atomic arrangement of O-PtCos@HNCS is further verified by the appearance
of periodic bright Pt columns (with high Z-contrast) in HAADF-STEM image. (Figure
S3) In Figure 2g, the energy-dispersive X-ray spectroscopy (EDS) shows that the ratio
of Pt/Co is 26.4/73.6, which is close to the feed ratio. The corresponding EDS elemental
maps (Figure 2h-l) further confirm the formation of N-doped carbon matrix and
homogenous distribution of Pt and Co in O-PtCo;@HNCS/C.

In contrast to the uniformly distributed nanoparticles in O-PtCo;@HNCS, obvious
clustering can be observed in O-PtCos/HNCS (Figure S4a-b). While for O-PtCos/C
(Figure S5a-b), the inhomogeneous size distribution is even more obvious. To better
compare the detailed surface structure of O-PtCo;@HNCS and O-PtCos/HNCS, we
utilized the backscattering electron (BSE) detector to acquire surface-sensitive images,

simultaneously with ADF images from the transmitted signals in STEM. As shown in



Figure S6a-c, O-PtCo3@HNCS exhibits a surface with only a few particles exposed
outside the hollow carbon sphere, indicating that most of the O-PtCos nanoparticles are
fully encapsulated inside the carbon shell. This is consistent with TEM observation in
Figure 2d, which shows a nanoparticle encapsulated by the carbon layer with the
thickness of 1.3 nm (about 4-5 layer of carbon sheets). By contrast, the BSE image on
O-PtCo3/HNCS shows high-density nanoparticles along with agglomerated particles
supported on the surface of the hollow carbon sphere without the protection of carbon
shell (Figure S6d-f). This observation demonstrates that carbon confinement has been
successfully achieved in O-PtCo;@HNCS and can effectively prevent nanoparticles
from migration or aggregation during high-temperature synthesis.

The N> adsorption/desorption test was conducted to investigate the impact of pre-
embedding Co nanoparticles on specific surface area (SSA) and pore size distribution
(PSD). The measured SSAs are respectively 494.8 and 253.3 m%/g for O-PtCo3s@HNCS
and O-PtCo3/HNCS (Figure S7a), and the remarkable SSA enhancement in O-
PtCo3@HNCS suggests the increased number of micropores and mesopores. While
both O-PtCo3;@HNCS and O-PtCos/HNCS deliver typical type-IV hysteresis (meaning
micropores, mesopores and macropores co-exist),2® the proportion of mesopores with
the dominant pore size of 3.5 nm in O-PtCo3@HNCS is much higher than that in O-
PtCos/HNCS, as can be seen directly from the corresponding PSD profiles (Figure
S7b). Raman spectra (Figure S7c¢) show that both O-PtCo;@HNCS and O-
PtCo3/HNCS exhibit two typical peaks located at 1340 cm™ (D band) and 1590 cm™ (G

band).?’” The higher In/Ig value (1.06) in O-PtCos@HNCS indicates that more defects



exist compared with that in O-PtCos/HNCS (0.96).27 These results indicate that pre-
embedding Co nanoparticles can not only provide a large number of micropores to
achieve increased defects and exposure of active sites but also benefit the formation of
accessible mesopores, the latter of which has been proven to effectively reduce mass-
transfer resistance for ORR.6

XPS was performed to investigate the surface element composition and chemical
bonding. Figure S8 indicates the C 1s, N 1s and Co 2p XPS spectra of O-PtCoz(@HNCS.
The spectrum of C 1s can be divided into four characteristic peaks located at 284.6,
285.3, 286.1 and 288.6 eV, which can be assigned to C-C/C=C, C-N, C-O and C=0
bonds,** respectively. The N1s spectrum can also be deconvolved into four peaks for
pyridinic N (398.4 eV), pyrrolic N (399.6 eV), graphitic N (400.9 eV) and oxidized N
(402.7 V),?6 respectively. Our previous work has demonstrated the introduction of N
into carbon matrix can greatly modify the electronic structure, thus providing much
stronger interaction with the supported nanoparticles.!® 2! The Co 2p spectra of O-
PtCos@HNCS can be divided into several doublets, including Co° (778.4 and 793.7
eV), Co?" (780.9 and 796.6 eV) and satellite peaks (785.8 and 802.7 eV). 22 Notably,
in Co 2p spectrum of O-PtCos/HNCS (Figure S9), nearly no characterized peak
assigned to Co’ can be detected, suggesting that carbon encapsulation in O-
PtCos@HNCS can effectively prevent nanoparticles from oxidation.® This anti-
oxidation property also ensures the maximal exposure of active sites, thus accelerating
the ORR process. To further understand the important role of carbon encapsulation, the

Pt 4f XPS spectra of O-PtCo3@HNCS, O-PtCos3/C and Pt/C are compared (Figure S7d).



A positive shift of 0.68 eV can be observed for O-PtCos/C compared with Pt/C. Usually,
the shift of Pt 4f peaks to higher binding energy is associated with the weakened
adsorption of oxygen-containing species on catalyst surfaces, thus approaching the top
of activity volcano.>! However, DFT calculation shows that alloying Co with Pt tends
to cause excessively weakened OH adsorption, leading to decreased ORR activity.*? In
Figure S7d, the Pt 4f binding energy of O-PtCos@HNCS falls in between O-PtCos/C
and Pt/C, which suggests that the excessively weakened OH adsorption in O-PtCos/C
can be recovered to a certain degree after the introduction of N-doped carbon layer.
Electrochemical activities investigation

Electrocatalytic ORR activities were evaluated using CV and LSV techniques in
0.1 M HCIOg4 solution. Figure 3a exhibits the CV curves of O-PtCo;@HNCS, O-
PtCo3/HNCS and homemade Pt/C. Clear H adsorption/desorption regions can be
observed in the potential range of 0.05-0.4 V.'* Notably, much wider electrochemical
double layers can be seen for O-PtCos@HNCS and O-PtCo3/HNCS, which could be
ascribed to the larger surface area of PS@DPA-(Co) derived hollow N-doped carbon
support compared with carbon black.?” Further, the LSV profiles of catalysts were
recorded in Oz-saturated 0.1 M HClO4 solution, as shown in Figure 3b. The ORR half-
wave potential (E12) of O-PtCo3@HNCS (0.909 V) is much higher than that of O-
PtCo3/HNCS (0.882 V) and Pt/C (0.867 V). On the other hand, the enhanced ORR
activity also implies that carbon encapsulation may not hamper the catalytic reaction.
This can be verified from the calculated electron transfer number (n) as shown in

Figure S10, meaning that the carbon encapsulation does not change the reaction route



(still 4-electrons pathway). Figure 3¢ shows the Tafel plots: In the high potential region,
both O-PtCoz@HCNS and O-PtCo3/HNCS exhibit much higher log jk values than Pt/C,
suggesting their higher intrinsic activity. Whereas in low potential region, we can find
that the log jk value of O-PtCos/HNCS is almost equal to that of Pt/C, while O-
PtCo3@HNCS still exhibit the highest log jk value, indicating the impeded mass transfer
process for O-PtCo3/HNCS due to the lack of mesopores. The decreased limiting
current density of O-PtCo3/HNCS in Figure 3b also confirms the limited mass-transfer
process,* indicating that the Co nanoparticle pre-embedding plays a pivotal role in
improving mass transfer process and ORR activity by creating abundant mesoporous
structure in O-PtCo3@HNCS.

To gain direct insight into the enhanced ORR activity of O-PtCo;@HNCS, their
mass activities (MA) and specific activities (SA) at 0.9 V were compared (Figure 3d).
The calculated MA of O-PtCos@HNCS was 0.54 A mg™!, 2.3 and 4.5 times that of O-
PtCos/HNCS and Pt, even surpassing the DOE target (0.44 A mg™'). The highest SA
can also be observed in O-PtCos@HNCS. To further investigate the effect of structure
ordering on ORR activity, contrast samples with disordered PtCos; nanoparticles
confined in HNCS (D-PtCo3;@HNCS, ‘D’ indicates the disordered) were fabricated.
Figure S11 compares the ORR activities of O-PtCo;@HNCS and D-PtCos@HNCS,
showing a positive shift in E that can be attributed to the downshift of d-band center
associated with the structure ordering. Strong metal-support interaction (SMSI) has also
been suggested to have a positive effect on ORR performance.>* Thus, we further

compared the ORR performance of O-PtCo3/HNCS with that of O-PtCo3/C. As shown



in Figure S12, even worse ORR activity can be observed for O-PtCo;/HNCS with
SMSI, implying that SMSI alone may not make up for the ORR activity loss caused by
hindered mass transfer process. Overall, the enhanced ORR activity in O-
PtCo3@HNCS could be attributed to the combination of structure ordering, the SMSI,

unique porous structure and fast electron transfer (mainly due to the close contact

between carbon shell and encased nanoparticles®).
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Figure 3. Electrocatalytic properties of Pt/C, O-PtCos/HNCS and O-PtCo3;@HNCS. (a)
CV curves in Ar-saturated 0.1 M HClO4 solution at room temperature, with a scan rate
~50 mV/s. (b) LSV curves in Oz-saturated 0.1 M HCIO4 solution at room temperature,
with a scan rate ~10 mV/s. (c) Tafel plots, in which J is the kinetic current density. (d)
Comparison of MA and SA at 0.9 V.

To evaluate the stability of O-PtCo3@HNCS, O-PtCo3/HNCS and Pt/C, the LSV

profiles before and after different number of potentials cycles were compared as shown



in Figure 4a and Figure S13a-b. Ei2 of O-PtCos;@HNCS barely degrades with
increasing potential cycles, indicating its superior stability. By contrast, the E1, values
of O-PtCo3/HNCS and Pt/C degrade rapidly. The detailed Ei, attenuation rates are
summarized in Figure 4b, with E1/2 loss of 23 and 19 mV for O-PtCos/HNCS and Pt/C,
while only ~1 mV for O-PtCo3@HNCS. The changes in MA and SA at different
potential stages are also calculated (Figure 4c and Figure S14). For O-PtCo;@HNCS,
a MA retention of 92.6% can be observed after 20,000 potential cycles, and the values
for O-PtCo3/HNCS and Pt/C are 78.3% and 41.7%, respectively. Such enhanced ORR
stability could be ascribed to the protective ‘carbon armor’, which may greatly prevent
the possible aggregation, detachment or dissolution during potential cycling. To better
evaluate the ORR stability of the O-PtCoz;@HNCS and make a comparison with DOE
target (<40% loss in MA after 30,000 cycles), the stability tests after 30,000 are
recorded. A negligible loss in half-wave potential can be observed (Figure 4d). Besides,
after 30,000 cycles, the loss in MA is only 9.9%, surpassing the DOE target on MA loss
(<40%) (Figure 4e). This not only demonstrates the superior stability of O-
PtCo3;@HNCS but also the great potential application in fuel cells.

Considering the three factors (SMSI, ordering and encapsulation) that may influence
the catalytic stabilities, we further recorded the LSV profiles of D-PtCo3@HNCS
(Figure S15) and O-PtCos/C (Figure S16) before and after long-term stability test, and
compare their Ei/2 attenuation as shown in Figure 4f. The comparison on ORR activity
loss indicates that both ordering and encapsulation make substantial contribution to the

enhanced ORR stability. However, contrary to previous works,>* 3¢ the SMSI seems to



have limited influence on ORR stability in this work. This is because the positive effect
of SMSI may be largely offset by the hampered mass transfer process in O-
PtCo3/HNCS. Based on above discussion, we deduce that the enhanced ORR stability
could be attributed to the following two factors: 1) Carbon encapsulation, which largely
prevents the aggregation, detachment and metal dissolution, especially for the Co
element with more negative redox potential (Co?*/Co (-0.28 V)). 2) Structure ordering,
with unique crystal structure and stronger metal interaction making alloy highly anti-
corrosive in acid electrolytes. On the other hand, even though SMSI seems to have a
limited effect in the contrast group of O-PtCo3/HNCS and O-PtCos/C, its contribution
to the enhanced ORR stability of O-PtCoz@HNCS cannot be excluded due to the close
contact between the N-doped carbon shell and PtCos nanoparticles, and the distinct

porous structure of carbon support.
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Figure 4. Electrocatalytic stability test at room temperature for different potential
cycles. (a) LSV curves of O-PtCo;@HNCS. Comparison of the half-wave potentials

(b), MA (c) before and after 10,000 and 20,000 potential cycles. (d-e) ORR stability of



O-PtCos@HNCS compared with DOE target value. (f) Semi-qualitative evaluation on
the impact of SMSI, ordering and encapsulation on ORR stability.

The evolution of surface structure was determined by CO stripping voltammetry,
which is a sensitive tool to identify the surface adsorption property and track the growth
of nanoparticles. Figure Sa-b and Figure S17 show the CO stripping curves of O-
PtCo3;@HNCS, O-PtCo3/HNCS and O-PtCos/C before and after stability test. Before
cycling, only one CO oxidation peak (labelled as peak 1) located at around 0.79 V can
be observed for O-PtCo3@HNCS and O-PtCo3z/HNCS, while a positive shift (~47 mV)
of peak 1 can be seen for O-PtCos/C, which can be attributed to the weakened CO
adsorption caused by the SMSI effect in O-PtCos@HNCS and O-PtCos/HNCS 7.
Notably, a shoulder peak (labelled as peak 2) located at 0.736 V can be seen in O-
PtCos/C, which may be attributed to the uneven size distribution of nanoparticles
caused by the weak interaction between O-PtCos nanoparticles and carbon black. Thus
serious particles growth happens during high-temperature ordering process, as
evidenced in Figure S4. After the stability test, O-PtCos/HNCS and O-PtCos/C
catalysts both exhibit two split CO oxidation peaks (labelled as peak 2 and peak 3,
Figure 5b and Figure S17), reflecting inhomogeneous particle sizes. Peak 3 may be
attributed to the particle growth during the electrochemical potential cycling, largely
caused by particle migration and/or aggregation. Significantly, this peak splitting can
hardly be seen in O-PtCo;@HNCS, reflecting the protective effect of ‘carbon armor’
on inhibiting the degradation process. Even so, the additional CO oxidation peaks with

positive shifts can be seen for all catalysts, largely due to formation of the favorable Pt-



rich shell during cycling ''. Above results further reveal the mechanism of stability
enhancement by carbon encapsulation. TEM images of O-PtCos@HNCS and O-
PtCo3/HNCS obtained after stability tests also supported above explanation (Figure 5c-
d). A uniform size distribution can still be observed for O-PtCo3@HNCS and all
nanoparticles are well isolated without obvious aggregation. By contrast, severe
aggregation happens in O-PtCo3/HNCS after stability test (Figure Se-f). To track the
structure evolution of catalysts, XRD patterns of O-PtCo3;/HNCS and O-PtCo;@HNCS
before and after stability tests are compared (Figure S18). Both samples maintain an
ordered structure even after long-term stability tests in corrosive environment. A slight
negative shift in 20 for (111) plane can be detected for O-PtCos/HNCS, while the
position for O-PtCos;@HNCS does not show obvious change. This indicates
considerable leaching of Co in O-PtCos/HNCS, which is another major reason for the
attenuated ORR performance in addition to particle growth. These results suggest that
carbon encapsulation can both hamper the movement of nanoparticles on the support
and simultaneously slow down the leaching of vulnerable metals, which could be

critical for the improved ORR stability.
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Figure 5. Electrochemical and TEM studies of the surface structure and morphology
change before and after stability test. CO stripping curves of (a) O-PtCo;@HNCS and
(b) O-PtCo3/HNCS in Ar-saturated 0.1 M HCIO4 solution before and after stability test.
TEM images at different magnifications of (c-d) O-PtCos@HNCS and (e-f) O-
PtCos/HNCS.
Conclusion

In summary, structurally ordered PtCos nanoparticles confined in hollow N-doped
carbon sphere were successfully achieved. The hollow N-doped carbon shell serves as
a protective ‘armor’, which not only inhabits the sintering during high-temperature
ordering but also inhibits the aggregation, agglomeration and metal leaching during
electrochemical potential cycling. Besides, benefiting from the unique mesopore-
dominated structure, accelerated mass transfer associated with enhanced activity can be
achieved. The substantially enhanced ORR stability, as the first indicator, proves the
effective encapsulation as experimentally revealed by TEM and BSE-STEM imaging.

Systematic electrochemical stability tests indicate that both the ordered structure and



carbon encapsulation should be mainly responsible for enhanced ORR activity and
durability. While ordering could allow O-PtCos3/C nanoparticles to approach the
predictive volcano peak compared with Pt/C, N-doped carbon encapsulation could
make necessary compensation for the excessively weakened OH adsorption as
confirmed by XPS. The preliminary findings may pave the way for understanding the
encapsulation strategy in depth and designing low-cost catalysts with both high activity
and stability for various applications.
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