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Graphical abstract
Public summary

- A novel method to obtain topologically defective porous carbon particles is proposed

- Pt nanoparticles are deposited on the topological carbon defects of porous carbon

- The interaction between Pt particles and carbon defects can adjust d-band center position

- Pt-DPC shows much better ORR performance than that of commercial Pt/C
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Defect engineering is a promising strategy for supported catalysts to
improve the catalytic activity and durability. Here, we selected the carbon
(C) matrix enriched with topological defects to serve as the substrate ma-
terial, in which the topological defects can act as anchoring centers to trap
Pt nanoparticles for driving the O2 reduction reactions (ORRs). Both exper-
imental characterizations and theoretical simulations revealed the strong
Pt-defect interaction with enhanced charge transfer on the interface.
Despite a low Pt loading, the supported catalyst can still achieve a remark-
able55mVpositiveshiftofhalf-wavepotential towardORR inO2-saturated
0.1 M HClO4 electrolyte compared with the commercial Pt catalyst on
graphitized C. Moreover, the degeneration after 5,000 voltage cycles
was negligible. This finding indicates that the presence of strong interac-
tion between Pt and topological C defects can not only stabilize Pt nano-
particles but also optimize the electronic structures of Pt/C catalysts
toward ORR.

Keywords: O2 reduction reaction; Pt-based catalysts; topological C de-
fects; metal-support interactions; proton-exchange-membrane fuel cells
INTRODUCTION
Proton-exchange-membrane fuel cells (PEMFCs) have been deemed as a

promising sustainable and environmental-benign energy conversion technol-
ogy with great potential to mitigate environmental deterioration and the en-
ergy crisis.1,2 In general, a PEMFC system comprises two half-reactions: O2

reduction reaction (ORR) on its cathode and hydrogen oxidation reaction
(HOR) on its anode. However, cathodic ORR is a kinetically sluggish reaction
involving multiple electron transfer processes. Therefore, lacking efficient
ORR electrocatalysts in acidic media is one of the main bottlenecks for com-
mercial application of PEMFCs. Platinum (Pt) is universally regarded as the
most advanced catalyst toward ORR in acidic media. To date, the develop-
ment of PEMFCs is still highly dependent on the Pt-based catalysts; however,
its scarcity and high price hinder large-scale commercialization.3

In recent decades, extensive efforts have been paid to exploring inexpen-
sive alternatives to take the place of Pt-based catalysts. Unfortunately, cata-
lytic performances of the nonprecious catalysts are still far away from the
requirement for replacing Pt-based catalysts. Another potentially feasible
strategy is to develop cost-effective catalysts with low Pt contents for main-
taining good balance between performance and cost. In order to boost the
atom utilization efficiency (AUE) of Pt, C materials are widely applied as
the support materials, including graphene-based materials, C black, C gels,
C nanotubes (CNTs), and ordered mesoporous C.4 Indeed, C materials
have many advantages as electrocatalyst supports in terms of impressive
electrical conductivity, super-high specific surface area, acceptable chemi-
cal stability in harsh environment, and abundant natural resources.5 For
the low Pt-content catalysts supported by C substrates, the interaction
between Pt and C substrates not only allows the fine dispersion and immo-
ll
bilization of Pt nanoparticles but also adjusts themorphology of Pt nanopar-
ticles.4 Aside from the geometric effect, the electronic effect arising from
Pt-C supports interactions plays a vital role in the improvement of ORR per-
formance forPt-basedcatalysts. Indeed, theelectron transfer fromPt tosup-
portmaterialsmay tune the system’sGalvani potential, lower the Fermi level
of the system, and increase the electronic density of Pt nanoparticles.6,7 As a
result, the modified electronic properties of Pt particles would benefit both
the electrochemical catalytic activity and stability.4

Currently, defect engineering iswidelyusedto tune theelectronicstructures
of catalysts, and has the potential to overcome the intrinsic drawback and
hence enhance the catalytic performance dramatically.8 This strategy can
also be extended to the design of catalyst supports in order to enhance the
electronic interaction withmetal catalysts.9 Very recently, topological defects
in Cmaterials have attracted increasing attention as the catalytic sites toward
multiple electrochemical reactions.10,11 For example, Yao and coworkers re-
ported that theedgedpentagondefectscanserveas the robust active centers
toward ORR in acidic media.10 Our recent work reported a high-performance
CO2 electroreduction catalyst of porous C enrichedwith high-density topolog-
ical defects,whichwere createdby theN-eliminationprocessunder ammonia
thermal treatment.12 We note that the topological defects, especially 5-mem-
ber-ring C defects, exhibit the dramatically increased coordination effect with
metal atoms similar to the metallocene analogues, which may serve as the
anchor centers for trapping metal particles by the strong binding energy
with enhanced charge transfer.13 Thus, we conceive that the prepared
three-dimensional topologically defective porous C particles (DPCs) can be
applied as substrates to support and stabilize Pt nanoparticles to achieve
high Pt AUE and enhanced ORR catalytic activity.

In our work, Pt nanoparticles were successfully dispersed onto the DPC
supports uniformly by using friendly reducing agents. The prepared Pt-DPC
catalysts showed a great half-wave potential of 0.91 V versus reversible
hydrogen electrode (RHE) in 0.1 M HClO4 electrolyte, which is 55 mV higher
potential than commercial Pt-C. Moreover, the superior activity can be well
maintained during accelerated durability test (ADT) of 5,000 cyclic voltamme-
try (CV) cycles. Density functional theory (DFT) calculations revealed that the
performance of ORR in acidic media was promoted by the electronic interac-
tion between Pt nanoparticles and topological defects.
RESULTS AND DISCUSSION
In Figure 1, the schematic diagram illustrates the preparation procedure

for Pt-DPC catalysts. Here, Pt-DPC was facilely synthesized via a two-step
method (see the experimental section in supplemental information). Firstly,
DPC particles were synthesized following our previously reported method.12

Briefly, DPC particles were obtained by carbonization of zeolitic imidazolate
framework (ZIF)-8 precursor (Figure S1) and acid etching, followed with
NH3 thermal treatment to remove pyridine and pyrrole nitrogen for creating
topological defects in C matrix.12,14 The as-prepared DPC shows a mean
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Figure 1. Schematic illustration of synthetic route of Pt-DPC catalysts
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diameter of approximately 100 nm with a polyhedron-like structure in the
field-emission scanning electron microscopy (FESEM) image (Figures 2A
and S3). It is notable that the N content sharply decreased from 20.33
atom % (N-enriched porous C [NPC]; Figures S2, S4, and S5) to 2.23
atom % (DPC) according to the X-ray photoelectron spectroscopy (XPS)
data in Table S1 and Figure S2C. The accelerating removal of N atoms could
produce a large amount of dangling C bonds, thus yielding a high content of
topological defects by the rotation and rearrangement of these C dangling
bonds.12,15 In Figure S2B, DPC showed the highest value of the intensity ratio
between the disorder-induced D bond and the G band (ID/IG), indicating high-
est density of defects in DPC among these samples.16,17 However, XPS re-
sults indicated the lowest N content in DPC. Therefore, it could be inferred
that a large number of topological C defects had been created in DPC during
ammonia thermal treatment.12

Pt nanoparticles were uniformly grown on the DPC particles (Figure 1), in
which ethylene glycol (EG), a mild and environmentally friendly reducing
agent, was used to reduce Pt nanoparticles via refluxing. As shown in Fig-
ure 2B, the obtained Pt-DPC still maintained the polyhedron-like structure
with mean sizes of about 100 nm. Besides, the representative transmission
electron microscopy (TEM) image shows that Pt nanoparticles were uni-
formly dispersed on DPC with a mean diameter of approximately 3–4 nm,
similar to that of Pt nanoparticles on the commercial Pt-C in Figure 2C.
The high-resolution TEM (HRTEM) image of Pt-DPC (Figure 2D) displays
three sets of lattice fringes with spacings of 0.23, 0.20, and 0.14 nm, corre-
Figure 2. Morphology and structure of DPC and Pt-DPC (A) FESEM image of DPC nano
of Pt-DPC. (E–H) HAADF-STEM image and EDX maps of different elements for Pt-DP

2 The Innovation 2, 100161, November 28, 2021
sponding to the (111), (200), and (220) facets planes of the face-centered cu-
bic (FCC) Pt phase, respectively. In Figures 2E–2H, the high-angle annular
dark-field scanning TEM (HAADF-STEM) image and corresponding energy-
dispersive X-ray spectroscopy (EDX) mappings display a homogeneous dis-
tribution of Pt, N, and C over the C supports. In order to better understand the
influenceof topological C defects, theNPCandZIF-8-NH3were also prepared
as the reference C supports. The NPC contained barely topological C defects
but high concentration of nitrogen dopants, whereas ZIF-8-NH3 (Figures S6
and S7) had similar nitrogen content with DPC but much lower topological
C defects.12 In contrast to Pt-NPC and Pt-ZIF-8-NH3 samples (Figures S8–
S11), Pt nanoparticles on the DPC show a smaller mean size and amore uni-
form dispersion, which is attributed to excellent anchoring effect of the topo-
logical defects in C supports. For Pt-NPC and Pt-ZIF-8-NH3 obtained from a
similar amount of Pt precursor, insufficient strong anchoring sites may ac-
count for the inhomogeneous distribution of Pt nanoparticles.13,18 These re-
sults were also consistent with the further measurement of Pt mass loading
by the inductively coupled plasma optical emission spectroscopy (ICP-OES).
Indeed, Pt-DPC had a higher loading amount of Pt than Pt-NPC and Pt-ZIF-8-
NH3 according to the ICP-OES data (Table S6). However, the Pt mass load-
ings of these three samples were all less than the amount of 20 wt % in
the commercial Pt-C. Besides, Pt-DPC exhibited the high Brunauer-Emmett-
Teller (BET) surface area of 870.2 m2 g�1 among the prepared catalysts of
Pt nanoparticles supported on various defective C substrates listed in Tables
S2 and S3 (Figure S12). Apparently, the high specific surface area could
particles. (B) FESEM image of Pt-DPC. (C) TEM image of Pt-DPC. (D) HRTEM image
C, C (F), N (G), and Pt (H).
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Figure 3. Spectroscopic characterization (A) XRD results of Pt foil, commercial Pt-C, Pt-NPC, Pt-ZIF-8-NH3, and Pt-DPC. (B) Valance bond results of Pt foil, commercial Pt-
C, Pt-NPC, Pt-ZIF-8-NH3, and Pt-DPC. (C) XPS results of Pt 4f of Pt foil, commercial Pt-C, Pt-NPC, Pt-ZIF-8-NH3, and Pt-DPC.
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provide more active centers, which may improve the catalytic activity to-
ward ORR.

All obtained samples display four diffraction peaks at 2q of 39.76� , 46.24� ,
67.45� , and 81.41� in Figure 3A, which correspond to (111), (200), (220), and
(311) facets of Pt FCC phase (Joint Committee on Powder Diffraction Stan-
dards [JCPDS] card no. 04-0802), respectively.19 Clearly, this result is consis-
tent with the HAADF-STEM data. The average size of Pt nanoparticles was
4 nm for Pt-DPC, which is also consistent with TEM results. We next used
XPS to investigate the oxidation state of the Pt surface. Figure 3B exhibits
the high-resolution XPS results of Pt 4f for commercial Pt-C, Pt-NPC, Pt-
ZIF-8-NH3, and Pt-DPC. The Pt 4f spectra clearly contain two peaks, corre-
sponding to Pt 4f 7/2 and Pt 4f 5/2 states, due to the spin orbital splitting.20

The two peaks can be deconvoluted into three pairs of doublets peaks ac-
cording to different Pt oxidation states (Pt0, Pt2+, and Pt4+). The values of
each peak are listed in Tables S4 and S5. Commonly, Pt0 has been identified
as the predominant oxidation state in Pt catalysts. Note that Pt foil, as a refer-
ence sample, exhibits the lowest values for the Pt0 peak positions among all
Pt-based catalysts. For the other four samples with C support, there are pos-
itive shifts of the Pt0 peaks following the trend of commercial Pt-C < Pt-
NPC < Pt-ZIF-8-NH3 < Pt-DPC, implying the electrons transfer from Pt nano-
particles to C substrates.21,22 It has been reported that the N heteroatoms
can intensify electron transfers fromPt particles to C supports.19,23 However,
we found that such effect ismoderate so that Pt-NPCwith the highest N con-
tent (20.33 atom %) only exhibits a slight positive shift. In comparison, the
electron-withdrawing effect of topological C defects is more profound. As a
result, the largest positive shift of Pt 4f in the binding energy (BE) was shown
for Pt-DPC (0.3 eV). The strong binding energy between Pt nanoparticles and
DPCmodified the core-level f-band of Pt and effectively restricted the migra-
tion of Pt, which would certainly have some influence on the catalytic activity
and enhance the stability compared with commercial Pt-C.21,24 It is well
accepted that the d-band center (ed) relative to Fermi level (Ef) is a key factor
that determines the intrinsic ORR catalytic activity of Pt-based catalysts25,26

In general, themoving away of the d-band center from the Fermi level is asso-
ciated with the weakened binding with O-containing species and the
improved ORR activity. We have thus measured the valence band spectra
(VBS) for these five samples. As shown in Figure 3C, the ed was found to
ll
be 3.91, 4.19, 4.22, 4.22, and 4.24 eV for Pt foil, commercial Pt-C, Pt-NPC,
Pt-ZIF-8-NH3, and Pt-DPC, respectively, indicating that the d-band centers
can be tailored by the interaction between Pt and C supports. Indeed, DPC
with the strongest electron-withdrawing effect shows the largest shift of
the Pt d-band center.

To evaluate the electrocatalytic ORR performance, CV curves were ob-
tained in O2- and Ar-saturated 0.1 M HClO4 electrolyte using a typical
three-electrode configuration (Figures 4A and S13). The *H-adsorption/
desorption peaks are usually shown between 0.1 and 0.4 V, while the O*/
OH*-adsorption/desorption peaks are observed between 0.8 and 1.1 V.27

Compared with the curve in Ar-saturated solution, the Pt-DPC displayed a
remarkable ORR catalytic activity with the cathodic peak of ORR at 0.91 V
versus RHE in O2-saturated electrolyte (Figure 4A). In addition, linear sweep
voltammetry (LSV) was carried out on a rotating disk electrode (RDE) at
1,600 rpm in O2-saturated 0.1 M HClO4 electrolyte at 25�C to investigate
the ORR activity and the kinetics of the prepared catalysts. Figure 4B clearly
displays the LSV curves of Pt-DPC, Pt-NPC, Pt-ZIF-8-NH3, commercial Pt-C,
and DPC. The values of half-wave potential, as an indicator of ORR activity,
increase in the order of DPC, commercial Pt-C, Pt-NPC, Pt-ZIF-8-NH3, and Pt-
DPC. Note that the pristine DPC shows poor activity toward ORR with a low
half-wave potential at 0.56 V versus RHE. By comparison, the Pt-DPC cata-
lyst shows the best ORR performance with a 55 mV higher half-wave poten-
tial than that of commercial Pt-C. Furthermore, Pt-DPC shows a much
smaller value of Tafel slope (90 mV dec�1) than all the other samples (Fig-
ures 4C, S15, and S16), which indicates the enhanced kinetics of Pt-DPC to-
ward ORR. These results further confirmed that the electronic structure of
Pt nanoparticles could be modified by topological C defects in C supports,
which can be beneficial to the improvement of the activity and kinetics of Pt
toward ORR. The electrochemical active surface area (ECSA) can be ob-
tained by using the hydrogen underpotential deposition method. As seen
in Figures 4D and S14 and Table S7, Pt-DPC displays the highest ECSA
of 76.47 m2g�1, implying the highest density of active sites. This further
proves the excellent anchoring effect of topological C defects, as mentioned
before. Pt-DPC achieved the ORR mass activity of 98.54 mA mg�1

Pt, which
is 2.42 times that of commercial Pt at 0.9 V versus RHE in Table S8. The
surface activity (SA) also follows the trend of commercial Pt-C < Pt-
The Innovation 2, 100161, November 28, 2021 3



Figure 4. Electrochemical performance (A) CV curves of Pt-
DPC performed in O2- and Ar-saturated 0.1 M HClO4
electrolyte.
(B) LSV curves of Pt-DPC, Pt-ZIF-8-NH3, DPC, Pt-NPC, and
commercial Pt-C at 1,600 rpm.
(C) Tafel plots for Pt-DPC and commercial Pt-C.
(D) The ECSA of Pt-DPC, Pt-ZIF-8-NH3, Pt-NPC, and com-
mercial Pt-C.
(E) ORR polarization curves of Pt-DPC before and after 5,000
cycles.
(F) Electron transfer number (n) and FEH2O2 for Pt-DPC in
O2-saturated 0.1 M HClO4 electrolyte.
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NPC < Pt-ZIF-8-NH3 < Pt-DPC, indicating that the enhanced intrinsic activity
of Pt catalysts is attributed to the interaction between Pt nanoparticles and
topological C defects.

Stability is also a critical parameter for commercial application of ORR
catalysts. We further investigated the durability of the Pt catalysts by an
ADT under CV scanning between 0.6 and 1.1 V versus RHE in O2-satu-
rated 0.1 M HClO4 electrolyte. Figures 4E and S17 show the polarization
curves of Pt-DPC and commercial Pt-C before and after ADTs. After
5,000 cycles of ADTs, the polarization curves of Pt-DPC show superior
durability with a negligible shift decay (<1 mV). No significant difference
could be found from the results of TEM, X-ray diffraction (XRD), and XPS
(Figures S20–S22) after ADT, which also indicated the stability of Pt-
DPC. By comparison, the commercial Pt-C exhibits a 7 mV loss under
the same conditions. Intrinsically, the deterioration of catalytic activity
can be attributed to the leaching and aggregation process of metal cata-
lyst.28 For Pt-DPC, the strong binding energy between Pt nanoparticles
and topological C defects restricted the migration of Pt atoms during
ORR process, which could slow down the loss rate of ORR activity. Fara-
daic efficiency (FE) of H2O2 generation and electron transfer number (n)
can be calculated from the ring-disk currents in order to investigate the
ORR pathways. The number of electron transfer is about 3.95 for sample
Pt-DPC in the range between 0.2 and 0.8 V versus RHE in Figure 4F. The
FE of H2O2 production is below 5%.29–32 This result confirmed a transfer
reaction of almost four electrons during the ORR process.33

Finally, we performed DFT calculations to understand the influence
of the Pt-C interface and topological defects on the ORR process. As
shown in the aforementioned experiments, the mean diameter of Pt
nanoparticles was found to be approximately 3–4 nm. Herein we con-
4 The Innovation 2, 100161, November 28, 2021
structed an interface model instead of the sub-nano cluster model sup-
ported on C where the Pt cluster is too small to represent the realistic
Pt-C interface. As shown in Figure 5A and 5B, a C layer was vertically
placed on the surface of a Pt slab containing five layers. Four different
edges of the C layer were considered, labeled as C-edge, N-edge, 5775-
edge, and 585-edge, respectively. Note that 585- and 5775-motifs are
two commonly investigated topological defects as the key structures
in many electrocatalytic systems.12,17,34 We first calculated the surface
charge distribution based on the Bader charge analysis. Due to the low
coordination number of the outermost Pt atoms, the Pt surface pos-
sesses more electrons than in the bulk. However, electrons would
transfer from Pt to the C layer once the chemical/coordination bonds
are formed, particularly in the case of 585-edge ring motif, which is
in good agreement with the XPS results. According to the H€uckel
rule, the five-membered ring structure tends to accept electrons to
achieve a stable electronic state. In other words, these topological de-
fects exhibit a more electron-withdrawing nature than the six-
membered-ring Cs in the pristine graphitic structures. As a result, the
partial charges of Pt surface with the 585- and 5775-motifs are more
positive than that of pristine C-edge. Figure 5D displays the deforma-
tion charge density of the model containing the 585-defect, clearly illus-
trating the charge transfer from metal to the interface. Previous studies
revealed that Pt binds O too strongly, thus the overall ORR reaction rate
is determined by the reductive desorption step of OH groups.35,36 Here-
in, upon the chemical interaction with 585- and 5775-motifs, the Pt sur-
face with fewer electrons has difficulty reducing O2 to form *OH.
Conversely, the desorption of *OH is promoted according to the well-es-
tablished scaling relationship.37
www.cell.com/the-innovation
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Figure 5. DFT calculations (A) The schematic diagram of the studied system. (B) The models of covalent interfaces between Pt (111) facet and the C layers with various
edges. (C) The comparison of surface charge density and d-band center before and after the covalent interface formation. (D) The charge density difference of the system
composed of Pt (111) and 585-edge with the isosurface of 0.005 eÅ�3. The cyan and yellow represent electron depletion and increase area, respectively. (E) The projected
DOSs (pDOSs) of d-orbitals of the Pt atoms in the surface layers.

Report
T
he

Innovation
Moreover, we plotted the projected densities of states (DOSs) of d-band
in each model in Figure 5E and located the band center in Figure 5C. It is
found that the d-band center of the Pt surface downshifts significantly upon
the chemical interaction with the C layer, which is consistent with our exper-
imental VBS results.35,38 In comparison, the d-band center positions of
Pt-NPC and Pt-ZIF-8-NH3 are between that of commercial Pt-C and Pt-
DPC, which indicated that topological C defects could be more effective
in regulating the d-band center of Pt. A similar trend has also been observed
in alloy systems in which the downshift d-band center is related to the
weakened binding to the O-containing species and the improved ORR activ-
ity.39,40 Therefore, the electronic structure of the Pt surface is well modu-
lated by introducing the C-Pt interface and the topology defect. The d-
band center position of Pt can be adjusted in the presence of abundant to-
pological C defects in C substrates, which contributes to higher activity for
ORR and higher durability in harsh electrochemical processes.
Conclusions
In summary, we show that ORR performance of Pt can be controlled by

tuning the interaction between Pt nanoparticles and C supports. In particular,
the topological C defects with stronger electron-withdrawing nature can alter
the d-band structure of the Pt nanoparticles and weaken the adsorption en-
ergy of intermediates produced during ORRmuch more profoundly than the
graphitic C and N-doped C. Thus, a significantly enhanced catalytic activity
and durability toward ORR in acidic solutions can be achieved (Table S9).
This work offers a promising strategy for the design of highly active and
durable catalysts in ORR and other electrochemical reactions by using the
ll
coupling interaction between metal and C supports with appropriate
functionalities.
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