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ABSTRACT: Controlling the electronic states of Pt-based
catalysts holds great promise for enhancing the intrinsic activity
of the oxygen reduction reaction (ORR). Herein, inspired by first-
principles simulations, we propose a strategy using metal host—
guest interactions to tune Pt S5d electronic characteristics to
optimize the adsorption strength of the key *OH intermediate.
The hybrid electrocatalyst of Pt nanoparticles on a single-atom
Co—N-C support (Pt@Coy, SAs) exhibits a half-wave potential of
0.92 V and a mass activity of 3.2 A-mgp, " at 0.9 V in 0.1 M
HCIO,, which is a 20-fold enhancement compared with
commercial Pt/C. Impressively, the Pt loading in the catalyst is
as low as 1.70 wt %, which represents the lowest value reported in
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the relevant literature on Pt-based acidic ORR catalysts. Comprehensive spectroscopy investigations and theoretical simulations
revealed that the precise regulatory effect of Co in various dispersion states effectively weakens the intermediate adsorption and
reduces the energy barrier for the water decomposition step. Our finding provides valuable insights for the development of advanced
ultralow-Pt ORR catalysts via the integration engineering of multiple metal sites.

KEYWORDS: ultralow-platinum catalyst, regulating electronic states, host—guest interaction, intermediate adsorption weakening,

oxygen reduction reaction

Bl INTRODUCTION

Developing low-cost and high-performance cathodic oxygen
reduction reaction (ORR) catalysts is crucial for advancing
proton exchange membrane fuel cells (PEMECs)."* Platinum
group metals (PGM) are the most efficient catalysts for fuel
cells.” However, PGM catalysts not only are expensive but also
suffer from instability under harsh conditions, posing
challenges for large-scale commercial applications.” Fortu-
nately, Pt-based nanoparticle catalysts derived from metal—
organic frameworks (Pt@ZIF) have demonstrated a large
specific surface area and uniform distribution of active sites on
electrodes. These distinctive characteristics enable them to
exhibit superior activity in fuel cells in comparison to
conventional carbon carriers.” Nevertheless, Pt@ZIF typically
exhibits excessive adsorption of intermediates such as *OH,
which can block the active site and hinder the generation of
*OH and *OOH and their conversion to H,O, thereby
decreasing the reactivity (Figure la).”® In order to overcome
these issues, it is crucial to reduce the Pt loading while
electronically modulating the active site of Pt to mitigate *OH
adsorption and expose more Pt active sites, thus, promoting
the Pt utilization and the intrinsic activity. Indeed, it has been
reported that addressing these issues can be achieved by
alloying Pt with transition metals’ "' and developing PGM-
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free catalysts.'”'® However, these catalysts still face challenges
of activity degradation and stability decline in the ORR
process.

Transition metal and nitrogen codoped carbon (M—N-C)
demonstrates remarkable activity and stability owing to the
strong metal—support interactions.'* Its incomplete d-orbitals
can readily accept electrons provided by *O intermediates,
effectively lowering the potential barrier of the activation
energy.” If the ultralow Pt-loaded catalyst and M—N—C can
compensate for each other through synergistic effects, it will
not only significantly reduce the amount of Pt used but also
weaken the intermediate adsorption strength and maintain
excellent activity and durability.'® Notably, the higher
equilibrium potential of Co**/Co** in Co—N—C prevents
susceptibility to Fenton’s reaction, enabling superior isolation
and anchoring of the Pt nanoparticles (NPs) compared to the
other M—N—C, thereby finely tuning the electronic structure
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Figure 1. Schematic representation of the different Co dispersion states affecting *OH intermediate adsorption on Pt NPs. (a) Schematic
representation of the ultimate water decomposition of Pt@ZIF. (b) Schematic representation of Co NPs/NC. (c) Schematic representation of Co
SAs/NC. (d) Schematic representation of Pt@Co NPs/NC. (e) Schematic representation of the ultimate water decomposition of Pt@Co SAs/NC.

of Pt NPs.'”™'” Meanwhile, the host—guest interaction
between Co—N—C and Pt NPs will enhance the electron
transfer efficiency, reduce the intermediate adsorption energy,
and greatly improve the catalytic activity and durability. While
the doping effect of Co—N—C in Pt has been confirmed by
relevant research reports,”” there is still a lack of detailed and
clear research on how different dispersion states of Co
specifically modulate the electronic structure of Pt NPs and
their intermediate adsorption (Figures 1b and 1c). Therefore,
effectively designing catalysts of Pt nanoparticle catalysts with
nearby dispersed Co states to regulate intermediate adsorption
and verify the synergistic effects reliably remains a significant
challenge (Figures 1d and e).

In this work, guided by preliminary theoretical calculations,
we meticulously designed a Pt-based catalyst, integrating
different dispersion states of Co alongside the Pt nanoparticles.
To facilitate the differentiation, the samples doped with higher
and lower amounts of cobalt single atoms were named Pt@
Coy SAs and Pt@Co;, SAs. The samples doped with cobalt
nanoparticles were named as Pt@Co NPs. Comprehensive
density functional theory (DFT) calculations confirmed that at
low Pt loadings, and doping with trace Co single atom can
effectively weaken the adsorption capacity of the *OH
intermediate, resulting in excellent mass activity, stability,
and robust resistance to methanol poisoning in acidic
electrolytes. Furthermore, related characterizations, such as
ex situ X-ray absorption fine structure (XAFS) and X-ray
photoelectron spectroscopy (XPS), revealed that the Pt@Co,,
SAs sample exhibited superior performance due to the lower
valence state of Pt. Specifically, an increase in the Co—N
coordination number led to a corresponding decrease in the
Pt—N coordination number, thereby reducing the valence state
of Pt. Interestingly, during performance testing, it was observed
that reduced Co doping leads to a lower Pt valence state.
These noteworthy findings were further corroborated by in situ
characterization experiments, including in situ XAFS and
synchrotron radiation infrared (SR-IR), which illustrated that
the regulating Co single atoms (Co SAs) can effectively
weaken the *OH adsorption on Pt, thereby reducing the
energy barrier for the ultimate water decomposition step in the
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ORR process. Our findings might contribute to a deeper
understanding of how transition metals in different dispersion
states modulate noble metal nanoparticles, potentially
advancing the catalyst design for various applications.

B RESULTS AND DISCUSSION

Preliminary Theoretical Calculation

First, theoretical calculations were conducted to evaluate the
potential impact of differently dispersed Co doping on
regulating the adsorption of intermediates on Pt NPs, aiming
to gain a deeper understanding of how the host—guest
interaction between Pt and single-atom Co enhances catalytic
activity effectively. A simplified composite model of Pt@Coy,
SAs was constructed by coupling a Pt cluster model with a
monolayer graphene model featuring isolated Co—N, sites.
Additionally, considering the disparate effects of different
dispersion states on intermediate adsorption, calculations were
conducted on both Pt@Coy SAs and Pt@ZIF to elucidate
their differences and explore the three key intermediates of the
ORR process.”" The 4e~ ORR process is illustrated in Figure
2a, in which active metal atoms were identified as potential
adsorption sites for reactants and key oxygenated intermedi-
ates. Specifically, according to the ORR free energy diagram in
Figure 2b, the generation of H,0 molecules from *OH
represents the rate-determining step (RDS). It is pertinent to
mention that Pt@Coy, SAs exhibits the lowest RDS free energy,
measuring only 0.68 eV at U = 1.23 V, indicating that Co SAs
are the optimal choice for regulating the adsorption energy of
the intermediates and accelerating the ORR 4e™ process on the
Pt sites. Furthermore, differential charge densities in Figure 2c
and Figure S1 reveal that Pt@Coy SAs exhibits significantly
less charge transfer to *OH compared to Pt@Coy SAs and
Pt@ZIF. The strong host—guest interaction between Pt and
Co—N, sites results in the formation of electron-enriched Pt
sites with weakened adsorption to key *OH intermediates and
reduces the reaction energy barrier. This corresponds to the
weakest adsorption of the *OH intermediate by Pt@Co; SAs
in the free energy diagram. To gain further insights into the
enhanced ORR activity of Pt@Co; SAs, we examined the
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Figure 2. DFT calculations of the ORR activity. (a) The ORR 4e™ reaction process. (b) ORR free-energy diagrams at 1.23 V (left) and 0 V (right)
for Pt@Coy, SAs, Pt@Co NPs, and Pt@ZIF. (c) Differential charge densities of Pt@Co; SAs. The blue and yellow surfaces represent electron
depletion and electron accumulation, respectively. (d) TDOS and (e) PDOS of Pt@Co; SAs, Pt@Co NPs, and Pt@ZIF. Pt (purple), Co (dark

blue), N (pale gray), C (brown), O (red), and H (pale pink).

electronic interactions between Pt and Co through the total
density of states (TDOS) and the corresponding d-band center
of active atoms.

As shown in Figure 2d, Pt@Cop SAs sample exhibits the
largest density of states at the Fermi energy level, revealing the
strongest charge transfer capability.”” Correspondingly, the
projected density of states (PDOS) reveals that the d-band
center of Pt@Coy, SAs is located farther from the Fermi energy
level (—2.648 eV) compared to Pt@Coy SAs and Pt@ZIF,
demonstrating the weakened adsorption of *OH on Pt (Figure
2e and Figure S2).** In summary, Co SAs are the most
effective at modulating the *OH adsorption energy, reducing
the charge accumulation on Pt. Synergistic electronic
interactions between Co SAs and Pt catalytic sites are expected
to weaken the adsorption of the key intermediate OH* and
reduce the final reaction energy barrier. Inspired by the results
of DFT calculations, the high-performance oxygen reduction
catalysts modulated by Co in different dispersion states were
prepared via a two-step annealing method. First, the precursor
ZnCo-ZIF was synthesized via a zeolitic imidazoline frame-
work (ZIF-8), then abundant single-atom Co sites were
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embedded through a pyrolysis process to obtain Co-SAs-NC.
The as-obtained powder was dispersed in the H,PtCl, solution,
where the Co single-atom sites further reacted with PtCls*~
ions.”* Finally, thermal reduction in a reducing atmosphere
was applied to achieve the Pt NPs anchored by Co single
atoms (Pt@Coy SAs). A series of different Pt-based catalysts
were synthesized by varying Co content, named Pt@Co;, SAs,
Pt@Coy SAs, and Pt@Co NPs, for comparison. Additionally,
Pt@ZIF without Co was also synthesized.

Structural and Morphological Characteristics

Inductively coupled plasma—atomic emission spectrometry
(ICP-AES) was used to determine the contents of Pt and Co
elements in the catalysts (Table S1), revealing that the Pt@
Coy, SAs sample contains 1.7 wt % Pt. As shown in the X-ray
diffraction (XRD) patterns (Figure S3), Pt@Co, SAs sample
exhibits a broad peak around 25° which is attributed to the
(002) plane of the carbon. The diffraction peaks located at
39.9°, 46.4°, and 67.8° belong to the (111), (200), and (220)
planes of face-centered cubic Pt, respectively.”>>° The XRD
pattern of Co SAs-ZIF-NC showed no sharp peaks, indicating
the absence of a long-range ordered crystal structure. Instead,
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Figure 3. Structural and morphological characteristics. (a) TEM image of Pt@Coy, SAs. (b) EDX mappings of Pt@Co SAs showing the uniform
dispersion of Pt (red), Co (green), and N (cyan), respectively. HAADF-STEM images of (c) Pt@Coy, SAs and (d) Pt@Co NPs. EXAFS spectra of
the (e) Co K edge and (f) Pt L; edge for Pt@Co;, SAs, Pt@Co NPs, and reference samples.

only two broad diffraction peaks at about 25° and 43° are
observed, corresponding to the (002) and (101) planes of
amorphous carbon, respectively.”” As shown in Figure 3a, the
transmission electron microscopy (TEM) image revealed that
Pt NPs were uniformly dispersed on the surface of Co SAs-
ZIF-NC. High-resolution TEM (HRTEM) images in Figure
S4 indicated that the size of Pt NPs in Pt@Coy SAs was mainly
concentrated at 1—2 nm. Energy-dispersive X-ray (EDX)
spectroscopy mappings (Figure 3b) further demonstrated the
homogeneous distribution of Pt and Co. A comparable
distribution of Pt particles was observed in the Pt@Coy SAs
(Figures SS and S6). In contrast, as the Co content in Pt@Co
NPs increased, the dispersion state of Co changed, resulting in
the aggregation of Co NPs (Figures S7 and S8). Raman
spectroscopy provided insight into the fundamental character-
istics of the carbon matrix. Within the detection range, two
distinct spectral bands corresponding to the D-band (1350
cm™!) and G-band (1586 cm™") were discernible. The Raman
spectra, as illustrated in Figure S9, indicated the relatively high
intensity of the two principal bands (I/I) in Pt@Coy SAs.”®
This suggests the presence of a greater number of internal
topological defects within the carbon matrix, which is
conducive to enhancing the electrical conductivity of the
material. The dispersed forms of Pt and Co in the NC
substrate were further characterized by using aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). As exhibited in Figure
3¢, distinct bright spots can be observed on the Pt@Coy, SAs.
The lattice stripe with a spacing of 0.23 nm corresponded to
the (111) plane of the Pt particles, indicating that Co mainly
dispersed around the Pt particles in the form of single atoms.
In contrast, the lattice spacing of 0.207 nm, which corresponds
to the (111) plane of the Co particles, was observed in the Pt@
Co NPs. The dispersed states of Pt and Co were clearly
identifiable (Figure 3d).

To further verify the precise synthesis of each sample, we
utilized extended X-ray absorption fine structure (EXAFS) to

282

confirm the local atomic structures of Pt and Co. Figure 3e
depicts the EXAFS spectra of the Co K edge. Unlike the
presence of Co—N and Co—Co coordination paths in the Pt@
Co NPs, only Co—N coordination was present in the Pt@Co,
SAs, confirming the presence of isolated Co sites. The Pt L;
edge EXAFS spectra in Figure 3f validated the formation of Pt
NPs in both Pt@Coy, SAs and Pt@Co NPs, which is in good
agreement with the aforementioned results.

Electrocatalytic ORR Performance

The performance for the ORR was evaluated by using both
rotating disk electrode (RDE) and rotating ring disk electrode
(RRDE) techniques. As show in Figure S10, cyclic
voltammetry (CV) analyses were carried out in N,-saturated
0.1 M HCIO, solution at voltages ranging from 0 to 1.2 V (vs
RHE), revealing that the Pt@Co; SAs exhibited the highest
utilization of platinum. Subsequently, linear scanning voltam-
metry (LSV) measurements in Figure 4a showed that the Pt@
Coy, SAs sample exhibits excellent ORR performance (E,/, =
092 V, E . = 1.04 V), significantly outperforming Pt@Co
NPs and Pt@ZIF. Impressively, the Pt@Coy SAs with a lower
content of Co single atoms displayed superior performance
compared to the Pt@Coy SAs and also showed significantly
improvement over Pt/C (E,/, = 0.86 V, Egpe = 0.94 V). It can
be inferred that the valence modulation and synergetic
electronic interaction contributed to this high ORR catalytic
activity. In addition, as shown in Figure 4b, Pt@Co, SAs
achieved optimal mass activity (MA) and specific activity (SA)
at both typical potentials (0.85 and 0.9 V), particularly
reaching 3.2 A-mgp, " and 5.44 mA-cm ™ at 0.9 V, representing
a 20-fold and 23-fold increase over Pt/C, respectively. To
further investigate the reaction mechanisms of Pt@Coy SAs,
LSV tests were conducted at different rotational speeds from
600 to 2500 rmin~". As the rotational speed increased, the
catalyst’s onset potential remained constant while the current
density gradually increased (Figures S11—S14). The Kou-
tecky—Levich (K-L) plots of Pt@Co, SAs showed a desirable
linear relationship at various potentials, and the slopes of the
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Figure 4. ORR performances in O,-saturated 0.1 M HCIO,,. (a) Linear sweep voltammograms (LSVs) for Pt@Co SAs, Pt@Coy SAs, Pt@Co
NPs, Pt@ZIF, Pt/C, and NC at 1600 rpm. (b) Mass activity and specific activity comparison of Pt@Coy SAs, Pt@Coy SAs, Pt@Co NPs, Pt@ZIF,
and Pt/C at potentials of 0.85 and 0.9 V vs RHE. (c) H,0, yield and electron transfer number (n) of Pt@Co; SAs, Pt@Co NPs, Pt@ZIF, and Pt/
C. (d) Corresponding Tafel plots obtained from the RDE polarization curves. (e) ORR polarization LSV curves of Pt@Co SAs before and after
5000 cycles. (f) Chronoamperometric responses of Pt@Co; SAs and Pt/C by adding 0.3 M CH;O0H (at ~300 s) at 0.6 V versus RHE. (g) ORR
performance comparison of Pt@Co;, SAs with other reported catalysts.

K-L plots indicate that the catalysts had a typical 4e ORR
transfer pathway. It was further confirmed by the RRDE testing
in Figure 4c, where the electron transfer number (n) of the
Pt@Coy, SAs approached the theoretical value of 4 within a
potential range of 0.2—0.8 V, and the H,O, yield was less than
5%, indicating the four-electron mechanism akin to commer-
cial Pt/C as confirmed by K-L.

The fast reaction kinetics and excellent activity of Pt@Coy,
SAs can be further observed from the smaller Tafel slopes. As
shown in Figure 4d, the Tafel slope of Pt@Coy SAs measured
61.79 mV-dec™, which was lower than those of Pt@Coy SAs
(764 mV-dec™'), Pt@Co NPs (9423 mV-dec™'), Pt@ZIF
(92.64 mV-dec™), and Pt/C (85.33 mV-dec™"), indicating the
fastest reaction kinetics among the compared catalysts. To
explore the intrinsic activity of the catalysts, the double-layer
capacitance (Cy) was measured. Figure S15 shows the CV
curves for different catalysts at scanning rates from 10 to 60
mV-s~'. The Cy value of Pt@Co; SAs was 27.2 mF-cm™2
which was higher than those of Pt@Coy SAs (21.4 mF-cm™2),
Pt@Co NPs (11.3 mF-cm™), and Pt@ZIF (9.5 mF-cm™2).
This indicated that Pt@Co; SAs exposed more available
catalytically active sites, which was favorable for improving the
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ORR activity (Figure S16). These results underscore the
synergistic effect between Pt and single-atom Co sites as the
key to achieving excellent ORR performance. In addition, the
stability is another critical indicator for electrochemical
evaluations. As shown in Figure 4e, after 5000 cycles in O,-
saturated 0.1 M HCIO, solution, the E,;,, of Pt@Coy SAs
decreased by merely 2 mV compared to its initial value,
demonstrating superior stability compared to Pt/C (Figure
S17). Additionally, the morphology of Pt@Co, SAs was
basically stable after CV acceleration, with only a slight
increase in particle size from the original 1.43 to 1.61 nm
(Figure S18). More importantly, when considering the
application of catalysts in methanol fuel cells, the resistance
to methanol poisoning is also particularly important. As
depicted in Figure 4f, Pt@Co; SAs exhibited excellent
tolerance to methanol poisoning, whereas Pt/C experienced
significant performance degradation in the presence of
methanol. Figure 4g and Table S2 highlight that the half-
wave potential of Pt@Coy SAs ranks among the top compared
to many other reported acidic ORR catalysts.
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Figure S. Valence and structure changes at different voltages during electrocatalytic ORR. (a) XANES spectra of Pt L; edge of Pt@Co SAs, Pt@
Coy SAs, Pt@Co NPs and the reference samples. (b) XANES spectra of Co K edge of Pt@Coy, SAs, Pt@Coy SAs, Pt@Co NPs, and the reference
samples. (c) FT-EXAFS spectra and fitting of the Pt L, edge for Pt@Coy SAs and Pt@Co NPs. (d) FT-EXAFS spectra and fitting of the Co K edge
for Pt@Coy, SAs and Pt@Co NPs. (e) Relationship between coordination numbers of Pt—N and Co—N (top). Relationship between the valence
states of Pt and Co (bottom). (f) In situ XANES spectra of the Pt L; edge, where the inset shows the corresponding local magnifications of the
white line peaks. (g) FT-EXAFS spectra at different voltages of the Pt L; edge for Pt@Co;, SAs.

Synchrotron X-ray Spectroscopy Characterization

To further investigate the valence and coordination environ-
ments of Pt and Co elements in Pt@Co; SAs, we conducted X-
ray absorption near-edge structure (XANES) and EXAFS
spectroscopic analyses. The XANES spectra at the Pt L; edge
in Figure Sa revealed a reduction in the intensity of the white
line peak, indicating a decrease in the oxidation state.”” The
white line peak intensities of samples Pt@ZIF, Pt@Co NPs,
Pt@Coy SAs, and Pt@Coy, SAs decreased sequentially, and all
remained higher than that of the Pt foil sample, as supported
by XPS results (Figure S19). Correspondingly, the absorption
edge at the Co K edge shifted right\Nard,30 indicating an
elevated oxidation state from left to right across Pt@Co NPs,
Pt@Coy SAs, and Pt@Coy, SAs. Meanwhile, comparison with
the standard samples found that the positions of the absorption
edges for Pt@Coy SAs and Pt@Cop SAs were situated
between CoO and Co,0;, indicating their valence states were
located between 0 to +2 and +2 to +3 valence, respectively
(Figure Sb). We further analyzed the local atomic structure
using EXAFS. (Figures $20—S525). The EXAFS spectra of the
Pt L; edge illustrated that Pt@Co; SAs and Pt@Co NPs
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exhibited a Pt—N coordination peak at about 1.7 A and a Pt—
Pt coordination peak at about 2.5 A, consistent with the
presence of Pt in nanoparticle form (Figure Sc and Table S3).
Similar Pt—Pt conformations were observed for Pt@Coy SAs
and Pt@ZIF (Figures S21 and S22). As shown in the EXAFS
spectra of the Co K edge in Figure 5d and Table S4, the Pt@
Co, SAs displayed a Co—N peak at approximately 1.4 A and
lacked a distinct Co—Co peak within the 2—3 A range, which is
consistent with the typical features of Co SAs.”’ The peaks
with similar features were also found in Pt@Coy SAs (Figure
S24). In contrast, Pt@Co NPs showed a distinct Co—Co peak
at 2—3 A, indicating that Co was present in the form of
nanoparticles.””

Interestingly, there exists a clear negative correlation
between the valence states and coordination numbers of Pt
and Co (Figure Se and Figure S26). The valence states of Co
SAs in Pt@Coy, SAs were higher than those of Co NPs in Pt@
Co NPs. However, the high valence state of Co resulted in a
lower valence state of Pt, which is a direct reflection of the
modulation of the electronic structure of Pt by Co. This
modulation occurs through metal—support interactions, which
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caused a change in the coordination number. Meanwhile, the
valence states of Pt and Co show a positive correlation with the
coordination number of Pt/Co—N. In order to reveal the
nature of the excellent ORR activity and valence state changes
in Pt@Coy SAs, we performed in situ XANES and EXAFS
spectroscopic measurements to probe their electronic and
atomic structure changes. As shown in the Pt L; edge XANES
spectra and the corresponding local magnification in Figure Sf,
the valence state of Pt initially increases and, subsequently,
decreases with increasing potential. At 0.46 V vs RHE, the
ORR proceeded most vigorously, coinciding with the lowest
valence state of Pt.>>~*> Meanwhile, the EXAFS spectra of the
Pt L; edge at different reaction potentials revealed no obvious
changes in the coordination peaks, indicating excellent
structural stability of Pt@Co, SAs (Figure Sg, Figure S27,
and Table SS).

In Situ SR-IR Measurements and DFT Calculation

Furthermore, we conducted in situ SR-IR tests on Pt@Co;, SAs
to investigate the three key intermediates in the ORR process.
As shown in Figure 6a, the SR-IR spectra of Pt@Coy SAs
exhibited three distinct infrared peaks located at 1174, 984,
and 3648 cm™!, respectively.*®*” The intensity of these peaks
increased as the applied cathodic potential became more
negative, indicating the respective intermediates increased with
the enhancement of the ORR process (Figure 6b).>*7* These
characteristic peaks correspond to the stretching vibrations of
the *OOH, *O, and *OH intermediates, confirming that a 4e™
ORR process occurs at the Pt sites, which is consistent with the
suppression of H,0, byproduct (less than 5%) and high
electron transfer number. Similar intermediate evolution with
potential changes was also observed in both Pt@Co; SAs and
Pt@Co NPs (Figures S28 and S29).
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According to theoretical calculations, the desorption of *OH
is the main factor affecting the ORR activity. Therefore, we
conducted electron localization function (ELF) on the samples
and found that Pt@Cop SAs exhibited the lowest charge
densities between *OH and Pt,*’ indicating a weak interaction
between them, which was beneficial for the release of *OH and
promoted the conversion process of *OH to H,O (Figure 6¢).
To further investigate the interaction between Pt and *OH, we
conducted a projected crystal orbital Hamilton population
(pCOHP) analysis.**** The bond strength can be quantita-
tively probed by calculating the integral value of the pCOHP
part below the Fermi energy level (ICOHP). Figure 6d shows
that the ICOHP values of the *OH—Pt bond for Pt@Coy, SAs,
Pt@Coy SAs, Pt@Co NPs, and Pt@ZIF are —1.635, —1.729,
—2.338, and —3.338 eV, respectively. This indicated that the
*QH—Pt bond adsorbed on Pt@Co; SAs has the most
antibonding state filling, resulting in the weakest adsorption for
the *OH intermediate.** In summary, Co SAs displayed the
best effect in regulating the *OH adsorption energy, reducing
the charge accumulation on Pt. The synergistic electronic
interaction between Co SAs and Pt catalytic sites is expected to
weaken the adsorption of the key intermediate *OH and lower
the final reaction energy barrier.

Bl CONCLUSION

In summary, guided by theoretical calculations, we constructed
a series of Pt-based catalysts doped with different dispersed
states of Co through electronic regulation and intermediate
weakening. The catalyst reached a mass activity of 3.2 A-mgp, "
at a potential of 0.9 V in an acid electrolyte, which is 20X
higher than that of Pt/C. The combination of in situ XAFS and
SR-IR measurements provides in-depth insights into the
synergistically promoted mechanism contributing to high-
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efficiency ORR. The experimental results indicated that Co has
a direct regulating effect on the electronic structure of Pt due
to the metal host—guest interaction. The interaction between
the metal and the support leads to changes in coordination
number, resulting in an increase in the valence state of single-
atom Co and subsequently regulating the reduction of the Pt
valence state. Meanwhile, by weakening the adsorption of the
key *OH intermediate product, faster 4e” conversion of
intermediate products can be achieved at the Pt sites. This
work provides further guidance for regulating the electronic
structure of active metals through the precise regulation of Pt
by Co in different dispersed states combined with various in
situ spectroscopic techniques. These findings offer new
possibilities for the rational design of advanced ORR
electrocatalysts and integrated catalysis of multiple active
species.
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