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Ligand effects enhancing low-temperature oxygen
reduction kinetics in neutral conditions¥
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The sluggish oxygen reduction kinetics, resulting from ineffective O, activation and hydrogenation, has
hindered the performance improvement of self-breathing zinc—air batteries (ZABs), especially in harsh
environments with low temperatures and low proton concentrations. Herein, we report a series of N-,
P-doped carbon catalysts with distinct coordination topologies and structural characteristics. The
combination of in situ attenuated total reflection surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS), in situ Raman spectroscopy and density functional theory (DFT) calculations collaboratively
reveals that the P—O ligands effectively regulate the charge density and spin states around carbon sites
and activate O-O bonds through bridge chemisorption (Yeager model), shifting the reaction kinetics to a
favorable reaction pathway. As a result, the P, N co-doped carbon materials (CNP-900) display remarkable
half-wave potentials, fast kinetic and minimal degradation over a wide pH and temperature range.
Moreover, flexible zinc—air batteries (FZABs) based on CNP-900 exhibit maximum power densities of
104.2 and 47.1 mW cm~2 under alkaline and neutral conditions, respectively, at a temperature of —20 °C.
These results provide new perspectives on the kinetic enhancement of metal-free oxygen reduction
catalysts and emphasize the significance of O, adsorption/activation in harsh environments.

Flexible zinc-air batteries (FZABSs), as promising energy storage devices, have attracted increasing attention. However, their wide application is hindered by the

sluggish kinetics resulting from ineffective O, activation on the air cathode, especially in neutral and low-temperature conditions. The “end-on” fashion
(Pauling model), as a common O, adsorption structure, is the most studied in the oxygen reduction reaction (ORR). In contrast, the “bridge”” adsorption (Yeager
model) has a smaller O-O cleavage energy barrier and faster electron transfer kinetics, and thus the Yeager model seems more efficient to catalyze/activate O,.

In this work, we provide new insights into the regulation of oxygen adsorption patterns by switching from the Pauling model to the Yeager one to enhance the
kinetics of heteroatom-doped carbon catalysts. This is achieved by the development of P-N co-doped metal-free carbon catalysts, based on which the unique
P—0 ligand regulates the charge and spin states of adjacent carbon sites, enabling a transition from “end-on” to the “bridge” chemisorption of O, on C/P
pairs, exhibiting outstanding ORR performance in neutral media.

Introduction

safety, affordability, and eco-friendliness.'™ Acting as an inter-
mediary between the electrolyte and the atmosphere, the air

Self-breathing wearable flexible zinc-air batteries (FZABs) have electrode is considered as the most significant component of
attracted increasing attention due to their high energy density, FZABs, with multiple functionalities in promoting mass trans-
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fer, accelerating charge transport, and minimizing reaction
energy barriers to improve the electrochemical performance
of the devices. The oxygen reduction reaction (ORR) is a crucial
electrochemical process that occurs at the air electrode and
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which is one of the biggest obstacles to limiting the practical
application of FZABs.® To tackle these challenges, noble metal

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ catalysts represented by platinum (Pt) are widely used. However,
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a profitable balance between cost and performance is still

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-9509-2950
https://orcid.org/0000-0003-2044-0508
https://orcid.org/0000-0003-2670-8894
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee01407g&domain=pdf&date_stamp=2025-05-07
https://doi.org/10.1039/d5ee01407g
https://doi.org/10.1039/d5ee01407g
https://rsc.li/ees
https://doi.org/10.1039/d5ee01407g
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018011

Published on 17 April 2025. Downloaded on 4/8/2026 7:13:00 PM.

Paper

challenging to reach. The low-temperature performance of the
Pt-based ORR catalysts is far away from scalable applications, as
evidenced by the notable increase in overpotential and kinetic
hindrance. Therefore, the exploration of efficient ORR catalysts
with high intrinsic activity and low-temperature adaptability is
essential for promoting the practicality of FZABs.

Recently, metal-free heteroatom-doped carbon nanomaterials
have emerged as one of the most promising catalyst materials to
replace scarce and precious metals, since they have merits of low-
cost, high durability, and structure adjustability.®® Their intrinsic
activity originates from the regulation of charge, spin and coordi-
nation states by heteroatom doping with improved proton-
coupled electron transfer (PCET) capability in late steps of the
catalytic cycles.”™* However, contrary to the widespread notion
that a PCET step with the highest energy barrier limits the
reaction rate, recent research progress has increasingly pointed
out the decisive role of oxygen adsorption/activation on the
catalyst surface."*'* The O, adsorption with “end-on” fashion
(Pauling model) is the most widely studied model in the ORR.">®
Nevertheless, the bridge adsorption of O, (Yeager model) has a
smaller O-O cleavage energy barrier and faster PCET kinetics
process than the Pauling model, accelerating reaction, especially
under harsh pH and temperature conditions.'*® Although the
Yeager model possesses intrinsic kinetics advantages that should
be adopted for efficiently catalyzing oxygen, the modulation of
oxygen adsorption mode by heteroatom doping is rarely reported.

Among the various dual-heteroatom combinations, phos-
phorus (P) mixing with N could achieve large structural aberra-
tion (C: 77 pm; N: 70 pm; P: 110 pm), low electronegativity and
outstanding electron transfer ability with O, molecules,**>
which enable spin modulation and charge redistribution of
active sites to enhance the ORR performance.?® This is mani-
fested by P-N co-doped graphene that is reported to exhibit a
half-wave potential (Ey,,) of 0.845 V in an alkaline medium.>*

Despite this, there is an ongoing debate on the precise
arrangement of N-P dopants and their specific roles in the
ORR. Firstly, the large atomic radius of P will give rise to severe
lattice repulsion once P atoms are inserted into the carbon
lattice. This is energetically unfavorable, together with an
inappropriate estimation of the P contribution. Thus, P prefers
to locate at the surface edges or defects of the carbon matrix
rather than bulk area,* guided by either sp® or sp>d hybridiza-
tion. Secondly, because of the strong oxophilicity from P, the
oxidation of P is unavoidable during the catalyst preparation,
and the resultant various P-O configurations are often ignored
due to the complex bonding environments and technical
difficulties in characterization.?®° Such P=0 configurations
are more withstanding than P-O/OH structure units under high
temperature treatments, a typical synthesis step of heteroatom-
doped carbons. Thus, the attribution of enhanced ORR activity
in P, N co-doped carbons to P-O/OH may be questionable, and
a deserved research topic should be clarified regarding the role
of the chemically stable and more prevalent P—=0.

Upon P doping, a positive charge center is created at the P
sites due to the electronegativity difference.’>?' It is generally
believed that the adsorption and dissociation of O, mainly
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occur at the positively charged sites, i.e., P sites. However, some
recent reports show that the ORR activity of carbon sites is not
only controlled by their charge, but also by their spin density,
and coordination state.*>”** Therefore, through precise adjust-
ment of the local microenvironment, the carbon atoms con-
nected to P may also be activated, creating additional reactive
sites for the ORR. It is noted that the cooperative effect of C-P
atoms could offer an opportunity to finely tune the O, adsorp-
tion/activation process, which is regarded as the real rate-
limiting step of the ORR if taking the solvent effect into
account,’® thereby enabling favorable ORR kinetics even under
hostile pH and temperature conditions. However, whether the
carbon atoms adjacent to the P dopants participate in the ORR
process remains unclear.

Herein, we report P-N co-doped metal-free carbon catalysts
with an optimized local coordination environment for robust
ORR across wide pH and temperature windows. The elaborately
designed P—=O0 ligands are found to modify the charge and spin
states of adjacent carbons, which successfully activates the
catalysts for promoting ORR kinetics and induces the end-on
chemisorption of O, transition to the bridge ones with favor-
able 4e” pathway energetics. As a result, the P-N co-doped
metal-free carbon catalysts demonstrate an impressive ORR
performance with an E;, of 0.77 V and minimal attenuation
after 10 000 potential cycles in 0.1 M PBS solution. Moreover,
the assembled neutral FZABs based on the catalysts show
exceptional rate capability, cycling life and temperature adapt-
ability, achieving maximum power densities of 47.1, 35.4 and
25.6 mW cm ™2 at 20 °C, 0 °C and —20 °C, respectively.

Results and discussion

As illustrated in Fig. 1a, P, N co-doped carbon catalysts are
synthesized via a molten-salt-mediated approach.*** The
synthesis begins with preparing ZIF-8(Cl) by mixing organic-
inorganic precursors, which self-assemble into a circular shape
disorderly stacked under Cl™ coordination (Fig. 1a, left). The
mixture is then mixed with KCl/ZnCl, salts and heated at 900 °C
under Ar flow for 2 hours, forming hierarchical N-doped C
materials (Fig. 1a, middle) due to Zn evaporation and carbon
matrix etching. Finally, triphenylphosphine as a P source is
added to the N-doped C materials. At this moment, the abun-
dant defective sites act as ‘“magnets” to capture the P atoms,
forming P, N co-doped carbon materials (CNPs) (right panel in
Fig. 1a). Similar synthesis procedures are used to prepare a
series of samples for comparison (including CNP-800, CNP-900,
and CNP-1000, NC and PC, detailed in the Experimental section
in the ESIT). These comparison samples are designed to build
underlying relationships in between microstructure and ORR
performances.

Scanning electron microscopy (SEM) images reveal that both
NC and CNP materials have lamellar structures decorated by
micro-scale spheres (inset in Fig. S1, ESIt). Such morphology is
probably caused by strong polarity and high Zn vapor pressure
in the molten salt system during pyrolysis (Fig. S1, ESIt). The
lamellar-spherical structure, exemplified by CNP-900, is further
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Fig. 1 Synthesis and characterization of P, N co-doped carbon catalysts. (a) Schematics of the synthesis procedures of P, N co-doped carbon catalysts.
(b) AFM image showing the surface morphology of the as-prepared catalyst. (c) HAADF-STEM image of the as-prepared well-continuous catalyst. (d) EDS
elemental mappings of C, N, O, and P. (e) Zoom-in HAADF-STEM image of CNP-900, in which red circles represent void defects, and zones 1 and 2
suggest P-C, and C-C coordination bonds, respectively. (f) and (g) Statistic measurements of the distance of C—P bonds and C—C bonds (upper panel)
and corresponding 3D surface plots (bottom panels) extracted from zones 1 and 2, respectively.

confirmed by atomic force microscopy (AFM) images (Fig. 1b
and Fig. S2, ESIT), which show numerous spheres on a rough
substrate. High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images show bright
imaging contrast domains represent the spheres due to thick-
ness variation (Fig. 1c). The interplanar spacing of CNP-900 is
measured at 0.43 nm, larger than that of graphitic carbon
(0.34 nm), indicating a disordered turbostratic graphitic struc-
ture (Fig. S3 and S4, ESIt). Energy dispersive X-ray spectroscopy
(EDS) mappings reveal that C, N, O, and P are distributed
throughout CNP-900, but with P being more concentrated at
substrate edges and/or decorated sphere edges (Fig. 1c and d).
In addition, TEM analysis (Fig. 1c and Fig. S3a and b, ESIt)
shows numerous defects with dark imaging contrast, and a

5300 | Energy Environ. Sci., 2025, 18, 5298-5308

zoomed-in HAADF-STEM image (Fig. 1e) highlights topological
defects (red circles), disrupting n-bonds and facilitating elec-
tron transfer.>® The average distance between two neighboring
atoms is around 0.186 nm, which is larger than the in-plane
C-C distance (0.150 nm) but closer to the theoretical in-plane
P-C distance (0.181 nm). For example, the intensity profile
(Fig. 1f) drawn along zone 1 near the nano-crack in Fig. le
shows the distance of the bright and dim atomic contrast is
0.186 nm, while the distance of two adjacent atoms far away
from the nano-crack is 0.150 nm (Fig. 1g). These results verify
that the P atoms are successfully trapping at abundant edge
sites of the nano-cracks (Fig. 1g).>**° Intensity profiles (Fig. 1f
and g) confirm that P atoms at nano-crack edges validate their
successful incorporation into the material structure.

This journal is © The Royal Society of Chemistry 2025
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The X-ray diffraction (XRD) patterns of the as-synthesized
CNPs and NC materials are depicted in Fig. 2a. These peaks of
CNPs at 21.2° and 43.6° are attributed to the (002) and (101)
planes of graphite-like microcrystals, respectively (Fig. 2a). The
left shifting of the peaks confirms the expansion of the carbon
lattice induced by heteroatom doping and nanopores genera-
tion. The N, adsorption/desorption isotherms are used to
confirm the existence of great amounts of nanopores. Results
show both NC and CNPs exhibit high adsorption capacity at
P/P, < 0.1 and a steep slope between 0.1-0.3P/P,, suggesting
the co-existence of micropores and smaller mesopores (Fig. 2b).
Further analysis reveals that NC and CNPs have a narrow pore-
size distribution less than 5 nm (Fig. 2c). The specific surface
areas of NC, CNP-800, CNP-900, and CNP-1000 are 1793.8,
1686.4, 1679.7, and 2288.1 m* g ', respectively (Fig. S5, ESI{),
ensuring efficient mass transport during the ORR.>”*! Numer-
ous micropores and defects may break electronic symmetry,
consequently regulating reaction thermodynamics.

The elemental compositions and valence states of the sam-
ples are analyzed by X-ray photoelectron spectroscopy (XPS)

View Article Online
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(Fig. S6-S9, ESIT) to explore the species of C, N, and P on the
surface. In the C 1s region, the three characteristic peaks at
284.7, 285.7, and 287.7 eV correspond to C—C, C-N, and C-O/
C—0O, respectively (Fig. S6b-S9b, ESIt). The high-resolution
N 1s spectra show four peaks at 398.4, 399.5, 400.9, and
402.7 eV, corresponding to pyridinic-N, pyrrolic-N, graphitic-
N, and oxidized-N, respectively (Fig. S6c-S9c, ESIt). The domi-
nant graphitic-N and pyridinic-N species are conductive to
enhance the 4e~ pathway selectivity and stability of CNPs.***?
The P 2p spectrum of CNP-800 can be deconvoluted into three
peaks at 132.8, 134.1 and 135.3 eV, corresponding to P-C, P-O
and P=O0, respectively (Fig. 2d).** When temperature increases,
the P-O species disappear; while, the proportion of P—0O
species increases (Fig. S7d-S9d, ESIt). The percentage of
P=—0 species in CNP-900 reaches up to 66%, which is twice
that of P-C (34%), suggesting the presence of the C-(P—O0),
local structure (Fig. 2e). The transition from P-O to P=O0 is also
confirmed by the O 1s spectrum due to an increase in O 1s
binding energies with increased temperature (Fig. 2f). The
fine structure of CNP-900 is further characterized by X-ray
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Fig. 2 Identification of coordination environments of as-synthesis catalysts. (a) XRD patterns of as-prepared CNPs and NC materials. (b) Nitrogen
adsorption/desorption isotherms of CNP-900 and NC materials. (c) Pore size distributions of CNP-900 and NC. (d) XPS P 2p spectra of CNPs. (e) The
percentages of P species in CNPs. (f) XPS O 1s spectra of CNPs and NC. Normalized XANES spectra at the (g) C K-edge, (h) N K-edge and (i) P K-edge of

CNP-900.
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absorption near edge structure (XANES) spectrum. As shown in
Fig. 2g, the C K-edge absorption spectrum exhibits three
characteristic resonances at 286, 289 and 293.5 eV, attributed
to the n* antibonding state of sp> C=C, n* antibonding state
of sp> C-N-C and o* antibonding state of C-C configura-
tions, respectively.'” Compared to highly oriented pyrolytic
graphite, the right shifting in resonance positions indicates a
transition from 1s to n*/c* as a result of the heteroatom
doping, which modifies the local electronic structure of adja-
cent carbons.”” In the N K-edge spectrum, the two dominant
peaks at 400.6 and 402.6 eV are associated with the n* anti-
bonding states of pyridinic-N with e,, and b,, symmetries and/
or sp®> hybridized graphitic-N, respectively (Fig. 2h).*® The
shoulder peak adjacent to pyridinic-N indicates a relatively
low percentage of pyrrolic-N in CNP-900, consistent with the
XPS results in Fig. S8c (ESIt). The broad feature centered at
410 eV is associated with the transition to unfilled c* orbitals
of C-N. The P K-edge spectrum shown in Fig. 2i displays a
sharp peak at 2153.2 eV and a broad peak at 2169.6 eV. The
former is associated with the o* antibonding states of P-C/P-O,
which overlap in binding energy due to structural symmetry.
The latter is associated with the n* antibonding states
of P=—O, further confirming the dominance of the P=—O
configuration.*’

The combination of effective dual-heteroatom doping, plen-
tiful edge sites and unique coordination environment signifi-
cantly improves the ORR performance of CNP-900 under
various temperature and pH conditions. The real potential of
the reference electrode is calibrated in different solutions
before the electrochemical performance testing (Fig. S10-S12,
ESIY). In 0.1 M PBS (pH = 7), the cyclic voltammograms (CV) of
CNPs show a positively shifted reduction peak compared to NC,
indicating enhanced oxygen sensitivity due to N, P co-doping
(Fig. S13a, ESIt). Among the samples, CNP-900 exhibits the
most positive wave, consistent with the linear sweep voltam-
metry (LSV) results shown in Fig. S13b (ESIt). Considering the
similar specific surface area and pore characteristics, this
difference can be attributed to the variation in coordination
environment and content of dopants of P (Fig. S14, ESIT). The
onset potential (Eonser, defined as the potential at which the
current density reaches 0.1 mA cm™ ) and half-wave potential
(E1/2) of CNP-900 are 0.94 V and 0.77 V, respectively, surpassing
those of Pt/C (Eonset = 1.00 V and E;,, = 0.68 V), positioning it
one of the state-of-the-art non-noble ORR catalysts reported
(Fig. 3a and Tables S1 and S2, ESIt). The Tafel slope of CNP-900
is 86 mV dec ™", lower than that of NC (93 mV dec '), indicating
enhanced reaction kinetics after P doping (Fig. 3b). The slope
deviation from the theoretical values may arise from the
presence of adsorbates and the outer-sphere nature of the first
electron transfer step.*®*? The Tafel slopes of CNP-900 remain
between 99-70 mV dec ' from 0 to 60 °C, indicating that the
rate-determining step is almost temperature-independent
(Fig. 3c). This rapid ORR kinetics gives CNP-900 the capability
to drive ZABs over a wide temperature range. The rotating ring-
disk electrode (RRDE) measurement shows that CNP-900
undergoes an efficient four-electron pathway, consistent with

5302 | Energy Environ. Sci., 2025, 18, 5298-5308
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the results calculated from the Koutecky-Levich (K-L) equation
(Fig. 3d and Fig. S13c, ESIT). Impressively, the H,O, yield over
CNP-900 (1.5-4.1%) is even lower than that of Pt/C, implying
that the N/P dopants with specific configurations facilitate the
cleavage of O, at an accelerated rate. Previous studies have
demonstrated that alterations in orbital interactions and
adsorption sites can modify the adsorption model and reaction
pathway of the ORR, thus influencing the reaction kinetics and
selectivity.’®>* Therefore, the extremely low H,O, yield may be
related to a change in the chemisorption model that enables
the breaking of O-O bond. As an important evaluation criterion
for ORR catalysts under actual operating conditions, the stabi-
lity of the samples is systematically studied through accelerated
aging tests (AAT) and chronoamperometric tests. As shown in
Fig. 3e, CNP-900 retains 76.5% of its initial current after
70000 s at 0.6 V, outperforming Pt/C, which retains 67.8% after
40000 s. After 10 000 repeated CV cycles, E;,, of Pt/C reduces by
32 mV, while only a negligible degradation (13 mV) is observed
for CNP-900 after 10000 CV cycles, confirming the excellent
stability of CNP-900 under different working conditions (Fig. 3f
and Fig. S15, ESIt). This outstanding stability is attributed to
the robust carbon skeleton and reduced oxygen radical release.
Compared to noble metals, carbon-based ORR catalysts demon-
strate inherent inertness to shuttle species in fuel cells. Taking
methanol as an example, the response current of CNP-900
shows little change with the addition of methanol, while that
of Pt/C decreases by about 70% (Fig. S16, ESIf). Poisoning
experiments reveal that P plays a significant role in enhancing
ORR activity, as indicated by a larger E; , shift in CNP-900 when
SCN™ and CI~ are added.’>™*’ Typically, SCN~ anions function
as strongly adsorbing ligands that induce steric hindrance at
axial positions, thereby blocking oxygen access to all potential
active sites (positively charged C and P centers) in CNP-900 that
may catalyze ORR under neutral conditions. In contrast, Cl™
anions exhibit competitive adsorption with both O, molecules
and *OOH intermediates specifically at the more positively
charged P sites. This distinct adsorption behavior enables
precise identification of the true active centers through com-
parative poisoning experiments.

Furthermore, CNP-900 also exhibits exceptional ORR activity
in both alkaline (pH = 13) and acidic (pH = 1) media. As shown
in Fig. S18 and S21 (ESIt), the CV curves of CNP-900 display the
most positive reduction peak. E;,, of CNP-900 in 0.1 M KOH
reaches 0.91 V, superior to that of NC and Pt/C (E;/, = 0.86 V),
showing CNP-900 is one of the best noble-metal-free ORR
catalysts under alkaline conditions (Fig. S18b and Tables S3
and S4, ESIt). Besides, the lower Tafel slope of 64 mV dec™*
enables CNP-900 to rapidly split O, (Fig. S19a, ESIY). E;/, of
CNP-900 is 0.78 V in 0.1 M HCIlO,, which is comparable to that
of Pt/C (Ey;, = 0.84 V) and is better than the majority of documented
noble-metal-free catalysts (Fig. S21b and Tables S5 and S6, ESIt).
Additionally, the Tafel slope of CNP-900 as low as 84 mV dec ' is
better than that of Pt/C (97 mV dec ™) (Fig. S22a, ESIt). These results
enable CNP-900 standing out as one of the top-rated pH-universal,
noble-metal-free ORR catalysts (Fig. 3¢ and h).*"**”! The Koutecky-
Levich (K-L) and RRDE analysis confirm that CNP-900 undergoes

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Performance testing of catalysts. (a) LSV polarization curves and (b

) corresponding Tafel slopes of CNP-900, NC and Pt/C in 0.1 M PBS solutions

at room temperature. (c) Tafel slopes of CNP-900 and Pt/C at 0 °C, 20 °C, 40 °C and 60 °C. (d) H,O, yield and (e) chronoamperometric plots of CNP-900
and Pt/Cin 0.1 M PBS solutions at room temperature. (f) LSV polarization curves of CNP-900 before and after the accelerated aging tests. (g) Comparison
of E1/» of CNP-900 with the previously reported non-noble-metal catalysts in neutral, alkaline and acidic media, respectively. (h) Comparison of the Ey/»
in neutral, alkaline and acidic media of CNP-900 and the previously reported pH-universal catalysts.

an efficient four-electron pathway during ORR (Fig. S18c and S19b,
ESIY). The current loss of CNP-900 in the chronoamperometric tests
is significantly lower than that of Pt/C, either in 0.1 M KOH (8.6% vs.
29.1%, Fig. S19¢, ESIt) or in 0.1 M HCIO, (27.5% vs. 46.4%,
Fig. S22b, ESIt). After 35000 CV cycles, the E;/, of CNP-900 shows
a negligible shift of only 8 mV, further demonstrating robust ORR
performance compared to NC and Pt/C (Fig. S19d-f, ESIt). Addi-
tionally, CNP-900 exhibits strong resistance to methanol poisoning
in both neutral and acidic media, with no significant current decay
upon methanol addition (Fig. S20 and S22c¢, ESIY).

As demonstrated above, P atoms prefer to be located at the
edges by adopting P—0 and P-C configurations. Hence, an
edge C-(P—0), model is constructed to mimic the structure
characteristics of CNP-900 (Fig. S23, ESIT). For comparison, two
edge models, C-P—0/OH and C-P—0, are also built to clarify the
structure-performance relationship of CNPs. Generally, the reac-
tion kinetics of heteroatom-doped carbon catalysts is hindered by
the sluggish generation of OOH*, which involves two successive
steps, the adsorption of O, and following hydrogenation.” While a
large number of works has pointed out that the thermodynamics

This journal is © The Royal Society of Chemistry 2025

of the latter can be optimized by enhancing the OOH* adsorption
through scaling relation, the impact of the former on ORR
performance has not received enough attention, which is recently
recognized as the real rate-determining step of ORR.”*”® We thus
first examine the adsorption energy of O, on different models.
Generally, O, adsorption occurs in three modes: end-on
(Pauling model), side-on (Griffiths model), and bridge (Yeager
model),”””° with the end-on mode being most common in
heteroatom-doped carbon catalysts.®*® The calculated adsorp-
tion energies of O, via the end-on fashion are inconsistent with
the fast reaction kinetics shown earlier (Fig. S24, ESIt). We then
infer a transition of the adsorption model due to P doping and
extended the calculation to the other fashions to examine the
possible collaboration between P and C (Fig. 4a). As expected,
the adsorption energy of O, on C-(P—0),, C-P—O/OH and
C-P=0O0 via the bridge fashion decreases to —1.13, —0.21 and
—1.76 eV, respectively, suggesting that the activation and
involvement of adjacent C effectively enhance the chemi-
sorption of O, (Fig. S24 and S25, ESIt). In situ attenuated total
reflection surface-enhanced infrared absorption spectroscopy
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(ATR-SEIRAS) is employed to investigate the O, chemisorption
behavior and the evolution of oxygen species under realistic
catalytic conditions. As shown in Fig. 4b, NC exhibits a clearly
identifiable *OOH peak at 1234 cm ' over a wide potential
range (1.1-0.5 V), indicating that *OOH dissociation is the rate-
limiting step for NC. The peak at 1466 cm ™" corresponds to the
stretching vibration of the O-O bond in the end-on orientation.
This suggests that O, adsorbs on the C site according to the
Pauling model, and is subsequently protonated to form *OOH
(*O,+H"+e~ — *OOH). Notably, the introduction of P induces
significant changes in the O, adsorption mode and reaction
kinetics. A prominent P—=O0 absorption peak at 1120 cm ' is
observed for CNP-900, which is consistent with the XPS results
(Fig. 4c). Additionally, the O-O bond stretching vibration of

View Article Online
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CNP-900 shifts to 1432 cm ™', indicating a transition from the
“end-on” to the bridge mode.’® This suggests that the O,
adsorption is modulated by the P—0 ligands, making the Yeager
pathway thermodynamically more favorable. The intensity of the
*OOH peak is reduced, demonstrating enhanced dissociation
kinetics for *OOH. Furthermore, in situ Raman spectroscopy is
used to detect oxygen-containing intermediates (Fig. S26, ESI).
The *OOH peak for CNP-900 at 1156 cm ™ " is slightly red-shifted
compared to that of NC at 1181 cm™’, indicating a lowered
dissociation barrier for *XOOH upon P introduction, which is
consistent with the in situ ATR-SEIRAS results.

Notably, the C 2p, orbital shows electronic asymmetry below
the Fermi level, which could be a significant contributing factor
for the enhanced bridge adsorption of O, (Fig. 4e). As previously
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reported, spin regulation is an effective strategy to enhance the
ORR kinetics because of the paramagnetic nature of triplet
0,.""°! The degree of activation of O, can be estimated by the
0-0 (Lo_o) bond length.®® As shown in Fig. 4f and Table S7
(ESIt), Lo_o elongates by 0.307, 0.048 and 0.309 A for 0,@C-
(P=0),, 0,@C-P—0/OH and 0,@C-P—0, respectively, indica-
tive of a reduced bond strength due to the electron transfer from
C/P to the w3, orbitals of O,, especially for 0,@C—(P—=0),. As
shown in Fig. 4d, @ of CNP-900 is 0.4 eV lower than that of NC,
indicating a stronger driving force for electron transfer to
adsorbed O,, which facilitates O, splitting to speed up the ORR
kinetics.**®” Basically, the bond lengths of C-O (L¢_o) and P-O
(Lp_o) are highly correlated to the participation and cooperation
degree of C/P pairs. The strong p-orbital coupling between C/P
and O, in O,@C-(P—0O0), significantly shortens Lp_o and L¢_o to
1.70 A and 1.42 A, respectively, resulting in the most favorable
bridge chemisorption of O, (Fig. S27, ESIT). In comparison, the
reduced orbital coupling between C and O, (Lgo = 1.58 A) in
0,@C-P=O0 increases the electron-donating barrier from C to
0,, most likely due to the excessive chemisorption of O,
at the P site and the formation of delocalized n electrons. For
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0,@C-P=0/OH, the longest Ly_o (3.6 A) and Lc_o (4.2 A) implies
insignificant O, activation and weak interaction with C/P pairs,
consistent with the almost unchanged PDOS of O, after chemi-
sorption. The “bond lengths-activity’” correlation plots clearly
demonstrate that ORR activity is positively related with the
participation and cooperation degree of C/P pairs (Fig. S28,
ESIT). The Bader charge shows the electrons are transferred
from the C/P pair to *O, (Fig. 4g).

The chemisorbed O, then decomposes following an associa-
tion pathway (Fig. S29, ESIf). Fig. 4h displays the energy
profiles of the four elemental steps on different models. At
U = 0V, the C-(P—0), model exhibits four successive exother-
mal proton/electron-coupled processes, and the energy barrier
of the potential-limiting step (PLS) is only 0.44 eV. In contrast,
the *OOH formation and *OH removal are energetically un-
favorable on the C-P—0O/OH and C-P—0 models, respectively,
resulting in huge energy barriers that inhibit the occurrence of
ORR. Since the adsorption energies of *XOOH, *O and *OH are
scaling related, AG-oy can be utilized as a descriptor to assess
the activity of a catalyst, and an ideal one should have a AG«on
of 0.7-1.0 eV.”®® AG.oy of the C-P—0/OH and C-P—0 models
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Fig. 5 Performance testing of CNP-900-based FZABs. (a) Schematic diagram of FZAB. (b) OCV, (c) rate capabilities, (d) polarization and power density
curves of CNP-900-based neutral FZABs at 20, 0 and —20 °C. (e) Photograph of a yellow LED powered by two CNP-900-based neutral FZABs in series.
(f) OCV of CNP-900-based neutral FZABs at various bend angles. (g) Cycling stability of the CNP-900-based FZABs at alkaline and neutral media. (h) Wide
temperature range adaptability of the CNP-900-based FZABs at alkaline and neutral media.
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are 2.7 eV and —1.15 eV respectively, suggesting either exces-
sively weak or strong *OH adsorption. On the other hand, the
C-(P—0), model exhibits a best fit AG«oy of 0.79 eV, empha-
sizing the significance of ligand modulation in altering the
interaction of P with reaction intermediates to achieve optimal
energetics. Fig. 4i shows the ORR catalytic mechanism on the
C-(P=0), model.

In view of the rapid reaction kinetics of CNP-900 under wide
PH and temperature conditions, we assemble sandwich-type
neutral and alkaline FZABs to assess its practicability in real
devices using catalyst-leaded carbon cloth as the air cathode
and PVA/SA hydrogel as the electrolyte (Fig. 5a). As shown in
Fig. 5b, the CNP-900-based neutral FZAB exhibits a stable open-
circuit voltage (OCV) up to 1.37 V for 13 hours at 20 °C. The
OCVs only slightly decrease at 0 °C (1.36 V) and —20 °C (1.34 V),
demonstrating excellent subzero adaptability. Compared with
its Pt/C-based counterpart, the CNP-900-based neutral FZAB
exhibits superior rate capability with substantially reduced
polarization (Fig. 5c). The battery voltage maintains above
1.0 V even at a high current density of 20 mA cm™ 2. As shown
in Fig. 5d, the power density of CNP-900-based FZAB reaches
47.1, 36.4 and 25.6 mW cm™ > at 20, 0 and —20 °C respectively,
which surpasses that of Pt/C-based FZAB (30 mW cm > at 20 °C,
Fig. S30, ESIt). Table S8 (ESIt) highlights the advanced nature
of the CNP-900-based neutral FZAB by comparing its perfor-
mance to those reported FZABs using a noble-metal-free air
cathode. Two CNP-900-based FZABs in series can turn on a
yellow LED or a mini-fan in real-life scenarios (Fig. 5e and
Fig. S31, ESIf). Under a variety of bending circumstances
(spanning from 0 to 180° in angle), the FZAB maintains con-
sistent OCV and output, demonstrating excellent tolerance to
mechanical deformation (Fig. 5f).

By introducing RuO, into the air cathode, the long-term
cycling stability of the FZABs is achieved. As shown in Fig. 5g,
the CNP-900-based FZAB exhibits a narrow charge/discharge
gap with a round-trip efficiency of 58.6%. Steady charge/dis-
charge profiles are maintained for at least 180 hours, especially
in neutral media. Notably, the CNP-900-based FZABs exhibit
exceptional cycling performance over a wide temperature range
(—20 to 70 °C). The discharge plateau only slightly decreases to
1.02 V at —20 °C and rebounds to 1.17 V at 70 °C, demonstrat-
ing good wide-temperature endurance (Fig. 5h). The CNP-900-
based alkaline FZAB exhibits similar temperature-dependence
to its neutral counterpart. Its OCV and maximum power density
are 1.47 V/104.2 mW cm ™2, 1.45 V/70.4 mW cm ™2 and 1.43 V/
53.0 mW cm 2 at 20 °C, 0 °C and —20 °C, respectively, which
outperform those of Pt/C-based FZAB (1.27 V/52 mW cm ™2 at 20 °C),
and are among the best for alkaline FZABs reported (Fig. S32 and
Table S8, ESIt). The aforementioned findings suggest that CNP-900
enhances the reaction adaptability of FZABs even in hostile environ-
ments with low temperatures and proton concentrations.

Conclusion

In this work, we successfully address the difficulty of O-O bond
activation on metal-free carbon catalysts, accelerating the

5306 | Energy Environ. Sci., 2025, 18, 5298-5308
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reaction kinetics even at limited proton supply and low-
temperature conditions. The C 2p, orbital occupation state of
CNP-900 is well-regulated by adjacent P—O ligands, leading to
a transition from end-on to bridge chemisorption of O,, which
is followed by an energetically favorable proton/electron cou-
pling process. As a result, the E;, of CNP-900 reaches 0.77 V
with negligible degradation of E;, (13 mV) after 10000 CV
cycles in a neutral medium. The assembled neutral FZABs
exhibit a stable OCV of 1.34 V and a maximum power density
of 25.6 mW cm > even under harsh conditions (—20 °C). In situ
ATR-SEIRAS, in situ Raman spectroscopy and DFT calculations
are adopted to reveal the efficient O, adsorption/activation on
C/P pairs. This work provides new insights into regulating
oxygen adsorption patterns to enhance the kinetics of
heteroatom-doped carbon catalysts.
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