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Highly stable linking platinum and porous spinel via carbon bridge
engineering towards long-lifespan of rechargeable zinc-air battery

Mei Wang,*2 Hao Du,? Yong Nian,? Guanshui Ma,? Jinfang Zhang,? Xiaoguang Wang *c and Xiaofeng
Li ka

The development of bifunctional oxygen electrocatalyst is crucial for the commercialization of rechargeable zinc-air batteries
(RZABs). This work proposes an innovative strategy of “dealloying-carbon coating-dip pyrolysis” to highly stable anchor a
small amount of Pt nanoparticles (0.032 mg cm2) onto carbon-encapsulated nanoporous CoFe;04 (np-CFO). Benefiting from
its nanoporous structure with larger specific surface area and adhered carbon layer with superior electrical conductivity, the
sandwich-like Pt/np-CFO@C electrode exhibits a lower OER-ORR potential gap (AE) of 0.7 V. Meanwhile, Pt/np-CFO@C
based RZAB delivers specific capacity of 781 mA h g%, power density of 185 mW cm and cycling life exceeding 1400 hours.
FTIR and XAFS results indicate carbon layer could not only play a bridging role between np-CFO and Pt, but also lead to load
more zero valence Pt. HAADF image proves that the post-formed oxide layer can protect Pt from inactivation through strong
metal-support interaction (SMSI). In-situ Raman and RRDE testing confirm the 4-electron transfer mechanism of ORR on
Pt/np-CFO@C. DFT calculations verify that Pt/CFO@C has metallic property, symmetric d-band centers and the lowest
energy barrier for ORR/OER. In-situ XRD reveals that the size of Pt nanoparticles could get smaller in the early stage of
discharge, which is beneficial to expose more active sites and show gradually improving performance. This work lays the

groundwork for the future development of cost-effective RZABs.

Introduction

Driven by the global transition to clean and low-carbon energy,
there is a critical need to develop advanced technologies for
storing and converting energy efficiently and sustainably.
Rechargeable zinc-air battery (RZAB) has been considered a
promising candidate for the future energy system, originating
from its high theoretical energy density (1086 Wh kg?), low
cost, inherent safety, and environmental friendliness.'?
Nevertheless, the performance of RZAB is primarily constrained
by the air cathode, where the oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR) occur during charging and
discharging, respectively. Both of these multi-step reactions
involve complex four-electron transfer processes and suffer
from sluggish reaction kinetics.3* Although noble-metal
catalysts (e.g., RuO/IrO, for OER and Pt/C for ORR)
demonstrate high activity in accelerating these reactions, their
widespread application in RZABs is impeded by intrinsic
limitations including high cost, low utilization, insufficient
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stability and monofunctional nature.>® Consequently, the
development of low Pt-loading, efficient and durable
bifunctional oxygen electrocatalysts is crucial to lower the
energy barrier and enhance the reversibility of RZABs.

In recent years, transition metal oxides (TMOs) have
emerged as promising candidates to replace noble-metal-based
catalysts for OER and ORR, which is attributable to their special
3d electronic orbits, superior stabilities and low costs.” As
reported by Kumar and Fu,® Mn304 possesses multiple valence
states and exceptional stability, as well as NiAl-LDH is made up
of layered metal hydroxides with positive charges that inserted
between anions. Combining the advantages of both,
Mn304@NiAI-LDH heterostructure exhibits efficient electron
hopping, a large specific surface area and abundant active sites,
thereby yielding a power density of 74.4 mW cm2 and stable
operation for over 300 h at 2 mA cm2 when integrated into ZAB.
Li et al.? had modified PrBaCo,0¢.s electrode via Fe-doping and
oxygen vacancies engineering, which could induce the partial
conversion of perovskite into CoFeOOH, and thus changing the
OER pathway. Profiting from the intrinsic ORR activity of
perovskite and OER activity of CoFeOOH, PBC-Q700 delivered a
lower bifunctional potential differential of 117 mV. Even so,
poor conductivity and layer/particle accumulation will still limit
the efficiency of electronic transmission and the exposure of
active sites.10

To improve these issues of TMOs, Peng et al.1 found that N-
donor ligand in carbon support could enhance the crystallinity
of FexO, thereby accelerating electron transfer and increasing
conductivity of V-Fe,O/NC electrode. The corresponding ZAB
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possessed a more stable open circuit potential (1.46 V) and a
higher specific capacity (743.0 mA h g). Moreover, N-doped
carbon could also cause electron spin polarization, reduce band
gap and optimize adsorption/desorption property of Sc;03.12
On the contrary, TMO such as FeCoOy could break the high
symmetry of Fe-N-C and modulate the adsorption strength of
intermediate to a moderate state, manifesting robust cycling
stability for over 580 cycles.!® Hence, it’s necessary to lead
carbon materials (such as carbon layers, carbon nanotubes,
carbon dots and so on) into TMOs to mitigate polarization losses
associated with electrical resistance and optimize the binding
with reaction intermediates. Besides, in our previous works, it
has been proved that the surface of nanoporous (np) TMOs are
rich in low-coordination atoms and defects, which are
conducive to tightly bind with its loadings or coatings.4-16
Therefore, it can be speculated that cladding carbon onto
dealloying-derived np-TMOs may be more stable than that onto
flat TMOs due to the high roughness of former.

Furthermore, numerous studies have been revealed that
encapsulating a small amount of precious metals (PM) onto
TMO could not only increase the utilization efficiency of PM, but
also significantly improve the catalytic activity and stability. For
instance, regulating metal-support interactions between Pt NPs
(0.01 mg cm2) and [Ti20]?*-2e" support can indeed strengthen
the durability of integrated electrode and manifest 89 times
higher ORR activity to that of commercial Pt/C. Simultaneously,
the enriched electrons on the surface of catalyst had effectively
impeded the generation of pernicious Pt-O layer in alkaline
media.l” Li’s group reported that'® Pt and Pd exhibited
significant encapsulation phenomena on TiO3, owing to the high
affinity of metal components in metal-oxides, that is the
formation of metal-metal interactions among PMs and
supports. In addition, CeO; and ZrO, were also the reversible
supports that can be used for PMs encapsulation. Gong et al.
discovered that'® the mass loading of PtSnCu on Al,O3 was 0.03
wt%, while the catalytic performance can be achieved 2-3 times
to that of industrial PtCu/Al,Os; (PtSn loading: 0.3 wt%). This
mainly because of the strong Pt-Sn interaction could capture Pt
atoms from Cu lattice and ensure the exposure rate of metallic
Pt to reach 100%. Based on these, combining a small amount of
PM with carbon-encapsulated np-TMOs supporting is help for
utilizing the advantages of both, achieving dual-function activity
and cycle stability.

Herein, we propose “dealloying-carbon coating-dip
pyrolysis” strategy to highly stable load a small amount of Pt
nanoparticles (0.032 mg cm™2) onto carbon-encapsulated
nanoporous spinel. It should be noted that the medial carbon
layer could not only play a bridging role between np-CFO and
Pt, but also lead to load more zero valence Pt. In view of its
nanoporous structure with a larger specific surface area,
adhered carbon layer with a superior electrical conductivity, np
spinel carriers with OER properties and Pt nanoparticles with
ORR performances, the resultant Pt/np-CFO@C exhibits an ORR
half-wave potential of 0.86 V, an OER potential of 1.56 V at 10
mA cm2 and a lower AE of 0.7 V. Theoretical calculation reveal
that Pt/CFO@C possesses metallic property, stable
adsorption/desorption interface and the lowest energy barrier
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for ORR/OER. The Pt/np-CFO@C based ZAB delivers, a.spegific
capacity of 781 mA h g, a power density 6PN 85 193N/ 209675
cycling life exceeding 1400 hours. This work provides
constructive insights into the development of aqueous batteries
through the design of cost-effective catalysts.

Results and discussion

Phase and microstructure analysis

As illustrated in Fig. 1a, Pt/np-CFO@C electrode was prepared
by alloying-dealloying-carbon coating-dip pyrolysis. Thereinto,
the first step (alloy-dealloying) is helpful to obtain porous
carrier and provide abundant place for subsequent carbon
encapsulating and Pt loading. The second step (carbon coating)
has multiple effects, such as improving electrical conductivity,
reducing the oxidation degree of carrier, increasing Pt loading
amount and so on. The last step (dip pyrolysis) could not only
realize fast Pt loading but also guarantee the higher purity of Pt.

As shown in Fig. 1-b1, the dealloying-derived porous carrier
could fully match the X-ray diffraction (XRD) peaks of CoFe,04
phase (PDF#01-079-1744), demonstrating the dealloying
strategy could spontaneously produce relevant oxide even
under room temperature.2® After carbon coating (Fig. 1-b2), the
corresponding phase has transformed into Fei;Cos (PDF#01-
075-7978), of which the atomic ratio of Fe to Co is still 2:1 while
the oxygen element has disappeared. Learning from the
foregoing synthesis details, it can be found that carbon coating
process is in the condition of high vacuum and high
temperature, under which carbon layer could plunder the
oxygen atoms of np-CFO carrier to produce gas (CO,/CO) to be
overflowed. Besides, it can be also observed a characteristic
peak of C (002), proving the successful introduction of carbon.
As for Pt loaded products, such as Pt/np-CFO and Pt/np-CFO@C
(Fig. 1-b3 and 1-b4), there simultaneously appear CFO peak and
Pt peak (PDF#04-004-8733). Interestingly, the Pt peak intensity
of Pt/np-CFO@C is significantly stronger than that of Pt/np-CFO,
which indicates that carbon-encapsulated CFO is more
beneficial to load Pt element. While for the return of oxygen
atoms in Pt/np-CFO@C, it may be ascribed from the formed
unstable oxygen vacancies in np-CFO@C support that are prone
to be backfilled. From ICP results in Table S1, the Pt contents of
Pt/np-CFO@C (5.09%) is more than that of Pt/np-CFO (4.45%),
which is consistent with the above XRD results.

Furthermore, Fourier transform infrared (FTIR) spectra in
Fig. 1-c1, 1-c2 and 1-c3 manifest the metal-O bond at ca. 590
cm™ has indeed disappeared when np-CFO carrier is coated
with carbon layer but not for Pt/np-CFO.2! This result reverifies
that vacuum carbonization process could remove O atoms from
the np-CFO carrier, which is consistent with XRD result. As for
Pt/np-CFO@C (Fig. 1-c4), there can be detected Pt-C bond and
C-O bond at 620 cm™ and 1115 cm™, respectively,?? indicating
the carbon layer plays a bridging role between np-CFO and Pt.
On the one hand, carbon layer could reinforce the anchoring of
Pt via Pt-C bond and enhance its ORR activity. On the other
hand, carbon layer could improve the electrical conductivity of
np-CFO via C-O bond and boost its OER activity. Moreover, the
O-H bond at 1365 cm™ and -OH bond at 1600 cm™? can be

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) Preparation process of Pt/np-CFO@C electrode. XRD patterns of (b1) np-CFO, (b2) np-CFO@C, (b3) Pt/np-CFO and (b4) Pt/np-CFO@C. FTIR spectra of (c1) np-CFO, (c2) np-

CFO@C, (c3) Pt/np-CFO and (c4) Pt/np-CFO@C.

detected in all the four catalysts, demonstrating the np-CFO
carrier is enriched hydroxyl that may be conducive to oxygen
adsorption/desorption.

Observed from Fig. 2a and Sla, np-CFO possesses typical
porous-ligament structure, on which there also distribute some
nanosheets that may be ascribed from dealloying of Al in air,
providing abundant places for electro-catalytic reactions or
subsequent Pt loading. After carbon coating (np-CFO@C), it can
be found that there indeed clads a layer of material on the
surface of np-CFO and simultaneously maintains the ligament
profile (Fig. 2b and S1b), proving the successful coating of
carbon. Based on np-CFO@C, Pt loading in vacuum
environment could not only tightly anchor a large number of Pt
NPs but also again open the porous channels, as shown in Fig.
2c and Slc. In Fig. S1d, it displays Pt NPs are also fixed onto the
surface of np-CFO, but they are larger, uneven and unstable
compared to those on np-CFO@C. Hence, constructing carbon
bridge engineering between np-CFO and Pt NPs plays a key role
in Pt loading, such as size, uniformity and stability. Furthermore,
elemental mappings of Pt/np-CFO@C electrode in Fig. 2d
demonstrate that Co, Fe, O, C and residual Al elements are
evenly distributed on the surface of ligaments, while Pt element

This journal is © The Royal Society of Chemistry 20xx

spreads over both the pores and ligaments. This phenomenon
laterally verifies that porous carriers could assuredly increase
the loading quantities of Pt.

When magnifying a local region of Pt/np-CFO@C, it can be
simultaneously observed some large-sized Pt NPs and a large
amount of uniformly dispersed small-sized Pt (Fig. 2e). Further
focusing on large Pt particle (Fig. 2f), it shows a well-shaped
nanosphere (ca. 15-20 nm) anchored at the surface of carbon
layer (3.25 A). As for the small-sized Pt NPs, the diameters are
all less than 5 nm as well as the interplanar distances are
corresponding to Pt (111) and Pt (200), respectively (Fig. 2g). It
is worth noting that there can be only measured lattice fringes
of CoFe,04 (021), but not of Pt in some regions (Fig. 2h), which
may be ascribed to the post-formed oxide layer that has
covered the surface of Pt. This protective layer has been
reported to be capable of forming a strong metal-support
interaction (SMSI) with Pt, which could significantly enhance the
stability of loaded electrode.?3?* Deduced from this, the
dispersed smaller Pt nanoparticles would offer more active sites
and ensure the overall stability. From selected area electron
diffraction (SAED) rings in Fig. 2i, there detect CoFe,0,4 (033),
CoFe;04 (226), Pt (111), Pt (200) and Pt (222), reconfirming the

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 SEM images of (a) np-CFO, (b) np-CFO@C and (c) Pt/np-CFO@C electrodes. (d) Corresponding elemental mappings of Pt/np-CFO@C. (e-g) TEM and HRTEM images of Pt/np-
CFO@C. (h) HAADF image of Pt/np-CFO@C. (i) SAED patterns of Pt/np-CFO@C. (j) N2 sorption isotherms of np-CFO, np-CFO@C and Pt/np-CFO@C electrodes.

strong interactions between precious metals and porous
carriers.

In Fig. 2j and S2, the N, sorption isotherms and pore size
distribution curves indicate the mesoporous characteristic of
np-CFO, np-CFO@C and Pt/np-CFO@C. Among them, Pt/np-
CFO@C possesses the specific surface area (SSA) of 22.96 m? g
1 and pore volume of 0.076 mL g%, which are much larger than
those of np-CFO@C (8.36 m? g1, 0.023 mL g!) but slightly lower
than np-CFO (28.23 m? g1, 0.079 mL g1). For the former, it may
be rooted from the coated carbon layer that has blocked the
channels/pores of np-CFO. For the later, it stems from the
reopening of porous channels during pyrolysis of H,PtCle, which
is consistent with the SEM results in Fig. 2 (a, b). Although so,
this strategy still introduces more active sites into Pt/np-CFO@C
electrode, which exhibits the highest electrochemical active
surface area (ECSA) among all the catalysts (shown in Fig. 4e). It
is worth noting that the generally lower SSA values of these
porous metal materials than some other carbon-based
materials, which mainly deriving from their larger specific
gravities.

X-ray photoelectron spectroscopy (XPS) measurements are
used for analyzing element valence states of Pt/np-CFO@C and

4| J. Name., 2012, 00, 1-3

Pt/np-CFO.2> When compared the full scans of the two (Fig. S3a
and b), it can be observed a stronger C 1s signal of Pt/np-
CFO@C, proving the existence of carbon layer in it. In the high-
resolution spectrum of Co 2p for Pt/np-CFO@C (Fig. 3a), the
peaks at 780.8 and 796.2 eV are consistent with the binding
energies (BEs) of Co3*, while the two peaks at 782.9 and 797.7
eV belong to the states of Co?*.2627 |In Fe 2p spectrum (Fig. 3b),
the peaks at 711.1 and 724.1 eV are on behalf of Fe?*, as well as
the signals at 714.3 and 726.2 eV along with a pair of satellite
peaks represent Fe3*.282° The O 1s region in Fig. 3c can be
splitted into three peaks, such as lattice oxygen (O.) peak at
530.4 eV, oxygen vacancy (Ov) peak at 531.5 eV and adsorbed
oxygen (Oad) peak at 532.5 eV.3? Thereinto, the O, is the
dominant peak, stating the np-CFO could possess a better
crystallinity through a simple alloy-dealloying strategy.

In Fig. 3d, there detects AIP* even after complete
dealloying,?! indicating that Al element could indeed remain in
host porous materials and in-situ dope into them to optimize
electronic structures. As for Pt/np-CFO (Fig. S3c-f), the Co 2p, Fe
2p, Ols and Al 2s signal peaks are similar to those of Pt/np-
CFO@C. The difference is the C 1s in Pt/np-CFO@C can be
decomposed into C-C/C=C peak at 284.8 eV, C-O peak at 286.2

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 XPS spectra of Pt/np-CFO@C electrode: (a) Co 2p, (b) Fe 2p, (c) O 1s, (d) Al 2s, (e) C 1s and (f) Pt 4d. (g) Pt Ls-edge XANES spectra of Pt/np-CFO@C, Pt/np-CFO, Pt foil and PtO.
(h) Pt Ls-edge EXAFS spectra of Pt/np-CFO@C, Pt/np-CFO, Pt foil and PtOs. (i) Pt Ls-edge WT-EXAFS signal of Pt/np-CFO@C, Pt/np-CFO, Pt foil and PtO,.

eV and C=0 peak at 288.6 eV,3233 in which the area of C-C/C=C
peak is the largest (Fig. 3e), reverifying the important role of
carbon layer in Pt/np-CFO@C catalyst. In Pt 4d region, the BE
located at 312.9, 315.1 and 317.0 eV are assigned to Pt°, Pt?*
and Pt*, respectively.3* Interestingly, the Pt° peak area ratio of
Pt/np-CFO@C (35.22%, Fig. 3f) is significantly greater than that
of Pt/np-CFO (21.75%, shown in Fig. S3g and Table S2),
reflecting pure Pt is inclined to be loaded on the surface of np-
CFO@C. In other words, carbon-encapsulated CFO is more
conducive to load Pt element.

The
structure of Pt atoms are investigated by X-ray absorption fine
structure (XAFS). Fig. 3g shows X-ray absorption near-edge
structure (XANES) of Pt Ls-edge in Pt/np-CFO@C, Pt/np-CFO, Pt
foil and PtO.. It can be found that the absorption edge of Pt/np-
CFO@C is located between Pt foil and PtO,, stating that there

local coordination environment and electronic

This journal is © The Royal Society of Chemistry 20xx

are a portion of zero-valent platinum and another portion of
four-valent platinum.3®> While for Pt/np-CFO, its absorption
edge position is far away from Pt foil, indicating the proportion
of Pt0 is relatively low. Notably, the intensities of white line for
Pt/np-CFO@C and Pt/np-CFO are significantly weaker than
those of Pt foil (Pt°) and PtO; (Pt**), which mainly rooted from
the stronger inherent X-ray absorption of CFO supports that
have masked the intensity of Pt signals of the two home-made
catalysts. But after zooming in the region of white line, it can be
observed an enhanced intensity for Pt/np-CFO@C relative to
Pt/np-CFO, which results from the electron transfer from Pt 5d
orbitals to middle carbon layer.36 In other words, carbon layer
could effectively promote electron conduction and enhance the
metal-support interaction (MSI).

The local coordination environment of Pt was further
probed by Fourier-transformed extended X-ray absorption fine

J. Name., 2013, 00, 1-3 | 5
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structure (FT-EXAFS) in R-space (Fig. 3h). It can be clearly
observed that the peak area of Pt-Pt (2.36 A) is larger than that
of Pt-O (1.58 A) for Pt/np-CFO@C, while the former is far
weaker than the latter for Pt/np-CFO, which are in agreement
with the results of Fig. 3g. This again explains there are more Pt°
and less Pt**in Pt/np-CFO@C, as well as the proportion in Pt/np-
CFO is opposite to that. Furthermore, the corresponding
wavelet transformed (WT) EXAFS has been performed to better
resolve overlapping coordination signals. In Fig. 3i, the intensity
maximum for Pt/np-CFO@C is distributed in the range of k = 8-
12 A and R = 2.2-3.7 A. This feature has a higher degree of
overlap to that of Pt foil (k = 6-11 A1, R = 2.2-3.0 A), indicating
the local structure of Pt/np-CFO@C is predominantly governed
by Pt-Pt bonds. In comparison, the intensity maximum for
Pt/np-CFO shifts to a lower R-space (= 1.5-2.3 A) while retaining
intensity at higher k-space (= 8-12 A). This pattern is a clear
combination of contributions from the Pt-O bonds in PtO; (k =
1-9 A1, R = 1.2-1.8 A) and the Pt-Pt bonds in Pt foil, with the Pt-
O coordination making a relatively more pronounced
contribution.3” All these results reflect the middle carbon layer
in Pt/np-CFO@C is conducive to load more zero valence Pt,
which are active element for ORR activity or discharge
performance of ZAB.
Electrocatalytic performance analysis
The OER performances of Pt/np-CFO@C, np-CFO@C, Pt/np-CFO,
np-CFO and commercial RuO; are systematically evaluated in 1
M KOH. As exhibited in Fig. 4a and b, Pt/np-CFO@C possesses a
higher overpotential of 329 mV at 10 mA cm2 than that of RuO,,
but the lowest overpotentials of 397 and 457 mV at 50 and 100
mA cm?, respectively. It has also outdone the OER activities of
np-CFO@C, Pt/np-CFO, np-CFO and some other reported
catalysts (Table S4).38-40 The Tafel plots in Fig. 4c, derived from
the corresponding LSV curves, provide insight into the OER
kinetics of the catalysts. A lower Tafel slope corresponds to
more favorable reaction kinetics.** Accordingly, the Pt/np-
CFO@C composite exhibits a lower Tafel slope of 79.8 mV dec
1, indicating a smaller overpotential increase with rising current
density and thus superior catalytic kinetics.

Electrochemical impedance spectroscopy (EIS) conducted at
1.5 V is for probing the charge transfer properties of the
catalysts.*> The Nyquist plots in Fig. 4d, modeled with
equivalent circuits, reveal that Pt/np-CFO@C exhibits a lower
charge-transfer resistance (R«) of 37.2 Q (Table S3). This is
attributed to the intermediate carbon layer, which disrupts the
inherent charge distribution and thereby facilitates more
efficient charge transfer. Notedly, Pt/np-CFO possesses the
smallest value of R, which can be also seen from electronic
density of states (DOS) in Fig. 5, mainly derived from the poor
symmetry of up-spin and down-spin that may be unfavorable
for stable adsorption of intermediates. The ECSA of the catalysts
can be estimated from their double-layer capacitance (Cql), as
shown in Fig. 4e. Cyclic voltammetry (CV) should be firstly
performed in a non-Faradaic potential window (1.0-1.1 V vs.
RHE) at various scan rates (5-100 mV s, Fig. S4a-d). Then, the
Cai values are obtained by plotting half the current density
difference (Aj/2) at 1.05 V against the scan rate. Finally, the Cq
for Pt/np-CFO@C is calculated to be 63.2 mF cm?, which

6 | J. Name., 2012, 00, 1-3

corresponds to an ECSA of approximately 1580 cn?, aserrding
to Equation (S8).#3 This ECSA value is substantidlip1argerHah
those of np-CFO@C (355 cm?), Pt/np-CFO (537.5 cm?), and np-
CFO (585 cm?). Furthermore, the operational durability of
Pt/np-CFO@C has been evaluated by chronopotentiometry (CP)
at a constant current density of 100 mA cm2. As shown in Fig.
4f, the electrode potential exhibits a slight decline of 82 mV
after a 200-hour testing, indicating enhanced activation over
time. The stability of Pt/np-CFO@C is further verified by an
accelerated degradation test (ADT), where the Ezq for OER
increases by only 10 mV after 5000 continuous CV cycles (inset
of Fig. 4f), confirming its superior stability. The remarkable
durability and stability may be attributed to the intermediate
carbon layer, which not only facilitates effective bridging
between the np-CFO supporting and Pt nanoparticles but also
possesses robust structural integrity.

The ORR activities of Pt/np-CFO@C, np-CFO@C, Pt/np-CFO,
np-CFO and commercial Pt/C benchmark are evaluated using a
rotating disk electrode (RDE) at 1600 rpm in O-saturated 0.1 M
KOH (Fig. 4g, h). Among the synthesized catalysts, Pt/np-CFO@C
demonstrates superior ORR activity, exhibiting a half-wave
potential (E1/2) of 0.86 V and a limiting current density (j.) of
5.69 mA cm. These values are higher than those of np-CFO@C
(0.75 V, 4.96 mA cm~2), Pt/np-CFO (0.67 V, 4.15 mA cm™2), np-
CFO (0.47 V, 3.37 mA cm2), Pt/C (0.85V, 5.41 mA cm) and are
comparable to other reported ORR catalysts (Table S5).44%5 The
Tafel analysis in Fig. 4i further corroborates the faster kinetic of
Pt/np-CFO@C for ORR, which exhibits a slope of 65.4 mV dec.
This is mainly attributed to the high conductivity of medial
carbon layer and the high utilization rate of Pt nanoparticles,
synergistically providing abundant and effective active sites for
ORR.

To determine the intrinsic electron transfer number (n) for
ORR on Pt/np-CFO@C, Koutecky-Levich (K-L) analysis has been
employed. The K-L plots (Fig. S4f), derived from LSV curves
measured at various rotation rates (400-2500 rpm, Fig. S4e),
yield an n value of 3.8, indicating it proceeds predominantly via
an efficient four-electron pathway. By RRDE testing, the
electron transfer number and hydrogen peroxide yield on
Pt/np-CFO@C can be determined to be 3.98 and 0.92%,
respectively, which are very close to those for Pt/C benchmark
(Fig. 4j). For high-performance ORR catalysts, it is imperative to
assess their poison tolerance against small molecules such as
methanol (MeOH).%¢ As shown in Fig. 4k, the LSV curves of
Pt/np-CFO@C manifest only a minor negative shift while
retaining their original shape upon the introduction of 0.1 M or
0.5 M MeOH, indicating the negligible impact. In Fig. S4g, Pt/np-
CFO exhibits inferior MeOH tolerance to that of Pt/np-CFO@C,
owing to the absent of middle carbon layer that could reduce
the bonding strength of CFO support and Pt NPs. In stark
contrast, Pt/C suffers from a pronounced poisoning effect under
the same conditions, which leads to complete inactivation of its
active sites and severe distortion of the LSV curves (Fig. S4h). In
other words, the robust anti-poisoning of Pt/np-CFO@C offers
a distinct advantage in terms of operational stability.
Subsequently, the stability of Pt/np-CFO@C is measured by
chronoamperometry (CA) and ADT. CA testing shown in Fig. 4l

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 OER performances: (a) LSV curves; (b) Comparison of nio, nNso and noo; (c) Tafel slopes; (d) Nyquist plots; (e) Cq values; (f) CP profile at 100 mA cm?2, inset is LSV curves of Pt/np-
CFO@C before and after ADT. ORR performances: (g) LSV curves; (h) Comparison of Eonset, E1/2 and ji; (i) Tafel slopes; (j) Electron transfer numbers and H,0 yields on Pt/np-CFO@C
and Pt/C derived from RRDE testing; (k) Methanol tolerance of Pt/np-CFO@C; (I) CA profiles at 0.86 V vs. RHE, inset is LSV curves of Pt/np-CFO@C before and after ADT.

reveals a current density decay of 0.6 mA cm2. Following 5000
CV cycles, the Ei; value has a negligible shift, while the j_
decreased by 0.27 mA cm??, likely due to the slight carbon
corrosion during ADT. Overall, it confirms the eminent stability

of Pt/np-CFO@C catalyst.

DFT anal

As evidenced by the above experimental results, Pt/np-CFO@C
exhibits the remarkable bifunctional oxygen electrocatalytic

ysis

This journal is © The Royal Society of Chemistry 20xx

energetic
intermediates.

Please do not adjust margins

towa

activity. In order to unravel the structure-activity relationship at
atomic level, we have established three comparative models
(including Pt/CFO@C, Pt/CFO and CFO@C) to investigate their
distinctive electronic configurations and adsorption/desorption
profiles

rd critical oxygen-containing

As shown in Fig. S5, there set four possible configurations of
Pt/CFO@C to search the most stable Pt-loading model. After

J. Name., 2013, 00, 1-3 | 7



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09967f

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 3:15:45 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

=515 -=Chemicat Sciencel= 121+

ARTICLE

Journal Name

View Article Online

b |pucFo@c i e, =222eV C 0.5{— PtICFO@C DOI: 10.1039/D5SCOgQ&7H
% 00 OER
8 2
[
@
€, o =-2:218V 2.0 0.42eV
<5 & 352 0 10 s 4l B o, *OOH "o *OH OH’
E-E.leV Reaction pathway
e [pycro e,,=082ev | f 3[ _pucro o
2 OER
>
3 g
: :
@ 01
[
w1 4.02eV
Ed‘duwn=~1.97 eV
5 40F 3 A0 1 28 4 5 0, “00H *0 “OH oH"
E-E, /eV Reaction pathway
g h [croac €, ,=572eV i 15{_cro@c ORR
> 1.01
= copcrrbreneos
5 0.5
2 £ 00] Se868,
=] © 5]
i 680808080800
et
£, youn=-5-66 eV 135
R T A BT T T 5} *00H ) *OH oH

E-E, /eV

Reaction pathway

Fig. 5 Distribution of charge density difference on (a) Pt/CFO@C, (d) Pt/CFO and (g) CFO@C, yellow and cyan zones represent electron accumulation and depletion, respectively. (b,
e, h) DOS and corresponding d-band centers. Gibbs free energy of adsorbed *OH, *O, and *OOH on (c) Pt/CFO@C, (f) Pt/CFO, (i) CFO@C. Thereinto, blue, light brown, gray, dark

brown, red and green balls represent Co, Fe, Pt, C, O and H atoms, respectively.

structure optimization, the Pt/CFO@C-2 has been selected as
the optimum model for adsorption of oxygen intermediates
derived from its lowest total energy (E: = -916.23 eV). As for
Pt/CFO, the Pt/CFO-1 is more appropriate for the subsequent
adsorption based on the same rule (Fig. S6). Therefore, the
Pt/CFO@C-2 (Fig. 5a) and Pt/CFO-1 (Fig. 5d) models can be
directly used for adsorption of *OOH, *O and *OH. But for
CFO@C (Fig. 5g), although it’s not necessary to load Pt atom, it’s
necessary to elect suitable oxygen adsorption model. By
contrast, the CFO@C-O-1 model is the most stable *O
configuration and can be also regarded as the adsorption sites
of *OH and *OOH (Fig. S7).

From the distribution of charge density differences in Fig. 5
(a, d), it's found that the middle carbon layer could modify
electron density around Pt atom. The charge accumulation and
depletion on Pt/CFO@C is evener than that on Pt/CFO, which
leads intermediates to easily adsorb on (or desorb from) the
surface of Pt/CFO@C and then promotes the faster ORR/OER.#’
As for CFO@C (Fig. 5g), although there is electron transfer
among CFO support, not between CFO and C coating, thus
decreasing the catalytic activity of surface. Subsequently, the
density of states (DOS) in Fig. 5 (b, e, h) reveal that all the three
models have no band gaps at Fermi level and possess metallic
properties, proving either carbon-coating or Pt-loading could
provide more valence electrons for CoFe;O4. Moreover, the d-
band center of Pt/CFO@C in up-spin is calculated as -2.22 eV,

8 | J. Name., 2012, 00, 1-3

which is similar with that in down-spin (-2.21 eV), not only
demonstrating its stronger adsorption capacity for
intermediates®® but also reflecting its notable stability due to
the symmetric d-band centers. Despite the d-band centers of
Pt/CFO (€4, up=-0.82 €V, &g, down=-1.97 eV) are larger than those
of Pt/CFO@C and CFO@C (g4, up=-5.72 €V, €4, down=-5.66 eV), its
poor symmetry may be unfavorable for stable adsorption of
intermediates.

Based on formula (S16-519), the Gibbs free energies of ORR
on different models can be calculated (Fig. 5 ¢, f, i). As expected,
the energy barrier of Pt/CFO@C (0.42 eV) is far lower than that
of Pt/CFO (4.02 eV) and CFO@C (1.24 eV), attesting that carbon-
coating and Pt-loading could indeed be conducive to improve
the oxygen electrocatalytic activity of CFO. Besides, the rate-
determining step (RDS) of Pt/CFO@C (*OH—>O0H") is completely
different from those of Pt/CFO (*OOH->*0) and CFO@C
(02>*0O0H), manifesting that ORR on the three models are
limited by the last hydrogenation, cleavage of O-O bond and
first hydrogenation, respectively. From a converse perspective,
the Pt/CFO@C composite also demonstrates the lowest energy
barrier for OER among the investigated systems. Taken together,
these theoretical and experimental findings are mutually
corroborative, collectively demonstrating that CFO modified
through carbon encapsulation and platinum loading exhibits
exceptional performance as a bifunctional oxygen
electrocatalyst.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) OER-ORR potential gap of different samples. (b) Discharge stability at open circuit potential, inset is LED powered by two Pt/np-CFO@C based RZABs in series. (c) Discharge
polarization curves and power densities of Pt/np-CFO@C and Pt/C||RuO; based RZABs. (d) Rate capabilities of Pt/np-CFO@C and Pt/C||RuO, based RZABs. (e) Specific capacity plots
of Pt/np-CFO@C based RZAB. (f) Charge and discharge polarization curves of Pt/np-CFO@C and Pt/C||RuO; based RZABs. (g) Cyclic charge-discharge curves of Pt/np-CFO@C, carbon
paper and Pt/C||RuO; based RZABs, insets are high-resolution outlines at different time periods.

RZAB performance analysis

To evaluate the practicability of Pt/np-CFO@C, it’s necessary to
construct RZABs with liquid circulation systems (experimental
section in SI and Fig. S8a).#?*0 The oxygen electrocatalytic
activity should be firstly quantified through the potential gap
(AE) between OER potential at 10 mA cm2 (E10) and half-wave
potential of ORR (E1,2), expressed as AE = Eqg - E1/2. Commonly,
a smaller AE value indicates a superior reversibility for oxygen
conversion.>! As demonstrated in Fig. 6a, Pt/np-CFO@C exhibits
a lower AE of 0.73 V than np-CFO@C (0.82 V), Pt/np-CFO (0.98
V) and np-CFO (1.24 V), confirming its exceptional bifunctional
oxygen electrocatalytic capability. In Fig. 6b, the self-assembled
Pt/np-CFO@C based ZAB has an open circuit voltage (OCV) of
1.4 V and could even increase ca. 0.84% after continuous
discharge for 5 h, which is consistent with the value measured

This journal is © The Royal Society of Chemistry 20xx

by multimeter (Fig. S8b). Meanwhile, two ZABs in series could
light up LED (2.0 V) in the shape of NUC. Besides, it also delivers
a higher power density of 185.45 mW cm-2, which has surpassed
the value of Pt/C||RuO; based device (129.63 mW cm2) and
other catalysts (Fig. 6¢, Table S6).52-54

In Fig. 6d, Pt/np-CFO@C based ZAB exhibits output voltage
of 1.19 V at 2 mA cm=2, 0.93 V at 20 mA cm2 and 0.77 V at 40
mA cm=2, which are significantly greater than those of
Pt/CIIRuO, based device. Even after reverting to current
densities of 20 mA cm2 and 2 mA cm, the corresponding
potential variation rates are only 0.84% and 1.07%, respectively,
unambiguously indicating its preferable reversibility and rate
capability under dynamic operating conditions. According to
formula (S9), the specific capacity of Pt/np-CFO@C based ZAB
can be calculated to be 781.06, 779.39 and 775.49 mA h g at

J. Name., 2013, 00, 1-3 | 9
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5, 10, and 20 mA cm2 (Fig. 6e), as well as the corresponding
energy density is 859.17, 810.57 and 620.39 Wh kg7,
respectively. The values are basically consistent with those of
Pt/C|IRuO; based device, yet notably fall short of theoretical
values due to inherent ohmic losses and kinetic limitations.

As can be seen from Fig. 6f, the Pt/np-CFO@C based ZAB
exhibits a lower charge-discharge voltage gap than that of
benchmark, implying its higher cyclic charge-discharge capacity.
In this regard, the durability of Pt/np-CFO@C and Pt/C|IRuO;
based RZABs are investigated by galvanostatic charge-discharge
(GCD) at a constant current density of 10 mA cm2 with 20 min
per cycle (Fig. 6g). To rule out the contribution of carbon paper
(CP) substrate to the stability performance, CP based device has
also been measured as contrast sample. Surprisingly, the
charge-discharge voltage gap of Pt/np-CFO@C based RZAB has
gradually decreased within the first 20 hours, and subsequently
tends to be stable for nearly 1400h. This may be derived from
the phases or sizes evolutions during charging/discharging,
which can be clarified by in-situ XRD. While for CP and
Pt/C||RuO; based RZABs, the batteries have failed after 8h and
100h, respectively. From the above results, it can be inferred
that the middle carbon layer in Pt/np-CFO@C is crucial for
conductivity and Pt-loading, so as to make contributions for
long-term cyclic charging and discharging. Therefore, Pt/np-

10 | J. Name., 2012, 00, 1-3

CFO@C is a promising bifunctional oxygen electrocatalyst for
RZAB cathode.

In-situ testing analysis

In situ Raman spectra has been introduced to record Raman
signals during ORR process (from 1.0 to 0.2 V) to trace the
intermediate adsorption states on Pt/np-CFO@C. As shown in
Fig. 7a, the Raman spectrum exhibits two distinct peaks at 1352
and 1603 cm™, which are attributed to the D and G bands of
graphitic carbon, respectively.>>56 Observably, the ratios of the
two peaks almost have no change even under different
potentials, revealing the preferable structural integrity of
medial carbon layer throughout ORR process. While
characteristic peaks at 686, 1150 and 1519 cm™ are assigned to
*OH, *0O; and *OOH adsorption, respectively. As the applied
potential decreased from 1.0 V to 0.8 V, the absorption peak of
*Q0, increased, after that the peak gradually disappeared,
representing the adsorbed *0O; has reached the maximum and
started converting to *OOH.>7 Simultaneously, the intensity of
*OOH peak has continuously strengthened as the potential
decreases to 0.5 V and then begins to decline, not only
suggesting ORR process on Pt/np-CFO@C follows associative
pathway but also declaring the strong adsorption of *OOH onto
electrode surface could lead to a breakage of O-O bond, that is
the further reduction of *OOH.585° As for *OH signal, there can
be observed slightly enhanced peaks compared to that at open

This journal is © The Royal Society of Chemistry 20xx
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circuit potential (OCP), proving O-O bond in *OOH has indeed
broken and forms hydroxy. All these bear out ORR on Pt/np-
CFO@C follows a four-electron associative mechanism, which is
consistent with experimental results of RRDE.

In the above cyclic charge-discharge testing, it’s found that
the AE value of Pt/np-CFO@C has gradually decreased within
the first 20 hours, which rarely occurred in the published works.
In other words, the discharge voltage during ORR has increased.
To clarify its deep-seated reasons, we use in-situ XRD, which is
composed of primary diffractometer and sealed electrolytic cell,
for exploration. Thereinto, the electrolytic cell contains
microcirculatory system to decrease concentration polarization,
Zn wire to represent anode of ZAB and X-ray penetrable window
to connect cathode material (Fig. 7b and S9). To be emphasized
that the glassy carbon electrode (GCE) in this device is used to
conduct electricity rather than support the catalysts, which are
loaded on a nonopaque carbon paper.®® So, during the
simulated discharging/ORR process, the evolution of original
phases can be dynamically detected by in-situ XRD as X-rays
pass through Kapton window.

From XRD patterns of Pt/np-CFO@C before and after testing,
it cannot be found any changes except for the worsen
crystallinity of tested one (Fig. S10a). Hence, it’s necessary to
record the time-resolved in-situ XRD patterns of Pt/np-CFO@C
based ZAB under constant current discharge at 10 mA cm2. In
Fig. 7c, it’s not difficult to see that the width of Pt (200) peak
gradually increases as time goes by. From the corresponding
waterfall diagram (Fig. 7d), it can also be observed that the
green area is getting wider and wider. According to Scherrer
equation (D = KA/BcosB), the crystal size is inversely
proportional to FWHM (B value), and thus the D value has
reduced by ca. 40% as the discharging proceeds. Meanwhile,
the corresponding HRTEM image shown in Fig. S10b also
manifests that the particle size of tested Pt/np-CFO@C has
indeed decreased to 10-15 nm compared to that of original
sample (15-20 nm). The above phenomenon indicates that Pt
nanoparticles could get smaller during discharging, which is
beneficial to expose more active sites and show gradually
improving performance. Moreover, the angle of Pt (200) peak
shifts negatively, rooting from the incorporation of impurity
atoms that leads to the increased interplanar spacing. In short,
the decrescent AE value of Pt/np-CFO@C based ZAB mainly
stems from the changes in grain size and lattice spacing during
discharging.

Experimental

Similar to our previous study,'® nanoporous CoFe;04 (np-CFO)
carrier was prepared by vacuum melting, melt-spinning and
chemical dealloying of AlgsCosFe1o alloy. Afterwards, taking 200
mg np-CFO powder and 800 mg polyacrylonitrile (PAN) into 5 ml
N-methylpyrrolidone (NMP) to obtain viscous mixture. In order
to avoid air pollution, the above mixture was placed into tube
furnace with vacuum degree of 102 Pa. Meanwhile, the tube
should be heated to 250°C for 2h, then increased to 700°C for
2h and finally naturally cooled to room temperature. The
product was named as carbon encapsulated np-CFO (np-

This journal is © The Royal Society of Chemistry 20xx
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CFO@C). At last, taking 200 mg np-CFO@C (or npyLEQ)inte.15
mL H,PtClg solution (2 mg/mL) to form uRFoEMLSEZBEASIHIIOTA
turn, by means of vacuum drying (80°C, 5h) and vacuum
calcination (500°C, 2h), the final product Pt/np-CFO@C (or
Pt/np-CFO) has been acquired.

Comprehensive details on the materials characterization,
electrochemical testing, the assembly and measurement of Zn-
air batteries as well as computational methods can be found in
the Supporting Information.

Conclusions

In summary, utilizing “dealloying-carbon coating-dip pyrolysis”
strategy to highly stable load Pt nanoparticles onto carbon-
encapsulated porous CoFe;0,, that is sandwich-like Pt/np-
CFO@C. It exhibits an ORR half-wave potential of 0.86 V, an OER
potential of 1.56 V at 10 mA cm and a lower potential gap (AE)
of 0.7 V. Meanwhile, Pt/np-CFO@C based RZAB delivers a
specific capacity of 781 mA h g1, an energy density of 802 Wh
kg, a power density of 185 mW cm= and a cycling life
exceeding 1400 hours. FTIR and XAFS results prove that middle
carbon layer is conducive to load zero-valent Pt onto np-CFO,
and simultaneously bridge the two. HAADF image proves that
the post-formed oxide layer can protect Pt from inactivation
through SMSI. In-situ Raman and RRDE testing confirm the 4-
electron transfer mechanism of ORR on Pt/np-CFO@C. DFT
calculation verify that Pt/CFO@C has metallic property,
symmetric d-band centers, notably stable adsorption interface
and the lowest energy barrier of 0.42 eV for ORR. In-situ XRD
reveals that the size of Pt nanoparticles could get smaller during
discharging, which is beneficial to expose more active sites and
show gradually improving performance. Combination of
experimental and theoretical results, the superior bifunctional
activity of Pt/np-CFO@C should be mainly ascribed to its huge
surface area of nanoporous substrate and bridging effect of
medial carbon layer, in which the former is helpful to facilitate
mass/electron transfer, the latter is able to adjust electronic
structure and allow faster intermediate exchange. This work not
only presents a rationally designed bifunctional oxygen
electrocatalyst but also lays the groundwork for the
advancement of next-generation power sources.
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