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ABSTRACT:

The sluggish kinetics and mutual interference of oxygen evolution and reduction
reactions (OER and ORR) in the air electrode resulted in large charge/discharge
overpotential and low energy efficiency of Zn-air batteries. In this work, we designed
a breathing air-electrode configuration in Zn-air batteries using P-type CazCo409 and
N-type CaMnOs as charge and discharge thermoelectrocatalysts, respectively. The
Seebeck voltages generated from thermoelectric effect of CazCo04O9 and CaMnOs3
synergistically compensated the OER and ORR overpotentials. The carrier migration
and accumulation on the cold surface of Ca3Co4O9 and CaMnO;3 optimized the
electronic structure of metallic sites and thus enhanced their intrinsic catalytic activity.
The OER and ORR overpotentials were enhanced by 101 and 90 mV, respectively, at
temperature gradient of 200 °C. The breathing Zn-air battery displayed a remarkable
energy efficiency of 68.1%. This work provides an efficient avenue towards utilizing
waste heat for improving the energy efficiency of Zn-air batteries.

Keywords: breathing Zn-air battery, thermoelectrocatalyst, Seebeck voltage, energy

efficiency



Introduction.

Rechargeable Zn-air batteries (ZABs) are frequently advocated as next-generation
electrochemical energy storage systems due to the advantages regarding high energy
density, inherent safety, and affordability.!¥ However, the large charge/discharge
overpotentials and low round-trip energy efficiency stand in the way for their practical
application.>* These issues are mainly caused by the multi-electron processes and the
as-resulted sluggish catalytic kinetics of oxygen evolution and reduction reactions
(OER and ORR) for charging and discharging, respectively.[®8 To address these issues,
nano-engineering strategies, such as constructing microstructures, introducing defects
and interfaces, were performed to regulate the electronic and local coordinated structure
of metallic sites to enhance their intrinsic catalytic activity.**!! However, due to the
reverse OER and ORR have different requirements for the property of active sites, the
bifunctional activity of the catalysts is difficult to be enhanced simultaneously. It is also
difficult to separately tune the OER and ORR process because both the two reactions
are integrated within one air electrode. Moreover, some ORR catalytic sites would be
inevitably damaged due to the exposure to the harsh OER oxidative potential, which
usually triggers irreversible surface reconstruction. In addition, the repeated reductive-
oxidative reactions that occur in the air electrode during battery cycling would also
deactivate the ORR active component. [>-1¢]

Introducing external field, such as magnetic, electric, and light field, was regarded as
extremely promising strategy for improving the intrinsic activity of the electrocatalysts.
[17-191 Thermoelectric devices and rechargeable ZABs are two totally different energy
conversion and storage systems for electricity utilization. The former can convert
thermal gradient into electricity but cannot store it for long-term utilization, while the
latter can store and supply electricity with outstanding cycling stability via OER and

(20-21] Therefore, integrating

ORR processes for charging and discharging, respectively.
the two systems together would result in synergism of their energy storage properties.
As previous reported,??! the thermoelectric materials of SboTes and Bio.sSbi sTes could
function as electrocatalysts and the generated thermoelectric voltages could potentially

promote HER activity. However, limited study has been performed to enhance the OER



and ORR activities and to compensate the charging/discharging potentials through
thermoelectric effect. Theoretically, on one hand, thermoelectric materials functioning
as electrocatalysts can provide thermoelectric voltage to initiate and boost
electrocatalytic reactions under temperature gradients. On the other hand, the
thermoelectric devices with parallel arrayed P-type and N-type legs can provide
preferable opportunity to separately and simultaneously enhance the OER and ORR
properties. As a matter of fact, it is critical but highly challenging to put the concept
into practice for developing thermoelectric enhanced ZAB systems.

In this work, we successfully integrated the thermoelectric and ZAB into one
system by constructing a breathing Zn-air battery using the P-type Ca3Co409 and N-
type CaMnOs; thermoelectrocatalysts as charging and discharging electrodes,
respectively. In the air-electrode configuration, the Ca3Co4O9 and CaMnO3 were
physically decoupled but connected in series on the heating plate, so that their Seebeck
voltages generated from thermoelectric effect can synergistically compensate a part of
charging overpotential. Moreover, the energy band and electronic structure of

thermoelectrocatalysts were optimized due to the accumulation of thermoelectric

generated carriers (h for CazCo409 and e” for CaMnQO3) on the cold surface of catalysts

upon thermal gradient, thus enhancing the intrinsic catalytic activity of metallic sites.
The OER overpotential (10 mA cm?) and ORR on-set potential were optimized from
407 mV to 306 mV and from 0.72 V to 0.81 V, respectively, with the AT values
increased from 0 to 200 °C. The charge/discharge potential gap of the breathing Zn-air
battery was decreased from 0.86 V to 0.63 V, and the energy efficiency was increased
from 58.6% to 68.1%. This work provides an efficient, cost-effective, and eco-friendly
avenue towards utilizing waste heat for exploring high energy efficient metal-air battery

systems.
Results.

Mechanism of the breathing zinc—air battery. Thermoelectrocatalysts play critical
role for not only act as thermoelectric materials to generate electricity under proper

temperature gradient, but also as electrocatalysts to boost catalytic reactions such as



OER and ORR. To efficiently generate and utilize the thermoelectric energy, the
thermoelectrocatalysts need to meet some specific requirements: (i) provide sufficient
voltage to promote the electrochemical reactions; (i1) efficient catalytic center to boost
the electrochemical reactions. Based on these pre-requisites, CaMnO3; and CazCo409
are ideal candidates to be employed as P- and N-type thermoelectrocatalysts. Fig. l1a
schematically illustrates the basic structure and working mechanism of the breathing
ZAB, which contains physically decoupled but bi-air-electrode system that is connected
in series. For charging (Fig. 1b), the switching valve of the power source connected to
the CaMnOs electrode. The thermoelectric Seebeck voltages (AV =V + V2, Vi =E> —
E1, V2 =E4 - E3) generated from Ca3Co409 and CaMnO; were in the same direction and
synergistically compensate part of the OER overpotential. Moreover, the thermoelectric
effect of the air electrode configuration is proposed to change the OER mechanism and
accelerate the oxygen evolution process in charging process. The conventional OER

mechanism should come down to the following equations (Eq. 1-6) steps:

™ + OH - TM-OH + ¢ (1)

TM-OH + OH" - TM-O + H20 + ¢ (2)

TM-O + OH" — TM-OOH + ¢ 3)

TM-OOH + OH - TM-0; + H,O + ¢ 4)

TM-02 > TM + O3 )

Total reaction: 40H ->0,+2H0+4¢ (6)

The four-step reactions involve chemisorption/desorption of oxygen-containing
species and electron transfer, resulting in the sluggish OER kinetics. However, in the
breathing ZAB, the oxidation process on cathode Ca3Co04O9 and reduction process on
anode Zn was enhanced. During charging, the thermoelectric generated electrons in
CaMnO3 would transfer from hot side to cold side and further to the Zn anode through
external circuit, thus reducing Zn>* to Zn (Eq. 7). The thermoelectric generated holes
in Ca3Co40O9 simultaneously migrate to the cold surface and oxidizing alkaline
electrolyte to oxygen (Eq. 8). The anode and cathode reactions for charging of the

breathing ZAB are illustrated in Eq. 7-9:



Zn(OH)4s> +2¢ = Zn+4 OH (7)
40H +4h -2H,0+0s 8)
Co*"+h - Co**® 9)

This mechanism can reduce the charge potential of ZABs through the accelerated redox
reactions on both cathode and anode. The accumulated holes on the surface of
CazCo0409 would not only cause strong oxidation reaction to facilitate the OER reaction,
but also oxidize the Co®" ions to high valence state to enhance their intrinsic catalytic
activity (Eq. 9). Moreover, thermoelectric voltages generated from both P-type and N-
type electrodes in the bi-air-electrode configuration could synergistically compensate
the OER overpotential. In the same way, for discharging the breathing ZABs, the ORR
potential could be compensated and the intrinsic catalytic activity could be enhanced
due to the thermoelectric effect in the bi-air-electrode configuration. The thermoelectric
generated ¢ would accumulate on the cold surface of N-type cathode, while the
thermoelectric generated h™ would transfer from hot side to cold side of P-type cathode
and further transfer from external circuit to the anode. The electrode reactions are
proposed as Eq. 10-11:
Zn+4OH =Zn(OH)#* +2¢ (10)
4e¢+02+2H0—-40H (11)
For discharging (Fig. 1c), the ORR process occurred on the surface of CaMnO;
electrode. The thermoelectric generated electrons could directly reduce O> into OH™ in
the electrolyte which is much faster than the traditional four-step ORR reaction.
Moreover, the thermoelectric generated holes migrate to the anode through external
circuit, thus compensating part of ORR overpotential. Based on the above discussion,
the synergistic effect of N- and P-type thermoelectrocatalysts in the bi-air-electrode
configuration can significantly enhance the charge and discharge performance of the
ZABs through the following factors: (1) The thermoelectric Seebeck voltages generated
from CazCo409 and CaMnOs3 could compensate part of OER/ORR overpotential; (2)
The migration of thermoelectric generated holes and electrons from hot to cold surface

of electrodes could modify the electronic state of metallic sites which may enhance



their intrinsic catalytic activity for OER/ORR. The next consideration is how to put this

concept into practice.
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Fig. 1 Designing mechanism of breathing ZABs. a Schematic illustration of the breathing ZAB with
thermoelectric-promoted air-breathing configuration. The detail illustration of b charging and ¢

discharging process in the air-breathing configuration.

Characterizations of thermoelectrocatalysts. The P-type Ca3;Co409 and N-type
CaMnOs3 were synthesized by sol-gel method (detailed method is shown in Supporting
information). The Rietveld-refined X-ray diffraction (XRD) patterns of CaMnOs
(JCPDS:50-1746) and CazCo409 (JCPDS: 23-0110), and the crystal structure are shown
in Fig. 2a and Supplementary Table 1. CaMnOs3 has a cubic perovskite structure in
which the Mn*' stand in the corner-shared octahedra (MnOg/2) and Ca?* located at the
center of the 12-fold coordinated sites. Ca;Co04O9 possesses a hybrid lattice structure in
which the Cdl>-type [CoO:] layer and the [Ca;CoOs] layer commensurately stacked
alternately along the c-axis. The particle size of CaMnOs is about 100 nm with narrow

size-distribution, and the Ca, Mn, and O elements are evenly distributed in the particles



as shown in the elemental mapping images (Supplementary Fig. 1). The exposed facet
and crystallographic characteristics of CaMnOs are revealed by the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image and the
corresponding fast Fourier transform (FFT) in Fig. 2b. The high resolution XPS spectra
of Ca, Mn, and O elements for CaMnOs3 are shown in Supplementary Fig. 2. The
Ca3Co409 particles are in the range of 100-200 nm, and the Ca, Co, and O elements are
uniformly distributed in the particles (Supplementary Fig. 3). The polyhedral
morphology of CazCo409 should be determined by its structural feature. The HAADF-
STEM image of CazCo409 (Fig. 2¢) shows obvious mis-fit between adjacent layers.
The distorted lattice structure should be caused by the mismatch between rock salt
[Ca2Co0;] and hexagonal [CoO:] layers as reported in related references.!*’! Both the
layers of [Ca2Co003] and [CoO:] have the same a, ¢ and B lattice parameters but different
b parameters. The atomic level HAADF-STEM image and the fitted results, as well as
the lattice atomic arrangement model (Supplementary Fig. 3b), revealed the
incommensurate layered structure that alternately stacked by the [Ca;CoOs] layers
(consisting of Ca0-CoO-Ca0) and [Co0:] layer along the ¢ axis.[**! The XPS spectra

of Ca 2p, Co 2p, and O 1s are shown in Supplementary Fig. 4.
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Fig. 2 Characterizations of thermoelectrocatalysts. A Characterized, calculated, and fitted results
for the Rietveld refinement from the XRD patterns of CaMnOs; and Ca3Co0409, and their
corresponding crystal structure. B HAADF-STEM image of CaMnOs, the inset denotes the
corresponding FFT pattern of STEM image. C Atomic-level HAADF-STEM image of Ca3Co409.
D The electric conductivity (c) and thermal conductivity (k), e Seebeck coefficient (S) and the

calculated power factor (PF) of CaMnO3 and Ca3Co040.



Benefiting from the distinct structural property, CaMnO3 and Ca3Co409 have been
studied as promising thermoelectric oxides due to their low thermal conductivity (k),
high Seebeck co-efficiency (S) and electric conductivity (o), and the resulted satisfying

22,25.281 The two samples were pre-pressed into pellets and be

power factor (PF = S%c).!
sintered by spark plasma sintering (SPS) technique for thermoelectric characterizations.
The temperature dependence of electrical conductivity of Ca3Co409 shows typical
semiconducting behavior during the entire temperature range (do/dT > 0), while the
CaMnO; changed from semiconducting property to metallic with the increase of
temperature (Fig. 2d). The total thermal conductivity (k) of CaMnOs3 is found to
decrease with increasing temperature, and the k value of Ca3Co04Qy is relatively stable
(Fig. 2d). The Seebeck coefticient (S) for CazCo409 becomes larger with increasing
temperature, which is typical of semiconducting behavior and hole carriers of the P type
CazCo409 (Fig. 2e). Meanwhile, the temperature dependence of S for CaMnOs is
negative, indicating the N-type semiconducting property and the main carriers are
electrons (Fig. 2e). The power factor (PF = S?) of Ca3;Co40y increased much faster
than that of CaMnOj3 and reached 340 pW m™ K2 at 870 K (Fig. 2e). The dimensionless
figure-of-merit (ZT = 6S*T/ ) of CaMnOj3 and Ca3;Co4Qy increased with the increase
of temperature and reached the top values at the highest temperature (Supplementary
Fig. 5). Benefiting from the optimal structural and thermoelectrical property of
CaMnO3s and Ca3Co4Q9, the thermal gradient generated Seebeck voltage and the
migration of carriers from hot side to cold side are anticipated to initiate and promote

the electrocatalytic activity of the bi-air-electrodes and further enhance the energy

efficiency of ZABs.

Electrochemical performance of the air electrodes. To put the proposal into practice,
we designed the chamber reactor as illustrated in Supplementary Fig. 6a-b. The reaction
chamber was placed on a heating platform and the temperature could be tuned from
room temperature to 300 °C. The P- and N-type electrodes were stuck at the bottom of
the reactor. The temperature on the hot surface (Tn) of the sample is equal to the bottom

floor of the reactor. To precisely control the temperature gradient of the electrodes, the



flow rate of the electrolyte was kept at a steady rate to maintain the cold surface (T¢) of
the electrodes at room temperature. The Seebeck voltage generated from thermoelectric
(TE) effect can be controlled by tunning the temperature gradient (AT). We firstly
studied the OER performance of Ca;Co0409 at different temperature gradients. As shown
in the linear sweep voltammetry (LSV) curves in Fig. 3a, the OER overpotential
decreased significantly from 407 to 306 mV (10 mA cm™) with the AT values increased
from 0 to 200 °C. The corresponding Tafel slopes (Fig. 3b) were also decreased from
268 mV dec! to 63 mV dec™!, demonstrating the OER catalytic kinetics of Ca3C0409
was optimized at larger AT state. Then, we tested the Seebeck voltages of the electrodes
at different AT. As shown in Fig. 3c and Supplementary Fig. 7-9, the experimental
Seebeck voltages that generated from TE effect for CaMnO3, Ca3C0409, and the series
connected CaMnOs3 + Ca3Co40O9 are consistent with the theoretical results. As analyzed
in Supplementary Fig. 10, the tested Seebeck voltages for CazCo409 are 0, 6.8, 11.8,
14.8, 21.3 and 29.1 mV, but the corresponding variation of the OER overpotential are
0, 15.0, 51.0, 69.0, and 101.0 mV, which are much larger than the generated Seebeck
voltages. These results suggest that the enhanced OER performance should not only
originating from the thermally-generated Seebeck voltage, but mainly from the
enhancement of the intrinsic catalytic activity of the electrodes especially at larger AT
state. The turnover frequencies (TOFs) of Ca3Cos4O9 were calculated and the
relationship between the TOFs and at AT/Seebeck voltages was established (Fig. 3d).
The results show that the TOF values increased faster especially at larger AT states with
higher Seebeck voltages, demonstrating the OER catalytic activity and kinetics of the
electrodes were well enhanced at higher temperature gradient. Moreover, the ORR
performance of CaMnOs3 shows similar enhancing tendency with the increase of AT
values (Fig. 3e). The potential at 0.1 mA cm™ increased from 0.72 Vto 0.81 V (vs. RHE)
when the AT increased from 0 °C to 200 °C. In addition, the fitted Koutecky-Levich
(K-L) plots (Fig. 3f) based on the rotating-ring disk electrode (RRDE) results
(Supplementary Fig. 11) show that the CaMnO3 possesses a quasi-4e” pathway for ORR
catalysis, which is recognized as the first-order reaction kinetics for oxygen reduction

process. The enhanced OER and ORR performance of Ca3Co4O9 and CaMnO3 could



be due to the accumulation of the carriers (charge/hole) on the cold surface of the
electrodes especially at higher temperature gradient. More carriers would be generated
at larger AT state and transferred from hot side to cold surface of the electrodes, and
thus changing the electronic structure and the catalytic activity of the active sites. The

deeply enhancing mechanism was unveiled using the density functional theory (DFT)

calculations.
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Fig. 3 Electrochemical performance of the air electrodes. a The electrocatalytic OER polarization
curves of CazCo409 that tested at different AT states in 1.0 M KOH. b The corresponding OER Tafel
plots of Ca3Co409. ¢ Theoretical and experimental Seebeck voltages as functions of AT states for
CaMnO3, CazCo40o, and the series connected CaMnO; + Ca3C0409. d The TOF values of Ca3zCo04Q0y9
at 450 mV overpotential corresponding to different AT values and Seebeck voltages. e The direct
electrocatalytic ORR polarization curves of CaMnOs at different AT states in 0.1 M KOH. f The

fitted K—L plots of CaMnOs3 based on the LSV curves at different potentials.

Theoretical calculations. Computational calculations based on DFT were performed
to better illustrate the mechanism of thermoelectricity enhancing electrocatalysis. To
keep consistent with the structural and thermoelectrical results, layered CazCo4O9
model with [020] lattice plane exposure was established and the inner electric field (1.5
eV/A) was added to simulate the thermoelectric Seebeck voltage (Fig. 4a-b). The atoms

were numbered for calculating the Bader charge variation (Supplementary Fig. 12). As



calculated in Fig. 4c-d and Supplementary Fig. 13, the Bader charge around the surface
atoms of Ca, Co, and O in Ca3zCo0409 decreased while it was increased around the atoms
in the inner layer, indicating the extra electric field would trigger the migration of holes
from inner to the surface and thus oxidized the surface atoms. On the contrary, however,
the Bader charge around the surface atoms of Ca, Mn, and O in CaMnOs increased and

thus their valence states decreased due to the accumulation of electrons (Supplementary

Fig. 14-16). The accumulation of carriers (h* for Ca3Co0409 and e for CaMnO3) would

change the band structure, work function, and fermi level of the thermoelectrocatalysts,
thus potentially influence the catalytic activity of the thermoelectrocatalysts. As shown
in Supplementary Fig. 17, more band structure become straight and less intersection
can be observed for CazCo4O9 when adding the extra electric field. Moreover, although
the symmetry point in the Brillouin region has changed, it is still a direct band gap
semiconductor. These results suggest that the conductivity of pristine Ca3Co0409
(CazCo4009-P) and Ca3Co409 were obviously enhanced by adding an extra electric field
(Ca3Co409-E), which is significantly important for optimizing the OER performance.
Furthermore, we calculated the free energy diagrams of CazCo4O9 for OER and
CaMnO; for ORR before and after adding the electric field. As shown in Supplementary
Fig. 18-19, the intermediates of *OOH, *OH and *O were all energetically favorable
to adsorb on the metallic sites of Co in Ca3Co409 and Mn in CaMnO3 irregardless of
the presence of the electric field. For both CazCo409-P and Ca3Co409-E (Fig. 4e), the
rate-limiting step (RLS) corresponds to the deprotonation of OH* to O* species. The
energy barrier values for the RLS of CazCo409-E is 1.92 eV, which is much smaller
than that of Ca3Co040O9-P (2.06 €V), pointing out the importance of the added electric
field for reducing the OER barrier and accelerating the reaction kinetic of CazCo409. In
addition, for the ORR process, the CaMnO3 with extra electric field (CaMnOs3-E)
displays exothermic downbhill reaction for the four catalytic steps (Fig. 4f) and the four
steps would occur spontaneously. However, the pristine CaMnO3 (CaMnO3-P) exhibits
an uphill reaction for the transformation from OH" to OH" with tough energy barrier of

0.34 eV. The calculation results suggest that the added extra electric field could



obviously modulate the electronic states of catalytic sites in CazCo409 and CaMnO3,

and thus accelerating the catalytic kinetics for OER and ORR process.
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Practical application of the breathing Zn-air batteries. The efficient thermoelectric-
enhancement towards the OER and ORR performance of Ca3;Co409 and CaMnOs

inspired us to develop breathing ZABs using the two thermoelectrocatalysts as bi-air-



electrodes. The structure of the model and photograph of breathing ZAB is shown in
Supplementary Fig. 20. The Ca3C040O9 and CaMnOs electrodes were mounted on the
heating platform and the valve could be controlled for connection to Ca3Co04Oy9 for
discharging and to CaMnOs for charging. The mixture of 6.0 M KOH and 0.2 M ZnCl,
was used as electrolyte and was cooled to keep at room temperature. The charging and
discharging polarization curves of the breathing ZAB at increasing AT states were
shown in Fig. 5a. Benefiting from the thermoelectric effect, both the charging and
discharging curves could be obviously optimized especially at higher AT state. The
discharge power density was improved from 33.5 to 100.4 mW cm™ with the AT values
increased from 0 to 200 °C (Fig. 5b). Moreover, the cycling curves at 10 mA cm™ show
that the charging potential reduced from 2.08 V to 1.97 V, and the discharging potential
was increased from 1.22 V to 1.34 V when the AT value increased from 0 to 200 °C
(Fig. 5¢). The discharge/charge voltage gap for the breathing ZAB decreased from 0.86
V to 0.63 V and the energy efficiency increased from 58.6% to 68.1% (Fig. 5d), which
set a new record for the rechargeable ZABs (Supplementary Table 3). In addition, the
XRD patterns (Supplementary Fig. 21) show that the CazCo04O9 and CaMnOs3 have no
variation after the heating and cycling process, thus ensuring the thermal stability and
cycling durability of Zn-air battery. Based on the above experimental and theoretical
results, the battery performance improvement should be benefiting from both the
Seebeck voltage that generated from the thermoelectric effect and the enhancing

intrinsic activity of the active sites in the electrodes.
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Fig. 5 Battery performance of breathing Zn-air batteries. a The charging and discharging
polarization curves of the breathing ZABs at the AT values of 0, 100 and 200 °C. b The
corresponding discharging power density of breathing ZAB at different AT states. ¢ The cycling
performance of breathing ZABs at 10 mA cm™ with AT values of 0, 100 and 200 °C. d The round-

trip energy efficiency of breathing ZABs at 10 mA cm™ with AT values of 0, 100 and 200 °C.

3. Discussion.

In summary, we designed and developed a breathing ZAB using P-type Ca3zCo409
and N-type CaMnOs as thermoelectrocatalysts in the bi-air electrode configuration. The
CazCo0409 and CaMnO3 were physically separated but in-series connected and were
employed as OER and ORR electrodes for charging and discharging, respectively. The
Seebeck voltages generated from CazCo409 and CaMnOs under certain temperature
gradients could synergistically compensate part of the OER and ORR overpotentials.
The electronic state and band energy structure of the air electrodes could also be

modulated due to the accumulation of carriers on the could surface of the electrodes,



and thus further optimizing the intrinsic OER and ORR activity. Benefiting from the
thermoelectric effect of the air electrodes, the OER and ORR overpotentials were
enhanced by 101 and 90 mV at AT value of 200 °C. The breathing ZABs display a

remarkable energy efficiency of 68.1% with well stability.

Supporting Information.
Experimental details; photographs, battery performance, SEM and TEM images, XPS

spectra, and calculation results of CazC0409, CaMnO3, and ZABs.
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Figure 2

Characterizations of thermoelectrocatalysts. A Characterized, calculated, and fitted results for the Rietveld
refinement from the XRD patterns of CaMnO3and Ca3Co0409, and their corresponding crystal structure. B
HAADF-STEM image of CaMnOQ3, the inset denotes the corresponding FFT pattern of STEM image. C
Atomic-level HAADF-STEM image of Ca3C0409. D The electric conductivity (o) and thermal conductivity
(k), e Seebeck coefficient (S) and the calculated power factor (PF) of CaMn03 and Ca3Co0409.
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Figure 3

Electrochemical performance of the air electrodes. a The electrocatalytic OER polarization curves of
Ca3Co409that tested at different AT states in 1.0 M KOH. b The corresponding OER Tafel plots of
Ca3Co4009. ¢ Theoretical and experimental Seebeck voltages as functions of AT states for CaMnO3,
Ca3Co04009, and the series connected CaMn03+ Ca3C0409. d The TOF values of Ca3Co409at 450 mV
overpotential corresponding to different AT values and Seebeck voltages. e The direct electrocatalytic
ORR polarization curves of CaMnQ3at different AT states in 0.1 M KOH. f The fitted K-L plots of
CaMnO3based on the LSV curves at different potentials.
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Figure 4

Theoretical calculations. a Parallel perspective about layered Ca3Co409model with [020] lattice plane
exposure, and the extra electric field (1.5 eV/A) was added. b Corresponding Mulligan charge distribution
of Ca3C0409 with the extra electric field. ¢ Bader charge value of Ca, d Co atoms at different positions in
the primary Ca3Co409and electric field-applied Ca3C0409, inset shows the corresponding valence states.
e Free energy diagrams for the OER of Ca3C0409, f CaMnO3before and after adding extra electric field.
(The ball in the model: blue is Ca, gray is Co, red is 0)
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Figure 5

Battery performance of breathing Zn-air batteries. a The charging and discharging polarization curves of
the breathing ZABs at the AT values of 0, 100 and 200 . b The corresponding discharging power density
of breathing ZAB at different AT states. ¢ The cycling performance of breathing ZABs at 10 mA cm-2 with

AT values of 0, 100 and 200 . dThe round-trip energy efficiency of breathing ZABs at 10 mA cm-2with AT
values of 0, 100 and 200 .
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