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Abstract

Zinc-air batteries (ZABs) are ideal for new electrochemical energy storage devices because of their high
theoretical energy density, high safety, low cost, and high environmental friendliness. Reducing the reaction
barriers of the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) processes by utilizing
efficient electrocatalysts is the key to improving the efficiency of zinc-air batteries. Precious metal catalysts,
such as Pt/C, RuOy, and IrO; have become benchmark catalysts for the ORR or OER. However, its scarce
resources, high price and poor stability hinder its future large-scale application, so it is urgent to find cost-
effective alternative materials. As an extension of single-atom catalysts (SACs), dual-atom catalysts (DACs)
not only have high atom utilization, but also higher catalytic site loading and tunable active site configurations,
which are expected to further improve the catalytic performance of the ORR and OER, and to be a strong
candidate as a catalyst for the cathode of zinc-air batteries. Among them, transition metals (Fe, Co, Ni, Cu,
etc.) are abundant, and TM-N, has excellent ORR and OER activities. Therefore, among the many atomically
dispersed catalysts transition metal-nitrogen-carbon class of dual-atom catalysts (TM-N-C DAC) has been
widely studied. In this thesis, different pairs of transition metal atoms (Fe-Cu and Fe-Co) are anchored to
nitrogen-doped carbon materials to construct DACs by high-temperature pyrolysis. The oxygen
electrocatalytic properties of Fe-Cu DAC and Fe-Co DAC were investigated and applied in zinc-air batteries,
and the main research results are as follows:

(1) Due to isolated active sites, SACs are often unsatisfactory in oxygen electrocatalysis containing
multiple intermediates and reaction pathways. In order to solve this problem and improve the oxygen
electrocatalytic activity of atomic-level catalysts, we prepared a B-doped Fe-Cu/NC (Fe-Cu-B/NC) as an
oxygen electrocatalyst by high-temperature pyrolysis and acid-washing method. AC-HAADF-STEM, EELS
and XAFS techniques proved the existence of Fe-Cu-B/NC in the form of Fe-Cu diatom. The Fe-Cu-B DAC
introduced via B and Cu showed superior ORR (E1/2=0.84 V) and OER (n10=450 mV) activities in alkaline
media. In situ synchrotron infrared spectroscopy (SR-IR) and in situ electrochemical impedance spectroscopy
(EIS) indicated that the interaction between Fe-Cu diatoms during the ORR process optimized the adsorption
configurations and adsorption strengths of the reaction intermediates on the active sites, thus enhancing the
ORR Kkinetic activity. Given the good ORR/OER bifunctional activity of Fe-Cu-B/NC, the zinc-air battery
assembled with this catalyst exhibited an open-circuit voltage of 1.44 V, a peak power density of 53.36 mW
cm and a specific capacity of 573.02 mAh g* (J=10 mA cm-).

(2) The interaction between the diatomic active sites greatly enhances its oxygen electrocatalytic activity,

but the porous structure of the catalyst itself is equally important in influencing the catalytic performance. In



this work, we utilized an economical and environmentally friendly hydrogel as a metal precursor and
mesoporous template to prepare Fe-Co catalysts with microporous/mesoporous coupling (HP/FeCo-NC) by
a one-step high-temperature pyrolysis method. HRTEM and XAFS techniques together indicate that
HP/FeCo-NC is an atomically dispersed catalyst. BET tests and electrochemical tests showed that HP/FeCo-
NC with more mesoporous structure had superior ORR (E12=0.865 V) and OER (n10=410 mV) activities,
which stemmed from the fact that the more mesoporous structure allowed substances to reach the active sites
inside the catalyst faster, facilitating the mass transfer rate during the reaction. Meanwhile, in situ SR-IR
indicated that the interactions between the diatoms favored the breaking of O-O bonds, thus accelerating the
ORR process. HP/FeCo-NC as a cathode material for liquid zinc-air batteries has an open-circuit voltage of
1.48 V, a peak power density of 153.5 mW cm?, and a high specific capacity of 612.31 mAh g (J=10 mA
cm?).

Key words: dual-atom catalyst; oxygen reduction reaction; oxygen evolution reaction; zinc-air battery
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Figure 1-1 Schematic structure of a zinc-air battery
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Xt 4 R AL S B IREE ST . BN Zhang FAIBAFAS AR, A48 A AR IR B il £ T
Pt:Pd1/CeO2 DAC. N4l & If 1) CeO2 HHATIEJE AT AL, ARG H P HI Pd* DA
CeO2 ¥, K Pt Al Pd? 5 CeOq W A S M TRCAZ 1S 2 Pt-Pd FTIRAK, £
IR KGR T CeOz FIfi 1 Pt JA1F1 Pd JR-1-2,

SRR, PIFRH % DACSs HIHRS & A LA RBR . B KA E g ] 2% ) DACs
SR ks LT vy, AT PETE SR T E TR SRR B IS S KR, HR AT R

1.5.3 MR FHEMLFIRIRAE

HERR I RAE DACS S G AL 2 (R BRI 3E— 25 S SR ROE Rl e 2
HITEF . R, X BEATH (XRD) M BT BME (TEM) XHRE AR K85
T DARIRLAZAE B HEAG TR, 5T 0@ B 7 A AR B o AT AN B8 78 43 o DRI 75 2 B ok v 1
RAEFE AR DACs. Hf X HEGHTFRERE (XPS) |\ /K1 (Mdsbauer
Spectroscopy) « 14 2% IE & M FE M RIS I A #6E 9 B B8 (AC-HAADF-STEM) #il
X SHRMRBORE AN 254 (XAFS) AR & RAE DACs % F F- B 103,



