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Actual Active Sites in Spinel Oxides for Electrocatalytic
Oxygen Reduction Reaction

NI Yulong, LI Jing"
(School of Chemistry and Chemical Engineering, Chongqing University, Chongging 401331, China)

Abstract In this study, ZnCo,0, and CoAl,0, model catalysts retaining only a single Co’* (octahedral site) or Co™
(tetrahedral site) were prepared using spinel-type Co,0, as the base material, and the distribution of their active sites
was modulated by selective doping with Zn>" and AI’*. The precise modulation of the crystal structure by dopant ions,
in which Zn*" selectively occupies the tetrahedral sites and Al** preferentially replaces Co* in the octahedral sites,
has been confirmed by XRD, XPS and Raman spectroscopy, which enables the isolated study of Co>" and Co** active
sites, respectively. In the alkaline-mediated oxygen reduction reaction(ORR) test, the half-cell test results show that
the different active sites exhibit significant differences in electrocatalytic performance. Co,0, exhibits the optimal
ORR activity, whereas the catalytic performance of ZnCo,0, (Co™ sites only) is significantly better than that of
CoALO,(Co* sites only) , and the half-wave potential of Co,0, is 50 mV higher than that of ZnCo,0,, while the half-
wave potential of ZnCo,0, is 120 mV higher than that of CoAl,0,, indicating that the octahedrally coordinated Co**
plays a dominant role in the ORR process. In situ Fourier transform infrared spectroscopy analysis further revealed
that obvious ‘O, and "0, intermediate species adsorption signals are detected on the surface of ZnCo,0, during the

reaction process, whereas CoAl,O, exhibits only weak oxygen-containing species adsorption peaks, confirming that
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the adsorption capacity of the key oxygen intermediates at the Co’ site is significantly stronger than that at the Co*"

site.
Keywords Zinc-air battery; Oxygen reduction reaction; Non-precious metal catalyst; Spinel oxide; In situ

electrochemical infrared spectroscopy
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Scheme 1 Schematic diagrams of ZnCo,0,, CoAl,O, and Co,0,
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Fig.2 TEM images of ZnCo,0,(A), CoAl,O,(B) and Co,0,(C)
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Fig.3 TEM image(A), EDS elemental mappings of Zn(B), Co(C) and O(D) of ZnCo,0,
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Fig.4 XPS spectra of Zn,, of ZnCo,0,(A) and Al,, of CoALO,(B), and XPS spectra of Co,, of ZnCo,0,,
CoAlLQ, and Co,0,(C)
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Fig. 6 CV curves of ZnCo,0,, CoAL,O, and Co,0, in N,-saturated 0. 1 mol/L. KOH electrolyte(A) and
magnified view of (A)(B), Tafel curves of ZnCo,0,, CoAlL,O, and Co,0,(C)
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Fig.8 Hydrogen peroxide yield(A), hydrogen peroxide production rate(B) and electron transfer number
(C) of ZnCo,0,, CoAlL,O, and Co,0,
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ST ZnALO,H ) Zn FL AP ORR S F2 A B S A AR AR VR . — 203 i A PR 3 LAl (RRDIE)
DR B TSR S R 3 AL U R R P R B (181 87, WA SCEHFG B, 45 IR, ZnALO, R
B i A AL AU R R AR I I A (29 2. 25) , B HLARUA S P o S o P T BR AR AT
X 54l B ORRHLIARRL. M EZF, A TG PEEA S ZnCo,0, F1 CoALO, FRIN 1 i 22 = 1 L
FHER RO BFAR AL B AL S5, UESE T G R 7 6 DU iR SR AR O RV E R . RS B 2R v i
Zo* FIAP SR P 58 2 B A4 b5 1, X ORR SRR A AL BTk . LA &5 SR UE 2 A1 S8 Ak W 1
R ORR 16 P52 4R IR A TEPEA A, B2/ RMAEL A7 /) Co™.

A 3o R AR 2 HL A DX RS [R5 R R () OV B R, TS5 3 AR o E AL i Fa k2
TR EFL(ECSA). A&l S8 (WA SC I H#(F B iR, Co0, JR I i i 1 WL 2 L2 AEL(C, 16. 46
mF/em?) , 1 ZnCo,0,(10. 4 mF/em?) 5 CoALO, (9. 01 mF/em?) i ECSA 3% . AT EN 2, & %
ECSA #Hif, {H ZnCo,0, 1 ORR T 1 5 48 T CoALO,, F AL IS M 25 S IR IR TI5 M7 i B iy 2%
5, M SN 48 7 5 A AR 25 DA O

R T B R B A R A TR, IR AORME SC PR BRI SR A N VS g, 2P R T -
23S H PEREIA L F 9(A) 1. 4%23 B i A B AR ORR It 2 55 ket 161 485 i W 3k, ELAT AR ) Al H AL 25 AR IR
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ST L AR IS 2 IR AS R B R L . BRSSO b AR AT L A R 1. 65V, SEBR
I (B T I BV, R AR 3R AR AT 2 B/, HEAR Y ORR 1 Pl . MAZS SR R, R
FHR RIS i A A0 i AR R0 B9 B 2 F ol R B0 5 20 v it DK 58 4 — B s Ak 24 AT o B 35, Cos0,,
ZnCo,0, F1 CoALO, 1 52 Ji s W G PR 5 2 v s i 25 SR — 3. R 9(B) I IiL, Co,0,(1.26 V), ZnCo,0,
(1.20 V)1 CoALO,(1. 03 V) I HLIE , T HIE CoALO, KT Co,0,F1ZnCo,0,, B i AT B Hi 1 n] BE
REFERIIRERE . HEII(C)RTLIEH, X355 A48 SALYIE N A RS, Co,0, T HL
28 LI 28 KT ZinCo,0, /), L KT CoALO, Y, BB Co,0, FICEYERENL T ZnCo,0, 1 CoALO,.

E19(D) A 3R RF DAl ZE B, BB T FIFERIZEE . Hid, Co,0, TR % R E T 67. 78
mW/em®, Tij CoALO, 5 40. 31 mW/em?, AbFH Al ZnCo,0,°4 56. 40 mW/em?, 1M 5 UL, CoALO, )Ll
R AR . BESIET T BT IRE 9(E) 1, I, Co,0,AEFEAE M 0. 26, AR T L HIBH
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Fig.9 Schematic diagram of a zinc-air full cell(A), open-circuit voltage plots(B), polarization curves(C),
power density curves(D), electrochemical impedance spectra(E) and rate performance plots(F) of
ZnCo,0,, CoAlLO, and Co,0, in zinc-air batteries

Inset of (E): equivalent circuit diagram. R : Ohmic resistance; R : charge transfer resistance; Z_: diffusion impedance.

0.26 Q, 1 ZnCo,0, 1 CoALO, = B4R F L T4 FE HUBH 73010 0. 63 A1 1. 25 Q, /NI H 455 Ha B
25 Co, 0,45 T AT FL AL A1 RE . CoALO, Y HL T4 8% Hi BH B B 28 KT Co,0, 1 ZnCo,0, 1iESE T HAE EIS
DR 92518 5 21 B it A B P — B0k . 2R T T i i A [ | 9(F) |, 7£5, 10, 25
150 mA BRI R FEA TS, BIAEAF T, Co,0,(1. 13, 1.09, 1.00 F10. 82 V) [ HL e KF
ZnCo,0,(1. 10, 1. 05, 0.95F10. 80 V)1 CoALO,(1.01, 0.93, 0. 75 F10. 60 V), {HJETERIF] 5 mA AYH
TS 3 FPALRLER EAA AP el R4S E BT (1L 14, 113 /11, 10 V), BB S A E b Pk
FRE M.

DA SRS RS BB, A7 DU TET A () 4 T B S TR 1/ TR o5 ) — A 4 P B8 7 [l s A7
TEI Coy0, 76 42 H il 1) S H AR TH 6 di iy, ELAE 4 H sl p (37 /N TR 19— PH B8 2 40 I
IO A B TR LS A A, B DY TR S AN B R R AR TR PR AR S . R TR — 45,
Z I ZnALO, EAT T 8ESS it A 4 H 3 (1S9, AR SCZH (5 18 ), AUESE T Zn® Fil AP FE 4 H
bR =T SN A VA 0 R S G 1 e g s LU T TR N VA= R 131 E P 6 e ) VA AR/ A NS T2 (1 VA AN
TN FH S F . FLTE ZnALO, 1 42 St A5 25 v (9 5 26 AN BEAT R the 5 2 it i 2598 — 3K, 45
45 CoALO, 5 ZnCo,0, 1 LS AT LI H , 785 IS 2548 T L 4 A S DU T AR A3 A5, Co® B S
DURR AR T T/ AN 5 Co™ i SN BT kB
23 BUFERAMAIIMEE

B TR R S A E AL Co,0,J8 FAS BRI p B AR 4 JE S A0, R n] LI 2 Bk Ak
HL SR, pR It S I LA 4G I s oy P ) LR 24 PERE . BT 10(A) R ZinCo,0,, CoALO, il Co,0, 1 48 F1-1]
I8 563 (UV-Vis DRS) &, G Al LR IR, J62Ei By ik 2. 21, 2. 81 F12. 01 eV, FH Zn* il
APFBZREUR Co,0, Y Co? I Co™Ji , FEAR T 2L HL 2%, DTTRZ I T M4 KA 7E ORR BT BE .

B S0 T S A SRR o B b A DU H T BRAR A TN, B SE 48 OOH AITE AL 3R, SR i —
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Fig. 10 UV-Vis DRS spectra of ZnCo,0,, CoALO, and Co,0,(A), schematic diagram of ir sifu infrared
electrochemical testing(B), in sifu infrared electrochemical spectra of ZnCo,0,(C), CoAl,0,D)
and Co,0,(E)

DA b ARG SR A 1 S H ) R P R AU R o 0 KM F 1000~1600 em™' I FBI A, F2& & 10(B)~(E)
7R 3R Al A AL YITE 0. 1 mol/L KOH HL i Hh 204 T ATR AL 1 LAk 22 AL £ DA, 1. 1V
HZEOV. XF ZnCo,0,, 1116 em™ 4bH B 1770, i H AV A W B, 1203 em™ 4 H 3 OOH Sz 17 ]
PRI BFFOGE | 1442 em™ ZbA7AE SN FR A O, IERAE IR BfH04 [ 1 10(C) 1, X F Co,0,, M4 1118 Fl
1444 em™ 20 HYBE T8 05 A0, BYERAE IR FF06 [ 1 10CE) 1, WA £k 300 A X 107 F6 S5 17 Ho T A4 g i 0 ey
FIAHZEAR K, (HZTE Co,0, B AL IR AT ZLAMETE IR, 7T 1228 em™ AL AFAE IR T OOH H BRI, 5
I8 T Co™ Fil Co™ [A] I A7 E B 42 /55 ORR 0 FA) JL 52 it R B 7" O0H R ERN . T F CoALO,, HAEN.
T1203 em™ 40 HHBL T —NJE T OOH (ARFAE N Fif i [ 4] 10(D) ], MIASAEAE O F1°O, I FRFIE I B, AT LA
T H TE 2 FH T CoALO, XA 27 Hr TRIA (05 F1°0, ) B W B RE 1 A 58 S BCHTE 4804 5 S g v AL %
PE2E, U B BRI DU TRTARAT (1) Co™ e 420 Ji S g H ) (AR F W B 55 T B ke T RS2 119 Co™ X 170, 170, 11
W FRFRE 7 I 5, 33k 33K ZnCo,0, il CoALO, —-F7E ORR 2 H Ak 1 1 25 S AR AR R 25

3 & it

T 2 Pk o B ELAT AR A TR G Zn® AT AL, HE TR BEEU Co,0, 2R A1 A AL kA 7 i 0k 5 407
& MY ZnCo,0, 1 CoALO, H 2 7% FA MEALIE TERY Co™F Co™, FFRF 3 REAL AT T Wy B fE F s b2y
PEREDL . o, ZnCo,0, Al CoALO, HF I HL A AH 22 120 mV, 2 KT ZnCo,0, Fll Co,0, )1 I HL (37 25
(50 mV) , 456 5F25 4 i b i MR 25 5, ZnCo,0, #1 CoALO, 1Y % i 228 22 (16. 10 mW/em?) 1t K F
ZnCo,0, 1 C0,0,25 (11. 38 mW/em?) , 52 it il R Bl — 2, 2B/ \THHARNL Y Co™ SRR i A1 S AL W 1 45
MR DU A Y G PR A, DUTET AR AY Co* X TAEALTE ME A STmk AN & . I Has ik s ZnALO,, 7
FHTR) 25T 1R v A2 BRIt i B 2 A A AR 0 PR ) 2 R0 AP B Akt 1 . e Ak 2
HMETELE RAR R, Co Fl Co™ Ak 116 4 22 53 1 FLAAR i PR AT Co? X 40 Ji S 07 HR TR 170 #1170, W B R
7155, 5 CoALOAHLL, ZnCo,0,F% T OOH ML 1%, H Co™ iR S B 10, FO, ML FARFAE DG , 3858 T
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ZnCo, 0, BN TEYE . A SCIE i f AL 7 AL LA MRS SR A 7R 1 AR A7 8 AL Co,0, 1 F2 B HE M 1
JNTHHAAE Co™ Xk SRE H A O F1°0, S I B A T, I ELTE Co™ F1 Co™ 3[Rl A7 7E T 158 1 X1 O0H
RS RE T, DIPTSR B A m AL TS 0 40 S 7 AR b A S A i AL R 3R AL 10

X FH1Z & Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/¢jcu20250076.

5 £ X @
[1] YangH., Miao J., Hung S., Chen J., Tao H., Wang X., Zhang L., Chen R., Gao J., Chen H., Dai L., Liu B., Sci. Adv., 2016, 2,

el501122

[2] Stock D., Dongmo S., Janek J., Schroder D., ACS Energy Lett., 2019, 4, 1287—1300

[3] Miao Q., Yang S., Xu Q., LiuM., WuP., LiuG., YuC., JiangZ., Sun Y., Zeng G., Small Struct., 2022, 3, 2100225

[4] Kang J., Xue Y., YangJ., HuJ., Zhang Q., Gu L., Selloni A., Liu L., Guo L., J. Am. Chem. Soc., 2022, 144, 8969—8976

[5] GuoY., WuD., LiM., Wang K., Zhang S., He G., Yin H., Huang C., Yang B., Zhang J., Small Sci., 2022, 2, 2200035

[ 61 RanjbarS., Paraknowitsch J., Gobel C., Tomas A., J. Am. Chem. Soc., 2014, 136, 14486—14497

[7] LiuG., ChenY., ShiY., Zhang M., Shen G., Qi P., LiJ., Ma D., YuF., Huang X., Adv. Mater., 2023, 35, 2304716

[ 8] Zhang X., Yin H., Dang C., Nie H., Huang Z., Zheng S., Du M., Gu Z., Cao J., Wu X., Angew. Chem. Int. Ed., 2025, 64,
€202425569

[9] Zhang X., Ren K., Liu Y., Gu Z., Huang Z., Zheng S., Wang X., Guo J., Zatovsky L., Cao J., Wu X., Acta Phys. - Chim. Sinica,
2024, 40, 2307057

[10] CaoR., Lee]., Liu M., ChoJ., Adv. Energy Mater., 2012, 2, 816—829

[11] LiuX., Wang H., Chen S., Qi X., Gao H., Hui Y., Bai Y., Guo L., Ding W., Wei Z., J. Energy Chem., 2014, 23, 358—362

[12] Ding W., Wei Z., Chen S., Qi X., Yang T., Hu J., Wang D., Wang L., Alvi S., Li L., Angew. Chem. Int. Ed., 2013, 52, 11755—
11759

[13] LiR.S., MiaoZ. P., LiJ., Tian X. L., Chem. J. Chinese Universities, 2023, 44(5), 2022073025k, WiHHs, 25§k, B . &%
SRR, 2023, 44(5) , 20220730)

[14] Jeongl., Shim Y., Oh S., Yuk J., Rih J., Lee C., Lee K., Adv. Energy Mater., 2024, 14, 2402342

[15] WuG., WangJ., Ding W., Nie Y., Li L., Qi X., Chen S., Wei Z., Angew. Chem. Int. Ed., 2016, 55, 1340—1344

[16] QuW., Tang Z., Tang S., Wen H., Fang J., Lian Q., Shu D., He C., Adv. Funct. Mater., 2023, 33, 2301677

[17] Qi S., Lei Z., Huo Q., Zhao J., Huang T., Meng N., Liao J., YiJ., Shang C., Zhang X., Yang H., Hu Q., He C., Adv. Mater., 2024,
36, 2403958

[18] WeiC., Feng Z., Scherer G., Barber S., Horn Y., Xu Z., Adv. Mater., 2017, 29, 1606800

[19] Kim J., Ko W., Yoo J., Paidi V., Jang H., Shepit M., Lee J., Chang H., Lee H., Jo J., Kim B., Cho S., Lierop J., Kim D., Lee K.,
Back S., Sung Y., Hyeon T., Adv. Mater., 2022, 34, 2107868

[20] Wang Y., Yang Y., Jia S., Wang X., Lyu K., Peng Y., Zheng H., Wei X., Ren H., Xiao L., Wang J., Muller D., Abrufia H., Hwang
B., LuJ., Zhuang L., Nat. Commun., 2019, 10, 1506

[21] LiuZ., Wang G., Zhu X., Wang Y., Zou Y., Zang S., Wang S., Angew. Chem. Int. Ed., 2020, 59, 4736—4742

[22] WulJ., Wang X., Zheng W., Sun Y., Xie Y., Ma K., Zhang Z., Liao Q., Tian Z., Kang Z., Zhang Y., J. Am. Chem. Soc., 2022, 144,
19163—19172

[23] SunS., SunY., Zhou Y., XiS., Ren X., Huang B., Liao H., Wang L., Du Y., Xu Z., Angew. Chem. Int. Ed., 2019, 58, 6042—6047

[24] YuF., YangJ., MaJ., Dul., Zhou Y., J. Alloys Compound., 2009, 468, 443—446

[25] LiuS., Zhang B., Cao Y., Wang H., Zhang Y., Zhang S., Li Y., Gong H., Liu S., Yang Z., Sun J., ACS Energy Leit., 2023, 8,
159—168

[26] HaoY., Hung S., Zeng W., Wang Y., Zhang C., Kuo C., Wang L., Zhao S., Zhang Y., Chen H., Peng S., J. Am. Chem. Soc., 2023,
145, 23659—23669

[27] Xiao Z., Huang Y., Dong C., Xie C., Liu Z., DuS., Chen W., Yan D., Tao L., Shu Z., Zhang G., Duan H., Wang Y., Zou Y., Chen
R., WangS., J. Am. Chem. Soc., 2020, 142, 12087—12095

[28] Liul., Bao H., Zhang B., Hua Q., Shang M., Wang J., Jiang L., ACS Appl. Mater. Interfaces, 2019, 11, 12525—12534

[29] Zhang X. Y., QuG., Xue D. P., Yan W. F., Zhang J. N., Chem. J. Chinese Universities, 2023, 44(5), 20220775(5k/hE , #i T, [
FE, ESCRE, SREERT . mAFR R, 2023, 44(5), 20220775)

[30] KukunuriS., Noguchi H J., J. Phys. Chem. C, 2020, 124, 7267—7273

[31] LiL., Zhul]., Kong F., Wang Y., Kang C., Du C., Yin G., Maitter, 2024, 7, 1517—1532

[32] Nayak S., McPherson I., Vincent K., Angew. Chem. Int. Ed., 2018, 57, 12855—12858

(Ed.: Y, K, S)

Chem. J. Chinese Universities, 2025, 46(9), 20250076 20250076(140/140)



