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Experimental details

Materials: Analytical grade chemicals of, copper sulfate pentahydrate
(CuSO45H,0), sodium hydroxide (NaOH), trisodium citrate, L-ascorbic acid,
hydrogen peroxide solution (30 wt.%) and hydrogen peroxide (H,O,, 30%) were
purchased from Aladdin Industrial Co., Ltd. (Shanghai) and used without further
purification.

Characterization: The morphology was characterized by scanning electron
microscopy (SEM, SU8010) and transmission electron microscopy (TEM and
HRTEM, JEM-2100). The particle size of all samples was examined by Laser Particle
Size Analyzer (S90, Malven). The UV absorption wavelength of CDs was analyzed by
UV-Visible Spectrophotometer (UV-3600, Shimadzu). The phase analysis was
performed by the Bruker D8 X-ray diffractometer (XRD) with Cu Ka (A = 1.5418 A)
radiation. Raman spectrum was recorded by using R200-L Raman spectrometer
(Bruker) with 532 nm laser. The in-situ Raman spectra were captured from the
CV test at 0.6 mV s°! and collected every 90 seconds. Reflectance fourier
transform infrared (FTIR) spectra were acquired using a Bruker INVENIO FTIR
spectrometer (Karlsruhe, Germany). The surface element state and chemical
composition of the samples was analyzed by X-ray photoelectron spectroscopy (XPS,
Thermo Fisher, ESCALab250Xi) with Al Ka radiation.

Electrochemical and photoelectrochemical measurements: The slurry mixed
with 10 wt.% Ketjen black, 10 wt.% PTFE and 80 wt.% of active material were

uniformly coated on a stainless steel mesh and dried at 70 °C for 12 h to obtain Cu,O-



CDs-X electrodes for electrochemical measurements. The mass loading of active
material was 1.1 mg cm™. The battery was assembled using the Cu,O-CDs-X electrode
as the cathode, zinc metal foil as the negative electrode, a glass fiber as separator, and
aqueous 2 M ZnSQ, as electrolyte. The voltage of electrochemical measurement was
controlled between 0.2 and 1.1 V. The galvanostatic charge/discharge (GCD) and
galvanostatic intermittent titration technique (GITT) tests were performed on the
LAND battery test system (CT2001A). The cyclic voltammetry (CV) (voltage was
controlled between 0.2 and 1.2 V) and the electrochemical impedance spectroscopy
(EIS) tests were recorded on a CHI760E workstation.

Theoretical calculation: All density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package (VASP). The elemental core
and valence electrons were represented by the projector augmented wave (PAW)
method and plane-wave basis functions with a cut off energy of 550 eV. Generalized
gradient approximation with the Perdew-Burke-Ernzerh of GGA-PBE) exchange-
correlation functional was employed in all the calculations. Geometry optimizations
were performed with the force convergency smaller than 0.05 eV/A. The DFT-D3
empirical correction method was employed to describe van der Waals interactions.
Monkhorst-Pack k-points of 2 x 2 x 1 was applied for all the calculations. A climbing
image nudgedelastic band (CI-NEB) method was used to locate the transition states

with the same convergence standard.
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Figure S1. SEM images of (a) Cu,O-CDs-10, (b) Cu,0O-CDs-20, (¢) Cu,0-CDs-30 and (d) pure

CU20.
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Figure S2. Size distribution of (a) pure Cu,0, (b) Cu,O-CDs-10, (c) Cu,0O-CDs-20 and (d) Cu,0O-

CDs-30.
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Figure S3. (a) TEM images, (b) XPS-survey, (c) and (d) TEM-EDS of CDs.
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Figure S4. UV-vis spectra of the CDs.
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Figure S5. SEM-Mapping of (a) Cu,0, (b) Cu,0-CDs-10, (¢) CuyO-CDs-20 and (d) Cu,O-CDs-30.
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Figure S6. SEM-EDS of (a) pure Cu,0, (b) Cu,O-CDs-10, (c) Cuy0O-CDs-20 and (d) Cu,O-CDs-

30.
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Figure S7. TEM images of (a) Cu,0O-CDs-10, (b) Cu,0O-CDs-20 and (c) Cu,O-CDs-30.
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Figure S8. The fitted Raman patterns of (a) Cu,O-CDs-10 and (b) Cu,O-CDs-30.
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Figure S9. XPS-survey of Cu,O-CDs-20.
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Figure S10. GCD curves of Cu,0O-CDs-X and Cu,O electrodes at different current densities.
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Figure S11. GITT profiles and the calculated Zn** diffusion = Zn

Cu,O electrode.
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Figure S12. Energy band structures of (a) pure Cu,0 and (b) Cu,O-CDs-20.
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Figure S13. Raman spectra of Cu,0O-CDs-20 after different cycles.



Table S1. Crystal plane spacing obtained by XRD patterns

Simple d(110) d(l1l) d200) d220) d311)
Pure Cu,0 3.0235 2.4669 2.1359 1.5097 1.287
Cu,0 -CDs-10 3.0275 2.4702 2.1383 1.5072 1.2874
Cu,0 -CDs-20 3.0275 2.4702 2.1388 1.5108 1.2882
Cu,0 -CDs-30 3.0235 2.4669 2.1359 1.5099 1.2873
Table S2. Parameters of equivalent circuit for all samples
Sample R, (2) R (2) Ry (©2)
Cu,0 2.883 902.2 0.72
Cu,0-CDs-10 2914 480.6 0.60
Cu,0-CDs-20 2.815 306.2 0.54
Cu,0-CDs-30 3.373 119.9 0.56
Cu,0-CDs-20 (after 1st) 4.863 391.0 0.60231
Cu,0-CDs-20 (after 3rd) 6.81 863.1 0.31526




Table S3. Calculated adsorption energy of Zn?>" on the surface of Cu,O-CDs-20 and Cu,O

Simple E, (a.u.) Eg(a.u.) Ec(a.u.) E s (eV)
Cu,0-CDs-20 (Zn) -3103.64965 -3043.15368 -60.48693 -0.246
Cu,0 (Zn) -2754.73245 -2694.22582 -60.48693 -0.536

Table S4. Comparison of the electrochemical performance of Cu,O-CDs-20 cathodes and

previously reported Cu-based cathodes in AZIBs

cathodes Electrolyte Capacity Current density Reference
Cllg05V,0s 3M Zn(CH;F;S0;),  405mAh g 0.1A g R1
CuO 3 M ZnSO, 230mAhg! 0.1Ag! R2
Cul 3 M ZnSO, 105mAhg! 0.1 Ag! R3
Cuy,Te 3M Zn(CH;F;S0;), 158mAhg! 0.03Ag! R4
0.5 M CuSO,
CuSe 346 mA hg'! 05A¢g! R5
and 0.5 M ZnSO,
CuS,_@PANI 3 M ZnSO, 198.5mAhg! 0.1Ag! R6
CuS@CTMAB 2 M ZnSO, 287.5mA hg'! 02A¢g! R7
CuV,04 3 M Zn(CH3F;S053), 427 mA h g'! 0.1Ag! RS
Cu,0-CDs 2 M ZnSO, 425 mA h g! 0.1Ag! This work
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Core-shell structure of Cu,0O constructed by carbon quantum dots exhibited high
discharge specific capacity and excellent rate performance. And the conversion-type

zinc storage mechanism was confirmed by in-situ XRD and in-situ Raman technology.



