Supplementary Information (Sl) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2025

Supporting Information

Coordination modulation of single-atom Zn sites to boost oxygen reduction performance

Siying Zhang,**® Xue Bai,* Tianmi Tang,® Weidong Ruan*" and Jingqi Guan*?

a Institute of Physical Chemistry, College of Chemistry, Jilin University, 2519 Jiefang Road,
Changchun 130021, P. R. China. *E-mail guanjq@)jlu.edu.cn (J.Q. Guan)

bState Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin
University, Changchun 130012, P. R. China. *E-mail: ruanwd@jlu.edu.cn (W.D. Ruan)

Siying Zhang and Xue Bai contributed equally to this work.

1. Materials preparation

100 mg of graphene oxide (GO) was dispersed into 50 mL of distilled water by ultrasonic
treatment for 1 h, and then 3.7 mg of ZnNO; 6H,0O was added. The mixture was dried by a
rotary evaporator to obtain Zn-GO powder, which was mixed with melamine and then rapidly
calcined in a tube furnace for 3 minutes in N, atmosphere. The c-Zn-NG-T samples were
prepared with different zinc contents (c = 0.3, 0.5, 0.8, or 1.0 wt.%) at different temperatures
(T =700, 800, and 900 °C). T For simplification, 0.8 wt.%-Zn-NG-800 °C was also denoted
as Zn-NG. The contrast samples G, NG, and Zn-G were also synthesized using a similar

method.

2. Structural characterization of catalysts
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X-ray diffraction (XRD) patterns of powder were obtained using a Shimadzu XRD-6000.
An instrument used for high angle annular dark field imaging (HAADF) was a JEM-ARM
200 F microscope. Spectra from X-ray photoelectron spectroscopy (XPS) were recorded using
a Thermo VG ESCALAB 250. The BL11B beamline of the Shanghai Synchrotron Radiation
Facility was used to perform the X-ray absorption spectroscopy (XAS) spectrum of Zn-NG

near the Zn K edge.

3. Electrocatalytic measurements

All electrochemical tests are performed on a rotating disk electrode (RDE) controller
connected to an electrochemical workstation (CHI760E). Electrochemical tests were
performed using a three-electrode system. A saturated calomel electrode (SCE) was used as
the reference electrode, a platinum wire was used as the counter electrode, and the catalyst-
coated glassy carbon electrode (GCE) was used as the working electrode. The catalyst loading
is 0.5 mg cm™2. The electron transfer number (n) determined by the slope of the spectral line
is calculated using the K-L equation.! The H,O, yield and electron transfer number measured

by the rotating ring-disk electrode were calculated by the formula (1) and (2):
I d
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I4 and I, are disk current and ring current, respectively. N is the H,O, collection efficiency of

Pt ring, which is 0.25.
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4. Zn-air battery measurements

The Zn-air battery performance was evaluated in 6 M KOH on a battery test system
(LANHE CT2001A). The modified carbon paper (catalyst loading: 1 mg cm™) and a Zn plate
(1 mm in thickness) were used as the air electrode and the metal electrode, respectively. The
electrolyte was a mixture of 6 M KOH and 0.2 M Zn(Ac),. Catalyst ink was prepared by
mixing 100 puL of 1% Nafion/ethanol solution, 500 pL of ethanol and 2 mg catalyst. OCV and
discharge polarization curves were measured using a CHI 760E electrochemical workstation.
The discharge curves at different current densities (5, 10, 25, and 50 mA cm™?), specific
capacity test at 5 mA cm 2 and charge-discharge cycle stability test at 5 mA c¢cm™2 (each

charge-discharge cycle lasts for 20 min) were carried out on LANHE battery test system.

5. Computational methods

Vienna ab initio simulation package (VASP) was employed for the DFT calculations. The
exchange-correlation functional was performed using the projector-augmented wave (PAW)
method and Perdew-Burke-Ernzerhof (PBE) potential. The Brillouin zone consists of 3 x 3 x
1 Monkhorst-Pack mesh points. The Nerskov's model was used to explore the ORR
mechanism. This approach allowed for detailed and accurate calculation of reaction barriers
across different material groups. By comparing these barriers, we could assess the ORR

efficiency, thus shedding light on their catalytic behaviors and potential applications.
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Fig. S1 XRD patterns of Zn-NG-800, Zn-G-800, NG-800 and G-800.
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Fig. S2 High Resolution XPS Spectra of Zn 2p
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Fig. S3 CV curves of Zn-NG-800, Zn-G-800, NG-800, G-800 and Pt/C in O,-saturated (solid

line) or N,-saturated (dashed line) 0.1M KOH at a sweep rate of 5 mV s
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Fig. S4 (a) LSV curves of 0.8% Zn-NG. (b) Tafel plots.
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Fig. S5 (a) LSV curves of Zn-NG -800 with different initial Zn contents. (b) Tafel plots.
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Fig. S6 Double-layer capacitance measurements for determining the electrochemical active
surface area for the Zn-NG-800 (a) CVs measured in a non-Faradaic region at scan rate of 10
mV s1, 20 mV s, 40 mV s, 60 mV s1, 80 mV s!, and 100 mV s-!. (b) The cathodic (black)
and anodic (red) currents measured at 1.059 V vs RHE as a function of the scan rate. The
average of the absolute value of the slope is taken as the double-layer capacitance of the

electrode.
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Fig. S7 Double-layer capacitance measurements for determining the electrochemical active
surface area for the Zn-G-800. (a) CVs measured in a non-Faradaic region at scan rate of 10
mV s1, 20 mV s, 40 mV s, 60 mV s1, 80 mV s!, and 100 mV s-!. (b) The cathodic (black)
and anodic (red) currents measured at 1.059 V vs RHE as a function of the scan rate. The
average of the absolute value of the slope is taken as the double-layer capacitance of the

electrode.
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Fig. S8 Double-layer capacitance measurements for determining the electrochemical active
surface area for the NG-800. (a) CVs measured in a non-Faradaic region at scan rate of 10
mV s1, 20 mV s, 40 mV s, 60 mV s1, 80 mV s!, and 100 mV s-!. (b) The cathodic (black)
and anodic (red) currents measured at 1.059 V vs RHE as a function of the scan rate. The
average of the absolute value of the slope is taken as the double-layer capacitance of the

electrode.
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Fig. S9 Double-layer capacitance measurements for determining the electrochemical active

surface area for the G-800. (a) CVs measured in a non-Faradaic region at scan rate of 10 mV

s1,20 mV s, 40 mV s, 60 mV s°!, 80 mV s!, and 100 mV s-!. (b) The cathodic (black) and

anodic (red) currents measured at 1.059 V vs RHE as a function of the scan rate. The average

of the absolute value of the slope is taken as the double-layer capacitance of the electrode.
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Fig. S10 (a) Nyquist plots of the EIS test for the Zn-NG-800, Zn-G-800, NG-800 and G-800.

(b) The equivalent circuit used for fitting the Nyquist plots.
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Fig. S11 XRD pattern of the used Zn-NG-800 after ORR test.
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Fig. S12 (a) XPS survey spectrum. (b) XPS spectra of N 1s. The signals at around 685 eV (F
1s), 859 eV (F Auger), and 887 eV (F Auger) are all attributed to the absorbed F ions, because

we supported the Zn-NG on a FTO conducting glass with 10*10 c¢cm? for the ORR and

collected the sample after the reaction.
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Fig. S13 LSV curves of Zn-NG-800 in 0.1 M KOH with 10 ppm KSCN.
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Fig. S14 The stable structure of Zn-N3G model and the intermediate structures for catalytic

ORR. * represents the catalyzed surface.
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Fig. S15 The stable structure of Zn-N,G model and the intermediate structures for catalytic

ORR. * represents the catalyzed surface.
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Table S1. Curve fit parameters of Zn K-edge EXAFS for the Zn-NG

Sample*  Path NP R/A¢ 62 (103A2)d  AEy/eV R-factor
p

Zn-NG Zn-N  4.18+0.22 1.980+0.014 0.009 3.92+1.61  0.008

2§,2 was fixed as 0.9. "N is the coordination number. ¢ R is the distance between absorber and

backscatter atoms. 9 62 is the Debye-Waller factor. R-factor is residual factor.
y
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Table S2. Comparison of the ORR performance of SACs in 0.1 M KOH

Eon-set Limiting current
Catalysts Eiz (V) potential  density (mA cm™) References
Zn-NG-800 0.84 0.957 4.40 This work

Fesa/NMC-800 0.71 0.930 5.75 2
CoSA@NC 0.825 - 5.32 3
Fe;C-FeSA@3DCN 0.835 0.926 5.72 4
Fe-2D-NOC 0.826 0.985 5.22 >
Au SAC CoN@NF 0.767 0.968 - 6
Co@SA-NC 0.79 - 4.80 7
Co-CMS 0.83 0.88 2.70 8
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Table S3. Comparison of the performance of SACs-based ZABs

Open-circuit Peak power Specific
Reference
Catalysts voltage density capacity
\%) (mW cm2) (mA h gz, ™) s
Zn-NG-800 1.50 158 730.3 This work
Fesa/NMC-800 1.45 91 - 2
FePc-c—-NG-10 1.47 141 750 0
M—Fe,03/Fesa@NC 1.45 155 762 10
Co-SAs/N-C/rtGO 1.52 141.46 671.94 1
Co-N5/DHC. 1.45 160.7 766.2 12
Co-W,C 1.48 188.5 708.1 13

NC-30Fe**-750 1.47 149.1 824 14
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