
Supplementary information

Nitrogen/oxygen/sulfur tri-doped hard carbon nanospheres 

derived from waste tires with high sodium and potassium 

anodic performances

Qian Zhao,a,b,c,1 Qiaotian Zheng,a,1 Shenghu Li,a Bin He,a Xiulong Wu,a Yujue Wang,c 

Qingyuan Wang,a,c Yan Meng,d * and Dan Xiao,c,d *

a College of Mechanical Engineering, Chengdu University, No. 2025, Chengluo Road, 

Chengdu 610106, PR China.

b Solid-state Fermentation Resource Utilization Key Laboratory of Sichuan Province, 

Yibin University, No. 8, Jiusheng Road, Yibin 644000, PR China.

c Institute for Advanced Study, Chengdu University, Chengdu 610106, PR China.

d Institute of New Energy and Low-Carbon Technology, Sichuan University, Chengdu 

610065, PR China.

 Corresponding authors. E-mail address: meng.yan.scu@hotmail.com (Y. Meng), 

xiaodan@scu.edu.cn (D. Xiao).

1 These authors contributed equally to this work.

Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2023

mailto:meng.yan.scu@hotmail.com
mailto:xiaodan@scu.edu.cn


XPS etching: Al Kα microfocusing monochromatic source was adopted for 

XPS etching, and CAE scanning mode was used to achieve high-performance data 

acquisition with low power consumption (72 W). The vacuum degree of the analysis 

room is ≤ 2×10-7 mbar. Full spectrum scanning was performed with a flux of 100 eV 

and a step size of 1 eV, and narrow-spectrum scanning was performed with a pass 

energy of 30 to 50 eV and a step size of 0.05 to 0.1 eV. The number of scans was 

adjusted 5-20 times in combination with the pass, step size and signal strength. C1s 

(284.8 eV) was used as the standard for binding energy correction.



Fig. S1 TG curve of the waste tires pyrolyzed in argon at a heating rate of 5 °C min-1.



Fig. S2 The SEM images of NOS-HCs. (a, b) NOS-HC700, (c, d) NOS-HC800, (e, f) 

NOS-HC900, (g, h) NOS-HC1000 and (i, j) NOS-HC1100.



Fig. S3 The TEM images and lattice fringes (insets) of NOS-HCs: (a, b) NOS-HC700, 

(c, d) NOS-HC800, (e, f) NOS-HC1000 and (g, h) NOS-HC1100.



Fig. S4 The N2 adsorption-desorption isotherms curves.



Fig. S5 XPS survey spectrums of the NOS-HCs, (b) the survey spectra and chemical 

composition of NOS-HC900 and (c) the C 1s spectrum.



Fig. S6 The microstructure of NOS-HC900 with after cycling: the SEM image of SIBs 

(a) and PIBs (b), the TEM image of SIBs (b, c) and PIBs (e, f).



Fig. S7 Model structure showing interactions between solvated molecules and doped 

carbon: (a, b) N, O, S tri-doping model, (c, d) N, O co-doping model. 



Fig. S8 The GCD profiles from 1st to 500th cycle at 100 mA g-1.



Fig. S9 (a) GITT profile as a function of time during the 300th cycle in the voltage 

range of 0.01-2.9 V (vs. Na+/Na) for NOS-HC900. (b) The determination of ΔEτ and 

ΔEs from the measured GITT profiles. 



Fig. S10 The stable structures for Na acting on different active sites: (a) adsorption, (b) 

intercalation and (c) pore-filling.



Table S1 Textural properties of the samples of NOS-HC700, NOS-HC800, NOS-

HC900, NOS-HC1000 and NOS-HC1100.

Samples
d(002)

(nm)
ID/IG

SBET

(m2 g-1)
Vp

(cm3 g-1)

NOS-HCs700 0.371 0.93 60.1 0.45

NOS-HCs800 0.380 0.99 57.7 0.33
NOS-HCs900 0.392 1.02 55.8 0.29

NOS-HCs1000 0.395 1.05 49.9 0.24

NOS-HCs1100 0.401 1.10 45.1 0.18



Table S2 Peak assignment of C 1s, N 1s, O 1s and S 2p for NOS-HC900.

Peak
Binding 

energy (eV)
Assignment

Fraction of 
species (%)

284.7 C-C/C=C 78.6
285.3 C-N/C=N 9.8
285.8 C-O/C=O 7.4

C 1s

286.8 C-S 4.2
398.5 Pyridinic N 14.1
400.9 Graphitic N 56.9N 1s
402.7 Pyridine-N 29.0
531.8 C=O 18.9
533.1 O-C-O/C-OH 63.3O 1s
534.6 COOH 17.8
164.3 S 2p3/2: C-S-C 58.1
165.4 S 2p1/2: C-S-C 25.4

S 2p
168.4

Oxidized sulfur 
species

16.4



Table S3 Element analysis of samples under different temperatures

Sample C H N O S

NOS-HC700 77.18 0.51 8.73 9.51 4.07

NOS-HC800 79.57 0.45 8.84 7.20 3.94

NOS-HC900 81.67 0.32 8.46 5.93 3.62

NOS-HC1000 84.87 0.28 6.95 5.37 2.53

NOS-HC1100 88.69 0.27 4.57 4.49 1.98

The element content is calculated by a mass fraction (wt.%, dry basis).



Table S4 Comparison of the sodium-storage performance for carbon-based anode in 

the recent literatures with our sample.

Electrode 

materials

Rate performance

Charge (mAh g−1) / Current

density (mA g−1)

Cycling performance

Charge (mAh g−1) / Current 

density (mA g−1) / Cycles

Ref.

NOS-HC900
425.3 / 100

315.1 / 2000
402.5 / 100 / 1000 Our work

HC/VC-1300
420 / 50

68 / 1000
261 / 100 /100 [1]

HC-Al2O3-5%
321.5 / 50 

83.6 / 1000 
72.6 / 1000 / 2000 [2]

SHCs-1500 305 / 30 286 / 30 / 300 [3]

CSHP2
250 / 100 

123 / 1000
215 / 100 / 100 [4]

PFHC-20 334.3 / 20 196.9 / 100 /300 [5]

NSC2
280 / 50

102 / 10
223 / 1000 / 2000 [6]

NPDCs-700
212 / 2000

150 / 5000
197 / 2000 / 2000 [7]

carbon@750 C
367.6 / 50

65.8 / 5000
161.5 / 2000 / 5000 [8]

SAC-750 67 / 3000 303 / 100/ 100 [9]

HPC-UP-6
416.9 / 50

253.6 / 1000
341.5 / 50 / 100 [10]

BPC-1100
400 / 50

145 / 1000
332.8 / 50 / 400 [11]

HCMT-1300
302 / 100

201 / 1000
301 / 100 / 100 [12]

ENMC
234 / 100

129 / 2000
154 / 1000 / 1000 [13]

WSC-1500
352 / 100

182 / 1000
305 / 100 / 200 [14]

HCS-3 310.5 / 50 266.2 / 100 / 300 [15]



Table S5 Equivalent circuit parameters of the NOS-HC900 for SIBs after cycling.

Type Cycle number Rs/Ohm RSEI/Ohm Rct/Ohm
Pristine 7.8 4.9 158.9

10th cycle 6.1 10.2 67.5
50th cycle 6.0 15.3 44.3

SIBs

100th cycle 5.9 15.6 42.9
Pristine 18.1 82.5 1580.2

10th cycle 26.3 143.1 837.6
50th cycle 34.5 154.4 386.3

PIBs

100th cycle 48.2 158.1 368.5



Table S6 Comparison of the potassium-storage performance for carbon-based anode in 

the recent literatures with our sample.

Electrode 

materials

Rate performance

Charge (mAh g−1) / Current

density (mA g−1)

Cycling performance

Charge (mAh g−1) / Current 

density (mA g−1) / Cycles

Ref.

NOS-HC900
342.6 / 100

231.7 / 2000
322.7 / 100 / 1000 Our work

HCLP
300 / 50

121 / 2000
211.6 / 50 /200 [16]

MW-HC
321.5 / 50 

170 / 200 
136 / 200 / 100 [17]

CQDHC 313 / 100 237 / 100 / 150 [18]

NO-YS-CS
473.7 / 20 

183.3 / 1000
215 / 500 / 2500 [19]

SHC-3 298.1 / 100 283.8 / 100 /1000 [20]

NSO-HCN
209.6 / 50

136.0 / 500
184.2 / 100 / 200 [21]

I/N-HC
278 / 200

150 / 800
185 / 200 / 400 [22]

PI-T-Pab 200.3 / 50 146.1 / 100 / 100 [23]

CS-1000
298 / 100

262 / 200
217 / 200/ 500 [24]

N-CNC
254.0 / 100

107.9 / 2000
132.9 / 1000 / 200 [25]

PNTCDA@900
220.7 / 100

193.9 / 200
169.0 / 100 / 150 [26]

SPCS 232.6 / 200 165.2 / 1000 / 1500 [27]

N-CLNTs-700
303.4 / 50

266.0 / 100
261.0 / 50 / 150 [28]

NCS-5
302 / 50

280 / 100
205 / 1000 / 2000 [29]

OPDMC 224 / 30 150.3 / 200 / 2000 [30]



Table S7 XPS binding energy values and peak assignment for C 1s.

C 1s
Position

(eV)
0 nm

Position

(eV)
15 nm

Position

(eV)
30 nm

Peak 

assignment

283.2 18.1% 283.1 16.6% 282.9 30.6% Nax-HC

284.5 29.2% 284.4 14.3% 284.2 43.5% C-C, C-H

286.0 35.5% 285.9 33.2% 285.8 11.9% C-O
3th

288.6 17.2% 288.5 35.9% 288.5 14.0% RCO3

283.5 4.3% 283.0 42.2% 282.9 39.4% Nax-HC

284.5 48.2% 284.2 20.8% 283.9 25.0% C-C, C-H

286.0 22.7% 285.7 12.9% 285.5 9.5% C-O
300th

288.4 24.8% 288.3 24.1% 288.1 26.1% RCO3
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