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Boron and Nitrogen Co-doped Biomass Carbon Sphere Anode Material:
Preparation and Sodium Storage Properties for Sodium-ion Batteries

MA Xiaojia, GENG Xinyu, ZHANG Weike

(College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: Hard carbon is a promising anode material for sodium-ion batteries due to its low cost, wide source and
long lifespan. However, its lower initial Coulombic efficiency (ICE) and poor capacity limit its practical
applications. At present, heteroatom doping is an effective strategy to modulate the amorphous carbon
microcrystalline structure and improve the sodium storage performance of carbon materials. The synergistic effect
generated by combined heteroatom doping is more conducive to enhancing the electrochemical reactivity of carbon
materials than single heteroatom doping. In this study, carbon spheres were synthesized by hydrothermal reaction,
with waste residue extracted from potato starch processing waste liquid as precursor, based on which boron and
nitrogen co-doped biomass carbon spheres were prepared by ball milling and pyrolysis using urea and sodium
tetraborate as doping sources. Subsequently, the effects of B and N co-doping on the microstructure and sodium

storage properties of carbon materials were investigated. The results indicated that B and N co-doping increased
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disorder and enlarged layer spacing of carbon materials, while forming suitable C=0 bonds that were conducive to

stabilizing solid electrolyte interphase film generation. The as-prepared electrode exhibited a reversible capacity of

284.3 mAh-g ' at a current density of 50 mA-g ' with an ICE of 77.0%. After 500 cycles at 2 A-g ', its capacity

decayed to 122.5 mAh-g ', with 56.1% capacity retention. Therefore, boron and nitrogen co-doped biomass carbon

sphere anode material is a promising one for sodium-ion batteries with superior sodium storage properties.

Key words: sodium-ion battery; anode material; potato residue; carbon nanosphere; boron and nitrogen co-doping
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Fig. 3 (a, b) HRTEM images of (a) NHCS-900 and
(b) B@N@NHCS-900 with inserts showing the corresponding
FFT patterns for measuring the interlayer distance in square
areas; (¢) STEM image and C, O, N and B element mappings of
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Colorful figures are available on website

JERUE () AT 350 A T ARSI e, [ B S A/ R U
TR L RFEAAE, R B@N@NHCS-900 7E it
AN I FE 0 R 2B A I AR /N o A, T8 A
P T 105 28 T DASE P 2 WA s A i L
i(v)=avb (N
Hor i(v) NI RI(mA), v NIEEmMV-s ), a. b N
. Y b=0.5 B, BTy HdsHERE; 4 b=1 1, J8
FHAEEHIEFE. & 8(b)ATR, B@N@NHCS-900
15 0.1V 4b1 b 2 0.58, 3R B i 72 32 B2 DAY il g2 il
AR F . R AT PUE SR A Y
Etiliay TN = A
i) = kv + kyv'? )

J. Inorg. Mater., 2026, 41(4): 469-478

Hr by Fon AL, kv Fony s hld 2.
K 8(c)# W], B@N@NHCS-900 7£ 0.4 mV-s ' FH
R OTHRHN 66.2%, H4IT 66% 1175 IR T il 2 1)
BB TR B, i AR R R AR TERRM R ) 2R 2 AT
FE. WE SR, JFEE 02 mV-s
1.0 mV-s ' i, B@N@NHCS-900 (] Ht 25 Tk o5 b
58.3% e 2 84.5%, FHAHAL MR EREERT
BRI AT N DT A

it T 1A 1) 8 E SR (GITT) v 55 HEL AR R A
AT EFRHE Y OBRR K. X
N@NHCS-600. B@N@NHCS-900 FI NHCS-900 £
100 mA-g ' B % E F#E4T 7 GITT Mk, ik

www.jim.org.cn



476 AL M OB IR

—0.2mV-s?!
——04mV-s!
— 0.6 mV-s!
—0.8mV-s!
— 1.0 m\ll‘s‘1

Current / mA

0 05 10 15 20 25 30
Potential / V (vs. Na/Na")

6 ©
4
;\é 2t 66.2%
o =
S|
04 mV-s!
74 L
_6 L

0 05 10 15 20 25 30
Potential / V (vs. Na/Na®)

%41 %
20} ®
-2.1
T 22
B-23
o
—2.4 — Linear fit
-2.5 - - - -
—0.8 —0.6 —04 —0.2 0
lg[v/(mV-s™)]
@ Diffusion Capacitance
100 - 550,
208% 15°5%
o 28.29
R 80l a1qy 38% B
5
E 60 -
'E ,
S 40} 79.2% 84.5%
3 ss3y  062% TV
20+
0 L L L L L
0.2 0.4 0.6 0.8 1.0

Scan rate / (mV-s™)

Bl 8 B@N@NHCS-900 15 /12343 47
Fig. 8 Dynamic analysis of B@N@NHCS-900
(a) CV curves from 0.2 to 1.0 mV-s™"; (b) Fitting line of scan rate and peak current; (c) Capacitive contribution at 0.4 mV-s™;
(d) Ratios of diffusion and capacitance contributions at different scan rates. Colorful figures are available on website

PHIFIE] N 30 min, T [E 24 120 min, 401 9(a)fr
o MR Fick 55 T, Al DL AN B R Y
BT i R E (D)

2 2
pOITT _ 4 [ mghy AL, 3)
nr\ MgS AE

o, ¢ o HLI K R SRR (5), mp RIS K
IR & (g), Vm M My o HUAR AR BE R fR 7
(cm® mol "YFIBE /R i B (grmol ), S Fom R 5
SRR FE A T A (cm®), AE, Fon PN RAZS 2 18] 1 HE
JEZEA(V), AE, Fon T8 B ki i A 2 o i 281
(V). Wk 9(b)fis, B@N@NHCS-900 [ Na'§™

3.01®
S, |- B@N@NHCS-900
St 2 N@NHCS-600
2 50l 3—— NHCS-900

—

0 5 10 15 20 25 30 35
Time /h

ZHAE 1.18x101°~1.19x 107 em*s ' 2], B &
T N@NHCS-600 F1 NHCS-900, A, ZILi5264E
HTENE Ry, MRS T B@N@NHCS-900
[ s ZEPERE o

Kl 10(a)y N@NHCS-600. B@N@NHCS-900
FTNHCS-900 (A2 it BHATHE (BIS) o X 45> B bl A4
KE, BEAT T2 mr L4y g im0 X ) 2 R IR A X
R o, w2 NS A A AR I A AR R
P AR VR D D P BEL(R), 1 B 1) B A AR R rE AR A
R FL A 25 70 755 R 2 ) F A 9 % PP (R) - MR
WX )RR AR RN TR R R B

[
[=)

() 1—o— B@N@NHCS-900
~16! 2—e— N@NHCS-600
T 3 —a— NHCS-900
tE)ﬁ 12 + e
: yat\

g/ 8+ / @
= o ‘5/ s \
& 4 o ’ e
3 __e—9 )
NO— == °~o/“/\’\v\°
0 L L L - ] L
1.0 0.5 0 0.5 1.0

(Sodiation/Desodiation) / V

9 N@NHCS-600. B@N@NHCS-900 1 NHCS-900 [](a) GITT £k 1 (b)¥ Hit 5 Fuih £
Fig. 9 (a) GITT curves and (b) corresponding diffusion coefficients of N@NHCS-600, B@N@NHCS-900 and NHCS-900

J. Inorg. Mater., 2026, 41(4): 469-478

www.jim.org.cn



%41 OetE, 5 RIS AR LM T BRER SO R K] 25 S HL A By e 477

10
(@ ® NHCS-900 )
" B@N@NHCS-900
© N@NHCS-600
CPEl
G 6 o’ %
5 o ®
Ny, o Rq W,
: [J \/\/0
[ ]
2 ﬂ J
0 1 "
0 2 4 6 8 10

Z'/Q

B 10 N@NHCS-600. B@N@NHCS-900 £ NHCS-900 [1)(a) EIS ¥ B Al(b) S 2 i i B
Fig. 10 (a) EIS spectra of N@NHCS-600, B@N@NHCS-900 and NHCS-900, and (b) corresponding equivalent circuit

Colorful figure is available on website

Warburg Bﬂjﬁ(zw)ps]o B SRR LA (B 10(b)) [2] JUNG S K, HWANG I, CHANG D, et al. Nanoscale phenomena

_ : i B & in lithium-ion batteries. Chemical Reviews, 2020, 120(14): 6684.
GRS B@N@NHCS-900 9 R K121 Q, PRANT [3] SUNIJ, XUY, LVY, et al. Recent advances in covalent organic
N@NHCS-6OO (3.01 Q)ﬂ] NHCS-900 (2~78 Q), %Eﬂ framework electrode materials for alkali metal-ion batteries. CCS
W RIS A T TR RS ML, TR T Chemisiy, 2023, 5(0: 1259

NV RIPN [4] HUANG Y, ZHONG X, HU X, et al. Rationally designing closed

B@N@NHCS-QOO E,(J EE‘,H: ‘?’ ]é HE ° pore structure by carbon dots to evoke sodium storage sites of hard

carbon in low-potential region. Advanced Functional Materials,

3 z:él: 'Ioll’_\, 2024, 34(4): 2308392.

[5] LI L, CHENG D, ZOU G, et al. Carbon anode from carbon
dots-regulated polypyrrole for enhanced potassium storage.

A 5T DL T 85 2 vE e N Tk i P R B SR T Journal of Alloys and Compounds, 2023, 958: 170481.

derived from cellulose as anode for sodium ion batteries: dependence

F*ﬁ'J% E'(J ﬁﬂﬂ’f&%i‘i‘%?ﬂ ﬂéﬁﬁiﬁﬂﬁ U\ —Fﬁﬁlﬁx o of electrochemical properties on structure. Journal of Energy
(KA BN PR TR AT DA Na (997 OB Chemisiy, 2016, 25(5): To1.

e . \ . [7] WANG Y, ZHANG M, SHEN X, et al. Biomass-derived carbon
S At Ju b = H - 3
e (2)6% ~ A2 \T’ *m U&T j_\‘E ] > Tﬂs{’ \E% Eﬁﬁ% materials: controllable preparation and versatile applications. Small,
NG TEAL S DA R kB RN, B SRR T RIS 2021, 17(40): 2008079.
;ﬁ@ﬂ [;L IS%{EE%W%%H/‘JH& M’fﬁéo (3)?3—:*7}%15 ﬂ*ﬁﬁp %I A [8] CHU Y, ZHANG J, ZHANG Y, et al. Reconfiguring hard carbons
- et e with emerging sodium-ion batteries: a perspective. Advanced
FUR TR AE RN C=0 8, AF TRt E Materials, 2023, 35(31): 2212186.
SEI &8, M 1 ICE. 5 KB 249K i ERAH LL, [9] SU D, HUANG M, ZHANG J, et al. High N-doped hierarchical

N » bon networks with expanded interlayers for efficient
- ) =S Ty Y . porous car p v
B@N@I\_IIHCS 90(‘)%@ & Hj ﬁl: 7T E/] EE /T)t' - lﬁ He .%E.E sodium storage. Nano Research, 2020, 13(10): 2862.
50mA g HJHLEE T, B@N@NHCS-900 HHL A &= [10] POTHAYA S, POOCHAI C, TAMMANOON N, ef dl.
j’ﬂ 284.3 mAh- g*1’ ICE j'\j 77.0%. E 2 A- g*I E{J Eﬁ?}ﬁ% Bamboo-der?ved hard ?arbon/.carb‘on nanotiube 'com.posites as
- ) 42 S FET e L v anode material for long-life sodium-ion batteries with high charge/
E_Fv B@N@NHCS 900 2 500 {E%}ﬁ, Hﬁﬁ%ﬁ@i discharge capacities. Rare Metals, 2024, 43(1): 124.
£ 122.5 mAhg!, BEEFFEN 56.1%. KB N% [11] CHEN B, MENG Q, WANG T, ef al. Cross-linking matters:
ﬂ‘*uﬂ:jiﬂi EEZIK\ 5{%{}? jz'zﬁ; *ﬂ{tﬁfﬁ E@%m—%%ﬁl *&*j- building hard carbons with enhanced sodium-ion storage plateau
X capacities. Journal of Power Sources, 2024, 624: 235566.

NNEAE] 3 H A s b B
BHRAE TR HIE A S [12] ZENG Y, WANG F, CHENG Y, et al. Identifying the importance

of functionalization evolution during pre-oxidation treatment in

%I\ ?E 1-\7]- *il' producing economical asphalt-derived hard carbon for Na-ion
batteries. Energy Storage Materials, 2024, 73: 103808.

[13] XIE L, SHEN G, LI B, et al. Porous carbon materials derived from

ZIK I *H 3‘% %]\ fﬁ j:j ;H_ G| _%f % https://doi.org/ waste tea leaves as high-capacity anodes for lithium/sodium ion

.. batteries. Journal of Energy Storage, 2024, 100: 113598.
10'15541/J1m20250187 ﬁﬁ ° [14] LU B, SONG J X, DENG D R, et al. Self-doped porous sorghum

husk-derived carbon as anode for high performance sodium-ion

é/j %imj‘ batteries at low temperatures. Journal of Energy Storage, 2024,
102: 114056.
[1] MAHMUD S, RAHMAN M, KAMRUZZAMAN M, et al. Recent [15] KIM D Y, LI O L, KANG J. Novel synthesis of highly
advances in lithium-ion battery materials for improved electrochemical phosphorus-doped carbon as an ultrahigh-rate anode for sodium
performance: a review. Results in Engineering, 2022, 15: 100472. ion batteries. Carbon, 2020, 168: 448.

J. Inorg. Mater., 2026, 41(4): 469-478 www.jim.org.cn



478 T AL MR R 41 %

[16] HE B, FENG L, HONG G, et al. A generic F-doped strategy for 41(7): 2505.
biomass hard carbon to achieve fast and stable kinetics in sodium/ [28] XIANG J, MA L, SUN Y, et al. Ball-milling-assisted N/O
potassium-ion batteries. Chemical Engineering Journal, 2024, codoping for enhanced sodium storage performance of coconut-
490: 151636. shell-derived hard carbon anodes in sodium-ion batteries. Langmuir,

[17] QUAN B, JIN A, YU S H, et al. Solvothermal-derived S-doped 2024, 40(45): 23853.
graphene as an anode material for sodium-ion batteries. Advanced [29] LIU Y, YIN J, WU R, et al. Molecular engineering of pore
Science, 2018, 5(5): 1700880. structure/interfacial functional groups toward hard carbon anode in

[18] ZHANG T, ZHANG T, WANG F, et al. High-efficiently doping sodium-ion batteries. Energy Storage Materials, 2025, 75: 104008.
nitrogen in kapok fiber-derived hard carbon used as anode [30] ZHANG F, XIONG P, GUO X, et al. A nitrogen, sulphur
materials for boosting rate performance of sodium-ion batteries. dual-doped hierarchical porous carbon with interconnected
Journal of Energy Chemistry, 2024, 96: 472. conductive polyaniline coating for high-performance sodium-

[19] LIU Z, JIANG L, SHENG L, ef al. Oxygen clusters distributed in selenium batteries. Energy Storage Materials, 2019, 19: 251.
graphene with “paddy land” structure: ultrahigh capacitance and [31] XIA Q, YANG H, WANG M, et al. High energy and high power
rate performance for supercapacitors. Advanced Functional Materials, lithium-ion capacitors based on boron and nitrogen dual-doped 3d
2018, 28(5): 1705258. carbon nanofibers as both cathode and anode. Advanced Energy

[20] WANG Y, LI H, ZHAI B, et al. Highly crystalline poly(heptazine Materials, 2017, 7(22): 1701336.
imide)-based carbonaceous anodes for ultralong lifespan and low- [32] BALAJI S S, KARNAN M, ANANDHAGANESH P, et al.
temperature sodium-ion batteries. ACS Nano, 2024, 18(4): 3456. Performance evaluation of B-doped graphene prepared via two

[21] FENG W, FENG N, LIU W, et al. Liquid-state templates for different methods in symmetric supercapacitor using various
constructing B, N, Co-doping porous carbons with a boosting of electrolytes. Applied Surface Science, 2019, 491: 560.
potassium-ion storage performance. Advanced Energy Materials, [33] WU D, SUN F, QU Z, et al. Multi-scale structure optimization of
2021, 11(4): 2003215. boron-doped hard carbon nanospheres boosting the plateau

[22] CUI K, WANG C, LUO Y, et al. Enhanced sodium storage capacity for high performance sodium ion batteries. Journal of
kinetics of nitrogen rich cellulose-derived hierarchical porous Materials Chemistry 4,2022,10(33): 17225
carbon via subsequent boron doping. Applied Surface Science, [34] YUAN M, CAO B, LIU H, et al. Sodium storage mechanism of
2020, 531: 147302. nongraphitic carbons: a general model and the function of accessible

[23] OH J A S, DEYSHER G, RIDLEY P, et al. High-performing closed pores. Chemistry of Materials, 2022, 34(7): 3489.
all-solid-state sodium-ion batteries enabled by the presodiation of [35] ALVIN S, CAHYADI H S, HWANG I, et al. Revealing the
hard carbon. Advanced Energy Materials, 2023, 13(26): 2300776. intercalation mechanisms of lithium, sodium, and potassium in

[24] WARREN B E. X-ray diffraction in random layer lattices. hard carbon. Advanced Energy Materials, 2020, 10(20): 2000283.
Physical Review, 1941, 59(9): 693. [36] CHAO D, LIANG P, CHEN Z, et al. Pseudocapacitive Na-ion

[25] FENG S, LI K, HU P, et al. Solvent-free synthesis of hollow storage boosts high rate and areal capacity of self-branched
carbon nanostructures for efficient sodium storage. ACS Nano, 2D layered metal chalcogenide nanoarrays. ACS Nano, 2016,
2023, 17(22): 23152. 10(11): 10211.

[26] QIU C, LI M, QIU D, et al. Ultra-high sulfur-doped hierarchical [37] HONG Z, ZHEN Y, RUAN Y, et al. Rational design and general
porous hollow carbon sphere anodes enabling unprecedented synthesis of S-doped hard carbon with tunable doping sites toward
durable potassium-ion hybrid capacitors. ACS Applied Materials & excellent Na-ion storage performance. Advanced Materials, 2018,
Interfaces, 2021, 13(42): 49942. 30(29): 1802035.

[27] ZHU C L, WANG H L, FAN W 1, et al. Large-scale doping- [38] WU S, PENG H, XU J, et al. Nitrogen/phosphorus co-doped

engineering enables boron/nitrogen dual-doped porous carbon for
high-performance zinc ion capacitors. Rare Metals, 2022,

J. Inorg. Mater., 2026, 41(4): 469-478

ultramicropores hard carbon spheres for rapid sodium storage.
Carbon, 2024, 218: 118756.

www.jim.org.cn



5 4 10

OetE, 5 RIS AR LM T BRER SO R K] 25 S HL A By e

gtk

RS A W Bk AR AL Bl 2 K ELAE 3R 1 BE

Bt BRFE, KA

(KBREIRF MaHFE TSR, KR 030024)

S1 iR F

JK 2 (CO(NHy),), IR #(Na,B407-10H,0), 4
W RAm R L) (PVDF), N-F SR g 5 i (NMP)
BN drat, 0T L2 e kA (LR B A PR A
Al BV, B, T R NN EN MR R A R
N FEARBCNE 1 mol/L /N S RN (NaPFe) ) —
HEE — HEEDIGLYME)A R, T2 2l FIEHRA
H; I AF 2R I (GF/D)W T 9 [ Whatman /A A;
CR2032 B! 5 B ith 52 4 T R 45 .

S2 RMRAFIFERINE TRIBAR

0.5 g FLEEL A8 1 10 1 HINE MR R 4% (5%
A BRI PVDF % T 3~4 mL [f] NMP H,
T, R R — s R e, &)
BRI SRR SE b, HFE T 120 CHRIMAE
T4 2 ho B, FF3hU) R WK TR 07 (1 s
B F (612 mm), FFEEFEE] 60 CHYE A T
B 12he BJE, BUEFEMB .

ARSI R CR2032 A4 -5 H i U A4 R g
4 A o R 3 A 2l R T B A (H0<0.01 pL/L,
0,<0.01 pL/L)F AT PHM AT H: ER
o HARA GREEED R TR ) BRI, B
RV B VPR B B RS

S3  MERERAE

) FH & 4 98 %58 Bt 7 B 385 (HRTEM, Talos
F200x) fild7 & & 471 4 L 7 & 530 8% (FE-SEM, Hitachi
Regulus8100) R AEM BIE S . 18I X I 2 AT 51X
(XRD, Bruker D8)il 5& #4 #} i) 45 K RFAE o K H 2 &5
W& 4% (Raman, Renishaw in Via)ll 5& #F i 1) G FE 2 B
A SRR E, WOt K N 532 nm. KA X S 40
HL T AETE I (XPS, Shimadzu Axis Supra)Z H1#4 8l%
I TCEMIELL NN ES . K Micromeritics, ASAP
2020 FZ1IASCIN e A it PR 0O B it e . SR
CT4008 557 12 AS 0 1 F vl 1) 97 7 7 P
HLE4 0.01~3 V. KA CHI660E &Y i A¢, 7 A ui
BIEFRMR 22 (CV) T 2R 22 i B A0 1 (EIS) o

®S1 AREFRBERSH

Table S1  Structural parameters of different samples

XPS content/% (in atom)

2, -1 3, -1

Sample d(002)/nm I/l Sger/(m™-g ) View/(cm’-g ) C 0 N B
N@NHCS-600 - 2.21 442 .4 0.189 89.52 6.79 3.69 -
B@N@NHCS-900 0.385 2.07 249.1 0.109 89.49 5.89 2.98 1.64
NHCS-900 0.378 1.91 94.9 0.064 95.96 3.56 0.48 -
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Table S2 Comparison of electrochemical performance of B@N@NHCS-900 anode with other carbon
anode materials for sodium ion storage reported in previous literatures
Rate performance Cycling performance
Sample Ref.
Capacity/(mAh-g™) Current density/(A-g™") Capacity/(mAh-g™) Current density /(A-g™") Cycle number
BHCS-1200 234 0.03 180 0.1 100 [33]
Below 100 2
NPUCS 2577 0.1 255.1 0.1 200 [38]
157.0 5 110.0 5 2000
PB-1000 205 0.1 146.9 2 600 [S1]
136.6 2
CPB-PL 293 0.02 193 0.1 200 [S2]
77 1
SC-800 229 0.05 189 0.05 50 [S3]
82.0 1 81.0 0.5 2000
SAL 285 0.02 141.6 0.2 1000 [S4]
150 0.5
HC-1000 242.1 0.025 Below 60 1 800 [S5]
Below 100 0.8
YT-1200 261 0.1 235 0.1 200 [Se6]
206 2
N-FLG 264.3 0.1 211.3 0.5 2000 [S7]
148.5 5
B@N@NHCS-900 274.8 0.1 281.8 0.1 100 This
179.4 2 122.5 2 s00  work
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