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Rice husk/coal tar pitch based hierarchical porous carbons as the cathode of

zinc ion hybrid capacitors
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Abstract: Zinc-ion hybrid capacitors (ZHCs) have attracted increasing attention due to their advantages such as low cost, improved
safety and long-term cycling stability. However, despite these advantages, the development of ZHCs is still in its early stages and faces a
number of challenges, such as the growth of electrode dendrites and the energy density is still unsatisfactory. Therefore, it is extremely
crucial to develop reasonably matched electrode materials. Porous carbon materials have become one of the most potential cathode
materials for ZHCs because of the advantages of low price, high porosity and stable performance. However, the low conductivity and
inappropriate pore size distribution of traditional porous carbon materials limit their application in ZHCs. It is hoped that the problems
can be tackled through the selection of raw materials and structure design. Herein, the hierarchical porous carbons ( HPC/RHC, ) were
prepared from rice husk and coal tar pitch using double template of KCl and MgO coupled with K,CO; activation strategy. The
HPC/RHC features interconnected nanocapsule-like structure, large specific surface area (1234 mz/g ) and hierarchical pore structure.
As the cathode material of ZHCs, HPC/RHC exhibits excellent zinc storage performance. At the current density of 0.1 A/g, the specific
capacity of HPC/RHCg reaches 125.3 mA - h/g, and at the power density of 115.4 W/kg, the energy density is 92.4 W - h/kg. After
10 000 cycles of charge and discharge at a current density of 5 A/g, the capacity retention is 99.9%, showing excellent cycle stability.
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24°F01 44°4b B 2 TR, SRR Rk (002) Al
(100) §47E, VLB HPC/RHC, N JCE 45+ H
Ze i BB & 5 % HPC/RHC, K b R &
e, H R, 7E 1349, 1581 cm BT EE
2 AMRRAE N, 43 B R T TG TR IX 3 D IR A7
SBALBRIX IR G ™" LAMESILL (Ip/Ig ) SRFATH
ALk s 2, HPC/RHC;, HPC/RHCy, HPC/RHC,
() In/Is 435K 0.94. 0.97. 0.89, W LIHW, WE
K,CO; B FI i8N, In/lg %56 ETHE PR
B, FRITEAT AT ARG I 2 FL b i i R
HETTHE NG PR 05, A8 T8 B 10 I B AN 25 e 1)
B SRR R IR S S A IS, ik
e, GG EEREL.

(002)
(100) HPC/RHC,

HPC/RHC,

HPC/RHC,

10 20 30 40 50 60 70 80
200(°)
B4 A% & XRD % H
Fig. 4 XRD patterns of all samples

D G
1,/1,~0.94 HPC/RHC,
11,097 HPC/RHC,
1,/1,~0.89 HPC/RHC,
800 1200 1 600 2 000
fi 2 Fe/ecm™

E 5 &M &ENELE
Fig. 5 Raman spectra of all samples
4 6 & HPC/RHC, H: iy XPS 44l i n]
A1, HPC/RHC, FEfh &4 C. N, O =FLZE, il



S RMRAE: PR TR A AR IEM I RS 52 W 75 R 2 G AL IS

2025 455 11

AR i v ) LA 4% R 2 58 42 % & . HPC/RHC, #:
i) Cls JERT WA 4 MEIEE (& 7a) , 4050k
C=C. C—C. C—N/C—O0 il 0=C—0"™", & 7b i
HPC/RHC, # i 1) N 1s 3% &, 7E 398.3. 399.9.

Cls
Nis O HPORHC,
HPC/RHC,
HPC/RHC,
0 200 400 600 800
“hifrfit/eV

Be &H & XPS & HE
Fig. 6 Survey XPS spectra of all samples

—C=C Cls

—C—C
C—O/C—N

—0=C—0

HPC/RHC;

;

HPC/RHC,

p

HPC/RHC,

P

292 290 288 286 284 282

A Re/eV
(a)Cls
—N—6 N Is
— N5 HPC/RHC,
N
_N?é) HPC/RHC,
7 HPC/RHC,

406 404 402 400 398 396

“iEpeleV
(b)N Ts
—C=0 Ols
—— C—OH/

CcC—0—C HPC/RHC;,

COOH__~_*
HPC/RHC,

>

HPC/RHC,
XN

538 536 534 532 530 528
5 eV
(c)O 1s
K7 &Pty XPS i &

Fig.7 XPS spectra of all samples

401.5., 403.5 eV 73 lIlHLA HILIER (N—6) | Mki%
A (N—5) . ARELA (N—Q) MIAEILAEY
(N—O) 4/~ 4% fF W ™0ty & 277 %0, HPC/
RHC, Y N &t i, M 1.09%, N—5 fil N—6 1]
DLl i AR R N A I FL A, N—Q AT LAJE T ik
MBIREE T A%, ARTHRTEE, REak
k5 i Y & 7c & HPC/RHC, BE 4 1 O 1s 3%
B, 3P HEMBYSTH 2MHSTAERA: C=0,
C—O0. THRERERITEF R AR T BB & A ok
R ERIE R (X (4) . (5) . (6) )™,
A EREY, R LAY

%2 HPC/RHCxH C.OFIN TEMEE
Table2 Contents of C, O and N elements in HPC/RHCx

S5 K at%
=
Cls O1ls N 1s
HPC/RHC; 87.56 11.48 0.96
HPC/RHCq 90.46 8.45 1.09
HPC/RHC, 87.15 11.85 1.00
AR ZETINAYAR XS & /%
=
N—5 N—6 N—Q N—O
HPC/RHC; 30.3 35.5 23.7 10.5
HPC/RHCq 29.6 11.4 39.1 19.9
HPC/RHC, 26.9 25.5 28.9 18.7

>C=0+0OH = —COOH +e" (4)
—COOH+OH = —CO0™ +H,0 (5)
>C—OH+OH =>CO +H,0 (6)

2.2 HPC/RHC, By ZF4AE

[ 8a /& HPC/RHC, FE i £ 1 A/g A% B T
) GCD i<k, T HPC/RHC, ELA % i Ll 1
5 N &, HPC/RHC, IEWJEI T 75.6 mA - h/g
7 2. 18 8b & HPC/RHC, 1F M 7EA [A] Ha, 37
FETHHAE., hEE, EAR RS E
T, HPC/RHCq 1EM [ Hb 45 5 4R 24 /5 T HPC/RHC;
1 HPC/RHC, 1IE#% . X IHZIT HPC/RHC, HA kK
() R mABUFA KEEFL, b TR T
F BT A TE PR SURT A B8 P AR PR AL T A 38
i, M, NJEFBIARTRALERZE, MMt
H i 2. 18] 8c J& HPC/RHC, HLZE %31 Ragone
K. M E HRRT T, HPC/RHC 1E % Y BE % %
i, TE 1154 Wkg I RBET, fem%E N
92.4 W - h/kg. BIM#7E 11.2 kW/kg (TR % E T,
HPC/RHC, 1EM I RE L% A A 344 W - h/kg, A
T ATl HPC/RHC, TFWPERE, 223 B45 10

73



2025 4F55 1] ik A B H K 5531 4%
1.8 140
L6k HPC/RHC, ~ 120 HPC/RHC,| ~— 1000¢ HPC/RHC,
Lal HPC/RHC, "o HPC/RHC,| 2 HPC/RHC,
i HPC/RHC, = 100 HPC/RHC,| = HPC/RHC,
L2 : L 100F
4 < 80 B2
H1.0} E g
o3} = i
0.6} w 40r ETYE
04 2 20} 29
02 1 1 1 1 1 Il 0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 5 10 15 20 100 1000 10 000
L f/(mA h-g™) R (A g ) DI FEAW kg™
(a) 1 A/g (b) k&&= (c) Ragone
140 ~100% | 120 6 HPC/RHAC.
1205 o 0—0—o0—0—0—0—0—0—0—0—0—0—0—0—0—0—0L0—4100 5k HPC/RHC
=100 P 9—9—0—0—0—0—0-—0—0—0-0—0—0—0—900—0—0 gy o 4k 500 HPC/RHC,
ﬁ 80+ 99.8% ¥z 400 -
& 160 = = 3t
ES 60 L 423 =~ g 300
il 140 E [‘“ o L N 200k
& 40 - 100 |-
20 + —420 1R 1 1 Il L
0 100 200” 300 400 500
1 1 1 1 1 1 1 1 1 O 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 2 4 6
HEIR % 7104 Q
(d)5A/g (e) HILE=BH BT
700 + HPC/RHC; >0 LHPC/RHC, 1.2 - HPC/RHC,
~ 600 | HPC/RHC, o 2 mV/s
£ 500~ HPC/RHC, o gl 5SmVis _ o8}
. < [
@ | 4073 < o0
< 400 50 o 04l
¥ 300 - X =
% 500 188.3 210} -
2 ool 7 B 10 mV/s — 50 mV/s * bo=083
R s POL o mvs—00mVs]  0ap” 2 A0
0 5 10 15 20 25 30 0 04 12 16 20 04 08 12 16 20
& J1/MPa HLR/V lgv/(mV s
(GRS (2) CV ik (h) b 1E

B8 B

Fig. 8 Electrochemical performance diagram of all samples
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Table 3 Electrochemical performance comparison for reported zinc ion capacitors
[0 VA E 04 LR AL L L Ui 2 L/
FEdh e B Y it P GEREE AR
W+ h-kg W - kg (FJE/ V) A-g A-g
Mspc™ 36.5 376.6 2 mol/L ZnSO, 0.68 1365F g 5.44 10 000 85.4%
227 3200 (02~1.8V) 10.88 729F - g
HMCS™ 75.4 160 2 mol/L ZnSO,, 0.2 2121F - g 2 2500 99.4%
342 16 000 1 mol/L Na,SO, 20 100F - g
(0~16V)
Ca-900"" 75.22 36.56 1 mol/L ZnSO, 0.1 106 mA - h - g 5 5500 ~75%
43.08 879.12 (0~18V) 2 505mA - h-g’
BN-C™ 105.1 382.6 3 mol/L Zn(CF;S05), 0.1 1902mA +h- g’ 5 4000 70.7%
44.8 30 455.7 (0.1~1.8V) 50 722mA -h-g'
LPCS-600"" 107 86 1 mol/L ZnSO, 0.1 301F- g 2 5000 95%
45 340 000 (02~1.8V) 200 689F - g
DFs™ 70.7 709.0 1 mol/L ZnSO, 0.2 246.1F - g 1 1000 89.9%
16.2 43953 (02~1.8V) 1 56.8F - g
HPC/RHC 92.4 115.4 2 mol/L ZnSO, 0.1 1235mA - h - g 5 10 000 99.8%
(A&30) 34.4 11 200 02~1.8V) 20 45mA-h-g’
lgl = b{gv-i— lga ( 8 ) 1.8 -Tfﬁﬂliﬁ?ﬁik(SS%)
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