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Preparation and Electrochemical Properties of Carbon Aerogel In-situ Loaded Fe;O4
Based on Chitosan
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(1. College of Materials Science and Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China;
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Abstract: Fe;0,/CS carbon aerogel electrode material with a high specific capacitance was prepared via in-situ growth with chitosan
(CS) and FeCl;-6H,0 as raw materials. The crystal structure and structural defects of the samples were analyzed by X-ray diffraction
and Raman spectroscopy, and the composition and morphology were characterized by X-ray photoelectron spectroscopy and
scanning electron microscopy, and their electrochemical properties were tested in a three-electrode system. The results show that
Fe;0,4 can be loaded on the CS carbon aerogel with their effective bonding. The amino groups on the chitosan molecules achieve
self-doping of N atoms during the carbonization process, and the N content of the composite is as high as 7.21% (mole fraction). In
addition, the composite carbon aerogel exhibits a high specific capacitance of 315.5 F/g at a current density of 0.5 A/g when
introducing 0.4 g FeCl;-6H,0 into 1.0 g CS. The specific capacitance of the composite carbon aerogel is approximately 3 times
greater than that of original chitosan carbon aerogel.
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Fig. 3 SEM images of CSC and Fe;0,/CSC
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J is current density; CV is cyclic voltammetry; GCD is galvanostatic charge—discharge; C is specific capacitance; EIS is electrochemical impedance
spectroscopy.
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Fig. 4 Electrochemical performance of CSC and Fe;0,/CSC



49 H5 10 TN 2. SERPERSEUR IR AL 73K Fe;0,4 & L F s b 22 P RE . 2169 -

FER G AR R SRS, T 4 Fh 30
P B TE A [F] P rme@@,u%m@4wﬁ o 2
Ne 1E 0.5 Alg MHIREE, FEfl Fe;04/CSC-0.4 < 107
[ L U TT 3k 315.5 Flg, EIMETE 20 Alg (1A HL £
BN, 9HA 177.8 Fig MLz, SoRH B 2 oy /
M PERE. BT I 2EPERE TR T Fe,04/CSC £ —iomy
FEEBLMILE, IR T A MR, 30r —Somva
WK T B T LM, ZE 0.01 Hz & 100 kHz 7 aop o v TomYR
Rl P %F 4 FORE AT T OEIS TR, 45 S0 4d T *°‘“m;&@wal 0.0
TRe FEGOPRFTI R B 2 WA AR, BMTAAX 0 earon et e e
) EL 28 55 e A X R TR G A X 48 1 A 5 7T A 0
J KR R B T B B A o BRI M2 /\ 0.5 Ave

1.0A/g

A bR x BhEE 1 A8 AU RN B TR 5 (1)
PN FEL BEL(R) » T 2F I BIK 1) L A% K /N iy | A 5 4% H
BH(Rct) [49—51]0

XHEC R B, FESh Fes04/CSC-0.4 1) H 2R R i
K, HUCNEER Fe;04/CSC-0.6. FEf CSC. FEfh
Fe;04/CSC-0.2, ¥t HIFE i Fe;04/CSC-0.4 B A 2/

Voltage (vs.Hg/HgO)/V
&
N

(1B T WO IR, ) o 7 A 1 £ B T T

w2, Zad A, BEF CSC. B fh Fes04/CSC-0.2. Time/s

FE il Fe304/CSC-0.4, F il Fe;04/CSC-0.6 [ H fuf % (b) GCD curves at different current densities

FE P48 1.08. 3.00. 0.84. 1.36 Q, F+, 100 S/

o o

FF il Fes04/CSC-0.4 [ HUATFeAS R B e/, 1 B A g ettt

St Fe;0/CSC-0.4 FLATHLAR 5110 13 H Ha 4 f H fie £ %0 e

J. G BB, FE Fes0/CSC-0.4 BTN H 2ol Lo

BEL, 355 T R 7E AU A PO A AR g | il e

fii. 2L |
Hoth— AR TR Fes04/CSC-0.4 [HLAL < f T 5000 h

MRS, T T CV IR, 45 Sa i N ™

XTHERBL, AEFFEART CV & RIRIEA R 0 1000 2000 3000 4000 5000

R, WHIRER Fei04/CSC-04 BATHRIN | yclenumber

b TR LR (R A P Sb e i . (O e petomanee e

Fe;04/CSC-0.4 TEAN[A] LA 2 N 1) GCD #h4k. H . -

TR, EAFEREET, REthgh . = eBefore cyeles

BB S EAT B RAF R, X2 Ak AT 20f . -

PRI S, HERE S Fes0,/CSC-0.4 [MIEHIFA g -

FEPRITI, 75 5 Alg HULEELR 5000 KAEF I

o JURGHRIER N 82.6%. XIS B F FR e
17 EIS MK, S5 F4018 6d . 258 5000 KAEFE ‘!’L#f P

E,ﬁ&mam@m\@m%@@mﬁ%%#ﬂ@ 0! m D —

LY RN AR DR R R AR R .

AR, HRR S T I S N 22 Fes04 KA (d) EIS curves before and after cyclic test

RN, BILRS T HURT I Fdr, SR BT il 2 R —

I‘i felio: 43 Fig. 5 Electrochemical performance of Fe;0,/CSC-0.4 sample



« 2170 - CRERR R 2240 J Chin Ceram Soc, 2021, 49(10): 2164-2171 2021 4E

é:l: . [15] HAO P, ZHAO Z, LENG Y, et al. Graphene-based nitrogen self-doped
3 —H ‘[//& hierarchical porous carbon aerogels derived from chitosan for high

- e it b o performance supercapacitors[J]. Nano Energy, 2015, 15: 9-23.

A 52 RBER T = 5 B R B Sk [16] CHENG Y, LI B, WEI Z, et al. MnsO; tetragonal bipyramid laden
%*@J\lﬂi uLH EB’TYA’VE Fﬁ ’ ﬁj‘i }ﬁ ﬁj‘i“/v‘r\ Y,€€¥J@T%$D %/Elﬁ?)%ff»tﬂ nitrogen doped and hierarchically porous carbon composite as positive
1;% , ZIE JFL'E EF% *}%6}}% /_:(4 ;E% EQ %:zﬁ JE ’fﬁ /EE EE T FC3 04o X‘T HS eSlectrodeztszrohif:;pzrzfjl;::nce asymmetric supercapacitor[J]. J Power

ources : .
. ; ELgd AT A0 22 [ B 1 > ’
T FGC13 6H20 E/ng )\EXTE = *j*’l'EE‘/H:‘% Iﬁ e E/] [17] CHEN J, QIU J, WANG B, et al. Fe;04/biocarbon composites with
%ﬁ H[’n] ° élﬂ:(: %?E HH : %I )\Jﬁ% E[(] Fe3O4 m [;L ﬁﬁé\ superior performance in supercapacitors[J]. J Electroanal Chem, 2017,
H BB 0 S 2 R B B Fes0,/CSC-0.4 s03: 232 239 e
. . [18] GUAN D, GAO Z, YANG W, et al. Hydrothermal synthesis of carbon
e 92 R 23T 42
E 0.5 A/g E/J EE‘/)?FL i J}?f ’ tt EE‘ ﬁjﬁ 315.5 F/g’ L nano-tube/cubic Fe;O, nanocomposite for enhanced performance
5000 W\?Eﬂ:}ﬁ ’ E EEA@{%?%%% 82.6%- supercapacitor electrode material[J]. Mater Sci Eng-B, 2013, 178(10):
736-743.
. [19] LI Q, LI H, XIA Q, et al. Extra storage capacity in transition metal
SE R T ‘ o
oxide lithium-ion batteries revealed by in situ magnetometry[J]. Nat
[1] YADAV N, SINGH M K, YADAV N, et al. High performance Mater, 2021, 20(1): 76-83.
quasi-solid-state supercapacitors with peanut-shell-derived porous [20] XIONG X, DING D, CHEN D, et al. Three-dimensional ultrathin

(2]

B3]

(4]

(3]

(6]

(7

(8]

(9]

[10]

(11]

[12]

[13]

[14]

carbon[J]. J Power Sources, 2018, 402: 133—-146.

ETACHERI V, MAROM R, ELAZARI R, et al. Challenges in the
development of advanced Li-ion batteries: A review[J]. Energ Environ
Sci, 2011, 4(9): 3243-3262.

YU A, CHABOT V, ZHANG ]J. Electrochemical supercapacitors for
energy storage and delivery: Fundamentals and applications[M]. Boca
Raton: CRC Press, 2013.

CANDELARIA S L, SHAO Y, ZHOU W, et al. Nanostructured
carbon for energy storage and conversion[J]. Nano Energy, 2012, 1(2):
195-220.

LVY, GAN L, LIU M, et al. A self-template synthesis of hierarchical
porous carbon foams based on banana peel for supercapacitor
electrodes[J]. J Power Sources, 2012, 209: 152—-157.

WANG Q, CAO Q, WANG X, et al. A high-capacity carbon prepared
from renewable chicken feather biopolymer for super-capacitors[J]. J
Power Sources, 2013, 225: 101-107.

INGAN&4S O, ADMASSIE S. Organic photovoltaic modules and
biopolymer supercapacitors for supply of renewable electricity: A
perspective from Africa[J]. Adv Mater, 2014, 26(6): 830-848.
BICHAT M P, RAYMUNDO-PIGERO E, BéGUIN F. High voltage
supercapacitor built with seaweed carbons
electrolyte[J]. Carbon, 2010, 48(15): 4351-4361.
PRIMO A, ATIENZAR P, SANCHEZ E, et al. From biomass wastes
to large-area, high-quality, N-doped graphene: Catalyst-free carbonization

in neutral aqueous

of chitosan coatings on arbitrary substrates[J]. Chem Commun, 2012,
48(74): 9254-9256.

RAVI KUMAR M N V. A review of chitin and
applications[J]. React Funct Polym, 2000, 46(1): 1-27.
CATALDO S, CREA F, GIANGUZZA A, et al. Solubility and
acid-base properties and activity coefficients of chitosan in different
ionic media and at different ionic strengths, at 7=25°C[J]. J Mol Ligq,
2009, 148(2): 120-126.

CATALDO S, DE STEFANO C, GIANGUZZA A, et al. Speciation of
chitosan with low and high molecular weight carboxylates in aqueous
solution[J]. Chem Spec Bioavailab, 2009, 21(2): 81-91.

KURITA K. Controlled functionalization of the polysaccharide
chitin[J]. Prog Polym Sci, 2001, 26(9): 1921-1971.

ARICo A S, BRUCE P, SCROSATI B, et al. Nanostructured materials
for advanced energy conversion and storage devices[J]. Nat Mater,
2005, 4(5): 366-377.

chitosan

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Ni(OH), nanosheets grown on nickel foam for high-performance
supercapacitors[J]. Nano Energy, 2015, 11: 154-161.

WANG Q, JIAO L, DU H, et al. Fe;O4 nanoparticles grown on
graphene as advanced electrode materials for supercapacitors[J]. J
Power Sources, 2014, 245: 101-106.

WU Q, HU J, CAO S, et al. Heteroatom-doped hierarchical porous
carbon aerogels from chitosan for high performance supercapacitors[J].
Int J Biol Macromol, 2020, 155: 131-141.

EF5, FPLER, T, SF A AR 2 FURR Rk RE X R 1R 2 PR
75 A ORI ) 48 S MERE [T LR 3R 54, 2021, 49(3): 495-502.
WANG Fangping, ZHOU Kailing, MA Jing, et al. J Chin Ceram Soc,
2021, 49(3): 495-502.

GANG B, ZHANG F, LI X, et al. A ulva lactuca-derived porous
carbon for high-performance electrode materials in super-capacitor:
Synergistic effect of porous structure and graphitization degree[J]. J
Energy Storage, 2021, 33: 102132.

HOU L, YANG W, LI Y, et al. Dual-template endowing N, O
co-doped hierarchically porous carbon from potassium citrate with
high capacitance and rate capability for supercapacitors[J]. Chem Eng J,
2021: 129289.

LI X, ZHANG L, HE G. Fe;04 doped double-shelled hollow carbon
spheres with hierarchical pore network for durable high-performance
supercapacitor[J]. Carbon, 2016, 99: 514-522.

YANG S, ZHI L, TANG K, et al. Efficient synthesis of heteroatom (N
or S)-doped graphene based on ultrathin graphene oxide-porous silica
sheets for oxygen reduction reactions[J]. Adv Funct Mater, 2012,
22(17): 3634-3640.

LI L, DOU Y, WANG L, et al. One-step synthesis of high-quality
N-doped graphene/Fe;O, hybrid nanocomposite and its improved
supercapacitor performances[J]. RSC Adv, 2014, 4(49): 25658-25665.
ZHAO L, HE R, RIM K T, et al. Visualizing individual nitrogen
dopants in monolayer graphene[J]. Science, 2011, 333(6045): 999-1003.
ITO Y, CONG W, FUIJITA T, et al. High catalytic activity of nitrogen
and sulfur Co-doped nanoporous graphene in the hydrogen evolution
reaction[J]. Angew Chem Int Ed, 2015, 54(7): 2131-2136.

GAO Y, ZHENG S, FU H, et al. Three-dimensional nitrogen doped
hierarchically porous carbon aerogels with ultrahigh specific surface
area  for  high-performance and  flexible
micro-supercapacitors[J]. Carbon, 2020, 168: 701-709.

TONG X, CHEN Z, ZHUO H, et al. Tailoring the physicochemical

supercapacitors



49 H5 10

JANERN 55 5 SEI R IR AL 513K Fes0, 1l 46 K L il 2k g .

2171 -

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

properties of chitosan-derived N-doped carbon by controlling
hydrothermal carbonization time for high-performance super-capacitor
application[J]. Carbohydr Polym, 2019, 207: 764-774.

HU L, LIAO Y, XIA D, et al. Engineered photocatalytic fuel cell with
rGO/BiO;, 1 as

biomass-derived N-doped carbon as cathode: Promotion of reactive

oxygen vacancies-rich photoanode  and
oxygen species production via Fe** /Fe* redox[J]. Chem Eng J, 2020,
385:123824.

ZHU L, SHEN F, SMITH R L, et al. High-performance supercapacitor
electrode materials from chitosan via hydrothermal carbonization and
potassium hydroxide activation[J]. Energy Technol, 2017, 5(3):
452-460.

SUN G, MA L, RAN J, et al. Templated synthesis and activation of
highly nitrogen-doped worm-like carbon composites based on
melamine-urea-formaldehyde high
supercapacitors[J]. Electrochim Acta, 2016: 168—178.

WANG S, DONG L, LI Z, et al. Sustainable supercapacitors of
nitrogen-doping porous carbon based on cellulose nanocrystals and
urea[J]. Int J Biol Macromol, 2020, 164: 4095-4103.

LIN T, CHEN I W, LIU F, et al. Nitrogen-doped mesoporous carbon
of extraordinary capacitance for electrochemical energy storage[J].
Science, 2015, 350(6267): 1508—1513.

HU B, WANG Y, SHANG X, et al
Mn;04-Fe;04@C hybrids for high-performance supercapacitor[J]. J
Colloid Interf Sci, 2021, 581: 66-75.

ZENG X, ZHU L, YANG B, et al. Necklace-like Fe;O4 nanoparticle
beads on carbon nanotube threads for microwave absorption and
supercapacitors[J]. Mater Design, 2020, 189: 108517.

PAN J, SUN H, YAN X, et al. Cube Fe;O4nanoparticles embedded in
three-dimensional net porous carbon from silicon oxycarbide for high
performance supercapacitor[J]. Ceram Int, 2020, 46(16): 24805-24815.
ZHU X, LIU Y, LUO G, et al. Facile fabrication of magnetic carbon

composites

resins  for performance

Structure-tunable

from hydrochar via simultaneous activation and
magnetization for triclosan adsorption[J]. Environ Sci Technol, 2014,
48(10): 5840-5848.

ZHANG S, SU Y, ZHU 8, et al. Effects of pretreatment and FeCls
preload of rice husk on synthesis of magnetic carbon composites by
pyrolysis for supercapacitor application[J]. J Anal Appl Pyrolysis,

2018, 135: 22-31.

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

(511

[52

[53]

[54]

VENKATESWARLU S, MAHAJAN H, PANDA A, et al. Fe;04 nano
assembly embedded in 2D-crumpled porous carbon sheets for high
energy density supercapacitor[J]. Chem Eng J, 2020: 127584.

CHENG J, LU Z, ZHAO X, et al. Green needle coke-derived porous
carbon for high-performance symmetric supercapacitor[J]. J Power
Sources, 2021, 494: 229770.

ZHAO Z, WANG S, WAN F, et al. Scalable 3D self-assembly of
MXene films for flexible sandwich and microsized supercapacitors[J].
Adv Funct Mater, 2021:2101302.

XUAN D, WANG C, CHEN M, et al. Electrochemical performances
of nanoparticle Fe;Ou/activated carbon supercapacitor using KOH
electrolyte solution[J]. J Phys Chem C, 2009, 113(6): 2643-2646.

ZHU X, HOU D, TAO H, et al. Simply synthesized N-doped carbon
supporting Fe;O, nanocomposite for high performance super-
capacitor[J]. J Alloy Compd, 2020, 821: 153580.

AFTAB F, TANVEER S, REHMAN S U, et al. Encapsulation of
Fe/Fe;04 in carbon nanotubes grown over carbon nanofibers for high
performance supercapacitor electrodes[J]. Synthetic Met, 2020, 269:
116575.

LOW Q X, HO G W. Facile structural tuning and compositing of iron
oxide-graphene anode towards enhanced supacapacitive perfor-
mance[J]. Nano Energy, 2014, 5: 28-35.

TAN S, KRAUS T J, LI-OAKEY K D. Understanding the
supercapacitor properties of electrospun carbon nanofibers from
Powder River Basin Coal[J]. Fuel, 2019, 245: 148-159.

LI J, LU W, YAN Y, et al. High performance solid-state flexible
supercapacitor based on Fe;Os/carbon nanotube/polyaniline ternary
films[J]. J Mater Chem A, 2017, 5(22): 11271-11277.

P, B, (KSR ENIMn O,/ I8 JF A 05 A& MR il
& F LA A PERE()]. RERRER4R, 2021, 49(3): 503-510.

LI Mingwei, YANG Shaobin. J Chin Ceram Soc, 2021, 49(3):
503-510.

WU Q, GAO M, CAO S, et al. Chitosan-based layered carbon
materials prepared via ionic-liquid-assisted hydrothermal carbonization
and their performance study[J]. J Taiwan Inst Chem E, 2019, 101:
231-243.

LIANG H, HU Z, ZHAO Z, et al. Dendrite-structured FeF, consisting
of closely linked nanoparticles as cathode for high-performance
lithium-ion capacitors[J]. J Energy Chem, 2021, 55: 517-523.



