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Abstract

This study employs sodium dodecyl sulfate (SDS) as a soft template agent, D-ribose as a carbon
source, and poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSSMA) as a stabilizer to pre-
pare hollow hierarchical porous carbon spheres through hydrothermal carbonization and CO: acti-
vation, and investigates their electrochemical performance. The research indicates that SDS and
PSSMA interact to form a mixed emulsion, serving as a hollow micro-reactor for the hydrothermal
reaction. D-ribose undergoes hydrolysis, polymerization, and aromatization at the interface of the
micro-reactor and water, forming a carbon precursor. The resulting hollow hierarchical porous car-
bon spheres feature the coexistence of micropores, mesopores, and macropores, a high specific sur-
face area, a hollow spherical cavity, a hierarchical pore structure, and abundant oxygen-containing
functional groups on the surface, which facilitate the storage, wetting, and diffusion of electrolytes
and ions. When the CO: activation time is 1 h, the sample (HPC-1) exhibits a specific surface area of
316 m2-g-1, a pore volume of 0.19 cm3-g-1, and surface oxygen-containing functional groups such as
carboxyl (-COOH) and hydroxyl (-OH), demonstrating optimal electrochemical performance. Using
6 mol-L-1 KOH as the electrolyte, in a three-electrode system, the specific capacitance reaches 183
F-g-1 at a current density of 0.2 A-g-1, and after 5000 charge-discharge cycles at 5 A-g-1, the specific
capacitance retention rate remains at 96%. In a two-electrode system, the specific capacitance reaches
97 F-g-1 at a current density of 0.1 A-g-1, and at a power density of 50 W-kg-1, the energy density
reaches 3.36 W-h-kg-1, showing promising application potential.
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1. 5|15

Bt A BRAEPR G HUAIIASES Qe il L H 2 ™0, JF AR, TR IR BEIRAT ik 5 R BOR BON 4RI
WU ]o AR R EAE N — PoBT R e 2R 1, LD R By IR 3 A eSO I B AR A
FEAESHEX R T B% . SR, BRI SE SR I (R AT S [2]. AR kLR BoE g A
PERERIRBERI IR 2 —, M RHR HRIR 2 AR SR R AR s, MOvlE 4
HL A AR A R F 7E B R3]

IEEER, BA AR 5 5 2 SURM R MR R 25 R DL 35 32 21 2 RTE[4] [5]. g5k m] DA
BB AR R T A, SR BUE B VR YECL R, AR TR R S FLA R A R T R AR
RAHANE T HRIES B, TS s AR AL AR BE6] [7]. BRI, TR RTR] 8 i R il s AT h 2 0
P2 LA R R EAT EER O

IKIRFFE — T ] B AR AR R 28 ik, AT LAIE I U 55 S S 2% A SN A I S0 25 440 B T 48]
RS U2 ) 9% P 2 SR RRHI A R0T Be, R P 3R T P 79 S5 R ARG T FRB R - FLIRSE R, 5
SMRHERRmA, WTSRE 2 45H[9]. MAh, CO TR —RhE IR RHE 37, ATUH
R R LR TARIALIR R, IR oI NS E REH], SCEMRHIN L= A PR BE[10].

ASLUA A R SRR IR AN (SDS) N ARG, D-RZ AT, R (4-2K LMTEIR - 3L - HoRIR) R
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(PSSMA) AR, BILKAGRAAT CO AL & 1 25 73 22 FLIRIR, BT T COL HEALIN )X H 4544
ARG ZEVEBERI RO . ASHIT TT 5 AE PR — P ] B g R T A ) 46 i Mk BE R 2 B 2 4 HARAA BE . DT Rl
RIREIRAF At A F S S PR AR A AN BOR S

2. SCIEERSy
2.1. BER5RA

D-##E(D-ribose), | “HeIEMREREN(SDS), E(4-K LIMMEER - K - LRER)EIER(PSSMA), /K4
I R R 3 WAL SR F R A T L. LB, BB OB NH AR ESEIRAFTIGL ., FEFKAT
BEEEMRIG Al K. TR B2 3 R v i, REATATAbEE.

2.2. MR

FREL 2.4 g D-1Z4E . 0.0692 g SDS F1 0.15 g PSSMA B THe#fH, A 60mL & F/K, MR E)E,
FHRAWE T /KB HN# 30 min, B85 THHHERS b DUE E Fd B 60 min. HiHEERUG,
IREIRAE 100 mL =B RN T, K HAE N 160°C I H SN #8541 SR 6 ho 57 RN IRA A2 =G,
o3 A 28K R SRR = AT B0 AR B . BSOS, R B TR R, 73R AT K
(PPC). FHE5ERG, F PPC ¥y ARE T, A N HEE 2S5, LA SComin ! FFHRE 2
20°CHHE 300°C, HAE 300°C FHEIGE 1 ho B, 4k4:LL 5°C-min~! R FHE S 800°C. AT HAREE S,
B No U COp 7E COL AR FIEIRIEAL x h (x =0+ 050 1. 1.5. 2). iHfLselin, HRABHNEZR,
R EF 225 2 FLRER(HPC-x, x NG ). ELAARH] S RfE & 1 fis.

[ Carbon precursor: |
L D-ribose
Deionized
Soft template: | water [ Water bath: ] [ Agitated reactor: ]
SDS 60°C,0.5h 1h
Inhibitor:
PSSMA
Carbonization Centrifugation Hydrothermal
€O, Washing product reactor
activation

Figure 1. Preparation process of hollow hierarchical porous carbon spheres

B 1. RS ALK &IRIE

2.3. FRAEFE

FE A O 2 38 i 52 B Thermo Scientific A 7] Apreo S Hive 45 L1 2 Bi(SEM, TAEHJE S
KV) AT H Ak 24 JTEM-2100 4B 5 B 7 W85 (TEM, I3 HL R 200 kKV)EAT %2 . bR AR A FLEE 4
48 55 [ Micromeritics A &) ASAP 2020 544> {3 L R HIARAIFLERE A4, MHHTRE S 7E 200°C
HA A 120 min, WERIEE N 77 Ko 3R 76 3R 40N E 7814150 H1>K F 3% B Thermo Scientific /A &) Thermo
escalab 250Xi B! X 28 HL T REMEAU(XPS, Mg Ka $H28JR, HT4546E 1253.6 eV)FIZEE Magna 2 ]
Magna-560 78 B I8 3 27 A3 A (FT-IR) o A i IO A S8 AL R FE NS FE 29 M1 i 95 [F Renishaw /A ] Ren-
ishaw Invia %457 & % 1 {3 (Raman, R 3 532 nm) A1 H ARk 2044 D/MAX 2200 4 X $H 28675 (XRD,
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EHLE 40kV, EHR 30mA, CuKa BUHYE, 1=0.1542n0m, FH3TEH 20 N 5~80°) 8. MEHH(TG)
TE48[E Netzsch /A ] Netzsch Sta 449 F5/F3 Jupiter 4 #E A _EiEA7, MKFA AR AR, FHE %
10C-min”!, EEVEHEMNERE 800°C.

2.4. MR

FL AL 2 BE MU FH 95 [ Solartron Metrology 2 7] Solartron Analytical 1400A 7 B 4622 T A, Pk
WA ELFE AT PTRE(BIS) FEIMR 23 CV)RHE IR 78 i F(GCD) . 7 = HARMR R, BiGMEA kL. ok 2
RV 2 I7(60%)F5 b 8:1:1 JR A, N2 LA EE RN HR, HSRBEALERN 1 em IETE
WK E, 215 MPa JE /1 E#IIE7E 100°C R 12 h, #1145 TAEdEMH. BN 6 mol'L™' KOH, Ztb
HLH N Hg/HgO, XTHLRCA Pt Fro HRIEAR C =IAt(mxAV)iHELEZ C (F-g™), Hh I(A) TR
Wi, Aus) NTEHISTE]L, AV(V) A GCD & I BAL, mi(9) N BEE TR . /£ Rk R, R
[F] 77 EAE ELAR N 1.5 em RO B & 5 TAERR, L6 mol'L™! KOH AR, IXIELT4E I
i, ZBERK 2032 AIMAIFRHE AR . WIEAR C = 4Ad(mxAV)HHEHEE G (Fg), Him (@ NIE
FOHARGEPEYI R BT . RERHE E(Whkg HYFIZhREE P(Wkg ) hlilid A E=Cy(AV)*/(8%3.6)
Al P =3600E/At 15,

3. £R571e
3.1. HPC-1 BT L SR F0 7 R A B

i SEM 1 TEM (4 2(a), &l 2(0) &K, KM SEREF, FEBARF SDS 1515, D-#%H
ST R HUKE REFHSURPL, AR TR . REF5 0 B A W 2 S5 i )
BR, RERMEARSATE 200 nm /247 . i HEE S BT (HRTEM) EUE (1] 2(c)idt— B8R T FEM I 2 5L 4%
FRAE, H WD, S AR R B ORIl R E &S T, Mo HR BERMER BN 5 Bk
i FOSAELERR 73 KFLGEM . KAL A FLANGRFL AT 1) 22 G 2540 B A% A 808 it PR AR o M4 LR EB B e T
MIMHETHFHPERE[11]. I8 TR S (& 2(d)~(D) T A, RIRE I EZh C M O R4, C
LR ERmT O LK, R CO T, MERMMRFRIERSE C uETEWN,
1M O JLE & AN D .

200 nm 200 nm

Figure 2. Morphologies of hollow hierarchical porous carbon spheres (HPC-1): (a) SEM
image; (b) TEM image; (c) HRTEM image and (d)~(f) C, O element mapping images

2. REHHZFLRIKHPC-1)AIFER: (a) SEM E; (b) TEM [E; (c) HRTEM E#n
(d~(H C, O TTRARGIE
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S B TR T BLER A 3 B FEKIRGRAE T, D-RBKIRAE N T PLER, fieidt SDS K
fETE R S5 AL JE R O/W FL. [, PSSMA 2 Wi FHTERC AR . BEE K BT, kiR
Z 1) SDS JEkEF a5y, SBELBGEMKIF RN 77, SR10, PSSMA [dilfE ANl s =4
JER A7, AMHIECR A . RN TSN AR FEVER T, th SDS/PSSMA 2 RV & R 2 B
TR RSN, KPR R Y D-E R A R GRS s, RAEAI-H
MLE A, TR O RETIRIR[12]. B64h, T PSSMA Z [a]i#EHEHEFAEM, S BB R AT IR 4 2
IR -
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Figure 3. Synthesis mechanism of hollow sphere-shaped carbon precursors

B 3. Tk ATIR A & LR

3.2. PESRSFLURIKAAMREMFLIRGI D

K 4 JB/R T D-AZHE . SDS Kok il BRAA ) #2528 o 5 BT SRR IR A A R /T 20 N = AN B 1 %%,
TEY) 64 CHREFUA M BUR B3R, X —r B E 240°CHI, BTAPRIAH A BK S &KINZER, EdRK
BONGAR[6]. BH)S, M 240°C R 640°C, Fi# 2 fLRFRT A7 B e FIM /2 iF, JESUREEEZ IR 11].
WG, 15 640C 2 Ja, FUEMVRBRMSE, MEBTFE, £ 800 CH FIREL N 52%, RIIFEMIEAR
SERMRM SRR . FHLLZ T, D-EZBEERE 180°C A A FFuaiIE L HE, & 800°CH JL-F-5E 47 f#. SDS N
7E 200°CHIG M AL, 2 G /R RNk, & 800°C A 1L e 40t IR LLEE R W], EASLIGZ1F T,
BRI SDS 7E 160°C (7K R Ge g fR¥rfe e, JF5 PSSMA RAM EAEH, 784 D-EBE R A K # %
M N A B, B AR R TE A 800°C, AISEI SDS HIsE B, IR LA .

S(@) B T ANFIRE G N WP - BipR 2k, HAFRGI R0 1 8E IV BARLE A IRHIE[13]. SRR
AORE A ) N WP A1, T AR AT COL WG AL IRIARE S HPC-0 1) No MR B & B A AR A T 3R AT 4
1%, SRACFIE LS TAE i No TR B W B4R T o FEAEXS R 7T p/po < 0.01 B, A% SRR Bt it 2 6 2 3% T,
FHE COLTEAE T TR E R T KEMAL. £ 0.95 > p/po > 0.4 JEEIP, 1H AL 5 RE i HY U B 0] 7 2R
YLIIAR P AEAE — B AL, XIHE TR SDS I/ AL FL RN LA A i 5 o 0 43 fL e A FL %
Ak 4 plpo>0.95 B, FTAFE Ny S 2 EIHEass, R\MEINHAEDLERIL, XATaeEl T
IRERHEFR RN, I il T 30 43 LR Em e BT S

B S(b) &R At 2, RoREER R AEE RIL A LALLM o HALAE . 22 1 B
TAFRES LSS E. R S A LR T AR FLARAR I /D, 1T 423 ok A R G A Ak 2 f 5 i Ll 2
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Figure 4. TG curves of SDS, D-ribose and carbon precursors (PPC)
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Figure S. (a) N2 adsorption-desorption isotherms; (b) Pore size distribution curves

5. (a) N2 IR B - FRFfigaZE; (b) FLESTERZ

Table 1. Pore structure parameters of the samples

= 1. HmILERE Y

Sample

PPC
HPC-0
HPC-0.5
HPC-1
HPC-1.5
HPC-2

surSfIZl Zzlgfea h/ilc;;)ﬁ;)cre Ratio of Total pore Pore volume Average pore

Sper ’ surf%ce arca micropore, Volume of micropore size
(m>g) Sirie (mz-g‘l’) Smicro/SBET (cm3-g ™) (cm3-g ™) (nm)

5 1 0.22 0 0 4.95

120 107 0.89 0.06 0.06 2.05

281 165 0.59 0.18 0.09 2.62
316 198 0.63 0.19 0.10 2.37
292 236 0.81 0.16 0.12 2.22
185 113 0.61 0.13 0.06 2.80
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LB RI AR, 1 LU R AR AL 2058 BIHE RIS, Ui CO, i b 38 Z A BUAL A A AL
gk, Hrh, HPC-1 MR IA(B16 m>g HWAFLAE M (em® g )i K, 1l HPC-1.5 Fl HPC-2 [ LL 3R A A
LR HPC-1 T R, RS A2 SBURALE WL 2, Bl LLERR, [R5 2 FLES 1
IR, AT FAARG b 2 T AR R L

3.3. PESRZSFURKPRATRNG RIERES

IS LLAM TSR D-AZE AR BT (PPC)IEAT /04T, S5l 6(a)Fim. D-IZHELE 3215 cm ' AL WL
Wl I R TR RS O-H AR 4EHRS, 1M BT SRR TE AL IR BNE N O, [FIFTTE 1700 em™ &b HY B T 58T
EikHEE C=0 MiRaNE, R D-AZFETE KOS R R A T KRR N[ 14]0 BEAF, 1570 cm™ AL W S22 280
C=C MHZEIRBNFFAEIE, VLIRSS KL 15]. 2950 e AL AR WA C-H {H4EIRBhIE LK 920 em™ Ak
(7% F f C-H 2 iR shIGHE— AR SE T D-AZFEE KRGS R &7 T R A M F5 /AL B[ 16] 7E 1020 cm ™!

920 : C 1 89.42 at%
1700 : HPC ST
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Figure 6. (a) FT-IR spectra of D-ribose and carbon precursors (PPC); (b) XPS survey; (c) C 1s; (d) O 1s of HPC-1
6. (a) D-1Z¥EFN AT (PPC)AY FT-IR i%[E; HPC-1 A(b) XPS £IBE; (c)C1s; () O 1s
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1200 cm™" A1 1350 e ™" AL Aar il 225 O-H (125 4R B MK C-O MR 4aR3NFAAEIE, 275G FT-IR 73 Hr4h
SATAL, D-RBEE K Bt R R AR T KA SRE RIS ARSI 17] BhAh, SR ATIRAR R I & & S A T e,
XL E RE A AT AR S AL UPE BE A Fi S, L RE Y 9 FU AR RL S B g iR i v, AT SR T AR
A TERE[18].

6(b)y HPC-1 [ XPS 43l [, I C 1s &M O I1s 1883, C RS RB9.42%)EH, O TRY
(10.58%) 8K . 4] 6(c)h HPC-1 HIE 23 C 1s XPS i, I&(H 5%} N C-C/C=C (284.13 eV). C-OH
(284.60eV). C-O-C (285.41 eV). -COOH (286.82 eV)F1-COOR (289.12 eV)E fEH[19]. K] 6(d)A HPC-1 [
ETHE O 1s XPS B2, WA 2 HIXT R C=0 (535.54 eV)AI C-O (532.92 eV)E fiEH]. iXubsh BRI R
MAAERESAERA, XEFKMETFRARER G T 2RIREERE, 858 1 BRizE,
REEAIS 1 PR T 55 DL 2 TR PR 5 o BT FRIBEL g, AT BRI 17 B8 7 A% e o AR RL IR 3 FELAVE RE[20] 0 T LB 54
B A E KRGS R IR AT AR S A R, 5 FT-IR 7 ds R —5.

Kl 7(a) R TAFRE L E) XRD B3 . FrA FESLTE 20 24 22.3°F1 43.9° 4035 B0 T WA B 2 R BRARFAIE
U, 43 IR LT (002) 0 7 A 58 R i T AT (100) A 7 A1 88 % Al [21 ] BRI E AL, ATh th &R BAR BN
PoR, TCHRARBIE, REFHIE PRI, AR HBEE COy iR RN, # 5 A
SRR A THI RT3 S ANTRRAIS, SR COL AL ™ A IR R BT L A5 A 2 T BT 23 4 et R R AR 38, AT 7 AR Bk
fio & 7(b) NASIEIAE M I Raman 35 K. 76 1340 em ™' A1 1600 em ! A %% 21 55 AN B 2 FRAFAE DG, 433l X6 187
THEH D WA G 7. D A SMEHOE AT AR DS, T G 7 W R Beq S8R FE[22]. @d D 75 G
(17U 588 5 LU AR (In/1G) PT CAVPASRE S ISR EFEBE,  In/l (BB, SREIMBLRTC T BB, A S8 FE ey
[23]. M Raman KW LAE H, RE SRR ATIRGE PPC 1) In/l6 {HH 1.45, T4 BRI 5
HPC-0 1] In/Ic E %% 1.12, RFmiR R R 5 AR R, AR T FLBRZE L, RIS FRAS T A R R
FARESE, 2w VAW, BEE CO WL A AEK:, #£& HPC-0.5. HPC-1. HPC-1.5 Fl HPC-2 (]
I/l {8 113, 1164 1.21 #11.23, 2HLEFHES, UiAMEREEIE 2, TTF ARG m24]. X
2 BT COL KN [R] 5 A0 3 BURE St R T AL &5 A 1 22, a3 T 5] A 2R 3 T AR AN AL &5 A BB IX — 45 55 5 XRD
AT aE R — 2.

D-band

£l E)

A | i ) PPC Ip/IG=1.45

= =

g z HPC-0 Ip/IG=1.12

= ; k= {\\\ _HPC-0.5 Ip/iG=1.13
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HPC-2 Ip/IG=123
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Figure 7. (a) XRD patterns; (b) Raman spectra of different samples
B 7. FE#SEAB(a) XRD iEE]; (b) Raman JEE
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3.4. PEFRSFLIRKAB U F MRS

E=HRIAE RS, ANRFESIE S mV-s FEREER TR Z(CV)-IZa1E 8(a)ftn. Fra kel
2535 R IARE AR AR, FLRBEVE (LB ) e K i A A2 B AR, R BARE B R4 1) LA T R [ 25
8(b)JB/R T AFIFEMTE 0.2 A-g ™! IR E N BU1H FLIR 70 i F(GCD) I 2R, BT A ¥ K 70 O il 2R 3 il 25
FE= ST, MR RUD, RWIH SRR TEREL (2610 Horh, HPC-1 ZRILH SRR IR A AR5 P A 7S T 2k
fE. K 8(c)N HPC-1 7E 5~200 mV-s™ R E N I CV 4R, BEERHER MM, HRBIRAK
A BT, R BRI F[27]. & 8(d)N HPC-1 7E 0.2~5 A-g ! AL R (9 GCD #hiZk, BIfEE
SA-g B E BN, iR R AR E PSSR = A TR, 33— 2D ESE T AR R 0 2 AR [28 ]

8(e) BN T AFIRERATE 0.2~5 A-g ! B2 FEVE BRI N M A 22 ke o Bl FRLUR 26 BE O3S 00, R B
HLZEIZ T T % . 55 HPC-0 AHEL, CO, Yo Ak 5 R it (1) F 25 M R SB35 4, Horh HPC-1 1) FEL A S o 5 5 1,
ek fa g L T HMhRE b, R R ER A . 18] 8O NARFIRERLE 02 A-g™' RS N LR 1H
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Figure 8. (a) CV curves at 5 mV-s™!; (b) GCD curves at 0.2 A-g™! of different samples; (c) CV curves at 5~200 mV-s™!; (d)
GCD curves at 0.2~5 A-g”! of HPC-1; (e) Rate performances; (f) Relationship between specific capacitance with specific
surface area at 0.2 A-g”! of different samples; (g) Nyquist plot (equivalent circuit); (h) Cycling stability of HPC-1
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Table 2. Capacitive properties of porous carbon materials reported in the literature

® 2. NP EREN S FLRMEIE AR

Samples Capacitance (F-g™") Current density (A-g™") Electrolyte Ref.
RHPC-1000 79 0.5 6 mol-L™! KOH [32]
C1000 148.5 0.2 6 mol-L™' KOH [33]
AC-Corn 125 0.1 6 mol-L™! KOH [34]
THPC 183 0.2 6 mol-L™! KOH [35]

N doped AC 119 0.2 1 mol- L' KCl1 [36]
Seawater-AB-900 85 0.3 6 mol- L' KOH [37]
PCNSS 175 0.2 1 mol'L™! TEABF4#/AN [38]
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Fe doped CSPP 132 0.2 6 mol-L~' KOH [39]
ACss0 123 0.2 1 mol-L™! HxSO4 [40]
MHT-20min-10% 120 0.2 6 mol-L "' KOH [41]
HC2 80 0.5 2 mol'L™' KOH [42]
BAC-550-1 93 0.1 6 mol-L~' KOH [43]
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Figure 9. (a) CV curves at 5~50 mV-s™'; (b) GCD curves at 0.1~2 A-g™'; (c) Rate performance; (d) Ragone plot; (¢) Nyquist
plot; (g) Cycling stability of HPC-1
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