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Abstract The research on the regulation and mechanism of the intercalation stage in the preparation of graphene
oxide (GO) is of great significance for the functionalization of GO and its application in electrode materials. On the
basis of the improved Hummers method, different volumes of H,PO, were added to the H,SO, intercalation agent to
prepare GO with different oxidation degrees. Scanning electron microscopy (SEM ), X-ray photoelectron spectroscopy
(XPS) , Fourier transform infrared spectroscopy (FTIR) and other characterization methods were used to analyze
the microstructure, elemental composition and oxidation degree of different GO to explore the mechanism of H,PO,
in the process of intercalation of graphite. The electrochemical properties of GO under different volumes of H,PO,
were tested by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The effect of H,PO, on
the electrochemical properties of GO was analyzed to achieve the purpose of improving the conductivity of GO by
regulating the intercalation oxidation of graphite. The results show that the single H,SO, causes the excessive
oxidation of the ortho-diol on the GO base surface to cause holes. The addition of H;PO, will expand the graphite layer

spacing and make the oxidant easier to enter the graphite layer and react with 1, 2-diol to form a ring structure to
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protect the base surface, thereby improving the conductivity of GO. As an auxiliary acid, H,PO, will assist H,SO, to

prepare GO with more complete base surface and higher oxidation degree, but its acidity is weak and cannot
completely replace the role of H,S0, in the oxidation process. The research results provide experimental support and
theoretical support for the subsequent development of functionalized GO and its application in energy storage.

Keywords Graphene oxide; Phosphoric acid intercalation; Mechanism research; Electrochemistry; Chemical

reaction; Partial oxidation
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Scheme 1 Preparation process of GO
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Fig. 1 SEM images of GO prepared by H,SO /H,PO, with different volume ratios(A—E) and graphite(F)
V(H,S0,):V(H,PO,): (A) 10:0; (B) 9:1; (C) 8:2; (D) 5:5; (E) 2:8.

Chem. J. Chinese Universities, 2024, 45(1), 20230410 20230410(3/11)



3 % @

Ed C??IEMiLJgRNAL OF CH\Ni U!\%ERjﬁES
Hh AR AE DT 7 AR R L RIS sp® 24 Ak AN 3 SR RE AT H B . a8 AR AL 2 B0 A AR R TS I R
&7 AT H,SO/H POARFA L A 10: OB AL S, B AR EE R 9« 1 PR S AR A B R sl /L, 38
JEARAFAAXS 56 4% . H,SO/HPOARFRLL S 8: 2 1 5: S, A 5 A SR IHI AR AR AR X -1, Al 2B T 25
M FIR A 2 AA 3R, 5 3 2 8 4 — 0820 . HL,SO/HLPOIRFR L by 2: 8 IF, KRS A7 58 288 M43
B, RIS A8 ER L, B A R RAL. SEM S5 IREM, H,PO A &1 GO 3t
THT P18 S50 o R B S BT R B A, 4 )2 500 A HLPO, R 3 5 (B HLSO/H, PO R EE S 2: 8) B, A& %) A1 88
T2 1 R R, BRI R

K12(A)~(C)2h H,S0,/H;PO AT EE Sy 2 8 B i il A 5 (1) e 2t (2 BB 135 (EDS) ST R v A 1, AT I, P
JLETE CO R LIS, IFSE T H,PO,TE GO BT FIE T AP S .

Fig.2 EDS element mapping images of C(A), O(B) and P(C) of GO prepared by H,SO /H,PO,(Volume ratio 2:8)
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Fig.3 Raman spectra of samples prepared by H,SO ,/H,PO, with different volume ratios(A),
zoomed-in image of Raman spectra in the range of 2500—3500 cm™ representing the
intensity of 2D, D+G, and D’ bands(B)
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Table 1 La. parameters of GO prepared under different volume ratios of H,SO,/H,PO,

V(H,S0,): V(H,PO,) 10:0 9:1 8:2 5:5 2:8
La./nm 20.851 20.025 20.496 21.125 23.443
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B TE WS UG A s ik 2B PR SE (—OH) AN B K 43 F A AR ZE IR 301 5 76 1718 em™" Ak AW S04 Xt oy A1
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Fig. 4 FTIR spectra of samples prepared by H,SO,/ Fig. 5 XRD patterns of samples prepared by H,SO,/
H,PO, with different volume ratios H,PO, with different volume ratios
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U, U B DO ot A SRR AN i, 0GR R PR TR R AR AR T 5 R SR AB HEF T Y S AS AR L X 5
Jeong ZE ISR A5 L — 5.

2 (2) A5 H A2 B () (B8 T2 2, 2R d B -5 8 0 AR BE AR OG>, J2 0] i B 1 AR rp
i 0. 335 nm 4 4 H,80,(10:0) Ar AL 5L 89 0. 704 nm. Bl H,PO, AU, GO 14 )2 8] BE A 1B 22
K, H,SO/HPOARFIEL A 505 Frfil #F 5t 7w e 09 B, 4 0. 829 nm, fUFA B K B A AL FI R 25 1)
W75 02 HLPO, AR BUR T H,S0,(2: 8) B, FIrdil A 5 2 [ /N2 0. 346 nm. THEZE R —LHESE,
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AR H,SO, VB R FEBAHZ A, 27 (B2 i A A 2 75 2 P RP R 8 21— e AR L L

Table 2 Interlayer spacing(d) of samples prepared by H,SO,/H,PO, with different volume ratios

V(H,50,) : V(H,PO,) 10:0 9:1 8:2 5:5 2:8
d/nm 0.704 0.750 0.785 0.829 0.346

A1 B A I R 1 SR RIS 2 A SR A BRI 2 AL AW (GIC) , BifiJe KMnO, ifF A A7 8522 (B % A 85
12 B L TR A 2001 48 A . BRLE, 400 HLPO, PT RE 23 5 Bh LSO, 3 )22 1 B8 T i) R B 4% = 1 GIC, R
S HAA AR SS T H,S0,. A KMnO, A A28 L e TR A AR R 19 pHAE . H,PO,AHXT T H,S0, R PE ¢
55, FE KMnO, ' Mn B 1 #) A AL M 57 HPO, MK R N M Mn™ 25 18 38 J5 R Mn™, I 8. e
H,S0, 1, Mn 5[ 25 A M B J5 8 Mn™, MnO, 7E PR R B S AEAE T 73 50 R I AN [] 1) A Ak i it H
PR HLPO, S A BB JZ IR, o K SR A A B8 2 18], ER TG v ARBR 4 55 s SR i Ak id
JE LAV 2% .

K65 T GO XPS T, ¥RFT AR BRI R (1) EL 915 GO Tt T BAS [a) 28 70 () 25 48U B e A B0
Hszm . K6 (A)~(E) FAE H,S0,/H,PO, AT HI £ 19 GO [ C,, XPS 1 & . 284. 6, 286.7, 287. 6 Fll
289. 1 eV AL IS 5I% 1 F C=C, C—OH/C—0—C, —C=0 FHI—COOH & HE A",

(A) C—OH/C—0—C . B) C—OH/C—0—C © c—oH/C—0—C
286.1 2%;(13 286.1
0, . 0,
45.25% v 48.2%

I I I I 1 I L l I
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Bingding energy/eV Bingding energy/eV Bingding energy/eV
D) c—onic—o—c (E) c—C
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Fig. 6 C, XPS spectra of GO prepared by H,SO /H,PO, with volume ratios of 10: 0(A), 9: 1(B),
8:2(C), 5:5(D) and 2:8(E)
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MRS [RITC EUAE 5 B9 XPS C, USSR OC R A A/ e & it . ik 3 R, 5 H,S0,/H,PO,
PRFR A 10:0 FIrfIRE S FE R B, —FARFR LG 9 1 F0 8 : 2 I kR (i A B AR & e T, CIO BB T
K%, I/ HLPO, I A BY TR b1 S8 10584k, PAE ALl 91 1 BFhIRE S b S iR, P
KA. Bl H,PO, B A b — B3, SR & TR, B Ll T, AR R 28 fir
FESR Y C/0 B(ER) A e (6. 08) , LR E AL AT .

Table 3 Fitting results of the elemental composition of samples prepared by H,SO,/H,PO, with

different volume ratios

Atom fraction(%)

V(H,S0,): V(H,PO,) c o . /o
10:0 63.38 28.2 — 224

9:1 66.18 32,01 — 2.07

8:2 66.63 31.68 0.55 2.10

5:5 60.15 26.66 0.88 226

2:8 83.79 13.78 138 6.08

HAE AT REA 22 5 EEIHE T H,SO/H, PO AL {L . A H T H,S0,/H,POMAFLEL 4 10:0
T RR b, B RELEL R 91 1 RN 82 2 B BT AR i ) C—OH/C—0—C, —C=0, —COOH A I§( 5
JE BTV, [FEE, G sp? 22 b i) C=C IR R B N5, UiRH SRR PR . BEE HLPO, & ik —
A8 CBY H,S0,/H,PO AR R 5:5) , —COOH {5 FERE B T B, C=C U BT, BUARBH EL T il i
{J5LL C=C H1 C—OH/C—O—C [N 3=, RFRE AR % XF L H,SO/H,PO AT L 8:2 55
2: 8RS R B, J5 & C—OH, C—O0—C & Rt RME EEuk /)N, 11 LA R T 283~284 eV ALK AR E AL A1
85 sp* 2400 C=C IR0 T e R0, AR AR AR B LR e 2 1) S Ak A AR T

SIMTIR R : HPO, A B F A0 884 TR B R 2RI, K47 1) OH -5 HSO; &4 8 155 e
YERE B HSO, , 5 A8 B CIRTFiEs:, I C—O0H, C—0—C & ', WiE AL
HIAWTE I, #65 C—OH, —C=0 J#E—L AN C—0—C, Frl)286. 1 eV AL I f) C—O0—C W& {4
B TR AR AL RS AT Mn (VID) MBS - H 25 B T RK 431X 1 H A i i 1) 57 A%
Y™, HPO, RS HS , 7EHAR R T Mo HEEIR S5 Mn*, SALRE AL, ik — K —C=0%
bR C—0—C, FrLd H,S0,/H,PO AL A 2 8 Frifil i 1Y) C—OH Fl C—O0—C & &t M. [WH H,S0,/
H,PO AT 2: 8 FR il RE i iP5 sp? 2440 C=C Wi i, W HH T HL PO, 7 KR AR Ik T e g 2 7 T
AL TR

Bl g HyPO, B REERG N, SR —BE(1, 2- %) SRR ROV % ik ) P—O0—C, P=0 Fl P—O R
¥, THFET C—OH, P-4 T IE0E, BLEE, POCEBAE T GO, il fb#it S5 R R 7455, B2
P LA RS AE , RIS B0 58 22 10 75 JU IR ZE AT 5 | ABRFA A . P—0—C, P==0 I P—O0 3 Fiif#
PSR Y T S e R A i A A T B R A F KA SO B
22 HRMBELFEEE

fili AR 2 338 H,80, 5 H,PO, A [RMRFR L BIr il 1 GO, 35540 1,80, il 4 1) GO B i b 47 %F
Fb, BT PO, AT GO HL Ak 2EMEREAUFE IR . K 0. 2 mg GO FUE TR b, Bl R Ay
KEGBNMIRE RN b R 45 T RS AR R 22 (AL) | WE(E - 3522 (AE) LA W LI
L. AL RTLASZ B PR H RS S, ROMRHE S MERE s AE, AT LUF AT 3 SO AR 3R i AR AL

Table 4 Results of CV curves of samples prepared by H,SO,/H,PO, with different volume ratios

V(H,80,): V(H,PO,) 10°A7 /A 10°AE /V 1L,
10:0 1.387 0.075 1.767

9:1 2.847 0.083 1.714

8:2 2.644 0.087 1.499

5:5 3.243 0.091 1.581

2:8 1.785 0.074 2412
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FREE, SRR IR 5 (1 I P A 2 (ERR ), BRI AL I G N, R Z B WA AL I G2 ] Jd 5 D Pl 3
o1 /1, AT A B AR Al it O ARBRAEIT 1, IR R G T ARy, AR I m gt e 22
LA BB R 12 HAT AR A A0, F L7 T, B HLPO, IS IR B3, GO M AL B 2 2218
WK, Z H,SO/HPO MR 525 W BTl RE U5 FEARuN , 38 g BIIERS , S IR, e
A AL RIS 3. 243x10° A S RIE M HL I 25, DA Rk AT, HUGMH AL IR LLAL T 1. 581 ALK
-, HA RAFM AT . X5 GO 2R | AR A &, ST e g7, B8R )2 B BE & mT
DAEIE RS | T IR UG . — S AR B R aly L B 2 1 5 1 (U Na™, Mg ) L REFERZ K
9GO Fr 2 H ITRS , Ak A e )2 T DL R 88 K M GG MO S R H RN, 78 Ricb i i fh 27
Jit#E . AN, H,SO/MHLPOMREREL Ay 50 5 I BT AR it HAT SEAR A A AL R B, 5 1 S TR 4 1) —OH
C—O0—C EREHIE /D, Al H,PO, 5 480 S N AR SR 54, P4 T ST ) ief 1 — 25 DS AE T
—OH, ffIIE T SETH f T, $8m T #R F3EAFiEBR. LR85 I8 AL AL FIE(E RIS,
1511 H,S0,/H, PO MAFR LA 52 5 B A it 7 5 2 r RO R T ELA — 2 RSk

0.006

—10:0 50 - ——355
0005 —o9:1 ——2:8
—8:2 :
0.004 55 40|
< 0003F — 28 0
S 0002} S
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O 0.001} 20 -
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Potential/V Z'/Q
Fig.7 CV curves of GO prepared by H,SO,/H,PO, Fig. 8 EIS curves of samples prepared by H,SO,/
with different volume ratios H,PO, with different volume ratios

Inset is equivalent circuit diagram.

GO JL T 19 7 UE REFXT GO 7 H Ak~ Pk By T 9 52 i mT DALl A8 S BELpeadE — 25k . [’ 8
H,SO,/H,PO, A [RMAFR LY B il A s A BE TS 1 . Forr, CPEL REARNI TG, W, o HBE . ik « 4l
I AR R B (R) Y, HLSO/H, PO FAFL LI GO () R 51 T3 5. v WL, H,S0,/H,POKFLLL A
2: B EFFTHIAE S R fe/ s, B RBRLH 9 1 BTl P B oK . FR AT B FELREL (R, ) LA i 31 DX R T
B HARF R, EBETER KA P AR SR s W i ), — i AR, R Ok . &3 H,80,/
H,PO, R R Ay 22 8 S JUT il B it 11 2 ] EL AR g /Dy, U B L fp G B8 8l e K, 05 & A SR A TR L
o8 A R HL,SO/H,PO AR FR LG R 2 8 B B il A 2 LA HLPO, R 323 4 )2 il 2 19 21, A Ab R B
%, /b () R T LA 2 | PRV P 1 8 38 AR 2 1 T L fb 2 SOy . AR B BEL (7, ) DAIR AR
X EHLRRIZRIN, R, Z 800, 2% X B A SO0 P 8™ P i sicrs il =, o, H,80,/
H,POARFH LG 22 8 B Tl A i PR R K, B BR BHARe/N .  TAAR R AR, JEHIAAAE K ) -
IHEZE AL T 2 R TSR, SRR TR P S 2R N, DT ARAS B 47 i A 2
i, BZXT AL PERE A B R

Table 5 Impedance fitting parameters of samples prepared by H,SO,/H,PO, with different volume ratios

V(H,80,): V(H,PO,) R/(Q-cm™) R J(Q-cm™)
10:0 2.506 4431
9:1 2.556 32.13
8:2 2.447 38.11
5:5 2523 3431
2:8 2,306 28.90
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2.3 H,SO/HPO,#|& GO HIHLIE
GO il g5 FE H B T H PO, BB I AN A  BU N B B2 HE R R SE B0 B S , 19 il A it B 43
J A BE, MWSEER IS R TRANLEE , #85T H,PO, 7E ] £ GO L /E A . 18R &K & Fho i AR A
PRFRBC 1) HLSO/HL PO, 25 3 BORE 1 B e B A 1] & A= BH B A8 Ak, 4l HLSO, BT il A B s bR i ik
FIZke . X2 T H,S0,5 KMnO, SO A B Mn,0,, X Je—Fas st itk , i mp) A AR &
1A ZTEAR IR IR R il BB @ A oy Bk Bl HLPO, TR IS A3, KMnO, il AJG 23 5 H,PO, 4= %,
Mn(H,PO,);, Mn,0, f5EI/0, DRI, A S A €5 fR 4 (88 28 20 0, 90 S0 i e 07
Addition of Stirring in water

KMnOs bath for 3 h
' \ 2

V(H:SO04)/V(H:PO1) Adding H:0: Drying sample

10:0

9:1

8:2

55

2:8

Fig. 9 Color change of sample prepared by H,SO,/H,PO, with different volume ratios at different stages

KMnO, + 3H,S0,——K* + MnO} + H,0" + 3HSO; (3)
MnO? + MnO;—> Mn,0, (4)
2KMnO, + 4H,PO,—> K,HPO, + 2Mn(H,PO, ), + 2H,0 + O, (5)

Mn,0, 2 HE A SRR I T AL , T T HLPO, 9 B AR5 Mn,0, [ B, R, KT 28 22
R AL . 78 H,S0, o KRB BT 2246 2 1 1 Hh ) AR, (HUR Mn (1D /& H,PO, FhfE— B2 . ik
AT LS M () B2 i A2 B Mn (11 T MnO,, H;PO, BT SRS PR 2 A K <=4, S EEXABY
B B2 IR K, SO0 R 2148 g AR AR . L0, B IN AR A R R A K ER
W, b A B 2RI A B, AR SRR P B8 MnO, UTTERE A8 R Jo 8 Al 7 Tk 1
AL, IRA R R B EIABERE . ¥ RER S T,

2Mn(Ill) + 2H,0——> Mn(Il) + MnO, + 4H* (6)
4H,0, + 2Mn0O,—>2H,0 + O, + 2MnO; +4H* (7)
2H,0,—>2H,0 + 0, (8)

HIE 9 AT L, H,SO/H,PO, AR L Sy 82 2 I B il B ity A B3 0 S BRSCR e i i i 0, DTSR ABACR
ff, FUR BRI 525 8122 8 E T A9 P FE b AT RO L BRAR €, R R FRERAE HLPO, FP Y
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A, AU A s 58 20, AR IR B 1 Z R S5 i AL, T R R

LT GO s AN [A] B G FDIRZS . H,SO,/H PO MR L Ay 100 Bt B AR i A B G S, i
THRRTREE A 2 8 BT IAE A R EAA DGR R, PR T SR AR BYARAE . P AT S O BT A
JBE .24 HLPO A Ry i B BR A AE T SONEAK R iE, Pir 4R 45 19 GO Y 7= 28 A9 AH X i . o B HL 45 - dn
Scheme 2 7R : AHITH,PO, A HL T, MnO, 58 /b C=C Ff-55 MnO,_F /> O ZESE T FIE LA~ S8 6 — B,
1,2- R A SN ZE C—C _E2TF, 1538 AL b ag— L, K5, a5 kA4
WA AL, I REOL- ™ A A rT B R FE S AL, XSk fa A ok b2 ie s B 2. R
M, 44 H,POfFAERT, ‘BH T i P—0—C, P=0 Fl P—O0 MR GEF A AR AR 5, M 11 5%
FEGZLR T ) 3L A

HzSOMKMnOle

P

Forming
manganate

| 0
o a o
1500 Spedt—<__ > meo -
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Scheme 2 Mechanism diagram of H,PO, protecting graphene oxide basal plane
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