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Abstract: Molecular dynamics methods were employed to conduct an in-depth investigation into the interfacial
interaction between graphene oxide and calcium silicate hydrate (GO/C-S-H) and the corresponding mechanism
was analyzed. The results show that the carboxyl group on the GO surface synergizes with the Ca—O ionic bond
network through strong C=0OH: - - H,, hydrogen bonds, enhancing the interfacial binding energy by 61.1%—65.2%
compared to the epoxy group/hydroxyl group system. Under the combined influence of temperature and water
content, the interfacial bonding performance of the GO/C-S-H interface exhibits significant changes. An increase
in temperature leads to a decline in the interfacial debonding tensile force and peeling work, while excessive hydration
at the interface further weakens the bonding strength. The bonding performance of the multi-layer GO system can

be improved with an increase in the number of GO layers after optimizing the stacking layer number to avoid defects.
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Based on the simulation results, the rule that GO functional groups regulate the structure of interfacial water molecules

and dominate the bonding performance is revealed, and the coupling mechanism for the multiple factors, including

temperature,, water content, GO layer number is elucidated, which provides a quantitative framework for the design

of high durability nano concrete.
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Fig.2 Schematic diagram of GO debonding on C-S-H substrate
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Fig. 3 Distribution characteristic curves of water molecules along z-axis direction in different GO systems
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Table 1 Water molecular diffusion coefficient in different GO systems

Unit: m*/s
GO—0, GO—OH GO—COOH  Free water™
2.28X1077 1.13x10°° 1.43x10°° 4.13%10°°

F 1A, GO—COOH K R kK o F I8 B R 8=
ik 1.43X10 * m*/s, 433l GO—O, F1 GO—OH f&
R 6.3M5 M 12.7 4% & A HAKY AR M3
Z . XEW,GO MK EH R 5K 5T IE B S
HARIEAEES  HESB GO WMIK Y FHE I
ANTF o AR UL, GO XK 4 F 1 W B BE ) 32 B RE A
FERIFZ 0, 3B RE X K 43 14 U B R T H e B 55
WK H :GO—COOH>GO—OH>G0O—O0,,

GO XK 4> F R BHE R, 2R T E R 5
Ky F RSB TR . VPR I BLT R ff B GO &
18K 53 FHESAT A 4R T AT sl . BRI S L GO
2T E RE AR AR A SO RO S L
KT ISR | 3E X GO 57K 4[] i) 5
T AF LA P 8 B 7= A W R O TR AR SE X — A
HAEH L ARG TR GO MR & 78 5015 )5 ik 21 °F
R A B B S AR BCR . G, S BUR S 10 ps A9 4
T B0 Sy SR AT BT DA NG R 2 .
K5 R T AR GO MR RAEF AR T 19 S 50 .

TR S BB 22 T3 5 1 GO—O, 3 AT 7F $2
A, H A g D F GO—OH.,

3000
2887
2858

- 2823 % 7

2 %

2 2750 LA T4 2 740

g N N 2696

< N

=

Q

=]

= /7% \\\ I o _
b N R R
S 80| 72
EN 58

T

40
20
0 0
GO—0,  GO—OH GO—COOH
System
Total O,—H, 0,
& O0,—H,O0; B3 O0r—H;-0,

B5  AE GO KR ERRE T 8 S o

Number of hydrogen bonds in different GO
systems at equilibrium state

Fig. 5

KT — R GO/C-S-H B AL TH FRAE , % 5t
TR T A A% 18] 20 A BREC(RDF) #4743 #r, 45 SR 41 6
fine HIE6A . (1)C-S-H H Ca*" 5 O, 1 RDF 1
0.248 nm &b 5 B & 3 0 A7 (K] 6(a)) , IESE Ca® 3l ik
B 1)Z2KETT OJE R T s BCAL, 200 7 A0 =
BN BRI W, W2 62 7 R AL & T
RE 7. (2)C-S-HAEM #2445+ (0O,,.) 5 H, 1Y RDF 7E
0.158 nm( F 1) 1 0.320 nm (¥ 1 ) 5 BRI 45 AF (&
6(b)), WL O, 5 H,IE 8L Z 8, IRIEAL O, %
(K oy F ik —25 55 22 KA d . RYO,.
T ot R AR A T A SR A, S T A



1278 FESE R A S I

o 28 %

AT .(3)Ca’ 5 0,1 RDF 7£ 0.233 nm
Ab BRI A (8 6(c) ), Lk Ca® 55 O, SF7E I 5 F —
E A AH B 7 FRAE XS C-S-H 2R 4549 1 g
fap VA5 5 7 (AR E Ve B e PEVE T (4) 45 B #g

AR T 5 H 78 0.183 nm A4b 5 3045 1 e A i, H:
T C=00H 3 H fe = B A7 % B, i 55 % L 38 2 o
PR —Z AR R 5 T KA VR 8 (0.328 nm) X i
S i iy 2B X 2%, R T 00 AR LA K o 5 IRBOK R

10

—GO—0,
—GO—OH
8+ — GO—COOH
6L
<3
@)
a4
4L
2 L
0 0.2 0.4 0.6 0.8 1.0
Distance/nm
(a) Ca—O,,
80
_Ca_obos
60
=3
Q40 +
a4
20 -
0 0.2 0.4 0.6 0.8 1.0
Distance/nm
(c) Ca— Oy

Wt O—H- - - O A Z 5k 2 H—O AR G T8 1
WA FALFE 2 3 GO—COOH K & 78 0.530 nm 4b Hy
LA 3T 0, IR R BE N L IRk (C=0) ==
(] Wb ) 25007, — 2 4y S 5K A FASE#E T O—H-- -0
Je C=0-+-H—0 2P &8 , B il T Fo e 1 2 2 —
Fe—K = e NS L 3% 43 8] U IR 2800 5 B CO—
OH---H, 7£ 0.328 nm 4k 7= /£ & K B £7 W N
(F6(d).

5

— GO—O0,
— GO—OH
4+ —— GO—COOH
3 L
o3
A
27
2 L
1 L
0 0.2 0.4 0.6 0.8 1.0
Distance/nm
(b) Ops—H,,
24
—O,—H,,
——OH—H,,
181 —— C=O0OO0OH"--H,,
—— CO—OH"--H,,
23
A i12
=4
6 L
0 0.2 0.4 0.6 0.8 1.0
Distance/nm
(d) GO—H,,

K6 Al GO FR T GO/C-S-H FERLF 1942 17 53 A7 bR L
Fig. 6 Radial distribution functions of particles at GO/C-S-H interface in different GO systems

G T R R A 2 S L v R R A
WEMAERR., BI7RHAF GOEKR P GO/C-S-H
Fusit =B, mE 70 (1) 3F GO R R TEb B
R, 2 S ACE BRI S A I K Ay A SRR
GO B FE FL T % A4 7 1 AN L A8 48, 7Kk o7 Ay Al
45 g A R 2R 4 A v ke B B SR AR L (2) 5 HoAth 2
PR R M H, GO—O, 1k R Sk Ak 3% | )% 46
AR AR TR K, 26 W 2R 483 5 K 4 F b D = 4 A
W2, LT K 43 TR I B T 4 C-S-H A 3h 25 B 32 0L
W, VR AR AR B IR O B 2 3k
Y,

22 BEHEERRELEAME
B8 AT GO R & v hi Jy F A8 o Wi C

JE 0B 1 AR Ak i 2

A 8(a) AT L2 (1)3FF GO K Z ARz J1Bifi C I 7
1% 52 S 38 K el /N 9 B 3 A e KRB FL 38
PAE 6 nm i iE . Hd,GO—0,5 GO—OHk &
() F o KANLT A5 5 S A K= AR GO—
OH & &M F,.. M B KT GO—O, 1k &R 15 oL A~
[] 53k 1id W 3L i AR K S GO—OH 1A £ 6 45 1 fig
SR T GO—O KR, X EH TRES KT
F1K) 45 ¥ R0 S5 R R A B, K 43 T BE S AR 2 ) i AR
o 5 LA 2 [] Y U B R R K — A ] 42
R, W AL K IR I GO Ry 45 A 591k
RN T A R 3 (2) 3P GO A Z 3 far 9 2R 19 C Ji
TR N 9.5 nm, Mk 5L B S A TR 2



%5124

RBAT, A5 ZRR T A A AR/ KA R R A5 S R B 1 2R

1279
Hight/nm: S Hight/nm:
3.3 | 3.190 33 3.250
. - 3.150 . 3217
E 3, B 3.110 73, 3.184
ﬁ 3.070 5; 3.151
£ g 3.030 £ g - 3.118
sg31 2.990 28 3.085
53 2.950 5% 3.052
§30 2910 §£30 3.019
k] 2.870 =2 2.986
z 2 2.830 Z 29 2.953
A 15790 A 2.920
2.8 0 28
S8
v D;
Sp/a o
d g 1 o 0 Q,CI,e iy 8 570 2 6&60\:\0
'Te, O A ‘Teps: (Vg AW
U Ty e & Uony Tarig o &
(a) GO—O, (b) GO—OH
Hight/nm:
= 3.190
= 3.150
><c? 3.110
N 3.070
< E 3.030
£ 2.990
S *03; 2.950
£ £ 2.910
89
% 2.870
.8 2.830
R 2.790
(c) GO—COOH
E 7 KRFEGOKFREHR GO/C-S-H F izt =
Fig. 7 Contour plots of GO/C-S-H interface structures in different GO systems
1.75 6
150 (IS TS 165 51
125+ _
1.00 TE’ 4
£ 075 B
~ C)
0.50 ol
0.25 ¢ —_GO—o0.
17 —GO—OH
¥ —GO—COOH
—0.25¢E L L I L
0 2 4 6 8 10 0 2 4 6 8 10
Displacement/nm

(a) Tension force

Displacement/nm

(b) Peeling work

B8 A GO MR P I3 A 8 Dl C TR T B 1 72 A il 2k

Fig. 8 Variation curves of tensile force and peeling work with respect to carbon atom displacement in different GO systems

t I 8(b) AT L - £ C 2 #8~ 9.5 nm 4, 3 Ffr
GO K F 13 5 1) K /MR IR GO—COOH>GO—
0, ~GO—OH, Z45 R 571 iR “ Ko F i A T2
S B AL S e A . EHATEENE,
GO—O, & B 1) 2 faf ¥ J5 B0 52 55 HL 570 T 45 # A ¢
(F 7(a)), W B TR 09 3P TR AR e ), 3 Ry il
5 F 3l 2 T B DI Re Ak GO 1 A T ) 2 4 41

TR

ST K SR I RO 2 3 5k GO/C-S-H 3t

RN (S NS = € TR e B O S R T O =
S S SHERER A SRR H AR GOR RN E A
Bl T A o3 M K o0 %) FUR S S PERE RIS o 181 9K

wo

AE GO ZE W GO/C-S-H F 1 45 4 fg I It 8] (1% 25
B Ay, mE IR UL (1) GO—COOH K R /Y



1280 pi

WM B % W

o 28 %

E,i% 1.463 MJ/mol, # GO—O, #l GO—OH fk % 2
F61.1%6~65.2%.(2)3F GO & F rp A AR B.AF T
it E,. 19 5Tk & o 83.2%~94.6% , H h GO—
COOH R E, (i & & T GO—O,f1 GO—OH
R A EAENRE, AR RE. WE,EEM
FEFTERFE , GO/C-S-H 1 71 5 A VB £ 2R IR
T 5K G 08 A U ) 2% i 5 e A 1R
/N T GO H g 5 C-S-H FL i i BLIEE

—
[>2)

ic: ZAE, 463 L343
g N E e :
= 1222 BRIE,, 7§
s "N
3 0.87 0907 0956
on
o
g 06F 7
oy
g
9
g
@ 0 e
‘-g -0.050 ~0.082
2 ~0.346
= -0.6 : : :
GO—O, GO—OH GO—COOH
System
E9 R GO K Z&H GO/C-S-H %t i 45 4 A bifi 15 [7]
1) A% Ak K 4 i 1

Fig.9 Variation of interface binding energy at GO/
C-S-H interface with time and decomposition
diagrams in different GO systems

1.85
1.80
1.75
1.70
1.65
1.60
1.55
1.50
1.45

1.40 . : :
275 300 325 350 375

T/IK
(a) Maximum tension

&l 10

Fpa/nN

2.3 REXREFMEREMR I

Tk B 6 BB A 0 3 45 GO #E C-S-H JE AR 1 JiE
Fhioh 7126418 . B0 AR GOk R GO/C-S-H A
I f5c KAL) F A KB W, Bl B T 21
10 A 0L . (1) 7E 275~325 KB, GO—O, fil GO—
OHK R F, & T 0 T midl E )y X 2 i
T i i A 3mSR TSR R 2% 55 A BT B GO—
COOHR AP AME S & T S 1T 8 S8 F,, 0L
/N R L (2) 7E 325~375 K i, GO/C-S-H #ifi
) S0 N 2% i B | K a3 kiR Ll GO 5 C-S-H %&
AR [) 4 405 /0N, 55 1 T B e R T L FLLG S KL (2)3F0 GO
KRR W, YIBE T 508 338 98, 2= W1 B T = 2 B IR
T L R T AR . 4% bR IR, ZEARE X
(T <325 K), Ji F #di al o 96 3= b 7, i2F A 3R 5y 5
T 8 286 3k 5 7 R UL X (T =>325K) , Skt B A 51 K 4%
Pt 4, 155 1 JR A A L B0l 3 B A s it
LB T . T GO—0,5 GO—OHKF& ,HF,.,
P S AR PO A AL RRAE , L) 325 Ko 43 B, Se i
JEd R, BARIF  AERE X (T<<325 K) , A4k 3))
F 0O R AR BEAR T A R T AR 7R IR
X (T>325K), A HEMIFET GOS C-S-HIk K
AU PR PR G, SR T S 5 i B IR T v 4
Hlg5 7 RUGEA 455 iR

6.0

5.5

5.0

4.5

W (G * mol-")

= GO—O,
® GO—OH
4 GO—COOH

4.0

3.5 L L v
275 300 325 350 375

TIK

(b) Maximum peeling work

AN GO M FR H GO/ C-S-H F i 5 I A 71 A 85 R 2 Ty B i 12 A9 728 1

Fig. 10 Variations of maximum pull-off force and maximum debonding work at GO/C-S-H interface with temperature in

different GO systems
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