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Graphene oxide-strong polyelectrolyte composite nanochannel membrane and

its osmotic energy harvesting performance

LU Jiali, LIU Yanhong , CHEN Haodong , HU Chunkui , FANG Youpeng , CHEN Xiachao’
(School of Materials Science and Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: Two-dimensional (2D) nanochannel membranes via the ordered self-assembly of 2D nanosheets offer
great opportunities for developing efficient and robust devices for osmotic energy harvesting due to their control-
lable channel height and high density of orderly oriented channel. However, owing to the limited polar group dens-
ity of nanosheets, conventional 2D nanochannel membranes can not effectively concentrate counterions, which
leads to the low concentration of charge carriers and thus the low value of ion flux. Herein, graphene oxide (GO)
and poly(sodium 4-styrenesulfonate) (PSS) were orderly stacked into GO-PSS composite nanochannel membranes,
driven by the directional field of fluid flow. The resulting membranes feature 2D channels intercalated with abund-
ant surface charges. The effect of ionic strength, salt concentration gradient, PSS content, and polyelectrolyte type
on the transmembrane ionic transportation and osmotic energy harvesting of GO-PSS composite membranes was
investigated. In contrast to pristine GO membranes, the incorporation of PSS simultaneously improves the ionic
permeability and ion selectivity of GO-PSS composite membranes, thus leading to its higher output power density
than that of pristine GO membranes. When the PSS content is 65%, the GO-PSS composite membranes offer an out-

put power density up to 11.27 W-m™ by mixing seawater and river water, much higher than 3.37 W-m™ of conven-
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tional GO membranes. This work highlights the significance of charge density and presents a general strategy for

effectively improving ion transport through two-dimensional nanochannel membranes for high-output osmotic

energy harvesting.

Keywords: graphene oxide; nanochannels; strong polyelectrolyte; charge density; osmotic energy; layered

structure
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Fig.1 (a)Photograph of graphene oxide (GO)-poly(sodium 4-styrenesulfonate) (PSS)-55% membrane; (b) SEM image of GO-PSS-55% membrane;

(c) XRD patterns of pristine GO membrane and GO-PSS membrane; (d) Zeta potentials of GO membrane and GO-PSS composite membranes
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membranes as a function of KCI concentration

VYR P 1 BA B B - A A% 3 Ao R A ke 1) 3 3 ] X
BTG, DI B T i S Sk I
0 A OGP o T AR IR R ok B DX, R 2 Rl
N AEFE K R NI B S, A
DAL St R g R L e AR A, A T P A R
BB PR EerE, UL fext i ki e . it
BF, 3E A N RS Tk BEAR R R B b O T R
HL ey 2 B, I AN 2 P P i R B, TR e X
T[] — i A 0 o T R IRk 1, L B S T
SAEAR R T RE X 38 5 R v B AR DG AR

H5 AN [ Ve BE 1Y) KCLI W43 590 A 3] GO e
F1 GO-PSS & £ B iy 97 ) Pl At st oy, AR 58 AE R
25 5% X S R 1Y) 25 R AR AT . T 3(a)



EEMRER

- 5058 -
(a) - GO
300 BN GO-PSS-35%
B GO-PSS-55%
>
£ BE= GO-PSS-65%
(5]
4 GO-PSS-80% S5
= !
5 R K
g % S B
5 K] ] ]
? ] K] K]
5 6] S o
g 100
3 K] o K
< K] o o
X K] < S
X KX P D<)
S <] o S
K <] o o
K] o K] o
0 S R S S
5 50 100 500
Concentration gradient
1.5
(b) B2 co
B Go-PSs-35%
B GO-PSS-55%
o | E= GO-PSS-65%
z [ GO-PSS-80%
>
3
E
(=1
2
0.5
0

5 50 100 500
Concentration gradient
K3 GO WA GO-PSS &G IF]3E 22 45 1F T i
Frs IR (a) FIES T 1E2EVE (b)

Fig.3 Open-circuit voltage (a) and ion selectivity (b) of GO membrane

and GO-PSS composite membranes under different

concentration gradients

B R, GO T 5 il GO-PSS & 4 T 5 1 FF % /L &
(Vo) Py bt 25 0 2 72 B 10 T R hi 38 n o 76 A0 ) 35 22
BT, GO-PSSHE G MR V, ([EKEE PSS % it
P4 38 o 2 B S 1 e ) AR Ak o Vo FER AR
2 (Eredox) T VAR B 5 B Y B 35 (Bgirr), FKF
PO AR A LT A 2007 RAT 50 H 5 B B 1
R (2,)P:

RT
Egg=Qt,— 1) — ln(VHCH) (1)
zF YLCL

Hr, vy c. z. Fo R, TR P06 B RE
[ a7 3 N QNI VA O 6 N W N S B
XU, Ths HAUKR R BB m — M, LAk
e JE AR — M, 1 T GO i PSS 24 A 1 B AT
K I GO AT GO-PSS 42 45 HE BBy 71 Hia iy JHE L

A8 1% 30 2 i H HE R BELFR B B8 A% 4, DT HL 4% FH
BTkt BE Sy, R R A kR HIHE T
PeREPE. Wl 3(b) frn, GO WA GO-PSS & &
TS 174 B 5 - o8 5 Pk 4 Bk 2 A 1 T v i R
i o A £5 M B 3 19 KCL ¥ ¥ [ € 9 0.01 mol-L™,
Tt b 25 2 B 32 B0 5 R 2K e Rk B i Y KCL ¥k
BESR S . B v VR R o Y KCLYR B2 T vy, 3
JEE VO it (1 b 22 R P B 2 s S LR, ARk
JEE i 5% P J2 UK 3 T 1 R K Bl % KCLIR T
T RAG 3 38 P A B Ak X3 e BE =2 k2, XA
Iei] B, 7 25 1 B HE TR 7 TN I B 1Y AR AR 1 Bk
55, DA e B A R R, TR A R 3R
ZFEE T, GO-PSS & A ML ¢ (HFE A PSS % i
B 32 BN S W A e, JETE PSS E N
55% ik i K. XML UIEE TEESBA
PSS BE 5 A7 4 $2 155 B P 2 bR 3 16 1 o e 2 R,
Hw A AL T B TR O GO TR
L RE s $E v B A W A BH B e B 1k o BRI,
i B A PSS 2 5 B P S 04 2R g0 K G A 2
IR R (1 1(c)), S 2ok LUTE B AR o7 1% Ak 1 BR
IS (], DT 68 A1 TR B 1 PH g T e R
2.3 EEMABEHEENEELBIERE

FF BH 25 7 BE 105 76 4 0K o A s R i i) {1 Ik
BE v WP, AN [ v B R VA T2 1) AF 7E H Ay
PR AT, o — BB B TR A5 B AL
T 55— AR 4 5 - D R e s T 1 P e v B LRSS
AT A T 00 A D7 2R R e v g B8 - I 8
#2220 AR SOKE GO I AT GO-PSS & 4 1 i
BTEAS RV B Y NaCl i 2 (], 7 T ) 775 Y
PN R i 3 4 EL A R A L BEL (Ry) G FL
AFF 5% 3 6 B AE S [R) A £ 28 T Y 8k 22 & rLPERE .
& a(a) iron ., 7E LI K (0.5 mol- L™ Y NaCl
TRV W) FTRE L] 7K (0.01 mol-L™ 1 NaCl 7K i W)
By 50 5 $h B 2 0T, GO Wi JE Al GO-PSS-65%
TR L B A B R (D Y RE A Ry B3
I REAL . SRR, FEMFE R MTEM T, GO-
PSS-65% {i JIE 119 i HH HL 30 % BE IR 48 KT GO IR,
UL HA GO-PSS & & 1 I B A7 T /=y 19 155 25 1 1%
RE T o E— 2 ad DR A SR RE A8 K i R i o
0 55 i o ) R B (PP
Egifr + Eredox )2
R+ Ry,

- (Edilf + Eredox)2
" (RL—Ru)*/RL+4Rny
(2
Hrp, R, AN, WA 4(a) fr7s, GO-PSS-

P=12RL=(



AR Sl B - TR LA A N R T R R L R 25 R L R - 5059 -
400 15 15 15
@ —=—GO (b) )
& —eo— GO-PSS-65% SR 0
300 | *%%e, gm E E £ +
< 'o\‘.’ N\ 0z 210t El0}
£ 200 /% 2 2 2z
g poe % z z £
3 -~ ° s 8 8 3
- »—m EEm \ ° < 5L 5t
£ 100 Y™ e 5 5 5
[0 () o [ [
E o >4 g 2 g
L:) o® w" ' N ‘3? ""C"} A~
0 e man=" 8000 {0 0
- - - - - - 0
100 10° 10 10° 10° 107 0 35 55 65 80 0 2 4 6 8

Load resistance/Q

PSS content/wt%

Time/d

[l 4 (a) GO HiEF GO-PSS-65% MEBAE 50 f5Eh B 22 5T (0 v i 285 B TN ) SR B T Rt AN 7 2R 07284k 5 (b) GO AN GO-PSS & A HiRAE 50 5k
FELLM T RISIREEEAL; (c) GO-PSS-65% HEARAE 50 £ Hh B 22 4514 T AYTRLE L 5 15 I

Fig.4 (a) Current density and power density of GO membrane and GO-PSS-65% membrane as a function of load resistance under a 50-fold concentration

gradient; (b) Power density of GO membrane and GO-PSS composite membranes under a 50-fold concentration gradient; (c) Power output

variation of GO-PSS-65% membrane over time under a 50-fold concentration gradient

65% TH J5E 11 4 Hh T 5% B A A [R) Ry MO 00 R LR &
KT GO #E, RUIFE B A& TR mh 2k
HBPEfE. L EARTTLIFES], A NS
SN AR R I (Ryy=Ry), Hih 22 % L D) AR BB K i
e KA. HUk, 1k B d5 K T 56 8% B s X
AOANIM L BEAE, AT AW i N BEAR . anl&] 4(a)
Jii7R, GO-PSS-65% T A 114 4 H Ty 32 9% FE A8 AP i 2k
Fi R 13 KQ BFHEF] T I 11.27 Wem™2, 1] GO i i
1) F R B 1 T 2R 9% AN R 3.37 Wem ™, X i Y
AN AT 5 40 kQo HBEAT UL, 7F 4R 4K I
W1B A PSS I & FEAIL T I B 1 85 A% S B 77
B A 4 4 K 3 T IR R K R 22 TR
b 25 B R G 4 i L R

L MU GO-PSS & 45 Wi N Y PSS & £, i
— PRSI A PSS X Ak 4 KK A R L 25 Kk H
PERE RO R LA . & 4(b) FToR, BE# PSS & &
M 0% Ha I & 55%, GO-PSS &2 4 M 1E 5 22 &
b B B 2 e T R N 3.40 Wem P I 3E
iz % 9.81 W-m™, BJ54ksr gz igm, IEAE PSS
h 65% Ik B e KAR 5 13— 25 15 0 PSS % &
S SO RS- X B 1R T R R B & 9.60 Wem 2,
TS 1) R 22 Pl TR O L T R RN S Tl i
PRI m p 45 0 . BRSO R M s RE R 22 Kk
PR 9 L ok R M 0 e P, 24 PSS
T 0% 34T & 55% B, GO-PSS & A 1 EAE fin
T B L S R mT LA R
PRI B - 18 R 0 [ 2B 1S (] 2(b) FTEL 3(b));
T E— 2544 i PSS & & )5, GO-PSS & & T 1) i
H T S P i ek D B BRI, F R
W PEME T RS2 e (8 3(b)). i A 457 £ B i
GO-PSS-65% i i 75 50 1% 5 i 22 25 40 T 1 T K

WAEN, #E— 05T GO-PSS & 4 M th 22 &
HRER R E M. WA 4(c) iR, GO-PSS-65% i fiE
ERR S DR 8 KJF, DI % BAKSR e85 5
1056 W-m™, U FF&T 6.91%, M T GO-PSS &
A A R 22 R AL R b A R AT R M RB AR e 1

Bk T GO-PSS & & 4 K i i s DL &b, if —
A2 T LL PAA Fil PVA 1 & 4 57 (1) GO-PAA Fil
GO-PVA & A 4K i 18 i . Horp, 59 58 v ff ot
PAA 255 I 119 42 3 AH 4 5 58 W fff 0T PSS 4 I
MIBEIR L, HARS A ERE S, W PVA F55 I
) 35 5 D00 B X O A P, PR LA 3 A IR R MR T T
AE TR S5 T /9 J2 55 HLfar %5 B« PSS > PAA > PVA,
WE 5(a) Frx, fEAH RSN 806, GO-
PSS-55%. GO-PAA-55% Fll GO-PVA-55% iX 3 fl &2
A VS A I S PR O 4 B AE 50 £ NaCl 3 JF 22 B 1
LR ARG I . 5] 5(b) s 23X 3 Ay e
5 B R O R AT B W e D e L o
GO-PVA-55% i I 1) D)) % % B AN i35 3 5.11 W-m™,
GO/PAA-55% i I 1y Ty %6 % F£ R 7.39 W-m™, fij
GO/PSS-55% i JIE% 1Y) Tfy % 2% J& ] 55 35 9.93 W-m™>,
A 5 SR B R S S P T 4 R X R AR A
W22 & itk RE L 5 HEAE M . AT PVA FI
PAA, 1E N8 3 oL fif 5 A9 PSS HL A T i 1Y) Ha Ao 2%
JE, RETE AR R G0 T S 4 v N 1 R
TEAERE S, 13 GO-PSS &2 & MK /EEh 2 &
o R e LB T R 1 B A i R 0 R A D R
FATH GO-PSS & & Wi 5 H Aif il 1y — 44
K AR R AT T HERE A . WA 5(c) iR, GO-
PSS-55% i JI5% (1% £ 22 & FiL D) AR % B W S T O
T ) A A K R ) U B A i R i
o R R R 2 N O 3 R ) R I R R
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