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Abstract: The performance of flexible transparent electrodes (FTEs) is a key factor affecting the optoelectronic ef-
ficiency and stability of flexible organic light-emitting diodes (FOLEDs). Conventional indium tin oxide (ITO) elec-
trodes, due to their inherent brittleness, struggle to meet the requirements of flexible device applications. In this pa-
per, a AgNWs/MXene composite flexible transparent electrode was fabricated on a flexible substrate using solution
processing, combined with argon plasma treatment to optimize electrode performance. The as-prepared composite
electrode exhibits a low sheet resistance of 18. 2 )/sq and a high transmittance of 91. 2%. After introducing PEDOT:
PSS as a modification layer, the root-mean-square (RMS) roughness is reduced to only 4. 4 nm. When used as an an-
ode in FOLED devices with fluorescent Alq; as the emitting layer, the device shows a turn-on voltage of 3.0 V and a
luminance of 4238 cd/m? The composite electrode also demonstrates excellent mechanical flexibility (sheet resis-
tance increase <10% after 1000 bending cycles) and environmental stability (sheet resistance increase <20% after

240 h storage in air), with the device retaining 87. 9% of its initial luminance after 1000 bending cycles.
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Fig. 1 (a)Fabrication process of flexible transparent electrode ; (b)Schematic diagram of electrode
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Fig. 2 (a) Sheet resistance and transmittance, and (b) FoM values of AgNWs-2 electrodes at different rotating speeds; (c)

Sheet resistance and transmittance, and (d) FoM values of AgNWs-2 without argon plasma treatment, AgNWs-2 after ar-

gon plasma treatment, and AgNWs-2 after argon plasma treatment with MXene
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Fig. 3 Surface morphology of different electrodes: AFM images of (a) AgNWs-2 without argon plasma treatment; (b) AgNWs-
2 after argon plasma treatment; (c¢) AgNWs-2/MXene; (d) AgNWs-2/MXene/PEDOT: PSS; (e) AFM image of 1TO

electrode; (f) SEM image of AgNWs-2/MXene after argon plasma treatment
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Fig. 4 The variation of the lower resistance of different AgNWs electrodes (a) with bending radius of 5mm and (b) with time

when stored at room temperature
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Fig. 5

(a) Energy level diagram of flexible OLED device; (b) Photoluminescence (PL) spectrum of Alqsand normalized elec-

troluminescence (EL) spectrum at 7 V.; (¢) Current density-voltage-luminance diagram; (d) External quantum effi-

ciency-luminance diagram; (e) Current efficiency-luminance diagram; (f) Normalized luminance decay curves of devic-

es based on different FTEs under cyclic bending tests(inset is bending physical diagram )



8 -

¥R

FF ITO Fl AgNWs-1/MXene H 12 B 25 174 53
So LR (8 CHSE IR H] 1 ed/m2i (9 HL ) 3504
3.5 V, MM 3T AgNWs-2/MXene H 8% (4 2% 124 15 52
HUEPEMCE 3. OV, AT H AL 7 0.5V, XA
TRUZ AgNWs [0 2 B A T B Y28 - 235 145
FITE Z2 1) 5 P 3 6, A R AR T Rl A ) B AR T BHL
R T ik L L, DA TT U N TS O E AR R
TAREFGEARET) o [FIEE, 2T AgNWs-2/MXene &
A HL K FOLED 5% 1 (% 52 B2 Dk AgNWs-1/MXene
A H LY 2938 cd/m? B T 2 4238 cd/m?, HE IE 15
44.3%, E $ 3T 1TO 2% £F 1Y 52 K F (5959 cd/
m?) ; A N 1) EQE FI HL Jii &% % (Current efficiency,
CE)W AR T —E Tt (& 5¢-e) ,EQE 5 CE Z [A]
OE =P

CE XA Xe

Hoor A &G (nm) ,e AT H M7 (1. 602 x 107!
O C), h Y v H B(6. 626 x 107 J+s) ¢ JiE

(3.0x 10%m/s)

W = Bl HL B 45 #4 X5 B 9 FOLED #% F H 8 &
FHRSHILE TR, TEIEHMWE, LT Ag-
NWs/MXene & & HL 1) 09 4% 14, 2 CE #1 EQE Ik T
ITO #514 . 41 3 i 7~ , AgNWs-2/MXene & £ HL
e () RMS HLEE FE 4 7. 8 nm, 1M ITO HL X K 2. 4
nm, AgNWs-2/MXene HL i & [ HLRS B & F 1TO,
Syl R AR, FER T EA R AZS SR
I, T REAR T 88 R 80 . 56T A ) 28 M Al 1
OLED #8476 I 2 25 Hr i B v, ITO A 8 14 1 5
JE 20 6k, 300 WK A T 5 L/Lo o (L 2 ] 3k
SEEAE, Ly IR EE) C R TR LS
PR EERNY . MEZ T, 2T AgNWs B /Y
1 34 2 B L AR A B SRR, AgNWs-2/
MXene i £ 7E 1000 X &5 47 J5 L/Lo AT) £ 45 9] 4 ¢
FE ) 87.9%, W ¥ I T AgNWs-1/MXene # 1
(80.5%) FIITO #54 . 25K £ AgNWs-2/MXene
HL R A S T T FOLED g8 B 25 47 i A 1

*1 7 [EFOLEDs ) E{&4aE

Tab. 1

Specific performance values of different FOLEDs prepared

s Ja s (V) JEE (ed/m?) HL AL, (cd/A) EQE,, (%)

ITO 3.5 5959 4.17 1.23
AgNWs-1/MXene/PEDOT : PSS 3.5 2938 1.31 0.39
AgNWs-2/MXene/ PEDOT : PSS 3.0 4238 1.98 0.56

3.5 EREFEASEHSHE
BT R®RAEIT AgNWs-2/MXene 7 {4 14 BE f
S A T S SRR L 45 H S Anode/NPB
(40 nm)/Alq; (60 nm)/NPB (50 nm)/LiF (1.2 nm)/
A1(80 nm) , i 2 25 8] L, fof B2 il HEL 3 (Space charge
limited current, SCLC)#E A 48] & 354 25 )N iF L 3K,
W RIRN
Jsere = %808,.MET2 (3)
FCrp J o WU L, &0 N LS A0 LR (8. 85%10™
Flem) , e, WAL E(3.0) , 0 NERTE TR E
L, E=V/L, L IR (F HLJZ R 140
nm) S HOR T IEAS R w5 HLY E YOG & n] i
Poole-Frenkel 22 2014
w(E) = poexp(BVE ) (4)
Hb wo 2F B TIEH R, B2 /K- 2 5K
o O BRI 50
1n|.L=lnp,0+B\/E (5)
&6 (a) e 7s 1 AN [H) BH A &5 749 19 B 25 7

) FL I R - R R (J-V) R e 26 o a0 TR L A
R X (<3 V), 2 a8 19 H it 285 2 3 B/ B
28 SRR, R I 28 70 A 232 B A e
R bl R T U R T bR S ] 22
5o FEREA DA A S B, BE T AgNWs-2/MX-
ene FABI ) B 25 oA 1 i 24 3 3 O v 1) HL UL
JE LR O AR R S R M 2T,
I T AgNWs-1/MXene F1 1TO FH #% 1 28 £ HL i %
A ARG . MR SCLC AR AL J-V il 28 itk 47 40
G & SR A GE B F A E 6(b) T .
AgNWs-1/MXene Fll AgNWs-2/MXene FH % #5 14 19
22 7GR R B E T ITO #5314, H AgNWs-2/MXene
e 5, UG MXene 1951 A B8 3 42 T T 25 70E AR
TR, X —45 % 5 MXene 5| AJ5 B RE 20 725 1k %
YIS . JinA MXene J& , B3 B B9 ) R BCHR 50, 4
INT 5 55 L i 2 NPB S i 4 4 T I RE G
(Highest occupied molecular orbital, HOMO) 2 [&]
19 25 0T A e A F T 28 N BB ) A AL 1Y
AROEA NI T 28 7GR



Erde, . BT AgNWs/MXene K A 523 B o AR B0 414 B ML BB AT ST 9

~~
2

600 —e— AgNWs-1/MXene
—— AgNWSs-2/MXene
—A—|TO

N

o

S
T

Current Density (mA/cm?)
N
o
o

1 1 1

2 4 6 8 10 12
voltage (v)

(b)

1o3|- — AgNWSs-1/MXene
— —— AgNWs-2/MXene
g I —70
5‘ 10'F
_"U’ [—-/_r_._.H—H_._.—._P—_
< 10t
1S
) r
= {/_‘#M
z
<]
= 10°}
r
1077 1 1 1 1
650 700 750 800 850

Electric Filed (V cm%)2

Ko AIEE R (a) B s J-V T2k H (b) #0i 712 5% %

Fig. 6  Different composite electrodes: (a) J-V curves of hole-only devices; (b) Carrier mobility

4 % 7w

=1

AR SCR W WO Tk R & T AgNW s/
MXene & & BB, LIEERRY 2R
GE T HE S MXene B J5 , 2 G AT BRI &
18.2 O/sq, 5 i F 5 ik 91. 2%, % W W 55 5 11k
K4 5 MXene W45 38 58 (14 U0 [F) 6 A 20K T
Jr B . 52 v AR e PR A i AL SR M (1000
WA G 77 LG iR < 10%) FIEREEfa e o (22 Ap
B E 240 hj5 )7 B IR < 20%) . 51 A PEDOT:PSS

& X X #:

VR TZ B2 5, A RMS B % 4. 4 nm, Ui W]
BB W T A Rk R A . K LA
W T FOLED #F, R se Hh 3. 0 V, 52 JE ik
4238 cd/m?, Hh it F &L I8 0.56% , HL i 5 Gk
1.98 cd/A. £ 1000 K 25 4 J5 #% 1 52 B AR F5 3 5k
87.9%, 1 F LT ITO g8 14 o % TAEARAL R & AR
L5 1TO i $2 4 Tl AT i R & th W T —
AT 2 0 7R 5 R R s M T R T AR
M R T —E S H & T2 SRt
M

[ 1 ]CHOEH, KIMY W, SIM J, et al. Recent advances in flexible and wearable OLEDs for biomedical applications: a re-

view [ J 1. Materials Horizons, 2025, 12(21): 8862-8894.

[ 2 ] DUM, YANG Z, MIAO Y, et al. Facile Nanowelding Process for Silver Nanowire Electrodes Toward High-Performance
Large-Area Flexible Organic Light-Emitting Diodes [J]. Advanced Functional Materials, 2024, 34(42): 2404567.

[ 3 ] RIECKHOFF S, RIESEBECK F, SOLDERA M, et al. Texture-Enhanced Mechanical Stability of Transparent Electrodes
for Flexible Optoelectronics with Near-Infrared Response [J]. Advanced Materials Interfaces, 2025, 12(11): 2400922.

[ 4 ] YANG J, CHANG L, ZHANG X, et al. lonic Liquid-Enhanced Assembly of Nanomaterials for Highly Stable Flexible
Transparent Electrodes [J]. Nano—Micro Letters, 2024, 16(1): 140.

[ 5] WANG T, LU K, XU Z, et al. Recent Developments in Flexible Transparent Electrode (1.

(5):511.

Crystals, 2021, 11

[ 6 ] RAVIKUMAR K, DANGATE M S. Advancements in stretchable organic optoelectronic devices and flexible transparent

conducting electrodes: Current progress and future prospects [J]. Heliyon, 2024, 10(13): ¢33002.
[ 7 ] KANGHS, KIMD H, KIM T W. Organic light-emitting devices based on conducting polymer treated with benzoic acid

[J]. Scientific Reports, 2021, 11(1): 3885.

[ 8 ] SHARIF P, ALEMDAR E, OZTURK S, et al. Rational Molecular Design Enables Efficient Blue TADF - OLEDs with
Flexible Graphene Substrate [J]. Advanced Functional Materials, 2022, 32(47): 2207324.
[ 9 ] HE'S, HONG Y, LIAO M, et al. Flexible sensors based on assembled carbon nanotubes [J]. Aggregate, 2021, 2(6) :

el43.

[ 10 ] KANG H, KIM J S, CHOI S-R, et al. Electroplated core — shell nanowire network electrodes for highly efficient organic

light-emitting diodes [J]. Nano Convergence, 2022, 9: 1



10 A 4

[11] LIU G-S, WANG T, WANG Y, et al. One-step plasmonic welding and photolithographic patterning of silver nanowire
network by UV-programable surface atom diffusion [J]. Nano Research, 2021, 15(3): 2582-2591.

[12] WANG Y, LIUY, WANG T, et al. Low-temperature nanowelding silver nanowire hybrid flexible transparent conductive
film for green light OLED devices [J]. Nanotechnology, 2022, 33(45): 455201.

[13] WANG L, WANG Y, NING F, et al. Cross-Aligned, plasma-welded silver nanowire networks for high-performance flexi-
ble transparent electrodes [ J]. Surfaces and Interfaces, 2025, 72: 170036.

[ 14 ] HUSSEIN R N, GOMEST C, NG E, et al. Composites of Shellac and Silver Nanowires as Flexible, Biobased, and Corro-
sion-Resistant Transparent Conductive Electrodes [ J]. Advanced Functional Materials, 2025: ¢10375.

[15] LI R, WANG Q, JIANG J, et al. Highly Stable Silver Nanowire Plasmonic Electrodes for Flexible Polymer Light-Emit-
ting Devices [J]. ACS Applied Materials & Interfaces, 2024, 16(24): 31419-31427.

[ 16 ] WANG C, SONG B, ZHAI X, et al. Cross-alignment of silver nanowires network for efficient nanowelding [J]. Nano-
technology, 2025, 36(10): 105301.

[17 ] WAN F, HE H, ZENG S, et al. Silver nanowire network for flexible transparent electrodes based on spray coaling at a
low DC electric field and plasma treatment [J]. Nanotechnology, 2020, 31(32): 325302.

[ 18] YANG Z, GUO Y, GUO W, et al. MXene/AgNWs/MXene Sandwich-Structured Transparent Electrode for High-Perfor-
mance Flexible OLEDs [J]. Small, 2025, 21(14): 2409621.

[19] YADAV M, KUMAR M, SHARMA A. Review of Ti3C2Tx MXene Nanosheets and their Applications [J]. ACS Applied
Nano Materials, 2024, 7(9) : 9847-9867.

[ 20 ] JIANG W, LEE S, ZHAO K, et al. Flexible and Transparent Electrode of Hybrid Ti3C2TX MXene - Silver Nanowires for
High-Performance Quantum Dot Light-Emitting Diodes [J]. ACS Nano, 2022, 16(6): 9203-9213.

[21] CAO F, YOU M, KONG L, et al. Mixed-Dimensional MXene-Based Composite Electrodes Enable Mechanically Stable
and Efficient Flexible Perovskite Light-Emitting Diodes [J]. Nano Letters, 2022, 22(10) : 4246-4252.

[22] CHOI B, LEE B W, NGUYEN D N, et al. Patterned flexible Silver Nanowire/2D MXene transparent conducting elec-
trode for organic light-emitting diodes [ J]. Organic Electronics, 2024, 133: 107112.

[23] KIM A, WON Y, WOO K, et al. Highly Transparent Low Resistance ZnO/Ag Nanowire/ZnO Composite Electrode for
Thin Film Solar Cells [J]. ACS Nano, 2013, 7(2): 1081-1091.

[24] L1J, TAO Y, CHEN S, et al. A flexible plasma-treated silver-nanowire electrode for organic light-emitting devices [ J].
Scientific Reports, 2017, 7(1): 16468.

[25] LIUJ, GEY, ZHANG D, et al. Plasma Cleaning and Self-Limited Welding of Silver Nanowire Films for Flexible Trans-
parent Conductors [J]. ACS Applied Nano Materials, 2021, 4(2): 1664-1671.

[26 ] KUROSAWA Y, MURAKAMI T, TAKAHASHI T, et al. Coverage Performance of PEDOT: PSS Against Particles on a
Substrate for OLEDs [J]. Advanced Materials Interfaces, 2023, 10(5): 2201695.

[27 ] CHEN W, ZHANG R, YANG X, et al. A 1D:2D structured AgNW : MXene composite transparent electrode with high
mechanical robustness for flexible photovoltaics [J]. Journal of Materials Chemistry C, 2022, 10(22): 8625-8633.

[ 28 ] CHENG Z, CUIF, YAO Y, et al. Design of Soft/Hard Interfaces with Stress Variation for Improved Sodium Ton Storage
[J]. Advanced Functional Materials, 2025, 35(33) : 2424000.

[29] WANG P, ZHANG C, WU M, et al. Scalable Solution-Processed Fabrication Approach for High-Performance Silver
Nanowire/MXene Hybrid Transparent Conductive Films [J]. Nanomaterials, 2021, 11(6): 1360.

[30 ] KONG W, LU X, TAN K, et al. Controlling electrode-potential distribution to enable oxidation stability of MXene-based
CDI desalination cells [ J]. Water Research, 2025, 284: 123948.

[ 31 ] CRePELLI:RE J, HACHEMI MEL, MENGUELTI K, et al. Haze factor of silver nanowires in variable refractive index
environment: experimental and simulation approaches [J]. Nanotechnology, 2024, 35(37): 375703.

[ 32 ] SORAYAIE P, HAJSHAHVALADI L, KOLAHDOUZ M, et al. Design optimization for manufacturing polymer microring
lasers: Focus on surface scattering losses [J]. Optics & Laser Technology, 2025, 182: 112101.

[33] YANG J, CHANG L, ZHAO H, et al. Multilayer ordered silver nanowire network films by self-driven climbing for large-
area flexible optoelectronic devices [J]. InfoMat, 2024, 6(5): ¢12529.

[34] LIM H, SHIN H, KIM K-H, et al. An Exciplex Host for Deep-Blue Phosphorescent Organic Light-Emitting Diodes [ J].
ACS Applied Materials & Interfaces, 2017, 9(43) : 37883-37887.



Erle, % BT AgNWs/MXene K55 T3 B AL AR i il 4 B MERBAT 52 11

[35] CUID, WANG S, LIS, et al. Improving the performance of OLEDs by controlling the molecular orientation in charge car-
rier transport layers (1. Opt Express, 2021, 29(11): 16845-16856.

[36] R6HR J A. On injection in intrinsic single-carrier devices [J]. Journal of Computational Electronics, 2024, 23(2) :
224-232.

EXCE1962-) , J IR MG AL 1
o+ B W PR T, 2001 4F T
ERRFERMGM LS, FENES
BLOG L 5 B RS 8% RO BAR e Tk
LM e A AT IR T

E-mail: phywwang@163. com

F=H (2002 - ) WA H B B AT
FELE L2024 4F T WK 24 4R A9 2 1 %
o, TG T & 7 BT
E-mail: wyl1905418660@163. com




