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Abstract: Ti;C,Tx MXene was synthesized by selective etching of Al layer in Ti;AlC, MAX phase, and applied as cat-
alyst for the regeneration of I /I; redox mediator in dye-sensitized solar cells (DSSCs). Insulating poly(vinylidene fluoride)
(PVdF), semiconducting poly(3-hexylthiophene) (P3HT), and electron-conductive poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) as binder resins of Ti;C,Tx MXene catalyst were exploited, and their effects on the
performance of DSSCs were investigated. A DSSC with the Ti;C,Tx MXene catalyst and insulating PVdF binder showed
a power conversion efficiency (PCE) of 3.02% and fill factor (FF) of 27.45%. In the case of the semiconducting P3HT
binder resin, PCE and FF were measured to be 3.46% and 29.33%, respectively. On the contrary, a 4.53% PCE and
40.47% FF were achieved in a DSSC, in which the electron-conductive PEDOT:PSS was applied as binder resin of
Ti;C,Tx catalyst layer.

Keywords: Ti;C,Tx MXene, catalyst, dye-sensitized solar cell, binder resin, poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate).
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Figure 1. Chemical structure of (a) PVdF; (b) P3HT; (c) PEDOT:PSS
used as binder resin.
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Figure 2. XRD patterns of Ti;C,Tx MXene and Ti;AlC, MAX
phase.
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Figure 3. SEM images of (a) Ti;C,Tx MXene; (b) Ti;AIC, MAX
phase.
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Figure 4. Cross-sectional SEM ((a), (¢), (e), (g)) and EDS Ti mapping
((b), (d), (D), (h)) images of DSSCs with Ti;C,Tx catalyst layers.
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QY A=A PEDOT:PSSE AM3ISS o 7P =2 Y
M3 S (power conversion efficiency, PCE)yS RSt}
vy 4] F7E 2 W= F (short-circuit current, J,)9}
7N 4 (open-circuit voltage, V)8 2tole 2oy, F31&
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Table 1. Averages and Standard Deviations of Cell Performance Measured Using Three Cells with Ti;C,Tx Catalyst Layers

Binder resins Jy. (mA/cm?) Ve (V) FF (%) PCE (%)
PVdF 16.37 = 0.23 0.657 £ 0.015 26.60 + 0.80 2.86 £ 0.13
P3HT 17.29 + 0.20 0.663 + 0.004 27.61 = 2.30 320 £ 0.27

PEDOT:PSS 16.34 = 0.76 0.655 + 0.038 39.92 + 1.30 426 £ 0.21
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Figure 5. Box plots for the photovoltaic performance of DSSCs with different binder resins for Ti;C,Tx catalyst layers: (a) Ji.; (b) Vic; ()

FF; (d) PCE measured under the AM 1.5 condition.
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Figure 6. Current density-voltage characteristics of the best-per-
forming DSSCs with different binder resins for Ti;C,Tx catalyst
layers.
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Figure 7. Nyquist plots of EIS spectra for the best-performing DSSCs
with different binder resins for Ti;C,Tx catalyst layers.

Table 2. Photovoltaic Performance of the Best-performing DSSCs with Different Binder Resins for Ti;C,Tx Catalyst Layers

Binder resins Jie (mA/cm?) Voe (V) FF (%) PCE (%) R, (Qcm?) Ry, (Qcm?)
PVdF 16.43 0.670 27.45 3.02 62.1 113.9
P3HT 17.24 0.666 29.33 3.46 76.5 2374

PEDOT:PSS 16.72 0.670 40.47 4.53 20.8 438.6

Zan, 41494 A13, 20253



TG Tx S0 B4 nRIE 5407} QEed elepane] BeE4e) nAs &3 119

PEDOT:PSSE Ti,C,Tx B4l Sujje] vy A2 2183
A S o] 8 o) thaat o] AHE & ot
A g3 vhel o] Ti,C,Txe Wh-4] (3)e] 243ty
£ W50l T v 982 511, W2 (3)o] Y&
oA7] sliA= WA S} s ()] FEFHA 0
O WA, AAPHEA 0] frste] QH32E Fsto] o5
AAHE FTO A5o25H Agde £ o Algd +
oo} gt} o] HAPAEA Ti,C,Tx WAl Y=je] nial
g FA7F AL AL FTO - Ti,GTx — L= oJojA]&
AxjolE A2t Agkd 4 JlomE vkgA] (3)9] §8o] ¥
ol 4= Utk $HA Figure 40l AlAE ble} Z2o] PEDOT:PSS
28 27}e] 79 PVAFSE P3HT Bt F77} Qkoba] I(Hal
Ayete] HEFHA o] AA5] ZrFelx B stal Bt gt
FEE54EHE)E UeERIT o= PEDOT:PSSe] Ak
71918k Zlolm | PVAFS} P3HTS] Z4-9-E FTOZRH
2 AAE TiC,Tx/Ads Y Aol ERlsk= L7 =&
43 G 71A] Bafe] wkg-2] (3)0] A|ghE oz Uof
W Zlow ke

51, Yanagida 5-& PEDOT:PSSE Athd=e] Znjz %
L519S Wl & 28% 2 & 2.10%S LRI o]}
7z

X oHo

Q

=

g

32 rfo

=3

o] thal] EZujEAo] e Aow LA U HE B
Aol A= PEDOTPSSS Ti,C,Tx 7 the] 10 wi%w+ A
|19 A9F, PVAF 3-& P3HT Bt} 93 Bl9dA] A%S
Hol= Z1& PEDOT:PSS #AHA|9] Snj&A: di- 7]
o2 e, o]}k 74o] PEDOT:PSS AHA|2] Sujjgid~
A AFE =2 AR FoA oj= 5] &Pl
F2 7193 9eA ks A =sin) &, vheAl A w3
%43) PEDOT:PSS(CLEVIOS™ P VP Al 4083)2 &H 5}od HlQlr
FAZ ALkt & & AAHAEAS 2= PEDOTPSS
(PH 1000)2} H|E Al=sidn), 23}, vheAld PEDOT:PSS
= TiCTx WAl Eaile o E8kE 3] (aggregation)
o] dojif= EAIE date] Ti,C,Tx WAl Flo]2EE Al
T e EE DSSC A8H7PF =71kl

O

1

HO S

oo

a4 =

—_

[

Wy B9 TiAICE in-situ HF SlHA 22 Ti,C,Tx
A d3slRem, o]& DSSCY redox couple(I/1;) A48

o 3}
=

H

oo 1%,

Zu| 24 H8H7} s B Ti,C,TxE FTO 7]
I el s Eujso® FAPAL uf vy FAE
-84 98 Zd-F-elle WAt 7oz RE gelse
A7F AATE o5 WAsL] fI8te] WAIYARe} vy 4=
A5 E3H90:10 wi%)ste] S-S FAAIZA M, ofuf uf
oy A2 dAA el PVAF, RE=A|1Ae] P3HT 2 AAA
’J¢] PEDOT:PSSE 4881 DSSC A8k, vl 4

>

Fl

(AR

b

A 27 78 EAS vwsiglth. PEDOTPSSE vlolY 4=
A& AHE-3 DSSCE 40.47%2] F718(PCE =4.53%)2 H
AoH, PVAFe] 73-$- 27.45%(PCE =3.02%) 2 P3HTS] 73-¢-
29.33%(PCE =3.46%)% =74 =0T}, o|e} o] Ha} Hr=rde]
PEDOT:PSSE o83 ¢ £& T8} 88 Hol= 9]
e 2 AAZA S-S Jepdte AR dad 2
HEEAA BRRIE F2]9] 79-9F ge] FTO M52 25E 2
GRke ARE TG TS AR YR a8 o=z g
Al & A7) wfiZolth. o] ZgolA sl W] = [=
golsHl Mg o2 AT afo] mopA| L, S A
dE 1ol o3l dEAAY 28 =ole E3E Yehiigion
o|ZH FX&H a&o] TIIEALE o o] Eidide)
& DSSCell 283 A4, ST FAA] ARE= vikid
A 241 PEDOT:PSSE Aels= Zlo] AA4d21 PVAFS} Bk
TAAQ) PIHTHEUF G834l Wl axx S geist 4=
AATE

ox

ZIAlel 2: o] AFEL 20249 % 7= et S
A7) =)ol 23k A9,

OIS AA=2 ol dsol S+

tlo

HAght,

R

ror

= LA

1. Gong, J.; Sumathy, K.; Qiao, Q.; Zhou, Z. Review on Dye-
Sensitized Solar Cells (DSSCs): Advanced Techniques and Research
Trends. Renew. Sustain. Energy Rev. 2017, 68, 234-246.

2. Sharma, K.; Sharma, V.; Sharma, S. S. Dye-Sensitized Solar Cells:
Fundamentals and Current Status. Nanoscale Res. Lett. 2018, 13,
1-46.

3. Ren, Y,; Zhang, D.; Suo, J.; Cao, Y.; Eickemeyer, F. T.; Vlachopoulos,
N.; Zakeeruddin S. M.; Hagfeldt A.; Gritzel, M. Hydroxamic
Acid Pre-Adsorption Raises the Efficiency of Cosensitized Solar
Cells. Nature 2023, 613, 60-65.

4. Lee, H. M.; Yoon, J. H. Power Performance Analysis of a Transparent
DSSC BIPV Window Based on 2 Year Measurement Data in a
Full-Scale Mock-Up. Appl. Energy 2018, 225, 1013-1021.

5. Yoon, S.; Tak, S.; Kim, J.; Jun, Y.; Kang, K.; Park, J. Application
of Transparent Dye-Sensitized Solar Cells to Building Integrated
Photovoltaic Systems. Build. Environ. 2011, 46, 1899-1904.

6. Lee, Y.; Kwon, Y.; Cho, Y.; Ahn, K. S.; Han, Y. S. Novel Heterologous
Binary Redox Mediator Based on an Ionic Liquid and Cobalt
Complex for Efficient Organic-Solvent-Fee Dey-Sensitized Solar
Cells. J. Ind. Eng. Chem. 2022, 115, 263-271.

7. Gu, J. H,; Park, D.; Jung, K. H.; Lee, B. C.; Han, Y. S. Effects of
Ti;C,Tx MXene Addition to a Co Complex/lonic Liquid-Based
Electrolyte on the Photovoltaic Performance of Solar Cells.
Molecules 2024, 29, 1340.

8. Olsen, E.; Hagen, G.; Lindquist, S. E. Dissolution of Platinum in
Methoxy Propionitrile Containing Lil/l,. Sol. Energy Mater. Sol.

Polym. Korea, Vol. 49, No. 1, 2025



120

10.

11.

12.

13.

14.

15.

16.

17.

18.

U s - Hu

Cells 2000, 63, 267-273.

. Kay, A.; Gritzel, M. Low Cost Photovoltaic Modules Based on Dye

Sensitized Nanocrystalline Titanium Dioxide and Carbon Powder.
Sol. Energy Mater. Sol. Cells 1996, 44, 99-117.

Wu, J.; Lan, Z.; Lin, J.; Huang, M.; Huang, Y.; Fan, L.; Luo G;
Lin, Y.; Xie, Y.; Wei, Y. Counter Electrodes in Dye-Sensitized
Solar Cells. Chem. Soc. Rev. 2017, 46, 5975-6023.
Papadopoulou, K. A.; Chroneos, A.; Parfitt, D.; Christopoulos, S.
R. G A perspective on MXenes: Their Synthesis, Properties, and
Recent Applications. J. Appl. Phys. 2020, 128, 170902.

Jun, B. M.; Kim, S.; Heo, J.; Park, C. M.; Her, N.; Jang, M.; Huang,
Y.; Han, J.; Yoon, Y. Review of MXenes as New Nanomaterials
for Energy Storage/Delivery and Selected Environmental Applications.
Nano Res. 2019, 12, 471-487.

Di, Y.; Qin, T. Efficient Wide-Spectrum Dye-Sensitized Solar Cell
by Plasmonic TiN@ Ni-MXene as Electrocatalyst. Ceram. Int.
2022, 48, 12635-12640.

Ma, J. Y.; Sun, M.; Zhu, Y. A.; Zhou, H.; Wu, K.; Xiao, J.; Wu,
M. Highly Effective 2D Layer Structured Titanium Carbide
Electrode for Dye-Sensitized and Perovskite Solar Cells. Chem.
Electro. Chem. 2020, 7, 1149-1154.

Ahmad, M. S.; Pandey, A. K.; Abd Rahim, N.; Aslfattahi, N.;
Mishra, Y. K.; Rashid, B.; Saidur, R. 2-D Mxene Flakes as Potential
Replacement for Both TCO and Pt Layers for Dye-Sensitized
Solar Cell. Ceram. Int. 2021, 47, 27942-27947.

Wu, C. S.; Chang, T. W.; Teng, H.; Lee, Y. L. High Performance
Carbon Black Counter Electrodes for Dye-Sensitized Solar Cells.
Energy 2016, 115, 513-518.

Joshi, P.; Zhang, L.; Chen, Q.; Galipeau, D.; Fong, H.; Qiao, Q.
Electrospun Carbon Nanofibers as Low-cost Counter Electrode
for Dye-Sensitized Solar Cells. ACS Appl. Mater: Interfaces 2010,
2, 3572-3577.

Mei, X.; Cho, S. J.; Fan, B.; Ouyang, J. High-Performance Dye-
Sensitized Solar Cells with Gel-Coated Binder-Free Carbon Nanotube

Zan, 41494 A13, 20253

- 3738

19.

20.

21.

22.

23.

24.

25.

s iy

Films as Counter Electrode. Nanotechnology 2010, 21, 395202.
Lee, W. R.; Jun, Y. S.; Park, J.; Stucky, G D. Crystalline Poly
(Triazine Imide) Based g-CN as an Efficient Electrocatalyst for
Counter Electrodes of Dye-Sensitized Solar Cells Using a Triiodide/
lodide Redox Electrolyte. J. Mater: Chem. A 2015, 3, 24232-24236.
Alhabeb, M.; Maleski, K.; Anasori, B.; Lelyukh, P.; Clark, L.;
Sin, S.; Gogotsi, Y. Guidelines for Synthesis and Processing of
Two-Dimensional Titanium Carbide (Ti;C,Tx MXene). Chem.
Mater. 2017, 29, 7633-7644.

Ghidiu, M.; Lukatskaya, M. R.; Zhao, M. Q.; Gogotsi, Y.;
Barsoum, M. W. Conductive Two-Dimensional Titanium Carbide
‘clay’ with High Volumetric Capacitance. Nature 2014, 516, 78-81.
Khan, A. R.; Husnain, S. M.; Shahzad, F.; Mujtaba-ul-Hassan, S.;
Mehmood, M.; Ahmad, J.; Mehran, M. T.; Rahman, S. Two-
Dimensional Transition Metal Carbide (Ti;C,Tx) as an Efficient
Adsorbent to Remove Cesium (Cs"). Dalfon Trans. 2019, 48,
11803-11812.

Kim, S. K.; Kim, S. A.; Han, Y. S.; Jung, K.-H. Supercapacitor
Performance of MXene-Coated Carbon Nanofiber Electrodes. C
2024, 10, 32.

Kong, M.; Kim, K. S.; Nga, N. V,; Lee, Y.; Jeon, Y. S.; Cho, Y,;
Kwon, Y.; Han, Y. S. Molecular Weight Effects of Biscarbazole-
Based Hole Transport Polymers on the Performance of Solid-
State Dye-Sensitized Solar Cells. Nanomaterials 2020, 10, 2516.
Shin, S.; Kim, J.; Kwon, S. J.; Ryu, K. H.; Choi, B.; Han, Y. S.
Enhancement of Photovoltaic Performance of Solvent-Free Dye-
Sensitized Solar Cells with Doped Poly(3-hexylthiophene). J.
Ind. Eng. Chem. 2023, 123, 428-435.

. Saito, Y.; Kitamura, T.; Wada, Y.; Yanagida, S. Application of

Poly(3, 4-ethylenedioxythiophene) to Counter Electrode in Dye-
Sensitized Solar Cells. Chem. Lett. 2002, 31, 1060-1061.

WX} BRAE: AFDRASEE ANY =B D )@ 249
el Syt Rslel FUL ST

il



