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Abstract

Abstract

The rapid development of the age of big data provokes higher demands of
light-weight and foldable electronics, such as smart phones/watches, ipad touch, E-readers
and thin solar cells. As a part of the aforementioned electronics, transparent conducting
electrodes are very important to the performance of the electronics. ITO, a kind of
traditional transparent conducting film, is widely used in the electronics, while its ceramic
nature, sensitivity to mechanical deformation, unstability, high cost and poor
electrochemical catalytic ability has limited the applications in flexible and wearble
electronics. Accordingly, it is significant to find some new kinds of transparent conducting
electrodes with good optoelectronic property, low cost, supeﬁor stability and
electrochemical catalytic ability, to optimise the performance of flexible electronics and to
fulfill all demé.nds in academia and industry. |

In this dissertation, based on the structure of metal nanotrough networks, some new
kinds of transparent conducting electrodes have been desighned with good optoelectronic
property, high flexibility, low cost, superior stability and electrochemical catalytic ability.
These electrodes have been fabricated into the flexible dye-sensitized solar cells and
four-wire resistance touch panels. We use electrospinning, magnetron sputtering and
chemical bath deposition to fabricate these electrodes. The - crystal structure and
morphology of the as-prepared nanomaterials were measured by X-ray diffraction, SEM,
TEM and Raman spectrum. We measure the electrodes’ transparency, conductivity,
flexibility, and stability in different chemical and physical environments to make the
conclusion that these electrodes can be used in different environments.

1. CoS NWs/Au hybridized networks electrodes have been designed. At a 90%
transmittance, the sheet resistance of the hybridized networks electrodes is 10 €/sq. After
500 cycles bending test in 0.25 cm bending radius, the sheet resistance and morphology of
the hybridized electrodes remain the same. Cyclic voltammetry and the EIS measurements
were taken in the Sx* and I3~ electrolyte. The hybridized electrodes show excellent
electrocatalytic activity toward the reduction of both Sx* ions and I3” ions. The power
- conversion efficiency of 4.73 % and 3.13 % are obtained by the hybridized electrodes as
CEs based dye-sensitized solar cells and quantum dot-sensitized solar cells. This electrode

provides a new approach to fabricate and design transparent conducting percolating
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electrodes for photovoltaics.

2. The CuS nanotrough-networks electrodes were synthesized on the Cu nanotroughs
using sulphur deposition. The electrode, with 80 % transmittance, achieves the resistance
of 20 Q/sq. The CuS nanotrough-networks electrode shows good stability when exposed to
various conditions, like thermal oxidation at 160 °C, humid air with 80 % relative humidity
at 85 °C, H20; solution and different pH value solution, respectively. After 500 cycles
bending test, the CuS electrode has almost no changes in the resistance and exhibites
remarkable flexibility. The four-wire resistance touch panel is fabricated based on the CuS
nanotrough-networks electrodes; it works well during writing the words “BINN” in the
software testment. The CuS nanotrough-networks electrode provides a kind of promising
tranaparent conducting materials for wearble electronic devices.

3. The electrochemical catalytic ability of CuS nanosheet networks toward the
reduction of I3~ ions is the first time to study. Cyclic voltammetry and the EIS
measurements were performed in the trijodide electrolyte. We obtained the Jsc and the Ret
of the CuS nanosheet networks electrode are 18.10 mA/cm? and 21.95 Q/cm?, respectively,
which indicates the CuS electrode has almost the same electrochemical catalytic
performance compared to the traditional Pt/FTO electrodes. 6.38 % power conversion
efficiency was achieved using the CuS-nanosheet networks as counter electrodes based
DSSCs and was 14 % higher than the energy conversion efficiency of traditional Pt/FTO
based DSSCs. After 100 cycles bending test, there is 10 % decrease in the power
conversion efficiency, which illustrates the solar cells have good flexibility.

4. We use magnetron sputtering to fabricate the CuS/ITO composite electrode. The
optoelectronic performance with an Rsw of 27.4 Q/sq at 65 % T was obtained at 550 nm.
Different bending radius rangeing from 0.4 c¢cm to 1.5 cm bending test and 500 cycles
bending test at the radius of 5 mm, show that the composite electrode enhance obviously
the flexibility of the traditional ITO electrode. We further find 1 h sputtering time is the
best parameter for the composite electrode to get good electrochemical performance.
Finally, we fabricate the composite electrodes into the flexible DSSCs and obtain 6 %
power conversion efficiency. After 200 cycles bending test, the PCE and FF of the solar
cells changes slightly, the solar cells have good flexibility and can be used in the wearable

electronics as power resource.
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Fig. 1.4 (a) the schematic illustration of a draw-down rod coater. (b) A dip-coating fabricated
CNT-TCFs. (¢) the photograph ofa6x6 mches SWNT film produced by ultrasonic
spraying. (d) the J—V curves for identical OSCs. (€) the comparison of the optoelectronic
performances among different CNT-TCFs in the literatures. (f) Schematic diagram of

the micropatterning process for fabricating CNT-TCFs23%411,
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Table 1.1 Photovoltaic characteristics of selective OSCs with graphene/rGO films as TCFs.

pvi g 1 TH EFH ) 5| H
AE% PCE (%) BN
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Fig. 1.5 (a) the schematic diagram of the fabrication processes of the flexible OSCs. (b) the
photograph of a flexible graphene OSC; (c) the J-V characteristics of graphene anode
(blue) and cathode (red)-based flexible OSCs.
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Fig. 1.6 (a, b) the schematic illustration of an efficient percolating pathway of metallic NW
network under thermal ann_éaling, red dots represent efficient junctions while black dots
represent noneffective junctions. (c) Corresponding simulated pathways for metallic NW

network. (d) Corresponding experimental data exhibits plateaus in resistance.
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Fig. 1.7 (a) Schematic of the selectively heated by light sources at Ag NW junctions. (b)
Simulation the nanowelding process at Ag NW junctions due to light heat generation by
finite element method. (c) the schematic illustration of selective growth and integration
of silver nanoparticles on Ag NWs. (d) The resistance variation versus different Ag NW

TCFs with and without chemical treatment.
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Table 1.2 Summarized techniques for protecting the metallic NWs.
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Fig. 1.8 Fabricating Cu hybrid TCFs in four different techniques: (a) solution-phased
synthesized Cu—Ag, Cu—Au, and Cu—Pt core—shell NWs at room-temperature. (b) the
CuNW-graphene core— shell nanostructure was fabricated by the LI-PECVD. (¢)
Schematic illustration of AZO-Cu nanofiber synthesis. (d) Schematic diagram showing

the process of the stable ultrathin partially oxidized copper film.
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Fig. 1.9 Three different kinds of the flexible ITO-free thin film SCs: (a) the front-side
illuminated TCO-free flexible thin film SCs; (b) the back-side illuminated TCO-free
flexible thin film SCs; (c) the fiber-shaped SCs including core-sheath architecture and

twisting architecture. The brown arrows represent the light illumination.
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Fig. 1.10 The digital photographs, SEM images, and computational formula of light
transmittance of a Ti mesh based ITO-free flexible DSSC.
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Table 1.3 various device electrode requirements (T% and Rqp)

% B AR TSR R ENREE (%) =BEEEE(Q/sq)
b5 I e, BH =X 4 86-90 300-500
2 v A PH =X A4 5F 88-90 200-500
WmgEE Bt AR 88-92 100-300
I H F 1 BT R B 88-90 900-1500

B 111 DL e A ARESR 44 DA S A RRER 4

Fig. 1.11 the schematic illustration of four-wire resistive touch panel operation and functional

layers.
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2.1 YRIEGEHERBRANRITIRE

IEE 2.1 TR, LK SEBE CHBRM. BIWKE. ERIKES) 1
FEIEANT 60 %, FHAREAEN S BT AR TRAEMEK S BT, REHEN
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Fig. 2.1 Sheet resistance versus transmittance (550 nm) of the percolating thin films of
graphene, single-walled carbon nanotubes (SWNTSs), Ag nanowires (AgNWs) and Ag

ﬂakesl 143-146]’
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Fig. 2.2 Transmittance (at 550 nm) plotted as a function of sheet resistance for copper, gold,

silver and aluminium nanotrough networks!4]
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T ITO FiMiffs, NS HroEat b, W8T Bk AHEMHSNE, BT BRKRE
MORERER, BB BREL T EZHHE.

2.5 SERREAR M AL RAELEE
251 EHRSIEREMRY

PR BRI R A T B TRRE . R A T LR R
E, WIS S . B, WG RE BN RRBIE,
DB B

9T TR B H0E AT B, R SRR BT T B AT L
P, TAIEF Keithley 2100 PURREFrIROGHARIR, B 23 fim, HESIA
WAF K, BT

A 2.3 Keithley 2100 JI#R4} H BHIRX

Fig. 2.3 the photograph of a digital multimeter (Keithley 2100) with a four-point probe.
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E 2.4 3D frg S MDA EEFREE

Fig. 2.4 Part of linear motor and 3D motorized positioning systems.

2.5.3 Autolab B34t T {Euh \

TAVE FIFEGER0 3 PR R T BT R LT AR AT A AR U, 1 2 R
R B i AT F AL S T, BTV A A AR Autolab BT
e, 2.5 Fow.

& 2.5 Autolab AL T /EYS

Fig. 2.5 Autolab electrochemical workstation.
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Fig. 2.6 UV-3600 UV-vis spectroscopy.
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d, MEEERGA K. BE, TRATERTH AR X PR B A e AR g T DY 2k re PE AR B
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3.2 BBAREIHIE SRIE

3.2.1 SCIGPRI R
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R 31 ERLEARLERRRAE (S350

Table 3.1 the chemical reactants for the fabrication and purity level.

R am o i

R (PVA) NaBond Tech 10 Y%owt
Cu R 99.99%
S izt AR
L bt ] AR
3.22 HIERIZ

AR B F AR 2 kbR, B ARSI —, KHASEHE
HEh 5 B O K A, B PR 2 R R T AL ST PSR4 T (BRI et
B 3.1 39 CuS G FIRCIRE S AR & A2 . 6 3.2 BB B LINEER
HE. &I .
1. FECAWHTN Al BLE b, #ha s &R0 PVA 4%, 1FAIHEE
HHGHTESR A EGEEHE 2.7 mm/s, RIKHEE-3.6 kv, BEHEN 17.0
kv: TEHIE TR, BERZIEER RS20 SRR TR,
2. WABIRLE Al 52 A0 PVA SR REHEATRER RS, 5 Cu, S I 1R 10 min,
INEN 100 w, N JEN 25 scem.
3. B3I Cu IEEHBE PET K b, FRIEAEEETKS 10 min, ZJ5iK
7 70°C BT T . BEERWFIR, LUMRIFEIR PVA FIHEE. |
4. Y5 EZBFIHH ZITH Cu SR FIRCRE I AEHETE A7 SHIN R Z
EVETRR, 7E 60°CRIMAT, R 12 . FRBLJE B  CuS MM 2k,
BN 70°CHIBA S, $TF 3 min, BUHEIAT,
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Fig. 3.1>(a) Schematic diagram of the fabrication of the CuS nanotrough networks electrode.

& 32 HHagGLEEREE

Fig. 3.2 (a) photograph of the electrospinning machine
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553 % CuS Gk ERE RS Y S AR

B R SRR BT 244 (FESEM, Hitachi SU8020). XRD (PANalytical X’ Pert
PRO). Raman. TEM (F20) LLJK EDX.

PANalytical X'Pert PRO B X S AT T 04T CuS 9K fisial, ERAI0E
PN Cu-Ko, HEHEIA 0-20 BX3), HEEN40kV, HEWR 40 mA; WA
FREE N 2~4%min, 20 FHMTEEA 10~80°. FHAL R HMETEMSE

(FESEM, Hitachi SU8020) KM% CuS FUKEAEMEHIHIRFE, CuS TERATE
ERIF AR X ST (IXRF SDD2830-300D) . 3% X A5 & 43 F G 7
RZES BT EME (TEM, F20) #HA7RIE.

A 3.3 Cu FURMEPIRARZE Y o SRR

Fig. 3.3 Photographs of Cu nanotrough networks electrodes in different magnification.

B 3.4 Cu ZUKHEREIRE I AR BN EE SEM B

Fig. 3.4 SEM images of Cu nanotrough networks electrodes in different magnification.
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KRR, BATAT LG B B PR B RS, gl B T ik Bt
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Fig. 3.5 Photographs of CuS nanotrough networks electrodes in different magnification.

B 3.6 CuS FLRAEMIREIRE Y R A FBCRE 2R SEM B

Fig. 3.6 SEM images of CuS nanotrough networks electrodes in different magnification.
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He Kt TSRAAPEBEAR S0 CuS Bl U R JE R B I . B R A SR B4R
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Fig. 3.7 XRD spectra of the Cu and CuS nanotrough networks.
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Fig. 3.8 Raman spectra of CuS nanotrough networks electrodes.
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3.8 S CuS 99K 5 1) Raman B2, BT CuS HIE&IRST, S-S B4, BT
DIZE 471 em’! Ab2F CuS BIRHFIE . BRUECAT LI BT & R HS SR B KA CuS 90K &
&,

B 3.9 CuS g9k TEM B

Fig. 3.9 TEM image of CuS nanotrough networks electrodes.

B 3.10 CuS 4K F B X B FATS B

Fig. 3.10 the image of SAED pattern of CuS nanotrough networks.

38



53 3 CuS GBI IK SRR MEE T 2 Ak

B 3.11 CuS 40K H ¥ HRTEM B

Fig. 3.11 the HRTEM image of CuS nanotrough networks electrodes.
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SRR, ERIEREY 0314 nm [AIEES (101) SEEFEILAD, FOi% CuS ##&[101]
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B 3.12 CuS kA I X HRBEHE

Fig. 3.12 elemental analysis via EDX of CuS nanotrough networks electrodes.
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Fig. 3.13 The variation trendency of Cu NNs during sulphur treatment. (a) XRD patterns, (b)
the corresponding SEM images and (c) the sheet resistance variation of the Cu NN in

differeent reaction time for 20 min, 60 min,80 min, 6h and 3 days, respectively.
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7 (o) B, MRTHM () MEANAREROEGPBEEE, NEFRHER,
B BRALRT AN, CuS Htfk i BB fRE R B R, TEITREA/N, XaEN
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M Cu REHEHAL, WK Cu HEFEATE, FUBTEHNEETHFERSH
CuS fl Cu AR &R, MBHETES, FRETE; MERNMNENK, Cueili
A CuS, IHBEFM CuS tEH A Gibbs B HBERARAIRN, 24T Ostwald
Bk, MAFHRLERERN CuS 9eKA, LA 77 R R R BRI & R
&R CuS AE, AeF CulzhE.

AT BB AR, BATTEA TEM. HTRTEM PLK EDX BT
T T EBACREN CuS FIHESHT.

A 3.14 Cu 4PKIERIF AR KB~ B A

Fig. 3.14 the schematic diagram of the beginning of sulphur deposition of Cu nanotrough

networks

& 3.15 Cu FERAERTIE TEM F1 EDX JoESHTHE

Fig. 3.15 the EDX images of the beginning of sulphur deposition of Cu nanotrough networks.
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& 3.16 Cu Ml CuS A1H K HRTEM. SAED H

Fig. 3.16 the TEM and SAED images of the surface between Cu and CuS nanotrough
networks at the beginning of the sulphur deposition.

3.14 £ Cu JUKAERIFFEHRA M T~ =B 3.15 & Cu ZURAERTIE K TEM
1 EDX TEAHE:; NEFEFALUEE, RAFTRENFEADE, £ Cu
PAAER T PRSI R B AMER, FE— SR e Bmni g, UK
RS B TiX e B, FHATRALE A K CuS 40Kk &, XA SR ST E 3.13
B A BE R RITESAE RS B, AR IR iR AT ERAL RIFT B . B 3.16 =& Cu # CuS
FLTH i1 HRTEM #1 SAED &, BT LUEHIE 2 Cu 0 CuS (&7, BLALERINIE
IETRAC BY, RERITTF AT, AR SEEKGTT MR, HAT 25 pE R
&, NEIHTT LA B CuS #4H ZF & m, ANET #3405 S #—, ikl | Ostwald
BALIER, ENBEREER, KEETREKA, HEERNTE, HBRE— &5,
£ Cu BRALTERR CuS HIERET, STWARHENSR, MHT CuS 40K M
R, 3T T RERS ARG AR KRR . BT & 8013 s e, ENFERRALAIIT,
RIS SRR, BEERALAS RIS, AR5 B E A n. A SAED KA+
AAFEE, Cufl CuS FERMAYIM, AEEER, AR GIERE RIFHIPIKER.

A EATHE T #14% CuS MAE T LR IES g B P g R 04T, FE ARG
B CuS 42K, £3F SEM. TEM. EDX. XRD UK Raman 547, S5 dAPEEE RIT.
F XRD. SEM LR DUt s fa{, BFFT T stk i s BE BE A BRAL AT [A) (AR Ab MR, B
EBITARALE, BT Culs CuS HKGFR, SEETAMIEREEE, BEERMD;
BEE B FI 0, CuS fE Ostwald LT RERIHEAT, MIARLESTERE, BT1E
P EeI i, EN g S ERITH CuS @A S WA LISH, BFrUlABRE S BiEEE
SKIE LT, )5, AT RIEZ ATRIERE, FAIXAEA TEM. SAED. HRTEM. EDX
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ST FHIEBAY B BRALGTHEAT T OIS, SRR, EYIEHE, BT CugokiEx
HHIES AR, BibRMSRAEREEHRRENIMTT, REHRHEL CuS A
KA NE T, BTERSERE, URTE Cufl CuS LFATEHIRKK R, FE
TR, Rk —SRITZ AR, SR BN, AWEREWIAT CuFl
CuS RIZII&H R, WAIT T Bl R BHEAT H) 25T B A B R i FE] %o
AR 5 RIS S .

3.4 tEEEMI
=R BRAVRIER ST T FTE B CuS GRS MR E B Bth, X5
BATBE— BRI AR K EEAERE . AR 1 DA RV R 1

3.4.1 EARMREMR
St T FE B ARk, BRI ERA N RARARNEENSH.

N

500 1000 1500 2000
FK (nm)
& 3.17 ITO. FTO. Cu Yk, DLR CuS SR RRES R NE L

Fig. 3.17 the transmittance of the corresponding Cu NN, CuS NN, FTO and ITO electrode,

respectively.

3.17 £ ITO. FTO. Cu 49KHELLK CuS 9 KAEHERAE 400-2000 nm HAKTE
B B LR B, AL AN, M 1000-2000 nm Z [&], ITO H1 FTO BiRHIZEN
ZHETH, THRE, CuflCuSJUKERER BRIERREHEZN, TR
X P 2R g KA 2 ) 0 EE A L PR T Bl & Ll AR i B 1TO A FTO HaAREES, FTUARZA
EREANEESH T FREERT RS T,
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B 3.18 AR CuS FURHEREIRE M iR FE R

Fig. 3.18 the sheet resistance versus transmission (at 550 nm) of different CuS NNs TCEs.

i

Bl 3.19 ARZBEK CuS G RA F HEEF SEM B

Fig. 3.19 SEM images of CuS NNs with different densities of the CuS NN. The different
layers of CuS NNs lead to different sheet resistances: (a) 50 Q/sq, (b) 20 Q/sq, (c) 10 €/sq,
(d) 1Q/sq.

3.18 AR CuS PIKAEM IR AR RZE LA T7 A, WEFLL T f#E)
RAE. B 3.19 BARFEZEE R CuS GIKAE R RSB A F 1 B FEAE R SEM Bl ANFEE E
[ CuS KA RS St B FAR R B 3 R BB D62, BT 318 45 HI T CuS UH
SEME LR L, MANERERFEBREL. B 3.20 £ 10 MM Cu 1K
MM ZEBRACRTJR RO R A B RLE AT L, Cu ZEBRACHTE (0 BRI SR Y
Asfy, TULE ARG, CuS 9K AEKTE Cu Sk b, S3mgkERE,
TN AR I BT s AN AT Cu 9KAE AR R AR, f/ER CuS BB,
Pl iRk BB e mge /1, FTLUEREM ST, B, Cu fEA—MER, K
ST K TAERNY S CuS, (HR4 SR RIFK CuS BB HK FHBMA,
Refp 4537 B AR R R BT B 25
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Fig. 3.20 The normalized sheet resistance (R1/Ro) and transmittance (T1/To) before and after

24 h sulphur deposition of 10 Cu NNs electrodes.

BT ITO M FTO 4 MR B NE, RAEFRRE ARG, WEMAERR

THE BAEAL ITO #1 FTO MM KL, thWlA2IE. BYPUKE .

SREGMULERA

LERYKRE ., B 3.21 RALURAR ITO #1 FTO WIZEXGZEFT M, MEF T LE B
CuS GUKAERBR AR TERE, EATA BAMED, MR, 8T #—FHERXH
WA RS, WA EERSUETIAR 3.2 . WREFRITLLEE, it
8 (504 Qisq), BRBENIE (88.6%), WIAFI T ITO MIHEAE, FTLLXHHIAL Cus
YA R RSIR FR AR O PR AR AR DR - B 3.22 T LABUAR 1TO #1 FTO B R tkA4 #HHy FOM
ERBNENRZ, WNEFTTLIEH, CuS FUKAE MR B AR KRR R .
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& 3.21 ] LB ITO 1 FTO Ky BEARAT B HE Y6 R M 7 R

Fig. 3.21 The relationship between transmittance and sheet resistance for the various

alternatives to ITO.

% 3.2 A AR 1TO KB AR K RE

Table 3.2 Comparison of transparent conducting materials and their performance relative to

ITO.
ITO Level
TCEs T(at 550 nm) Rs (€/sq) Example
Performance
Ag NWs 91 19 YES 52
Ag NWs-1 90.2 9 YES . 51
CuNWs 88 48 YES 49
CNT 79.3 70 NO 42
Graphene 86 242 NO 40
CuS TCE 88.6 50.4 YES This work
250 X CuSNN
1 é Graphene A
@ CNT
200 - A 110
. B AgNW
M 150 - @ Metal N\W
K <& -
HE
o 100
4
50 " . ¢
& n
0- " u
T 1 T T ' T T
60 70 80 90 100
BHE (%)

& 3.22 T LAEUR ITO ) FTO K HEARF B FOM EMELERRR

Fig. 3.22 Plot of Figure of Merit versus transmittance for the various alternatives to ITO.

3.4.2 FREMMIK
=N RRATFIR T CuS GUAAE PR B AR S A 14 B, B B ZR A B fHAE ;
X ERATERTT CuS HFaErE; AW Z T A ITO BEKME, thinSBERE
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M), Cu GIKLEHIKIELEAREHENE, FEURA MR NAR RIFREE
MEREBIAEE. FEXMBELNEE, XTHE Co BAEAEBESZEIE,
B A RARAI LSS -

400~ -~ Cu
1 -@= CuS

FREE (Qsq)
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FE8s°C FRIBTE] (K)

[ 3.23 Cu. CuS FEKHERIEIR BARAE 85 C A& T s BHERER RIZE{L

Fig. 3.23 the variation trend of the sheet resistance of Cu and CuS NN versus the baking time
in the humid air with 80% relative humidity at 85 °C.

¥ Cu F1 CuS ZUKIEFRIR B E 7 85°CF, R FUBEAE I IR #9224k F PEL{EL A
Ak, W 3.23 B, BEEN ARG, Cu ZKAE RIAEIK R i B AN s,
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RIFHREME, MR Cu BHEMRREE, CuS ENiE.
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Fig. 3.24 the variation trend of the sheet resistance of Cu and CuS NN versus theH:0;

treatment time.
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% Cu 1 CuS UK PR IR FARIZ BB R B 4 AL 2 %SRBI T, #RIT
o PRE R RS . B 3.24 FR, 30 4M4HUE, Cu GKAlMIAEIR ik ) & T8
Gk, T CuS Gtk R AL B L E A TE B AR N . UK IR A IR GR T 4
Wb, FTBA Cu GefiE s LU B R 48, RESBBEEAT , (ER CuS GIAHEN
AR AE BIFRENE, BAIRBEARZLEER .

10} ey g
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FE160 °C T HIRIE] (/M)
B 3.25 Cu. CuS GUKAE PR IR AR 5 B AE /K K - ekt BEL AL e [ 922 4

Fig. 3.25 the variation trend of the sheet resistance of Cu and CuS NN versus the baking time
in the humid air with 80% relative humidity at 160 °C.

B 3.26 Cu FUKAEMHCIR BARZE 160°C B A FIR RIIFR R A

Fig. 3.26 Photographs of Cu NNs during the 160 °C treatment.

P A AR OB AR AR K BRI R, A AR e . N 3.25 AL
AUALEA /NG, Cu PR AR RUAELR H AR f s PR R T4, CuS B P BELE B 2R AL
(BARS T Cu Bk, AALIRE RIS E LD, BTEL CuS REIR R A 52
iFpRasE . B 3.26 & Cu KIERHCIR ARTE 160 °C miE3AE+, HREEZE
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., MEHTTUEMEMRKES Cu BERENL, AMBLGZEHES, {Y Cud
ZHTEENT .

B Cu nanotrough
00" B CuS nanotrough

PRy R
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PH

[ 3.27 Cu. CuS FORHEFIHAAR R B 2R pH LAV 3 il B R T 22 4L

Fig. 3.27 the variation trend of the sheet resistance of Cu and CuS NN versus the different pH

value solution.

K 3.27 £ Cu.CuS G MR FE B AR B 2 AR pH A% -+ B AR
Nmmﬁ%oﬁxﬁ%pHE%ﬁ¢,Cuﬁﬁﬁﬁm¢%%mﬁﬁiTﬁkﬁw,
ERAEBIESAT, WABRA; T CuS LRSS KB EEZHIAK, BrLl
W UEHEL, CuS BRI EEEL.

3.4.3 THrMEMI

AT HRH ITO. FTO XFPEBARMI NG, TUESITIBERR R, BATFTEIHRIH
R RE AT ITO MItERE, FFHETRAN ITO PSR ERR A, FURNERA
— T BIET AL CuS HURAEMIAEIR I BR B AR O HLAIAS E 1 -

& 328 ABHMAMEBE, BATERMREM DS, RERENSHTHEN
e BATDHIZFEL 0.25 cm A1 0.5 cm FIZHTHARFATZIEERNK, SRl Bk
B BE o
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PIHRAS TR
B 3.28 THWRNEER, ARNTIHLESHA 025 cm 0.5 cm.

Fig. 3.28 the photographs of the bending test in which the bending radiuses are 0.25 cm and

0.5 cm, respectively.
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& 3.29 ITO. CuS FKEMERBREZITLEAN 025 cm B, FEESITEBFE N HFEE
134

Fig. 3.29 the variations in sheet resistance of CuS NN and ITO electrode on PET film versus

the number of bending cycles at the bending radius of 0.25 cm.

FEBHEREN 025 om MEHMIR, WE 329 ATLIE N, BES TR WY
M, ITO FEARAEHFEEEMERE, BAIFTEITH CuS PAKIE BRI BREL TR
FEAAE, FTLL CuS 9 KAE MR AR B R IF RINLIERE, P LASRA ITO SaARALAN
PEREZ IR .o
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R

Fig. 3.30 the variation in sheet resistance of CuS NN and ITO electrode on PET film versus

numbers of bending cycles at the bending radius of 0.5 cm.

& 3.30 & ITO FI CuS FIKAEM MR BARFE T HT£425 0.5 cm, Z I EIECY 500
B, EFEERES RN, & 500 BB, £4H ITO BB R
K, TIHEH CuS GUKMERRCRE B EARK BEZNAX, FEHNBRERE, E
ERTRETFREEL.

& 3.31 7EMBEMRATES LED RERHE F UURLEHS 500 KAT/EH SEM B

Fig. 3.31 photographs of working LED with releasing and twisting CuS NN electrodes as
segments of circuits; the right part are the corresponding SEM images of CuS NN film
before and after twisting tests, respectively.

AT BRI CuS YOKAEMHERE B BRI AR R 1, BAERUS RIFHY
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HRZMZE NS B RN & RN AR

EIPENR R E, BT THER, B 331 NESMNE IR CuS 40K
R bR R A s B T DL S FE LS 500 YR AT S Bk i SEM S b . ATTFE LED
Fis N bR, FEARFERET, BT BRER, W LED ITRERZMWL K S
T B2 EREEIRT R, BATKI, CuS FRRMEMAR RS ELAK,
FHAEFEI L LED MRERAEZL L. BT RN ST Z 2 KN
B, ST E FPR AR E KRR, BTUART LAt — B UiE] CuS ZIKFEMHE
ReEREA R
CuS/PET Cu nanotrough/PET  CuS nanotrough/PET

& 3.32 CuS/PET. Cu éﬁﬂéilﬁ/PET CuS a&ﬂ&iﬁ/PET Bﬁ%ﬁ&ﬂwﬁ*ﬂ:ﬂﬂﬁt{:ﬁ@ﬁ

Fig. 3.32 the photographs before (left side) and after (right side) bend test of the CuS/PET
Cu nanotrough/PET and CuS nanotrough/PET electrodes, respectively.

25t FR— RFIEPAR, R CuS 4PKEM AR B AR RIFRINRE 2 M.
AT B R X R A AR LA E RAFRRE, ATGET T BB HR A
FERTETER PET FAKK CuS 4R IHER, 5 Cu PUKEMEARER LK CuS
GUORAERBCIR AR, BT T EIINR, RN 0.5 om MBI 500 BJE, B
WIS R A 0 3.32 Fi7R, Cu GUKAE AR Btk DL CuS 9K kAR s AR T 3
BB RERN, BRRETFERN PET LAKE CuS 40K F i sk ol i 854,
CuS 9K A ivk, B HER PET. FTUARTLAELEA, Cu JUKFELI 52K PET Wia &
, FE Cu 9KHE A KK CuS 9k A B ERE, ESHHENRAHRAEZRN, AT
HE— 25 18 A X PR T B 45 M I R AE U RIR AR BLR RIGFRONLIAR E Ik, T A8 —
CuS XFME NI AR B HEF, BE =& CuS 5HJE PET W& 2.
AFBATEEHE T H AL CuS PUREMECIR BRI E oI, SFEE. ek
FNBRFR B SR 7. AT BT LR
1. CuS ZkiE MR B AR TWH 1To EfptEsE, BE RIFHELE
(88.6 %) FFHME (504 Q/sq), 7E FOM HEM BT HEFBRRKKMNE,
FTEA CuS 40 KAE MR AR VB % B s R B RIFRIE A RE

52



33 CuS gUKIEMECREREEEY | ik

2. CuS YA i AR AR B A 4% 1TO HBARA Cu FURAEMAR BRI A EA
B IFHREEE. AT I 85°C « ME/KER. 160 °C. A[F pH HE
W BRI AL & R, 5T CuS GRS MR AR LUK Cu 40K
FERBOR AR HT 7 2 MR &RERY, CuS LT Cu A RFHR
SEME, 3FE T LUE RN Cu RISk, 3 BRI EERE EL 2 B HRE AR L
Cu8MBITE, thInBEWEPE. ALD JIREND R B RAEKA £
WP R, BARIME. BEME. RACERESM;

3. H 8 CuS GKAE IR AR LA £ 4 ITO BARFTA B B REFRIVUIERE,
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R R (A LR MK, FTLUXFEIE CuS KRR AT Rif
HIUBREE . Mah, BATE—DHRA T XFFE CuS FURKAERHIR AR
B B SE B R, 36X CuS/PET. Cu nanotrough/PET. CuS
nanotrough/PET BARHEAT T IR, LR R, Cu JKEEN S5EE PET
Ma BIF, URHE EAEKE CuS Gk EZMEERITR CuS FURTEMAIR
B A BIFHURE & R A R A

3.5 POZkes fE T ARiR R aYHl &

3.5.1 BAREEREES T

A ERATE R TR CuS GUKAE PIALIR I BF AR i) & DU 2R e B A 58, ARAE
fb i BN T B AR AR R SR, FRATREEGRALET (), {518 BN e AR A LB A FE — RE TR
BP9 . 18 3.33 R7E 2.8 T CuS GoRAEMIAE-HRIZE B HARAEER 20 > = B9 FEBEAE 707
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Fig. 3.33 the resistance distribution of CuS nanotrough/PET electrode.

3.5.2 PO&ken P AbdE R A & AU

FATHE P 2.8 FEF 9 CuS GRS AR B FAR LA K A& G0 ITO/PET AR RN
phEERR O R AR, A PMMA ERTFEIEEE, SECkE S AR, SEkaEt
AR SRR . B 3.34 2 CuS PUKAERIEIRIE B e AR AR T 2% i BH XAl B A 45
HREE. AEHIRATATLLT M SENEH. TE 3.35 & CuS PIKERMINE
O R 1 2 o B S AR R O S I, A 6 A O R A T O AR B B 284 : 1 3.36 R
CuS ZHAE P K5 R BT EAR 154 17U 28 el BEL S 482 57 1) PR BE B2

B 3.34 CuS FRRAEMHOIRE BT B AR L PU LR e A R R R R

Fig. 3.34 the schematic illustration of the resistance 4-line touch panel
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& 3.35 CuS FURRAEMIMEIRE B iR R U L% i B it 7 19 e

Fig. 3.35 the photographs of the resistance 4-line touch panel based on CuS NNs.

B 3.36 CuS JRAERIARIRE A e iR DU £5 i BH AR MO WU A B

Fig. 3.36 the testment of 4-line resistance touch panel based on CuS NNs.

FA T T B & B Al 57 43 0 R fF 2 eGalaxTouch, #AEFEWIE 3.37
FiR . R 7, SRATEESAT U AHRIE, UARG e AT A RS 5 A s s VE
DA b B 88 pE ch B B B R E . B 3.38 BRI U IERYER/E S LA
BT I s iR R ER
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B 3.37 QR RER T

Fig. 3.37 the testament software interface of the 4-line resistance touch panel based on CuS

NNs.

& 3.38 BAEAEREFRENNRFERER

Fig. 3.38 the testament software interface of the 4-line resistance touch panel based on CuS

NNs and photographs of the four points testment.
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ZIS PSSR, FiBSRERTRZE, RERESENEIE 3.39 FrniER{iE
R, EXAFRELE, AU TABERENIRT . BIEMmBERF EE5HW “BINN7,
BRiFEE LA FE BRF R “BINN”, B339 fiR, WRGRER, #$46ERID,

BoRFEHER .

B 3.39 BpAEREr B ENERNRE

Fig. 3.39 the photographs of the 4-line resistance touch screen operation fabricated by CuS
NN TCEs. A word “BINN” was written on the touch panel.
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. TR CoS HKHE/Au TR L HIE W BRI S REMZECER, BLEAYMRR M,
BE— IR T CoS 4KE/Au BB SEHFIXS AR T Sx2 B 81 L8 7~ RO B AL T g
j%m;ZE,%&%&ﬁ%&%ﬂ@%km%%m%%%ﬁ@%ﬁm%%m,#M
REFEEHHE. B, TR THE CoS JuKEMBERIIMEN T IR
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421 LWFREMRNRIEE
B A &1 4% B R T SR 2 B R A B W & F R 4.1 BT

& 41 ERFRAFEFIBRE

Table 4.1 The chemical reactants and equipment for the electrode fabrication

b ZERFN & A B FR I SRS
R2IEE (PVA) NaBond Tech 10 %wt
4L (CoCly- 6H20) vaEAL T AR
mALEN (NasS - 9H.0) PaRAL T AR
Au A TR RS 99.999%
ZnO PR AL 99.999%
- FrE g WAL el TL-8INY
Hilyzs e ST Kurt J. Lesker PVD 75

422 FEFIPGER BRI R
4.22.1 tEREIEHRER

HRG & GRAEL B B TR —, KEA 516 LRI BB R R0 R il
Wi —. WRAEAKEOGEMEHR A T —FRIF IR E. B, BagelEh
—Fh iR R ERAE ﬂ%ﬁ%ﬁ%ﬂ%—ﬁ%é&fgéﬂﬂéwﬂrﬂwf&, KA % R
TAERIE AT

AR ¥ B 4 4 & 1Y) PVA FRARET (R AMRAE R, HEFEIRET %4 (10 min), {F
REME, BREES Zn0 (10 min), EREREAKIMTFE: 25, BEEES
Tk, =W, UK 10 min, LA PVA MRS 4E; 57 90 CAISMA T, K
EE 10X 103 M ) CoCly - 6 Ho0 WREE MBI H R L 3 /M, BEIAEKIE AwZnO 4
KA 11 CosOu GKEE: BJE, KRR RARRIBEIREDY 0.01 M B NazS B,
£F 90°C RS 12-24 /Nef, BURFTIZ AR, FHRETFRMSE 3 W B 70°CHIH
4R, HEF 5 min BUHEDET. B 4.1 4T iz AR A R R B TRAR A
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45 i CoS/Au T FREHIMIRGE Y-S s Xy B R 7E JebHgub oK PR A Ft AP A LA

networks

BIPVA fiber ¥Au BIZ0O seed layer BECo,0, NWs MNCOS NWs
B 4.1 H&RREHBRRHTEE

Fig. 4.1 Schematic illustration of the preparation of the new hybridized electrode.
4222 EBMEEEXTBRSEERNFNT
ASCIRYE SCRR AT, ERIER B2 T 2RSBHIER, HMRANEERE T2
SHMERT, £ PET BR ENAEREBL, BRPKNEREKR, HRNATHER
FIR AR, BEtREE, WE 42 For.
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B 4.2 ARBHK Au FURAENECRSHTE PET 2R L

Fig. 4.2 SEM images of different layers of Au nanotroughs on the PET.

42.3 FEBMEHRESEI

A =K SRk E B PANalytical X'Pert PRO B X SFERATHT SU#AT 2047, JEIR
% CuKa, FIHEHERN 0-20 BEZh, SKIREMAEIE 40KV, B 40mA, IFHHIE
2~4°/min, 20 FIHTEE 10~80°; TR AL BRIV K4 A B 7 858 (FESEM,
Hitachi SU8020) M52, 3 FIEAEEHHL X HLE4HT{X (IXRF SDD2830-300D) Xi#f
BT TR . FIAEH BT SME (TEM, F20) 3HTEX A7 fma#aE
W RRAE.

;;800- -

g

e
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Jonnd
0 E) k) ¥ ¥ %
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] 4.3 Au G0k (B) F Cos04 FKHE/Au RIREPPRAR (L) XRD B

Fig. 4.3 XRD spectra of (a) Au networks (black curve); (b) Co304 NWs/Au hybridized

networks (red curves)

AW TRETH# AL PVA FFEENFEHE, EH LIS AuEH Zn0 JR1EA
HBMARKFTFR, HEHE EEK CosOsgikiE. ME 43 FH 41, CosO4 ) XRD
T5TE (41) ShrdE PDF K9 42-1467 56 &4, BTYKEE Cos0s, KMFYIA
A EITRES R, T XRD BIEH A (B) H5HMRAE R EEYE.
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%43 M CoS/Au RREHMBIRE Y-S rx iU RAE JobHBU R PR A EB T P B H

E 4.4 7245 SEM T3 BB XL

Fig. 4.4 (a) Photographs of the as-fabricated electrodes in different steps. (b, ¢) the SEM
image of as-prepared Au networks in different magnification. (d-g) SEM images of
Co304 NWs/Au and CoS NWs/Au hybridized networks in different maginification,

repectively.

B 44 (a) ENSBZEEBINENE, /£ PET 2K EMBREHREFRETE.
M (b) F(e) BHBNMERBEMERT, BRERMKE PVA FHERIER EZE
FIghK s Au PUIREE R, Au 9KIBLEM B AT LURA B 186 PVA RMERRIAE,
W 22 AR . AR A BT LB & B MR I EE, IR KERE MR
BEHGHTRAE. (D) M () BN CosOs PUKE/Au RN FFIEAREHRTH SEM
K. () A (g) BN CoS 4kiE/Au HIRIEARFMBCREFETH SEM B, A4 HE
JEEA PET X E R B PET SEIEMHARIERE RIF, B, WEHT, RIFEHE,
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R4 P P RHBAL R PH B FRIXT EB AR R M B i . Bh4T, MEF PET BURIEE T
At SR MR IAE BRI T T2,

& 4.5 CoS ] EDX 8847

Fig. 4.5 (a-d) EDX images corresponding elemental mapping of the Au, Zn, Co and S

elements, respectively

45 B CoS iy EDX HIHEE 4T, CoS/Au KRR ERP MRS, FH
TCERDAIREE].
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554 % FHE CoS/Au B R H MK IRE Y S Xt AR 7E Gl Bt R PR A f M AP R A

8

:

frtensity (a.u)

R T
Rarnan shift {cm™).

B 4.6 CoS [¥] TEM, HRTEM, EDS #l Raman Jti%

Fig. 4.6 (a, b) TEM and HRTEM images of the CoS NW grown on the Au nanotrough
networks by chemical bath deposition, respectively, the inset in (a) is the corresponding

SAED pattern; (¢, d) EDS and Raman spectrum of CoS NWs/Au hybridized networks.

& 4.6 244 T CoS #J TEM. HRTEM. EDS 1 Raman FJE#E. M (a) #1 (b)
ALEHERKAEN 025 nm, WHETF (101) HEHK CoS HRiE PDF R
(JCPDS42-0826). HIRKITE (a) "FFEEATS EHH JLBATHI, M CoS 41K
W% ERA: 78 () o EDS BRI BEARNIKEHEE Au. Zn, Co 'S
& ZF (d) th, Raman BHEZE 190, 474+ 516 A1 679 nm ARG MIRHT I, HEHT
A R CoS.

Z& UL EFTE RS, RIS HER: Ll PVA FEMERFEEE, £ AW/ZnO
b, EREFIBREK CoS 9kEst @R RIS

4.3 FRBLFE T SBULE TIo SR ERES/T HEAISEPARAYHIZ

FEERTE % LSRR B R T FEP S REAL; 858, BBk TiRraE
BNBI&HEFRESECN 0.3% 1 NHF FATRSHO8 2% 8 L BT K 2 ZBERT,
FE SOV BE T, [BL 9-12 /BT Z R KA AR IIKE AR A
B Lo e, BiOSEKIFN ZSMERMAKERT]. 2/E, EHRANERTE
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EE T ISBREAMN, R 2-3 A/, ﬁﬁwﬂ%ﬁm SEALERGRE RS B AR
GBI BN B REFIR BAE RS, 1E 450°C TR A 2 /M, TR Z AL
AR R 2E G . AT HE— RS ALK B S LR TER, K ORE
KA — Bk YE E B R EE 0.2 MY TiCls B9R, 76 70°C T AL 30 7384,
B AR 450°CIB K 30 204, BRIGRMES, HREARKK ZEUUAGORERS.

1l 4T 0 = EALER K R 51 GBI ARIRIBAE A 03X 107 M #I N-719 Zekt
B 7 BERRR, A 24 ANRHE, R ZBERREE, AR, BAEITIREEE RER
AL BRI K E /ER T 1 YRR AR -

¥4 CdS A1 CdSe B A HKI 7 BEURIE ARG K E S B, #I& 7%
0 R SCERU4 e B R E A

B47 /= ﬂ%ﬁﬂ#ﬁ@ﬂmSHAmM%@ﬂm&@ MI¢TU€m
WAk E RS N E SR, BEBARELRER

B 4.7 —EAERGRRE R KT SEM E

Fig. 4.7 SEM image of TiO2/Ti from top view and side view.

4.4 3FELAR AT BE MK AN FRAE
4.4.1 BHEMR

KA RATEIT B CoS/Au 7T L5 MR VB BIxT AR B R MM Bl . AR
{3 B RS HN AT A e Y EE T (UV-3600). BATVIG ARSI F AR 2X2 cm TR, BLE
MRAZR I B RAS, HEATIRE

AT T 45K ITO FTO Fafk LK B4 3R Au. Cos0s/Au. CoS/Au 57 i
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5548 Ftk CoS/Au B EHMBOIRE Y-S Ao xd A AR e JebRHE K PR A st AP B SLA

ZEF R IR B AR I A 400 nm ) 2000 nm BB E . B 4.8 AELRI ITO. FTO &
Au. Co304/Au. CoS/Au 7JFi 45 H4ifI MHEIR AR ZE 400 nm %) 2000 nm HIIELR. A
B RATATLLE Y, FEIELCAMEEL, M 1000 nm %] 2000 nm FIEL, ITO F FTO
REBECEHE TR, TO2H%8 Au. CosOs/Au. CoS/Au 55 454 ¥ AR Ha i)
HBAE B, XU HERHAEBEMIIE, Au. CosOs/Au. CoS/Au 55451 %
Wk EE SRS LE A= ET R, WTURAREEEMN Z.

100

L ——Au networks
—C0,0,/Au networks
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0 » . ' ' : '
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& 4.8 ITO. FTO. Au. Co304Au. CoS/Au HEARIIEEZ IR

BEHE (%)

Fig. 4.8 the transmittance spectra from 400 to 2000 nm of the Au NN, Co304/Au NN, CoS/Au

NN and commercialized transparent conductive film, like ITO and FTO on the glass

442 SEMME

KABRAVIIT I CoS/Au TR G HIT B I e A B 2 MR, T B2
& Keithley 2100 PUEREH s FEIURA,  Sie 054 7 gk T L L

AR T AVEATIR, EE— A IR TR, MAERGTHE, 25
AR SCRATIC S, BUTHE, B A% st 7 B

BT, BEETEERT L ERB LR, BEREEEEHERY
EAARIFHSEME, FIUXHANSNE RS RRHITRES
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B 4.9 ZnO/Au FEKAERHIR BAR KB LR M A AR R R

Fig. 4.9 the sheet resietance versus the transmission (at 550 nm) of ZnO/Au networks.

49 £ ZnO/Au GuKAERIRCIRGS M AR RSB e R R T FRAE RO R, BEE 7 B
/s, BARIBE R RHIE R, RSB IREREYIARL BT RERE. ARt
SiH1 ITO B4R, Au PIAEAR AR B IR IOC FRARYE, KR & SR A% K PH e it T
AT, ghsh, 7E Au 5 IR TR DR A K AURMRL AT A B B AR
A% U R AR AT SR OB TEALA

100
T Py
18.9 Q/sq
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g
0 e 9.5 Q/sq
M. 5 S Mttty g
R e A
W gs | 6.1 Q/sq
. e — o
3.50/sq
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& 4.10 1% i) CoS/Au B/ F 77 RELE DL R AE T Wt B g 2
Fig. 4.10 UV-vis spectra of Aunetworks on PET substrates

B 4.10 £H& AR AR CoS/Au 7 51454 S % I Xt s AR Brxt . K E AT
AR BB, FEETFAERIE R, CoS/Au 7R 45 # R I BN AR HIE LR
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554 % R CoS/Au RRLHIMAIRIE Y S Hx R ARAE JURHEIL ACRA B8 L e (9 7

EHOR/N . X R FAEAENE K CoS/Au R AHMZMEB X R AT FE, REHEMN
ERIKIENES, NIRRT BREEREER.

3 - n
~X0r n w 8
R T = @
—&r = ®
i;%\ 70 ®
50 |
2 e
i
30 i i e
0 4 8 12 16 20

AuBEHEEE (O/sq)

A 4.11 Co;04/Au RRZHMIRIRZER BIRLK CoS/Au RFRLHAMBHRZEY iR
RFE LR, HEREN 7 MR E R AN EZEFE CoS/Au RREHZEN H
RESEHE Fr

Fig. 4.11 Sheet resistance versus transmittance (at 550 nm) for corresponding Co304 NWs/Au
and CoS NWs/Au hybridized networks, the inset is photographs of seven different
' corresponding CoS NWs/Au hybridized network electrodes.

Bl 4.11 & CosOd/Au R PIRARE B AR LA & CoS/Au 7 Ji 45 WA IR %
MR IE SR MTRA MR, P riEER 7 NMARTTEE U A MEEEREK
CoS/Au 5 /i 45 #9% e AR I SE B o 7E 550 nm KT, Co304/Au Al CoS/Au 7
GER AR B R LIRS Au PUAK FLAR ) o SR OSB3 0 - 72 4.11 o 4 PR
B Au PR AR R R 3, HeBREsRmE R ERN, WNEES,
R EAR G R, B CEFATIEM.
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Fig. 4.12 the sheet resistance versus bending numbers of Au network and ITO on the PET
film.

& 4.13 CoS NWs/Au 3 JR S HIPHIR AR CoS NWs/ITO KT i R%T i) SEM
L3Pys&y Yy

Fig. 4.13 the photographs and SEM images before and after 500 bending cycles of the CoS
NWs/Au hybridized networks and CoS NWs/ITO films, respectively.

& 4.12 2 1TO HAR K Au PERAERIREIR AR A9 PR o Au GOoKAE AR AL
WLLF CoS #hk 2 i A RIFANMORE, @idE 3D e LWEHial, o
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PEZ, EESITERR 025 cm ZH 500 IRZ S5, Au FURIEMERER R REKRE
RAEHEREN,; T ITO BIREZF 500 KSR S, BEAEZEEMm. #
— SRR, ML TALEN ITO M E, KA Au 40KiE 11 CoS 9PkE B AR
RIFRINUMRERE . B 4.13 & CoS NWs/Au 5 45 PHRIR BB 1 CoS NWs/ITO R
R AR B ZE AT MR ET JE T EL B SEM B, AEKTE Au 9KAERIBEIR 1 CoS #ik&k
FIRL M B B TR KA 1TO AR R CoS K& MplmitEae. £IAE ITO
VI ETEI CoS gk IR 500 B2 /5, KEABLE, MWEHREFHaEL
EH); MAEKAE Au JERERCIREE MR CoS SRR NI EARREEARAL, B H BRI
AR E L. TR AR T R4S, (ERPUREEE YRR R R
TRIFRBREAYE, AT DUR 25 KRR R LA R T AN A A 2R s T Y U 7 e P AR /1N B
HHBIT, REBKEENER. |

AW BATEERAT CoS/Au BRI IR BARMEE, SR RHHRE
SEMERIPIR, A EREISH R AT AR 458, BT Au PURIEM SIS CoS/Au
BB RIFHEE. SHEmyURaEs. METF4ELK ITO. FTO Bk, AAER
&P T, R RN AARE N TESEMTH, REAMELEN
ITO. FTO Mtk eeARiss; Ayttt rm, FMMRREMEN, HTHER
R R E 45/ N RIS, SRR BRI R, LT ERNEE
AR E RIS

4.5 AL AR AT
4.5.1 £ S HRH AR L FEL RN
AT H—HERA CoS/Au 55 454 WIREIRIE B 0 (AR B e g db P B, TRIAMR 22 oA
2 (CV) ML (BIS), 4BI7E S HMEA L AR T 7 I,
WAVSBME R T 44060 Pt AR, Au networks FIHT AL CoS/Au 75 &5 44 MA&-IR
FEER, £5HF 0.5 M NaS. 02 M S BL& 0.2 M KCl KR EAE®R (REE: KR
ek 3:7) FE RS, RSB N Autolab HALZE TIES, UL 50 mV/s BT
Hifh. RA=BRER, B Pt BRERN TERR. §l& =R R A1E axt Bk,
LR H 7R EARAE A St AR AT IR AR 22 th £ 0 EIS FE 5T B a0k, EIS BHSTHE
W@iE—A Autlab 1% PGSTST 30 (ECOChemie B.V.), PARIME AL (Autlab,

71



BRI MEE U T e P AR o) R L R P BT A

Eco-Chemie), F#RZJy 100 kHz ) 0.1 Hz, MHNHEREERN 10 mV. FHAZEERE
RISk 4347 Nyquist Bl LK 52 Re FIME -

40
- —Pt
NE ' —— Au networks
s 20 } ——CoS/Au networks
E
o}
&
¢ 0.5 M Na.S
%20 | ’
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& 4.14 Pt/FTO. Au networks Fl CoS NWs/Au 5/ Z5H B GKRE AR R BIARZE Sx> Hafi
TR HITEFR R 22 28

Fig. 4.14 Cyclic voltammetric curves of Pt/FTO, Au networks and CoS NWs/Au networks

electrodes in Sx* electrolyte, respectively.
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4.15 Pt/FTO. Au networks Fl CoS NWs/Au /R HGKRERIHIR YT AR B9 Sx* B ARV
%y B Ak S RE 3 R

Fig. 4.15 Nyquist plots of Pt/FTO, Au networks and CoS NWs/Au hybridized networks

electrodes in Sx?- electrolyte, respectively.

4.14 R PYFTO. Au networks 1 CoS NWs/Au 535 25 14 11 4 KA R AR R
WAE Sx> MR P M TER R 2k . 7EXT B RREM BATES, LTEMUS SEE
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(I FRIR S FE AR L Pt AT Au AR AR R R 2, BEB CoS PREN T S BT RA

72



%48 FME CoS/Au R REMMIRIE Y-S B3 AARTE JR UL A PH B8 Ha.it A B SL A

R RIS M o 3t — 25 EIS BRPUEA U B AR i) e AL 1, B 4.15 2 PUYFTO.
Au networks il CoS NWs/Au 55 45 #) (1 G KA PRI FRARAE Sx R O FRAL,
2 EIS B, 23S RBilEe, WK 4.1 FHIEH, CoSNWs/Au FRHEEH
B KA P AR IR AR ) Ree A 62.2 Q em?, AHELT Au 19 702.6 Q cm?, STETEIMR
ZHETHEINEREAREBAEYE. B, 56 EREAHMRITIE, CoS
NWs/Au 55 451 I RABRURCIR ST BARTE Sx* BV - B RIF R R EALIE T

452 £ LEBRRTRBEASEC N

BATHE—BHAT CoS/Au TR LM AR BARAE LR ARR B RS 1,
FIREAE P UEFRR & 2 A0 EIS FEHTIGE 1T

A4 FMEA T Au networks. CosOs/Au FIEFEL K] CoS/Au 5 451 PR 1R 7 B
S, TEEH 10.0X103MLil. 1.0X10° M B BL& 0.1 M LiCl04 K ZBS BB 1F Jy L
W, MREIBEE AN Autolab FALZTAERS, BL 50 mV/s BFEBTIEM. RA=ZRBK
RZ&: Pt BRIE N TAEEAR. &M =FBiRa AERRT Bk, UEHKERENS
b dR, SREEATIEIRR 22 th 2k EIS BHAT B M. EIS P B EE —4> Autlab
iR PGSTST 30 (ECOChemie B.V.), LAKIRZSHTHEEL (Autlab, Eco-Chemie), K
FAZ N 100 kHz B 0.1 Hz, MMNKEREEN 10 mV. F Z-view BT EFRTRE
RSk 43T Nyquist BIE LA 75 3 Rt FIME.

& 4.16 & Au networks. Co304/Au. CoS/Au 5 i Z5 ARG KR X EBARE I
BB TERRZ L. CoS/AuXt T LEFAARENENERERER, LT
Au networks il Co30s/Au B4%; FriA, CoS/Au HHRIFHIBEMENEE. N TH—F
BT CoS/Au HIRTE I ARV 1 AR R BB 15, BATHEAT T #E—2P 1) EIS [T
EMHER. B 4.17 £ Au networks. Co304/Au. CoS/Au 57 JF 45 M PIKFERI KR T sk
) L3RRV AN BIS FABLEE, MEHTE LIE i, CoS/Au BRARLFHI LA AEICIERE,
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Fig. 4.16 Cyclic voltammetric curves of Au networks, Co304 NWs/Au, CoS NWs/Au networks

electrodes in I5 electrolyte, respectively.
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Fig. 4.17 Nyqiust plots of Au networks, Co304 NWs/Au, CoS NWs/Au networks electrodes in

I electrolyte, respectively.
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AR E MBI AR IR ITE N-719 [k, BRI E 24 ARE, FE9GFRREH
1 F CdS A CdSe BT AP ~ FASkGRE FETIHERA £, JER PRtk & .

¥ 55 B R B B0 5 LAY Pt B3R Au network Co3Os/Au LA K CoS/Au 1E XS HAK,
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Fig. 4.18 Schematic illustration of fabricated flexible solar cells
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Fig. 4.19 Photographs of fabricated flexible solar cells
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Fig. 4.20 J-V curves of QDSSCs with Pt, Au networks and CoS/Au networks as CEs.

R 41 REETRABEKCREESH

Table 4.1 Photovoltaic parameters of the flexible QDSSCs using different CEs.

X BB 44 FR Jsc [mA/cm?] Ve [V] PCE [%] FF
Pt 7.42 0.44 1.08 0.33

Au networks 6.72 0.41 ) 0.44 0.16
CoS/Au 11.40 0.54 3.13 0.51

MEF 4.1 FATLLEHET CoS/Au 7 S PR AR B T AT i
REEHHAEILET 3.13 %, MM TELR Pt ik, HEEER RN 1.08%.
AT LA BT CoS/Au B RIFH M EMEIVERE, BT KRR S S
¥ Pt Btk . thSh, BT AuSEEARMLT P, TH CoS KB T HA REF
e AL RE 2 41, HAEMI R M LR, 1RALT 5 @A f R K

R, TR Pt Btlk, RERME— BRI S B@acE, BriltpReRmiEd
M BE /N T RATFT BT ROBT L fa AR .

4.6.4 FRHEAL AR BRBE R YA B s R AOIR R
BATREET CoS/Au 7 5 55 1 LR AR 41 288 ) UM A R BH e b ) S R
7 7
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H AU EE R T AL AR AR A& R LR AT

KT HE—BIER CoS P KERTESXT T Y b K FH RS R R M, TRAIT
BHRBER T EARRMIRE CoCly6H0 B T, CoS W KEHITESR,

& 4.21 0.15 M CoCl6H;0 7E Au KR LA RFE ZnO/Au %%EJ:E%E‘J CoS 4K SEM
B, 0.1 M CoCL-6H20 7 ZnO/Au #KFE L4 K CoS G K[ SEM B

Fig. 4.21 different maginification SEM images of Co304 NWs grown on Au networks and
ZnO/Au networks substrate in different growth conditions: (a) 0.15 M CoClL-6H,0, 0.15
M urea on Au networks substrate; (b) 0.15 M CoCl-6H,0, 0.15 M urea on ZnO
layers/Au networks substrate; (¢) 10 mM CoCly:6H,0, 10mM urea on ZnO/Au networks

substrate.

421 ARFE CoCL-6H0 MIRE T, H£KHE CoS FKHEHEI, MEE
CoCl-6H0 IREE K, CoS #kEAKAMEE, BAEBRMKEIEREE. B
PAN iZ e 8 MR CoClo-6H20 ¥R, BEAREIREE =, BRAES, tHARRK
FERIR, BRMEAERETS.

BAMRIBERKWHESRE S, EBF T =ZANEE CoCly6H0 BRKE, I3 H
REANRERBRAEK CoS 9rkiE, BRIRBMRBHTHES, HHETREMR.
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B 4.22 RERER CoCl-6H,0 MW TAKE CoS JIKHRA M MR Hi2%
Fig. 4.22 J-V curves of DSSCs with Au networks and CoS NWs/Au networks as CEs,
respectively. )

422 RAFIRER CoClr6H0 WA K ) CoS PR FrH 3k it it
IR, AARLHGRHEG RKPA RE BB S RS HFI AR 32 F. F CoClr6H20 K
W R 20x10° M B, Zerbih KBERE BRI ERE, A 4.73%. THMIKERE
BB R MR IF A AR, FTLL 20x10° M IRER CoCly6H0 R ABIEE K
CoS/Au HEAR I &I .

R 42 FREXT AR ISR SRR A A PH B8 BTt R YRR E S B

Table 4.2 Photovoltaic parameters of the flexible DSSCs using different CEs.

X} ELAR 44 TR Jse [mA/cm?] Vo [V] PCE [%] FF
CoCl, 40x10° M 7.87 0.52 1.08 0.39
CoCl, 20x10°% M 13.35 0.64 4.73 0.55
CoCl, 10x10° M 2.61 0.64 0.64 0.25

Au networks 0.06 0.53 0.01 0.31

& 4.23 NAERE T B CoCl-6H0 A KB 2 CoS/Au HAR A 2E b 5 2|1
IPCE FhZE, MBEFETULE HIKRE N 20x10° M #KRE K CoCly-6H20 & TS 2 BT
Mo dH 25 pk BB b IPCE [E R K, HE48.
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Fig. 4.23 IPCE spectra of the DSSCs using Au networks and three different CoS NWs/Au
hybridized networks as counter electrodes synthesized in different initial concentrations

of CoCly-6H20 (10 mM, 20mM and 40 mM), respectively.

4.6.5 L KBRBE R BT M RE MR

AT F TR T CoS/Au 5751 55 1 PURRIRIE B X FAR AR BB SR M e AL K
FH B B A BT PERR I . ITERBE R RC A TR, R T 27 B0 % O B R AR IS B B A%
G BB AR E R, TR A EVEREUR, AR EaRe. MEesE. PrUETE D
PLSERL AR, SRR GE Tt B T B B In L&, RAMEAEF R, 1T
HARE PRSBSOS HIB T RRTE

BAVBI I BUGSHXT BAR B A H L8, BRUREREERR, ot —P®wi
L 2H 2 PR L SRR B AT IR BRI W HL R 1 BT LIRS T A Y R

424 RET CoS/Au R PIRCIRE I ARSI EMRE, AEFS
H T HACR R R TR S I B AR . ATUUE Y e S il AE T, R AR
WYEEIR/N, FEZHr 200 BN, 2EMNE 8%/, THAETHZRNUHFAHE, [
EEYTREBAE BT RS, A RBERD. B 425 ZET CoS/Au RREF MK
R3% WX B AR B S PR IPCE 3% 18, MR IPCE B, FEESITRERIMA,
IPCE & EIFA LI R4, B et AR AU PERER T, EH TRARME
H T A A B YR
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Fig. 4.24 The conversion efficiencies and the fill factors of the CoS NWs/Au networks based
DSSC in the numbers of bending test.
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& 4.25 FTF CoS/Au 75 454 PRIRZE BN e iR 9SS Fr iR 0 IPCE %

Fig. 4.25 the IPCE spectra of the CoS NWs/Au networks based DSSC in the numbers of
bending test. '

4.7 KEINE
AETEHMRRTHE LN CoS/Au 7R MMMAIRE WX Bk, WITIZE
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WiBEeR. Smtk. AISHE. e, D memi it DURAERRGEE
AL B S B AN BT A U R P RS i, USRI v e LA RS T I BE

B, BATESRBRYL PVA S4EERTRIEE, R ES Au BHE, Lk
Zn0 FFE, ZJETE CoCly6H0 M HEK Cos0s GIKEL, SRIETE NaoS T 4K
CoS YiKcHe. i SEM. TEM. XRD A Raman 5447 & BB YR G511 .
L ERAFTATAN, BT A R CoS GKE A IRIF I 4E dh it RE

RIE, BATEITLEIM e THRE IR . 3D A28 &R A A
FRAFT BRI CoS/Au 5 BR 45 M P RRIRIE WX FAR HE 63 . etk BL R AR Y S
S . BT & T B G5 RO B0 CoS/Au 575 45 1) P AR AR I W X B R LA R4 ROIEDE
S RIS IR, \

i 5, FAMEF Autolab FRALEE T {ESS, MR T FEARKITERR (R 2 M2k LLK EIS f
FUEE, RIL CoS ke BA AR I B AL IERE, LT ESH Pt RELK Au
PR BT, AREOAIEEYE, I BEmmEE R AR,

BIE, BTG FhE B L8 CoS/Au 5 4544 P RIRFE B T B AR 2 3 Rl g
B A PR RS BB B F A SR PR RS fadth . LA AR GOK A R BRI YE PR AR
i N-719 Zukl, 3 BRFMESE Pt Au PRI, CosOs/Au. CoS/Au ZE{F NI &
o FRIRE b O Fh oy B Sy R RN T A, fE IR T, BAICH
HEIRER . HBIE MRS R S et B B R AT T . BATBJE RS
W, PRI CoS/Au TR L5 MMM IRE WX o il B R IF RO R AL ke, K
BT 202 1 B UK P RS HE L 30 R AT LA B 3.13 %, ARECT-4%4¢ Pt AR (1.08 %)
EE KRGS T IR TG K00 CoS/Au 55 45 # PIAR R 3% B %o H AR (9 Gt b R RA
et AR B LR N 4.73 %; i —BHA T AR T CoCla-6H,0 HRHK
RN T M R IR, RATSE 20x10° M RRASIKEE . X F eib ZPritaedtiT 1
Mk, ZEZSHT 200 FBE, M IPCE ¥4 WA S MR, SHRmpTTEIiEee R,
A UL F 2Rt d T 2 R R T
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F5F CuSFikE . MiERBAXNBREIRARIEZEASESLINR
e el L K PHAE R b P A B FH

51 518 ‘

BEEEE. BE. AIFRATSRINIGELRE, THEEER A2 AIEHFA
P HRAS S BRI RIS BOR ISR . MR A—FIERE AT IO REIR, Jobtaiit
KFEgs M, BT AR AR ORI R A A T HF RN 5 AR
. AR, VFZ W 5T HRTE B S0 G AT B R B (T A B R LY AR R AR AR, X
5 FCHIAAE P2 () T M e BB R PR S LI . 7E AR & TR, s @B B 6A
MAEEBEEER A, X E— N E AR LA B AL 22 10 R A O3
. BT ERMRE, B2 REERAMRIREEAEA.

T RUIXAN IR, v R R, ISR PR 7 U5 4 R T SR OB R AR
KA BB ASWEAY BIRNEE, CA%EXM. REFSHARRI
FIRE P EHEL KBRS BV A, (ERTE =B EERRR: B, BRNE
HEEH— SR, ERERARNER ITO B, 1HELS BT
MR LR, BEIE T B — S RIS R e T 2 . 2k, BEAEMS
i, 3FHAH B EAE R RRNATE S . RE Pt MRS HmE
st AR F MBS T B RIFHT LIRS, ERTENNERF TR, 5
B ~14.47 pm BEGEKE A~ um. A BER~9 um KEE, WRE. £=,
Fa AR ITO 253 1A S e ELE AR b o5 T B Yl b A P A B M R AR A 40% B L,
0B BT In BORSGREE, o Yeh it A BH A Bt i) K HUARE L P SR AR R A BR A«

A% XA MR R TAHIL—FEEREUL Pt XASEUR ITO MIBIART Ak, JHR
SN F SN T AL AL AR T DU B R AR R . BRI, BRATE R E R
T & — FhE B GO Ve B SRR, I E R T 2 BOR DL BB A X AR, U
REB RS M, AT, BT Autolab B L2 TR L2 LIRS &
LR A T Y A PR MV SRR, LR ETS 37 200 UG, K
EJEIS
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TS A 5 e AR K i R AT BT AT

5.2 JTELARBIEI . RAESEAMEREM I

52.1 SEFFEMRIREE
72 Se I ) & LR R R A B R R AU S TR 5.0 FoR. Ak, FRARE
R AR RN AR T EME (FESEM, Hitachi SU8020).

# 5.1 EHRBBERAERFIRFLE

Table 5.1 The chemical reactants for the fabrication and related purity level.

RN FR ¢ aif
PVA NaBond Tech 10 %wt
iy Jesf T AR
#F4 Cu HiE T 99.999%
S Fapett T AR
522 HlERTE

AVE I 45 22 UL R BRI A T M & CuS Gk M ARIE I Btk
SHHEEME 5.1. HEYTLL PVA SH4E7E Al X, LRFEIRE Cu, IHE 100 W,
bt B 9 20 min, SARWE Y 0.25 scem; 2 RE IS H RN 0.01 M M LREHE
BT, RBIEEA 24 AN, fE Co e&Fifh, ZEREUE, FIZERmBL, W
ANHEFE 3 min BUH B AT

& PVA % Cn
PET g Cus

B 5.1 CuS G8K J7 FREIRZE B AR Al & iz

Fig. 5.1 the schematic illustration of CuS NS networks transparent conductive electrode.

B 52 Jg Cu GKME R BT AE B R, JRATAT UG BT 4R 2 (8 AT AL
5.3 ARFEESN Cu £F4EHTT MG Fr LUK SEM B, BEE BR8N, HBH
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555 3 CuS gk M S5t R T &R NS I S AR SR UL RPH RE LI

BRI IN, DLRIBERLSFEZ I K. B 5.4 REATATETHREI S H) CuS 99K
FE R RIR AR B S BB B & SEM B, TATATLLE B CuS gk A KLE Cu 4KHE b

& 5.2 Cu FRAERBTEADEE R

Fig. 5.2 the schematic illustration and photograph of Cu networks transparent conductive

electrode.

B 5.3 Cu K RIRIRE B AR SR & SEM B

Fig. 5.3 the photographs and SEM images of Cu networks transparent conductive electrode.
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& 5.4 CuS 9K REIRE N Bk SEM B KLU A

Fig. 5.4 the photograph and SEM images of CuS NS networks transparent conductive

electrode.

5.2.3 ERARADMEBERIE
LAVER TEM K& XRD % T & Bl CuS 2K 5 PIRGR Bkt AT 7 3R4E, HAT
HSHERIALE 27.64 29.34 31.8. 48.1. 52.7 LI 59.2 %, 435Xt R CuS £ (101D, (102).
(103). (006). (110). (108)LA% (116) fhi. M TEM K, W] LA%S 2| &1 Al 3R
55 SAED B A (4 & [ AR XS B, BEAH CuS 9K i BB 1R IF R 45 &g, tni® 5.5 Bor.

(102) (103,006 (110)  —CuS
—Cu

(200)

Intensity (a.u.)

' CuS(06-0464)
il ‘i L

| Cu(04-0836)

20 30 40 50 60 70
2-Theta (deg.)

& 5.5 CuS UK A MRIRZEH EKK XRD & TEM B

Fig. 5.5 the XRD patterns of Cu and CuS NS networks electrode, and the TEM, HRTEM,
and SADE images of CuS NS.
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& 5.6 PET/CuS. FTO. ITO. FTO/glass. PET/Pt networks FLAR 1% Y2 A0 L fH R

Fig. 5.6 the transmittance versus resistance of PET/CuS, FTO, ITO, FTO/glass, PET/Pt

networks electrodes.

BAE KM e K6 BT A K R & B BEAXR T PET/CuS FTO.ITO-FTO/glass+
PET/Pt networks FARHHAT T B A FFAE RN, I B4Rt T4, B
5.6 s, FRHEAESIR ITO 1 FTO HAk, #TELM CuS/PET BMAR RFHELE
St B 572 CuS PkA MR BIRENRERE EMEF, &SERINETHE
Ml & TETR, EFET PET EAER.

Kapten

E 5.7 CuS 40K MR AREAR A FEE L: Kapton, PET, paper, tape.
Fig. 5.7 the photographs of the CuS NS networks on different substrates: Kapton, PET, paper,
tape, repectively.
53 M TF=MEETFRRAEELERE

5.3.1 EEMRZ M
FEBRFT CuS HAE PR IR ST AR B Gl G ib A FH 88 R AR R R, BAT1Zek TG
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PR IEEY S R AR EH & RN AR

R ZEEM AL BIS LB R — T CuS FRK B R B RN
VAL

FIREAE A B 3848 Autolab FRALZE TAESE . BATIA BT (8 F ) F B3 LA
THIWE: 10.0mM Lil. 1.0 Mm Ly 0.1 mM LiClOs 1 Z WP . 1B RZHARFN
50 mV/s IR FHEATIR, SRAMMER = Bk R, Bl Pt TIEMBR, FERANKN
B R H RS g, B ETT BIS BN A E#EM*E S 100k Hz 2|
0.1 Hz; MNKBEREEN 10 mV; FH Z-view TAFTE BRERL, RAMBRIER,
B Pt EAR DL KX BB AR

— 3 —Cus$ Networks
g 5| — Cu Networks
< | —Pt
g1
= oL
i
Bt
Risd ]
21

08 -04 00 04 08
AL (V)
& 5.8 Cu, CuS K H MR Btk LR A4 K PUFTO HITEFMR R B

Fig. 5.8 the CV curves of Cu, CuS NS network and Pt/FTO/glass electrodes in acetonitrile
solution containing 10.0 mM Lil, 1.0 mM I, and 0.1 M LiclOy, at the scan rate of 50
mV/s.

=MIE FREIE R RN
3 I +2¢
TAINE 5.8 T LUMER], XF Cu MR EK, EBEMIHEEEPRAEEN
WEE, WTFEMlEFR%EEEEER. HRE, CuS KA PIREREBEHR L
Pt AR BEEEENEHENENEEE, 7£-0.3 V 2-0.4 V BIETEEX[E, CuS

R A SR IR AR AT ARIME G210 Pt BRI BN R I EAR RS, AL
f B A A PR RE
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& 5.9 CuS NS network BLFRAEFR 50 BIIEFRR 2 R

Fig. 5.9 the CV curves of the CuS NS network electrodes in the same electrolyte at a scan rate
of 50 mV/s for 50 cycles

AT IR CuS gk 5 BRI R R e, AT T R B R HE
MR iR ERE b, #HT T 85 50 BB, I BT E R th R BT LR
B 5.9 & CuS 4K A PR RZE B AR B IR 225358 50 Bl /R Rk, 3338 50 [,
HERTERK IR R RIF, AR RGN R BEEERAGRL, HH CuS k7R
KRR R E M RIF. ' ' '

5.3.2 FEHTMIA
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Fig. 5.10 the EIS spectra of the Cu, CuS NS network and P/FTO/glass electrodes in the same

electrolyte, respectively.

AV —LHEAT CuS 9K A PUIRIE B Rk Ak 23 1%, X T CuS. Cu
L& Pt 34T T #4622 EIS FETERE IR, FHut T HTE BT 1 4 LR R A
B, B Ra FITHRME 5.1 o WRIEHFRIEL, CuS B9 Ra 21.95; TAE50HY
Pt B4R Ra 9 36.71. FTLL, CuS BA RIFHBAZMEAIERE, 5 AMRAITESS
ez PR B L5 18 —5. CuS B— DA LIRAR Pt FRE R MR

5.1 Mg R R BRI ESH

Table 5.1 Photovoltaic parameters of the flexible DSSCs using different CEs.

Sample  Js[mA/em?]  Vo[V] PCE[%] FF ReQ/em?]

PUFTO 15.8 0.7 5.6 0.506 36.71
Cu 0.00085 0.086 0.000183 0.342 1529
CuS 18.10 0.66 6.38 0.534 21.95

AT BIS EREH—BERAT CuS HK )y PIRR AR AR EE; B 5.1
2 CuS 9K A PR IR B AREEAT R EF (R 22 Eh 243 50 BEI I 19 EIS Bl . 7R3t
BIJG, HIEMTIRAEARX A B 210728k, ATEAGEH CuS 9AK R RIRCIR LR AR
PRI .
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Fig. 5.11 the EIS curves of the CuS NS network electrodes before and after CV measurement

in the same electrolyte.

5.4 FMEREILRPARER MAYZE R BN
5.4.1 B3 EEH

ZVEGeRH Al R P RS FR b E B A=A MR YPIRE RN SR EEN
JeFRE, EB S AT AR DK B . B 512 AR EBRFTR.

e

B 5.12 CuS UK HCRA AR M Z el b A B B ra Tt B R R B

Fig. 5.12 schematic illustration of the DSSC based on CuS NS network electrode as CE and
the TNARs/Ti foil as photoanode.
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5.4.2 SBERAYEI &
H1] 4 — ARG E BEFI R A AR EAL I 715, BATN T IR S SRR ETE

B
.

REES RS, FEETHRMEREMN, B IREENRLCRRIF

BRI SN BRIED BRINT

1. B—

RFANREALETH BB ER 50V, RBIET (A 9-12 /NeF, AAPRHRI AR
58 M PR B0 Ti BB R E A H0N 0.3% 19 NHLF MR 808 2% K%
BRI ZRERT, Bk, #Tak.

Wt — 25 RSIFH Ti SR BIRER S, 85 ) L8, BERAKEK ZEAEK
GOKE SHRILE, BT

B PR E AL TR RN 50V, &Fﬁ@ﬁ23¢ﬁ,ﬁﬁ$ﬁ%%ﬁm
BB AR R E RS SRNZ RIRER T, BT ZIRE K.

B BT RARE B, BNBIRREEES, Bk, FRUHET, M.
W DS IR N B D3R B, 7E450°C T, 1B/K 2 /AT
BB KB HIARE, TN 0.2 M I TiCly %9, 70 °C 1236 30 min, HXHH,
KETAKMEE, BT

MR RERE AN D Bpd R, £ 450°C T, IBAEAE, BUH&EH.

W Bl I R E TN N-719 HIZuRL R, &@MAWTF%Z%W% B
HRIR T

5.4.3 Btk

s xoF BB AR L R B2 4] 4 B A Y6 PR AR B BY B A& R/ BITIR , B #af IR (SX1170-25;
Solaronix Co.) KPS M, FFTRER ST BRI B 5.13 BIAHEBRIF IR
Ju Mgtk oK B B8 At K SEVIRE o
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[ 5.13 CuS G FIRRRRS BB A AURHE LA B LT R SK I R

Fig. 5.13 the photograph of the DSSC based on the CuS NS network electrode as CE and the
TNARs/Ti foil as photoanode.

5.4.3 SEER

AT —FLALE T =M BL Cu PIRIR BARIE T Bk, BL Pt /R st madi. EA
CuS Gk A PR IR BB AR AE o %t B AR i = Fh Rl A R PR B R, ARADLRRH BB DG IR
(SOLO22A, CROWTECH), F AM 1.5 £ 3856 F SRR AE A FH 8E 6 i R 34T
R BENMEFFRIIRFEERER AN (Oriel, Model:74125) L 58]

o~ 20
g
~ 10-
i
{élj -+ Pt/FET
§ 0 = CuS/PET
0.0 0.4 0.8
HE (V)

I 5.14 Pt . CuS H0K F PR P SR F A Bl s B L FR MR

Fig. 5.14 J-V curves of the DSSCs based on the CuS NS networks and Pt as CEs, respectively,
under the light intensity of 100 mW/cm?.
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Fig. 5.15 J-V curves of the DSSCs based on the Cu networks as CEs, under the light intensity
of 100 mW/cm?,

Bl 5.14 FIE 5.15 5 BIAMESER) PUFTO XFEAR. CuS 4K 5 AR EBAR LA K Cu
PURROIR AR Y T-V B2k, MR 5.1 FFRTAN, CuS 9K A PIREIR AR B VB ALE (6.83)
HEZEHTAALN Pt BRIIER (5.60), X550 AITEFRR 22 #h2k LK EIS &
Fifg st R—2, LB CuS 9K A MACIR AR vT LABUAR Pt FLE A S M, I
ELA 2 i AR X B AR - T Cu B TR s AL, T AR S AL,
BT CAFLZH 28 0 AR AR R AR, TP AR B AT . BAEER B 5K 5.16 A IPCE U
WARYIA, B CuS [ IPCE WE{E K T4 1) PYFTO MLk, 5 H iR KT PYFTO
BRI, 1 Cu A LIRSS, BTULI IPCE MIE(E /R, wnEHAr

o
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Fig. 5.16 IPCE curves of flexible DSSCs using the Pt/FTO/glass, Cu and CuS NS networks as
CEs, respectively.

5.4.4 TH M
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&l 5.17 Cu. ITO~ CuS FIKRXT ARSI 500 B, e PEAR L3R FE B S0HZRA

Fig. 5.17 Resistance increase versus the number of cyclic bending of the Cu, CuS NS network
electrodes and commercial ITO electrode, respectively; the insets are the bending

deformation of the CuS NS network electrode.
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Fig. 5.18 photographs and different maginification SEM images before and after bending
tests of the Cu, CuS NS network electrodes, and the commercial ITO/PET electrode..
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Fig. 5.19 Normalized PCE (1/10) of the CuS NS-based flexible DSSCs versus 50 mm radius

bending cycles; the insets are the photographs of the bending test configuration.

&] 5.20 SGPEHAE BB IR i B R TRALAMUAL Y SEM X He ]

Fig. 5.20 SEM images from the top view and the side view of the morphology of the TNARs
before and after the bending tests of the CuS NS-based flexible DSSCs.
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PUFTO HARRIZE (5.6 %) EEF. XTHMBHATEITIENGE, EESITEE Btk
RIS AR . P UAIRATRTH I F & AR T IXFBI LT CuS A0K Fr ARIREE B il
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ITO/CuS 9k & A PR AR ARTE Jy5ed s dl, PA S AL BRgAR B AR AF oot Rk,
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fE. IRAMFEFTRATHXFEREESEEE 1TO BRIMRSE, XEF RIFNBEMLZEE
WtERE, FF 75 B AT DA Sk B eRARRS SROBT (1 BB AN AR, AR DG sas . SR1E
AR LR TR Bl s SR B LB .

6.2 XFERARAYHI & R ARAE

6.2.1 LWREMRRIEE
AE LI IE T AR LA E S TR 6.1 Fias. MR KK
#BRE 62. FHi, EHRFMATEFNAA G RKFEFETEME (FESEM, Hitachi
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Table 6.1 The chemical reactants for the fabrication and purity.

AR I anfE
PVA NaBond Tech 10 Yowt
7.0 AT AR

#Hf Cu TR HTA 99.999 %

BLH ITO Hh g A RED

S Fapet T AR

# 6.2 MR %

Table 6.2 Equipment for the output characteristics

TS /% £ 2R i
e, N Autolab Metrohm
AL TAR S PGSTAT302N
K FARE B R A CrownTech SOLO22A
3D frF & RILEPE Tk M'462'X§ﬁ6 Linmot
BB B R A TPCE Oriel 74125
LA E T SHIMADZN UV-3600
DU HRET F BHAY Keithley 2100
Freb g & F1e TL-8INY
I Fh g M7 MF-1200C

6.2.1 FTEIRAHIEZRIZRRIE

AR BT T TR R CuS B, 2 Ja il 0 B0 AR R I R P
IS ITO, THEHK 70 W, SARFEN 25 scem, WSS A 30-90 min A5 . K 6.1
A CuS/ITO PIRIRE & X A AR il 2 A B

100



556 8 SIREL CuSATO MECRE & AR F M RB BUL KR B

% AL W T
~ e s — 'j ’:}_;,
PET Cu NN/PET Cu$S NN/PET ITO/CuS NN/PET

A 6.1 CuS/ITO FIRR &% AR il & T A2

Fig. 6.1 The schematic illustration of the fabrication of the transparent composite ITO/CuS
NN film

6.2 CuS/ITO M REAXTERFIAFEET K SEM B R VR A

Fig. 6.2 the different maginification SEM images of the transparent ITO/CuS NN composite
film, and the insert is the photograph of the composite film.
62 - CuS/ITO AR &% HHAER A % T SEM LRSS . M
FE] o T DA 35 i R B SR TR LA R O T3 o BRATT S — S5 407 T & B AR o 2
H¥. B 6.3 R CuSATO MERE AXT sk EDX 1 E534r. MBI LIE H Cu.
S. In. O. Sn Z L EBW N AIERREE, HF Cu S SMAEHK A L, T Iny Oy
Sn 536 T B AR O BA KT .
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& 6.3 CuS/AITO MHARE & Xt kA EDX i B 5T

Fig. 6.3 the SEM images and the corresponding energy-dispersive X-ray spectroscopy (EDX)
images, presenting the morphology and element distributions in the ITO/CuS NN on the
PET substrate; all the scale bars are 1 pm.
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A 6.4 CuS/ITO FIKOIRE &x R AR A PR KR &

Fig. 6.4 The transmittance of the transparent ITO/CuS NN composite films with diff erent
sheet resistance samples; the insets are photographs of the ITO/CuS NN composite films

from A to C.

& 6.4 2 CuS/ITO MIEIRE &3 ERHE R SHIEER R, NEFTTLESR
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ARAWIHEM, BTEIHEHN 04 cm i, HHEFEBEFIRK, WK ITO R
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TIERNAL, HREMRCETHERW, B CoS PEARBRITMA, &9
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& 6.5 CuSATO PR RE X AR ITL2E HERURFRR

Fig. 6.5 the normalized resistance versus different bending radius test of ITO film, CuS NN
film and ITO/CuS NN composite film, respectively; the insets are photographs of the

bending test instruments.
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Fig. 6.6 The normalized resistance versus bending cycles at the 5 min bending radius.
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&R EERAB AR E, JITREEMN, SEEEMA CuS J5EKK ITO KIFLK
faE R 7R KRR, BAE S BEIRAR RFMTIBIRENE, TLORENHESR
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MR 5, BRREAE KEMRL, Ry MMEERE, TrrdEEs, FEREGE
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BN, WirE CEA R Bk EAEHITEITNR, Sf7EaBRHAKERF 1TO
B, BRGNS EETRER. B 6.8 & CuSITO B4 BIREZHFEH 0.5 cm
RIRHE, EARBKEETH SEM Bly, EEZHE, BIRBENRICHESE ITO &
WA 4%, BMEH—ERRL, (B2 AR IS 4 B2 AT IS A R F A GR 2 S IE
P&, FTUNA CuS & EEW BRIV ENE, TR4M ITO HARKIA L.
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B 6.7 BHTWRZJE K ITO BARMZEZHTHERN 0.5 cm B, RFEBCAERETE SEM

Fig. 6.7 The SEM images of ITO film after bending measurement in different magnification.

E 6.8 BIHARZE CuSATO MERE AW BRNESITLERN 0.5 cm B, REBORRE
ETH SEM H

Fig. 6.8 The SEM images of the ITO/CuS NN composite film after bending measurement in

different magnification.
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AR B R IEN, FTUNER BT T CuSATO E& BRI
B, BEMEEFEERY, MHEKITO TS, A CuS ERELIREM ITO Ak
BEEMRE, RS ERBEAR RFMELAELTER.
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Fig. 6.9 CV curves of the traditional ITO and the ITO/CuS NN composite electrode obtained
in the acetonitrile solution containing 10.0 mM Lil, 1.0 mM L, and 0.1 M LiClO4, at a

scan rate of 50 mV/s.

08 04 00 04 08 1.2
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6.10 AR ITO WETHTE, BRIFAFE CaSATO B & BN J-V E

Fig. 6.10 CV curves of various ITO sputtering time (0.5 h, 1h, 1.5h) of ITO/CuS NN

composite film.
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6.4.2 FEHUMIK
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Fig. 6.11 The EIS spectra of the traditional YTO/CuS NN composite electrode in the 15~

electrolyte.
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Fig. 6.12 The EIS spetra ITO electrode in the I5" electrolyte.

% 6.1 FHGEHEILA R IR ECRTFHES I

Table 6.1 Photovoltaic characteristics of the flexible DSSCs using different CEs

Sample Jse[mA/cm?] Voe[V] PCE[%] FF Re[€/ecm?]
CuS/ITO 18.8 0.681 6 0.468 644.7
ITO 1.514 0.268 0.049 0.12 - 4583
CuS 18.10 0.66 6.38 0.534 21.95

6.5 MR B K BRBER B AR AR SH M
6.5.1 HthiA e

¥ CuS/ATO WIKEARE &5t AuAl LA Kl & U B 6 PR AR BT LA & R/ TR,
PEBE (SX1170-25; Solaronix Co.) il ¥4 sAlk, FETER ik S MBI 22 7). & 6.13
9 CuS/ITO FKCARE &5t AR IR et UL R BRBE iR M R B I, B 6.14 08
LAAELFIY CuS/ITO FKEIR A% B AR 1 et Gk b K BE e AL it A SE IR o
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6.13 CuS/ITO PR E &%t iR i ge bl gt KRR B A R B

Fig. 6.13 the schematic illustration of the DSSCs based on the CuS/ITO electrode as CE and
the TNARs/Ti foil as photoanode.

& 6.14 CuS/ITO FIRIR &% e bR i ek EAb A FH e Fa it i se 4 B

Fig. 6.14 the photograph of the DSSCs based on the CuS/ITO electrode as CE and the
TNARSs/Ti foil as photoanode.

6.5.2 HB 3 ERMN

AT — LR T =38 4 BILLITO. CuS. LLK CuS/ATO Jxf AR H =24
BHBAL A BE B L, ABERUKPHASIGIE (SOLO22A, CROWTECH), F AM 1.5 f5RIJE
It SRAFAUARHE K B R8I 24T K |
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Fig. 6.15 J-V curves of the DSSCs using the CuS NS networks and CuS/ITO as CEs,
respectively, under a light intensity of 100 mW/cm?.
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Fig. 6.16 J-V curves of the DSSCs with ITO as CEs, respectively, under a light intensity of
100 mW/cm?.
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Fig. 6.17 the relationship of power efficiency versus FF compared to previous literature about

counter electrodes in the flexible DSSCs.
6.5.2 E it AU 4T R MR
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Fig. 6.18 the normalized PCE (1o/0) and FF versus 2 cm bending radius bending cycles of
the ITO/CuS NN electrode in the flexible DSSCs.

6.6 ARE NG

KBRS T FH A CuSATO MR E & ik, BT T ZBRREICE.
St R ENE . DAROE % AR 2 A M G R L R B BE R, R R
REE AR UL R B ikt stT 1.

B, WATALHEBEYZ PVA FEMERFHRE, £H BN Cu RBZ, #i
Cu #F4:3) PET HE b, 2 FREETMEMK S ZBERY, £K CuS PikA, K
RERT (B A 24 /NBF o S8 I B TE IR A 7E ) 5 4 B FR AR _EIRST 1ITO, S8 AU BRIl 2%
THE. @i SEM. TEM. XRD. EDX 447 Rif) CuSATO BAR AL ARFE -

RIE, BATBTRAMEEET TWEREFBEMIAM. 3D Ar# &k Al &
FAIET AL CuS/ITO MR B A HMRIE ., FRMELAS I, XHES ITO
AR BEATINR o TS /T8 75 i s AR P AT 7 B IR 22 AN s AL 5 BIS FHHT B
HIMAR, CuS/ITO MEOIRE & Ak B R B MRS, TR4b T 1248 ITO Mtk
LA A A P R R

BJE, BATRIE XM HEHAR CuSATO MAEIRE & itk 52 skt
Rl K BE S f i, 3 EREAT T BRI DA R B itk gl SRR, R

112



56 F MHREL CuSATO MKHRE & X rRKISR MG b K B RE L

R CuS/ITO PSR S & sE AR 135 ) BTt AR IS I 31 6 %I . X T HRIBHAT B4
MR, FESIIRSE B H AR T 2. BT BRI IR & T X P B A
CuS/ATO F¥IRE & AR AT LABRFMESE ITO HARI BB IEREA 2, Bk ITO Mk
FRHERBR A, 29 ITO HRAR M SE KVE I B s 2% 1

113



F7E RENRE

IR IF A B S S U O B A, SR e L RO P B AR
Pe . TS B LU A S O B SR R, TR T 4B S 1TO MR AR &Rk
R SR . RN, TR A AR R AL R A P B e . B
SO BE B PR L 72k P BEL 2 5 B 3R oA B P R 5 D R e B U
SRR T R S AT R . A E TR QBT R R

L BHEIE R CuS HAREA & RIS TR E Y, U T I
KRB0 L2 AL RS, JEEL CuS HURRSIEITFRRIE, FACKAR, J9if ¥ B ARAY
BRI, LR USRS TTO BIFTEL, $RAET HiioBRs.

2. WA T CoS/Au BN FMR, %R A BLIF M AL RE AL RE .
AT 32 57 7E S, R Al Fh it P T 2 B K I Al e, A% 5 48R0 ITO/P
st A

3. I A IR 2 FORG CuS/ITO X Ff . % FAR AT LABREN ITO AR i
W, FRSHERE, 7 EA&MLSEILEA, LR HERBES.

SRR R — RFIEE I R, ST ITO MRMF bR, (18
EU R AR, 3 A AR AL AL, IR E R & .
JE st — AR T U F R R TR AT AN BB 5, A R I 7E P R AT
L) K4 S0 SR BARAE S LN, It . FERRIRSE P I — BRI, SHHL
575 98 PR ST S S L, SR T S50 BB T Tl A P A S R ST
Fih, BUEEZMAE.

114





