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Abstract

Aqueous Zn2+-based electrochromic energy storage devices (ZEESDs) hold significant promise for
smart windows and flexible displays, yet their development is hindered by insufficient structural
stability of electrode materials and sluggish ion transport Kinetics. To address these challenges, this
study employed a magnetron sputtering technique to fabricate Ti-doped WO3 cathode films, sys-
tematically investigating the role of Ti doping in regulating Zn2* storage Kinetics and electrochromic
performance. Experimental results revealed that the Ti-W03-30 film (Ti/W atomic ratio of 3.9%)
exhibited remarkable performance improvements: an optical modulation amplitude of 87.23% at
633 nm, rapid coloration/bleaching response times of 12 s/7 s, a high coloration efficiency of 69.38
cm? C7?, and a discharge capacity of 102.78 mAh m™2 at 0.5 mA cm™. After 1000 cycles, the film re-
tained 53.46% of its initial AT (62% capacity retention). The assembled ZEESD device based on this
film achieved an optical modulation amplitude of 51.81% at the same wavelength, a coloration effi-
ciency of 58.82 cm? C%, and significantly improved interfacial Kinetics (response times of 10s/11 s).
XPS analysis confirmed that Ti doping induced the formation of oxygen vacancies, which effectively
enhanced charge transfer and ion diffusion, thereby boosting electrochromic performance. This
work provides a novel material design strategy for developing high-performance ZEESDs through
defect engineering and interfacial optimization.
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BEAE R BRN H K5 I T AR s, TR B RE ) 2 TR BOR By S BT 17 e U ) = SR 1 [1]-[6] .
BT Zn?tK Z AR T 70 R BOAR (i RS S E(ZEESDs) 1 Zn BHM. . Zn®* FE AR VBORT B 35038 € [T Al A4 R
HEEMIRR, 5 Lt @A L, 2 PHE 7 Zn? M fd T R 2 R RO A, 7R R4 JFK
T FE AN AR A T T R I WA 7] (8], HEAA AL B B AL ARG IK(-0.76 V vs. SHE). fi#ifE
BER ARG 2%, KRSk EAE R 5] /(9] [10]. $R1f1, HHT ZEESDs MZR& VR
FESCHBEAG e LI (B) 18, JCHOR PRI R 22 55 ) A Rt et BoE moa ] PRad e S (]
KB BN FE R E RS ZEESDs A XA HT A 78 A 55 11]-[13].

FLEUR A RHE 20 ZEESDs PERERI BN 2K 2 —, 2T WO; ¥ o 85038 € b e} DR 5 bk 1y vl 3502
PERETT AL 2. N T RO WOs FERPRHE B AR (Y G248 46 N /28 BB ) 5 G A1 R 22 55 1)
L, NANT 238 T 4B 2% L YT it A 35 A AN 1) T 25 S R B0 [ 14]-[ 190 SR 5 E Zn® 7K W FEL AR BT P ) Zn?*
TRNRI Gt I A DA S BRI S A R A AE BRI i s S AR MBS il RN, XAl 73 WO BEANERE, AIREs
B ANEAR 7] [20], B, JFRMT ZEESDs [ PEREX T A WOs E:A R B A PRk . ER(T)TE
M W E SR TR, RANREAEEMREN, HBRE0 N B35 558 WOs [
;AR EPERE

A BB Ti B2 E, RGN WOs MBS R . B Ak 221k BE DL B B3 th 1 B (1 5
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WAERAE, 24 Ti $E4F IR Th N 30 W (TYW 294 3.9%) i I8 B AT B B (kg HoG 2 R A 3
87.23%, WANHFIE N 125/7 s« ERFEN 69.38cm?C!, 0.5 mA cm™2 ¥ (1) i A L 28 & AT IA 102,78
mAh m2, 1000 XA G065 REIN 53.46%, TRFFNERE) 62%. thsh, FAVEHEE 17 Zn> HLfER Ti-
WO;-30 R BB A, SAFTE 633 nm ALK E TSI N 51.81%, HE/ABEN 10 /11 s,
FHERES 58.82 cm? C'o X FhAL B A AETE 70 LA PG rpod i 2 68 28 A o FLATA 1) RE /KT AT
AIRRAC IR, X FRE R D RE AR 2 SE bR R T BRI 7).

2. LIRSy
2.1. Ti &% WO; BRI Z

Ti B2 AT AL TS 1 2 T HebERe, AT 46 50 36 (/4R €1 2 IR 1] 32 TH 6 24 R S Rl o g Il iok
i rh R (1) Wl S ) 2 A [ 22 5 B Il S 1 6 X AN [B) AN T Sl iR 45 B, AR Sl oo 1 S D o i F
Ti BEA FRJR I D2 R Y Ti B4 Ti (ZIZ5 5108 10W, 30W, 50 W, WOs M 1) Th 2R KFAE
80 W SH8 25 At i 1 i

Table 1. Magnetron sputtering preparation process for Ti-doped WOs thin films
= 1L Ti 8% WO BIRMEIERH & TZ

Bt i 5 Ti-W0s-10 Ti-W0s-30 Ti-W03-50
AAEARE 40:1 40:1 40:1
B I ] (min) 60 60 60
EREEA T D2 (W) 10 30 50
WOs FEFH IS T2 (W) 80 80 80
Tof JEGHR B2 (°C) 25 25 25

2.2. EBUFEFREIEEMEEERIRIR

FITAS 1) A 2 R 35 7E XU B A M 28 G5 v AT, 76 3508 A FH B 22 A, R TSR ) 4% 1) WO
WIEAVE AN, BV RN Zn (1 x 3 em)VERNBARE, DAREH 1 M ZnSO4 /K RIATWCA AW . 1E
0~1.2 V [{IHALE DT IR R 2R (C VYR SR B 32 e W B s A, 3t [ 2 e i 22 v o7 9 Sz et
s N P 23 T R AR A, 7E O VR 1.2 VAL R HEAT T B EG-OMR: SR 0 VR 1.2 V B AR
(5] KB 1E) 34T 22 H A2 B B4 AR (STEP)YIIR , X WO 5 (4 L 038 (e e PEEAT SR AL e 4E . WO HL B (1
VA ISR I LA T D TTO S BB M2 (IRF, WOs FBUE SRR I A S oA ARE, TR IS A R4, ]
DATE B A2 AR b 0 A (5] L FE F [RS8 40 — B 43 66 BE T e 3 BUR i fr o6 2B & il 2%, AT T
L. ) i 75 380 bt 5070 € 5 £ 016 27 e B R FELA 22 PR R
3. MR RAE
3.1. X B 6T57 9 4 (XRD)

FF XRD %A [F EEE () Ti #5878 WO, M 45 M3EAT 4007, W 1 Fis, %R T, WO, M
5 1TO 5 H1 3% B8 5L K (PDF#06-0416) 55 B JLF- A [5] (1 88 ZU AT SRR AE I, ) 4MEE 20°~30° 31 ] P 0 4% 3
B SO BE AT AT, I ELoR AT AT S A 4 R B AT Gt i, R, D41 Ti 35 2% WOs M Rk
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Figure 1. XRD of Ti-doped WO3 based thin films with different sputtering power
1. REBSTINE Ti 52 WO; E5# R XRD

3.2. AR FRMBE(SEM)

A BB A F I Th2R ) Ti 1828 WO, AT SEM RAL. A 2 W] LAFE H A [F) 2 36 1
R EBUE S . IXFECEH G5 AR T BT RN, & 2(d) SR 1 B Gl e it o
D HEAE 1 M Zn?* 7K ZR U AL 22 TAR SN 0 V HLUR AR 30 s Ja BRI A, A D& R t il
fi, ATCAB]RHE ) Zo? RN BRI . ARYE EDS 04, & OREERA )8 Zn FAFAE, U
PR R A P AR T Zn P TORR 2 T R B A B B R PR 2

Figure 2. SEM images of the surface with different Ti sputtering powers: (a) 10 W, (b) 30 W, (c) 50 W; (d) Morpho logical
changes of Ti-doped WO3 thin films before and after surface coloring: after coloring (left), before coloring (right)

2. N[E Ti METTHERRKE SEM: (a) 10W, (b)30W, (c)50W; (d)TiB% WO: BEREE i ENFRTL:
EBRE), BBHIEH)
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Figure 3. SEM images of Ti-W03-30 thin films: (a) original sample, (b) coloring in Zn?* electrolyte (c) cross section showing
the thicknesses of the film and ITO film; (d-g) EDS elemental images after coloring in Zn>* electrolyte

3. Ti-WO0s-30 #HERKY SEM Elfg: (a) RIGHMR, (b) & Zo”BBRTER, (o) BEIRHEERM ITO RHEE;
(d~(2) 7 Zn*' BERHPEERMN EDS TRER

3.3. X SHERICE FRETG(XPS)ZRAE

Kl 4 ) X BHR G T RERE(XPS) 7R 1 Ti-WOs-30 3 4 1l i 385 1 R 1 7o R AN . Ti-WO0s-30
R LR JE 1) XPS S —GE 7 WL Tiv O JLRMAFAE, I HAEE B Ti-WO05-30 JE 52 51
THEAHMG Zn LRSS . RERPAEE AT Zo> BT HRAE 752 Ti 1 WO; I F . & 4(b), Kl 4(c)
SRR T W Af Il Ti 2p A& CURT IS 40 HF XPS Jeil, AT LLE B (Ul WO 4f 47T 35.88 Fl 37.98
eV, Ti* 2p WEAL T 458.98 Tl 464.68 eV [21], MtAb, BAFIE—MIT 34.98 eV 1] W' 4f, iFBH Ti-WOs-
30 A T R A AL[22]

XEELE R, Ti-WO,-30 #EB K 7 WOBRFE N W, FERBT Zn> S 7 s, X550
B Ti-WO;3-30 ¥ Zn 2p Ve HBLAVIA . HUEAT DI 450, JE8 Ti 575 WO, HLEUE (I 1 AR
HLEEEEH Zn?HRAE 1 WO S W IR JJ (AL T 0 S B R R IRIE . 1€ 4(d) 0 Zn?* 2p 14T
T 1021.88 i1 1044.88 eV, FIECOMHEIRFAEAE Zn2 . Ti B24(Ti2p B2 T 458.98eV. 464.87 eV)iliid
IRl dERFIR S A PP NS, SR AL PR B il e U, TR R B et RE . LR, Ti
BT RE 5 N 2 IS T AL E R, X SR P AT DAVE 9 B AR 4 0EaE, I Zn i ERR B SR,
T2 AR NG FE[15]0 JE SR EE M I BRIGIRIE 5 Ti-O-W & 2L A 28 A% B, PGSk
R FBE 5 00 T o iZ AL Deb BEAY[23] K SCHRIRE AR i WOs B AT N —824]-[26], AT
RS S PR T HR KR . Rk, Ti B4 WOs BRI EASWHLEE AT AR T Zn2t B TR/
it 8% DA K. WO WS TE AN A S AR
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Figure 4. XPS spectra of Ti-WO3-30 thin films before and after coloring: (a) full spectrum, (b) high-resolution XPS spectra
of W 4f, (c) Ti 2p, (d) Zn 2p
& 4. Ti-WOs-30 EIRE B AIFAY XPS KIEE: (a) £, (b) W4f, (c) Ti2p, (d)Zn2p MIETHER XPS Hik

4. BF Zn> B Ti B3 WO: EB T & EE/Z R
4.1. Ti $8% WO, BB L 146k

PEIRAR Z215(C V)R T8 LB AR A SR AT S AT A7 A BE I I G F-BE . AN Ti IS Th
(10 W+ 30 W. 50 W)l 4 11) Ti $524% WO, HIRIE I Zn 557 F1 HE AT P B T (048 N, VS 1 00 6 52 1
FIWE RN 4 353 B 2 [ R AR ] 5(a) 28R AN R Ti PR DIZE(10 WL 30 WL 50 W) R [R5 2% = il
) Ti B4 WO Wit CV ik, i BT S0 B A i 22325 S 0S8 1) WO, T A U AR . 7 ) 41 4
HH LA SR W CRE . Zn? R NIRRT €)1 [l FE Tt A (Zn® I R Zn 53 i 5 AR €21
A R IR A X R AR AL TR S R AL R G J8 Ti £ WOs hIRAEAE, Xt i+
WO WS B T2 A AN A R A T IR AR . WS CV BRI s AT LR IR Ti-WO3-30 (134 iR U4 HL
BR(Z1-0.9 mA cm™?), KL Zn?HR N ER R, XATEES Ti $524(0.69%) AL T B FAL s g A <.
1M Ti-WO3-50 [ HL L FE AR (Z9-0.5 mA em2), HEM T 33 & Ti B R 8EE AR, S T B3 H.
CV A A R BT A4 RE /1. Ti-WOs-30 AR TR R R, W N i L 2, S5 IdE 4G
FIFHDE . T Ti-WOs-50 MM AR T T, SidEBA5ENEFEMZH -8 R Ccv iz
RAIE RS Ti R RS e AR S m, £ Es Ti BAdd s s8 L msh /12 masit
B e g 35 R WO [ B (P fE

¥ Ti-WO3-30 HMRAE A I AR R AT 1 JRALE S R AE(E 5(b)). EHREEN 0.5 mA cm 2 i,
THE L (1) B K L R R ATIA 102,78 mAh m 2. MCEE FEHERE S 0 V I, Zn® B T i N\ A Py
, SEERE SRR N 5.04%, XL E LR B T T R A M IR ZI R . AR, T
B S e R FE MR EHR] 1.2 VB, BN Y Zo?t BT REE RO R ECH R, AR TR
S EI M EE B, R EE] 86.07%. Kk, AT LSS E AR L B IR Ti 548 WOs 3
LB 2R 1 TR R I

DOI: 10.12677/ms.2025.155121 1159 PR R


https://doi.org/10.12677/ms.2025.155121

ISR I

a b
@ ( 1)'2 L 0.5mA Cm? 100
0.6} q
< =10
§ /\ § las y
E < - = : :': 0.8 %
£ __—==A N Jeo &
= 4 g
s
- = 40
2 Ti-WO,-10 S04 2
S —— Ti-W0,-30 5 s
£ ) 5 20F
] Ti-WO,-50 202
o
0.9 F ool 1 1o
0.0 02 04 06 038 1.0 1.2 0 100 200 300 400 500
Potential(V) Time(s)

Figure 5. (a) CV of Ti-doped WOs films for different sputtering powers; (b) In situ transmittance of Ti-WO3-30 thin films and
corresponding constant current curves
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Figure 6. Contrast ratio of Ti-doped WOs films at different sputtering powers: (a) 10 W, (b) 30 W, (c) 50 W; response time of
Ti doped WO:s films at different sputtering powers: (d) 10 W, (e) 30 W, (f) 50 W
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Figure 7. (a) In situ transmittance profile of Ti-WO3-30 film, (b) coloring efficiency
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Figure 8. I-t curves of Ti-WO03-30 films cycled for 800 and 1000 cycles: (a) 800 cycles, (b) 1000 cycles; (c) contrast and (d)
re-sponse time after 1000 cycles of Ti-W0O3-30 films
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Figure 9. Physical diagrams of electrochromic devices constructed from Ti-WO3-30 films for coloring and bleaching
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Figure 10. Electrochromic performance of Ti-WO3-30 devices: (a) contrast, (b) response time, (c) in-situ transmittance curves
and corresponding i-t timing plots (d) coloring efficiency
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