Polym. Korea, Vol. 50, No. 4, pp. 505-512 (2026)
https://doi.org/10.7317/pk.2026.50.4.505

7108 HE HIAEI WO, T7|HY & 7[Hie=

ISSN 2234-8077(Online)

o

dHAR Ee{ C|AEd[0|

25
Al
0263 1€ 149

- LIOHYI - Z 2l
S i g P R R
I, 20261 59 18d 7, 20261 69 24 AH)

-HMIE

Reflective Color Display Based on a WQO; Electrochromic Layer
and Chiral Liquid Crystal Reflector
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Abstract: We demonstrate a color reflective display by integrating an electrochromic device (ECD) with a chiral liquid
crystal (CLC) reflector. The ECD consists of a tungsten oxide (WO3) electrochromic layer, an electrolyte based on LiClO,,
and an indium tin oxide (ITO) counter electrode, while the CLC reflector was formed on the rear side of the bottom sub-
strate of the ECD. By applying voltages from 0 V to -4V, the integrated device achieves color reflectance modulation
from 38% to 11%. The ECD exhibited switching speeds of 2.6 s for coloring and 4.2 s for bleaching, and maintained
93% of its transmittance modulation performance after 100 repeated operation cycles. The proposed approach can be uti-

lized to implement color reflective displays for applications such as digital signage and smart windows.

Keywords: electrochromic devices, tungsten oxide, chiral liquid crystals, color reflective display.
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Az Qzets a2 83 F vk ol vk 22y
Hagast Ay JElE ARESfof slER 3 o]& J&o] Yo}
shHo] o] FaL A1 0] HojRith= ©do] Ut

ECD= A7|19A 2459 719 4<] Aksh-8he] kg5 5
3| 2 Aell (bleached state)2} 228 AFHl] (colored state)S 2~
Ak Aok Bxdgh YAt Alo] 7ot FEE A
T27F 875 71 9 t2&EYo](EPD, RLCD)F &
2], ECDe &4} 727f dseetr 34 WaZs 21 39
ojuf &% tholo} HE 8o ¥R Y 5 o] AFH
upake] Zju]g- ALko] 7hssitt. o2 gt AH)8- ¥ 7R
AR @7LE S A 2R 0] S frEsithe
Aol Qi) Bk w2 AnjdE g w2 ARIAS AlEeite
oA 2 Hl2=Ego] 7le=2 FEEaAL Qi)

o|g gt ECDE d3}7] fl3l AFsle2dl(WO;)," > Aks}
EJEHF(TIO,), ¢ AP (V,05),' AR (Ni0)** 5-¢]
st 771 WA 2xjEo] A=} Sit). o]9YE poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)*'*
9 polyaniline(PANI)2}** 2+ M=) 12} Axjjel] o gt
AT Ee] AL Qi Rk o2 1] WA A=
ek 3heb QP W3S 2k v, AR AiAle
W S S0t 714 Aol Hojurke RS 7RIt

S olefgt Tt o] el Ealar, 7]E9
ZA7|HA A5 RAKY t2Edo|R 8] A 33
ol gk Z2AR1 SHAIE 7L ot 7N EEe
fro] 2R A 7E A (WOs el 2 (NiO) 722 o]
H= Qlo, shube] Tiutololla] ZA Al YAl o] 39)AlS
R sk Alo] ofHrt. o]2igh AV IS S5 S8l
ol 71 7)) = A28 (ambipolar system) 5©]
x_“ ?J:Q %q_.ZS—:il
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ato] 7MY ] 4ksl-ghel el E dAF o R 24-5)
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Ao Hol A3 7k SithH] oo+ fElshd, 3
7Fs ek Age] AlgkE oA Al Tt dthe 7]
7} At

T WA tl2Fgo] Eobell= ECDs B H85-S 338t
MEZ &83813, o5 Jlo] & A A (chiral liquid crystals,
CLCs) WA53 Adste] Ay vty taZeolE 338}

= AT FAYE AL JFH CLCE 38 oiAdS 7
NG FAEo] HEe] FHY glo] 28 Fhsie] 1xkd9]
WAd B4 725 J9%” olye CLC= 54 3
@<} 41 (handedness)yS 7F<] Q¥ (circular polarization)S-
Aelz o2 whabste] 28 AT Yu 52 ST}
T ) 7ke] 7H3A WMo Thsdk 7N AL 3
gt MEIZ A-83lal UFoll CLC 2At 12|58 A &
AHE Bt o] Ak A 17l whet aiEAte] 3t
T8 Alofste, 24 Al CLCY] 248 Zelar, & A]
Tl MEE Sa ool w7 =E A7t 28
CLC 2= T2 18 TR HaE i A 35 8885
Hojreg Wk ofua}, AghE o] HAE=E sl Hafjd W
o] Fito] AsfE]o] AebM S5 £} =ejxivh= A7t
Utk WA, ] Mgk AeE s Heiie /=
AL A 0] 4] glol: =
U= ME2L 2oxp 2 o] F st

£ AFoAE WO, 7|9 ECD &4HE 38 MEH=E &8
3lal, CLC Y152 ECD 3p# vidol] Z3glsle] 3¢4(RGB)
Tdo| ks WAL t&=Ed|o] & Aljtsitt. WO, A7
A Z2 TR FGeA E FHE wEERe 7H Rk
ofe} B el =& FEES FASIEE, SHE WAL
=9 RS FHAagke] AR dddlof sk 3 MEH=E
Al Agsitty Aafjd 2 z2Fd 7R Y| o] E (propylene
carbonate, PC)°l| LiCIO,2} 3 ZAl(ferrocene, Fe)y2 7151
TJ8ITE " PCe 2 8 g d718ek HY
A 7 ol HrEr FRE fJE SR A=)
2221 LiClIO~= WO, HAlo] o3t 2lF o] 2(LiS o+
st 9 8, Fo= Y= F(anodic species) 24 7}
Q1 Akshghel REE-S Fall At A Hs) # S AL
75 S gEE] 28 EY=EAT"

227} HEAL 2= (reflective mode)d W], A% ECDe B4
’Jell (bleached state)Z 37 CLC WA S71A] €3] =gs}
o] &z} 9Fof|A] CLC ZFollA vt 2248 A=

-

ChFigure 1). A|RFE CLC WIAES] <)% Ajh W42 wiat
S°] ECD W79 o] A% A= 7H4S F4] %o} ECD
7F 33t MEI2A] B ARI 5o 7Fssith Ao v
AR tlEdole] JrohH] WekR] FRloll Bl £ (black)
S FHatal RGBS 78S = itk o] W2le Bl 7]
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2 W) 7% ECDe] @12 o] Al 4o 7FsE RGB
o] 7h5EEE G5 WK U2Edlo] 2494 ECDS)
S8 W9E 39T 5 Aok

X =. Tungsten powder, isopropanol, propylene carbonate
(PC), LiCIO,, ferrocene(Fc), 1,4-bis(4-(3-acryloyloxypropyloxy)
benzoyloxy)-2-methylbenzene(RM257), 2,2-dimethoxy-2-pheny-
lacetophenone(DMPA), toluene, dichloromethane(DCM)<
Sigma-Aldrichol| 4] 73t} ((3R,3aS,6aS)-hexahydrofuro
[3.2:b] furan-3,6-diyl bis(d-((@-(acryloyloxy) butoxy) carbonyloxy)
benzoyloxy)benzoate)(LC756)< Henan Wentao Chemical
Product Co.o| A F+uj 3ttt #2bsl44(H,0,)8 245
(distilled water), |€F2-(ethanol), ©}H| & (acetoneyS E4k8}
oA Fulsiad

WO; & 8. WO; T F4S 918 74 8942 30 wt%
E52] Hy0,°0 tungsten powders 6.8 wit% FE= -83A1A
Az EFES 100 Collx] 547 B2t wyksto] WO,
2SR F4E WO, EZL isopropanol 2
distilled water’} 1:1 ¥ &2 E3F &l 30wt% 5=
R &, 6AIZE 59 Z25-3F 28] (sonication)E X138 51
FHE WO, dElS Azt AFF244F8FE (indium tin
oxide, ITO) 7] ethanol3} acetoneS 1:1 H| &= &33H
Gl A 208 Bt 25T AlE F QB 30iE 7Ax3F
o, o] zL]A-92FE(UV-0zone) A2E 108 A5
ot Ax2)E 1TO 713 el 418 WO, dES 3000 rpm
oA 20%7F 23 ST AR WO; T& 60 CTollA]
104]7F 21Z3k3d T

CLC HIE HIE. CLC ¥ ECD 8t #2713
wjes} Gl fr2] Alolell 5 um TS 2N Wil s}l
W A (cell gapye FASIIL, AL W oY EFEE
FUshe P02 AzIU. AF EFES Urty 9
A RM257, 7hol 2 =HE LCT756, L8| oL F7) A Al
DMPAZ -J¥I2{t}. RGB 2] 782 flall LC7569] e
3.95-5.26 wi% H] el 2E=] oM, DMPAE 0.5 wt%=
st e RM2572 A ETh

A zE A TFES DCMO 50 wi% FE7t HEE &
SIAZ] F Aol 600 rpmeE 108 FF wRSIALE o] %
L2 110 CE $L317 600 ipmeE 1A]7F F<t wukslo]
DCME ¢Hd8] SLAZATE Suli7F AIA| A EFES
110 Collr] A Ao TA|% S d(capillary actionyS ©]-8-3]
FUBIL 60z Bt A A (ultraviolet, UV) =32 Z18js)o]
s ol 2 Qi el & shatellA st
FE2 CLC YAS SHasit). ofu, A, = Ay
CLC RHAS2 LCT7569] ke 212} 3.95, 4.74, 5.26 wt%
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v &= 235 Aol

oA M= % 2[F Axt Al As)dS PC gufjell 0.5 M
o] LiClO,2F 0.05 M®] Feg &3llAIA Azt 25 um
Ag)7} 2dlolE F73H A (NOA6G3) EF sl 3l
Q)zlol =23 o1F WO, Fo] FAH 3 s CLC
HAlEo] 4% efks akslsitt. old, sl 1TO S|
ECD WH-= 3Fsla ghedo] CLC kA o] @A o], CLC
HAS0] ECD 713 9o wix|€th. o], 2Fo] = f
gk 238l Afole] 7HAof Hallde F9sknt. ded
ol AFH T, FUTE TU3 A Bz Ui
HE A5 dsisit

SN BM. A AAke] dig 2 2~EEY e By 53
%Al (Flame-T-Vis-Nir, Ocean Insight)S AF&-3}o] £33}
2Ape] A7 As 92 WA B7k= 635nm Hlo)A F
(PL202, Thorlabs Inc.)2} &<~ A 71(AFG1022, Tektronix)
£ olgste] st

23 3 EE

ECD/CLC S& 2aXlo| 7= & 7S #2l. Figure 1(a)=
2 Al Alkshs WAL H2EEole] PR ekt
ECDe= 342 WO; 4] A=, dalid, sh-¢] 110 o) -
o2 g€t o, 35 ITO 7] wiwell= CLC ¥t
Aol B4 A ol g TolA - ECDE 3171
sheta] Atk whe-2 Fof TS 7t A oR WEhA

(a) ITO Glass

/ WO; Electrochromic
/ Layer
/ Electrolyte

ITO Glass

Cholesteric Liquid
Crystal Reflector
(b) (c)

Ambient Reflection Ambient

Light Light

Reflective Mode (0V) Dark Mode (-4V)

Figure 1. (a) Device structure of the proposed reflective ECD inte-
grated with a CLC reflector; (b) In the reflective mode, ambient
light passes through the ECD layer, and the CLC selectively reflects
light corresponding to its helical pitch; (c) In the dark mode, the
ECD layer absorbs incident light to block the reflection.

Polym. Korea, Vol. 50, No. 4, 2026



508 a4 - Yol

Homm, wiol -r]qui CLC W02 Qikehe €149
A71E Aoz 38 ME9] 98-S S gtk(Figures 1(b)
and 1(c)).

Figure 1(by= Z£A7} reflective mode (0 V)2 258l 7
$E HojFr) A ECD F°] 2 F38-2 z2k= bleached
stateS A o], PARES A2 EAE FHEo] s CLC
HhALE] ek, o] CLC MRS Te] bl 73]
(helical pitch)ll t-8-3l= &4 =7 ﬂ]c’ﬂ-‘i] g Aelgoz
wPALStel, AMEL o ThA] FE ECD 5% F3siel ¥
BAelA A At

HHH | Figure 1(c)= 247} dark mode(-4 V)= #%h
& UeRdTh A 17 Al WO, S B ZM"—% RS
colored state® Ws}ato] 7RAI3A A gl Blg Fr3itt
olf g AMFE AR YAS AT Bk o} S
CLC Aol WlEE W §58 5 9ok,

CLC HIIBe| &8 84, CLC YRS CLC & W9
Flo|g =oe (LC756) o] SHekS A st thoksh LA
F@e 4= 9lt}. Figure 2(afs CLC BHARE Alzel] AMEE A
259 BA 25 YEMIAL Figure 2(by= RM2572 LC756
Atole] 7lm A F o] AelE yehdth RM2579F LC756

O

Z}zy Bz} oF Betol] vkSAl o} H o] E (acrylate)’ | S H-fr
alal itk UV =33 A] 37ix)4] DMPARYE] AAH 2t

Zhe]| ¢Jsl] RM2572 LC756°] 7}l (cross-linking) Sto WIE
=3 =25 94 ?‘SPE‘r ol# g FxE AEH CLC Tl
Aol WAE wid & i dske s st

LC7562 RM257 E-A1=< 7}01% ulvte s frEsit
ojuf L} 27} 3 ulF (360°)3 B Ask= H dele AdE
WA s X (helical pitch, p)Rtal gt %] p= 71 LC7562]
F5% 9 WhaE Sk = 1/(HTP-¢)).* o 714 HTP(helical
twisting power)= 7to|E =HE T{-2] H|EHEE oujsh
o} mEhA CLC & Ul9] LC7569] v s =445 v
27F Frobxith, WA 3= WlellA Z]x] Aol sdeh=
B2 YA} (Bragg reflection)s 23t} WAlE = S4 o)
&k YA IR pE ey, preoste] AR AAHE o
7N nyo= AR Hit FHE, 6= L] JAS ov)et
o} webr] LC7569] S=7F HobAH RiAL 3hgo] Frolxitt,
B Ao ME LC7569) =2 22} 3.95, 4.74, 526 wt%
HI &2 Zdsto] A = A gl J5-8 A&kt

Figure 2(c)= Al2He A4, =41, H4) CLC WA kS-2] vk
2HEHS BXA3) 492 L}E].\Alq 7IX3BA @ jol o] A
(640 nm), 544 (546 nm) 2 (478 nm) FJoNA Zpz} FEl g
WAL 9] =17} vERstt 53] 54 CLC WIARE-9] 735 oF 38%°]
7HE =& WS 7S 0}93\7 HEX] Z(full width at half
maximum, FWHM) ¢F 65 nmZ S F 0t} oju] =4 3}
g FATH(546 nm)zt o] Ht ZHE (=~ 1.6 E’GH
AZE WA IX(P=dy/nyy= 2F 341 nmelt}. o] & vl

Zan, 45048 A45, 2026\

- Awls]
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(a) OYONO
50 T

O/\/\O

(b)
RM257

i

LC756

Uncured

—_
(2)
~

Reflectance (%)

0 1 | n
450 500 550 600 650 700
Wavelength (nm)

(d) nn

No polarizer RCP

Figure 2. (a) Chemical structures of the materials used in CLC reflec-
tor fabrication: LC756, RM257, and DMPA; (b) Schematic illustration
of the photo-induced cross-linking process of RM257 and LC756;
(c) Reflection spectra of the red (640 nm), green (546 nm), and blue
(478 nm) CLC reflectors; (d) Photographic images of the green CLC
reflector observed under unpolarized, RCP, and LCP lights.

2 RM257 99 ZEE ol (An~0.173)S Z&H3)A A
ALgl o] 24 EHOﬂ—*'L—(M AnP)— oF 50 nm=., == AY
%465 nm)¥} 2 Feteit Y ol AT o] 27t FAl
3E& CLC T U] Y Aol A% §lo] et Al
q F2E IsISE AR

Figure 2(dy= CLC RHAIS2] A8%] WAL 5732 A5
S8l HgHo| gl= Ael(no polarizer)2t FAHF(left circu-
lar polarization, LCP) % %1% (right circular polarization,
RCP) ZEIS &3l 717 43S Aloltt. 3z A3, CLC
WA vhd et dRlehe -9 20k e AW E



ﬂ,
0,

A0S WhALSE Wb vk ws
A=Ak, ol gk HF oA
AEE vl ol ogh B viAR :
aXe| XN 5 I 75 Y. A" WO, ¥
=4 -5 fF27F el 5 A PR
FS EABH] 8l ARV (SEM) B XA 32t
FH(XPS) F4& FY3ATE WO, ©H SEM 24 A3,
345 Fal 1TO 713 9lell ¢F 109 nm FA19] o+
s FRISHATHFigure 3(a)). 1=
AHA FdsHA FAgEo] 7F Al
ol A ¥ 8] Aol 7FeES AlAKSHT o]of AlzH
dhate] slehA 24 | ksl AElE gRlEh] 98] XPS S
S FYsIATHFigure 3(b)). w4 23, 35.8 eVl 37.9 eV
NA F e =7} BEEN O, o]= ZFzF W W4L,
9 Wafs, eBee] sgsictt ohE A oluA] FYollA F
7HAR1 F A7t BEEA] o}, kA Agte] FHAslE WO,
dhto] JFA 02 IHEHUSS RIS
73 ECD9] 9 &kot vhE 75 PSS W7k 9
&ll, 635 nm g4 ECD &9 F3x= ¥

274 NEme g 1 el FRE =

<
i)
%3
K5

—

WO, o] 2]
]

o] AR AR ALg eIt BUH FAT W vho e w
AR HA 2218 S AET A5, S CLC 39 B
B WAL Q8] Akl ARl Apetle] ECD Rt
23w Wslge Sdae d S0 B dge

WO, (109 nm)
ITO (249 nm)

Glass

SUB000 10.0kV 8.7mm x100k SE(U)

—_
(2)

~
2]
o

[=2]
o

H
o

Transmittance (%)

20 * . *
0 1000 2000 3000 4000
Time (s)

HAE3 WO, A7 22

—_
Q.
-

Transmittance (%)

7o 25 viaty e tasgo] 509

reflective mode(0 V)2} dark mode(-4 V)2| e
7hshH R = ATt
Figure 3(c)y= 2AFe] WHs g P2 s71RE Afol.
Z 7}

FEA HIAEE 20 V) 2 (4 V) DS 22 2024
S E A7kshe WAl R SN0, & 1003] WHE

3Tt olw], zF TAle] fA] Az Xt
BRI ALl (saturated state)ol] =EE}7]o] FE-3E A)7ko 2
AR AT 24 A3, 7] @43 dAE AA gstkE
el Ho Tl Ml 28%(22 63%, 2 35%)
om 1003] -5 Fo| Fabe WIS 26%(EA 62%, A
36%)= S A o= A A ¥l oF 3% 54
RSk RS2, AlQHe Axp7F WHEA Q1 H]t Q17 $H el
M= ARl B e FATE AARRHY.

°o]o] Figure 3(d)= 2913 AlelEollM 9] &6 £= 4
AF}E HofFEnh s ZA Fahe WslEke] 90%el
Tdshs b A8 EE AR Aolsiglon, 34 A 3}
A AZHz) 2.6%, B M) 422= 22 SR1ERIG o=
7120 " WO, 7|4k ECDE] 35 &=9f fAlSE =5
ot} CLC WhAKS0] Axx}e] & vfjol] A= 17] wiiiol
s U] o]-9] o)Folvt W= AW vkl E2)4d A
FA] ettt wEA] v E PAS FHSIHAE WO,
714k ECDe] B34 9 $H° £58 AFdoz 94T
I AATh

S&t AXjel M 73 SM. Figure 4= ECD/CLC 5§ &

=i
=

2= 1
SET

(b)
M woaf
3 4
L)
2
w
<
[]
£
40 38 36 34 32
Binding Energy (eV)
80 -
=2.6 o
7, %} s s
(]
60 0 g
o
>
-]
40 \ 42
= Qo
‘rb=4<_.5 s £

20
2000 2020 2040 2060 2080
Time (s)

Figure 3. Structural and chemical characteristics of the WO; film and electro-optical performance of the green ECD/CLC device: (a) Cross-
sectional SEM image of the spin-coated WOj; film on the ITO-coated glass; (b) X-ray photoelectron spectra (XPS) of the WO; film; (c) Cycling

stability over 100 operation cycles; (d) response speeds.
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510
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— Reflective Mode

¥ 50 = = — :DarkMode
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Reflectance (%)
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0
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Wavelength (nm)

Figure 4. Voltage-dependent reflection spectra and sample images
at reflective mode (0 V) and dark mode (-4 V) of (a) red; (b) green;
(c) blue ECD/CLC devices.

2] A R17Yel| whE WAL 2HEY I AA| 5 ARS
YERATE Heto] Q17FEA] 92 reflective modeol| A, 2} 4
Zke] o) WS oF 38%% = H At o] X Figure
2(c)ollA CLC WA ©Eo 2 =43 WA (38%) 55
otk 2y o] A= A 1TO 713, WO, 3, A8 2
Zol A5 AT T A AHlA B s= BARE0]
23 S=x]elt}. Figure 2(c) ¥ Figure 49| dark mode«] Els
Ab ZHERA] 73] HAREO] 2%0A] oF 10%2 72
o Utk o|BA 2= ol gk 1A WAREe] eaie] T
a2 F whAbEo] FTtslok SHAY, S E Al WhAREo]
38%= frA1E A 5 Ao AME FHeke A
B FU AR 59 BEE EHo] MAISy] "ot 1
Holle B7elaL, #F 5% 247 CLC 272 WAk &
3 o WAL e S AT A A ECD Sl
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Figure 5. RGB color coordinates on CIE 1931 color space of (a) the
CLC reflector; (b) the ECD/CLC devices at the reflective mode.
Color coordinates were calculated from the reflection spectra given
in Figure 2(c) and Figure 4.
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