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A FE R F 2 3 KR & 2 E(Prussian blue, B)iE 5 1 (FT 4& > 11
TR IEZZF LEWO)E W Rt T R34 F 3+ % 8 (Polymeric
ionic liquid, PIL)™ & &3l i 2 A R AT AR BT R WL R ¥~
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FREFRAX 7RO R A RAEDFEE T 0 E > BF
% K3k PB & WOs 45 e > 12 icd PB/WO; ECD 2. & #p 4£ €4 7 if cR® &F o
A E B F 2 2 FHEALAPB M 1,000rpm % 7 AT ETEB TSRS L(AT=
81.5%) ; A m Praw #74k 2. WOs e AT % 48% > H BRPER A 4 % 1, (=9.45)
frt. (=151s)» 5212 WO it £ 7 fe > E* 2,000rpm 2. PB 1% > 2 7 %
Bt 5(73.5%) 0 R A YA 1 (=7.9 s)fr 1 (=2.9 s) - PB/WO; ECD 7%
650nm T B AT % 40.2% » PR A % 5 1 (=15.1 5)fr 1. (=09 s) ; PB ¥2
WOs #feis - AT P A% 14> R T a3 TR F ¢ nte g+ gorie It WO, 5 o
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08VEISVZE »TERFLRBAFALAT 9912% A F 3 B F
2 K34 PB &2 WO 42 > b B PIL ¥ 3 BHEAEHE 2 F B airi
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Abstract

In this project, nano-particle Prussian blue (PB) developed was selected as the
working electrode, tungsten trioxide (WQO3) provided by INER was selected as the
counter electrode, and polymer ionic liquid (PIL) was developed to prepare
nanofiber by electrospinning is used as a solid electrolyte in an electrochromic
device (ECD). The color of WO3 changes from a transparent state to a dark blue
state. Its good stability, high coloring efficiency, and fast response time make it a
reliable material, but it is still not good in long-term stability. Therefore, the
combination of nano-particle PB and WO3; was developed to improve the problem
of poor long-term stability of the PB/WO3; ECD. Nano-particle PB was spin-coated
on ITO glass by 1000 rpm to obtain the highest transmittance change (AT =
81.5%). However, the AT of WOs3 provided by INER is 48%. In order to match the
electrical balance with the WO3 electrode, the PB electrode of 2,000 rpm was used.
The AT of PB electrode (2,000 rpm) was 73.5%, and the response times were 7.9 s
(to) and 2.9 s (1), respectively. The AT of the PB/WO3; ECD at 650 nm was 40.2%,
and the response times were 15.1 s (tp) and 0.9 s (t¢), respectively. The AT of the
ECD is significantly reduced, because the anions of the electrolyte are difficult to
enter and exit the WO3 film. In order to solve this problem, the PIL was developed
to prepare nanofibers by electrospinning technology as a solid electrolyte. With the
positive charge of the functional groups on the PIL, the problem of the anion in the
electrolyte being difficult to enter and exit the WO3; film was solved by
electrostatic force. The proposed PB/PIL/WO3; ECD exhibits AT of 53.4% at 660
nm, and the response times were 9.5 s (1) and 4.0 s (t¢), respectively. After 1,000
cycles of continuous switching, the retention remains at 91.2% of its initial AT.
The nano-particle PB and the nanofiber of the PIL were successfully developed for
improving the poor transmittance change and long-term stability.
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APFEFENFCFI B R LI LR R o A H R ol
LR EBEEEBE LML Ese Bk P RARLE BRED
F it~ w 5 F &L 9 (Prussian white, PW) > » fEverrit’ssalt > ES » 4 & 1 &
(Prussian blue, PB) > 4p #£ % (Berlin green, BG) > ¥ & <L & (Prussian yellow,
PY)[1] fd Hdfp+ i > § L EGAT 380 chip B A R 4 B P
Fohlo o mFhTEBRRL - BFRTFIZHFI RIS FE10HE
M hiETRE A T S AE S S G L ERTER s e Y BKT

rmFr cFIH L kTSR Ly A H U NH, SRb 2 CsT %

it o RBFKAE > & > pH @5 23 thT 3" > F g &4 &L g/
FELeo gy CPRRFBE FELRTPPREZ S -G LTSNS RR

FEs &

K,Fe'[Fe"(CN)s] <« KFe"[Fe"(CN)] + K* + ¢ (1)
(ES, #&4) (PB, £7¢)

3KFem[FeH(CN)6] < KFe"{[Fe" (CN)g] - [Fe"(CN)sl.} + 2K" + 2e” (2)

(PB, ¥£¢) (BG, %¢)
KFe"[Fe"(CN)s] « Fe"[Fe"(CN)s] + K" + e (3)
(PB, £4) PY, % ¢)

H¥Y BG #ins £1/3 ey QJ Fer23 i gL ziﬁfro TaE2E 8
L ERNRBEAFTHR T E&]2] BT E R ® A 690 nm ki K
THER% MR Ad M’ TR FTFEL I BFFLA N L3503 558
A R IRIFE I PUIRS R REPERLE 2K
L ERFITERIARF N R[(BA] poce v Iing St kgl L5
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Crumbliss & £ [7,8]% 7 7 PB 5 /3 # AP *# (Propylene carbonate,
PC)? ch i BB 5 d 7T &% 2ki% % ~10 vol % H,O/PC & & -k PC
A > HEaIT EEE 2K > Na® > LiT - Leventis & £ [9]¢ % PB &
acetonitrile (ACN)¥* N,N-dimethyl formamide (DMF)3 #%/% % # 48 T M wdx
244 PB 7% 1.0 M NaClO4/MeCN 1.0 M NaClO4/DMF i3 ;% # » 428 2x10*
BlehiaTe ke ivis » 2 PB/ES AHARZTE NG RALNS50% -l 74
{8 Tk & 21987 # »Miyamoto[10] % 4 *PB % 4432 = # 4 i 11 PB/PB ECD -
@ Oyama % A [11]P]iE # LiCF;SO; # s B33 >t % 4~ F poly(ethylene oxide)
(PEO)#2 poly(acrylic acid) (PAA)® > i 600 nm £ F ¥ 60%07F 5 & % i
H =

75

e¥F3 IR Y <3 80seHabib ¥ A [12, 13]# & % I enT f2 78 >
B A E 4 31% 40% 0 fe 2 HyPO/KH,PO, 4% 33 Kikeh~ 2 5 Adf(F
BB AL RS R

@ Gotoh % 4 [14] %A 2007 & 3% ¢ ;ﬁd T4 NHE T
BN ks i & P ES e PB AT o F 4 sty &
(Ni-PBA)Z # .7 » 11 % 2 ¢ gt & L 48 024 (Co-PBA) 2 3 #.F - Ayako

£ L [15]R1>F 2009 & 4% 214 & & @4 R AR AT QT K

-~

ﬁiﬁéﬁﬁéifﬁﬁéiﬁ*?ﬁ%ﬁﬁ%—ﬁ@?ﬁ%%i%%
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Cell configuration Voltages (V) Amax (Nm) Tw/Te (AT? (%) Ref.
Bleach/Color Cycle life
1.2~1.4/0 60/10 (50)
PB/IM LiClO,* in PC/PB — [10]
yellow/blue -
PB/KCF;S05’ in /- 633 56/14 (42) [12]
PEOS-PUYK,WO; trans./blue — [13]
PB/H;PO,*-KH,PO, in -0.5/0.5 52/12 (40)
690 [16]
PVAE/K,WO; trans./blue -
-1.0/1.0 63/32 (31)
PB/Li*-OMPE"/LixWOs3 790 [17]
trans./blue —
. -0.6/1.2 55/3 (52) [18]
PB/PolyAMPS'/HxWQOs3 550
trans./blue 20,000 cycles [19]
. -0.6/1.2 (39-57)
PB/P(VSA-VP)/HxWOs3 550 [20]
trans./blue —
) -1.0/0.5 77120 (57)
PB/P(HEMA)*/HxWOs3 650 [21]
trans./blue 10° cycles
PB/0.2 M LiClOg4 in
-0.8/0.8 56/6/ (50)
yBL/HxWO3 754 [22]
trans./blue —

nanobrick

2 Lithium perchlorate, ® potassium trifluoromethanesulfonate, ¢ poly(ethylene oxide), ¢

polyurethane, ¢ phosphoric acid, * potassium phosphate, € poly(vinyl alcohol), " oxymethylene

i

poly(oxyethylene), poly(2-acrylamido-2-methylpropane sulfonic acid), ! copolymer of

k 1

vinysulfonic acid and 1-vinyl-2-pyrrolidinone, poly(2-hydroxyethylmethacrylate),

Y-butyrolactone

Hr+ ;% 88 (Ionic liquids, ILs) & 3 2 4F 2 M Fho 4T 4 ~ K p 2R ~ 3 #
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(Quasi/all-solid-state electrolyte)¥f3tpt2g itz H 2 fpE £ 8 o« A3t F L &
B AR %‘T;TE P+ RHWMTEE % 4E9 113 A F Poly(oxyethylene)-imide
(POED)F v ZA(4rB] l(@) RFH A TfRF L2 > T HEHF MR »F 1L
(Polymeric ionic liquid) > % & Imidazolium F% 4= 5 2 2. 33 % $8(4-H 1(b))
ErFaF Y > LS 2 RS DB v 2 D e B B HE AT
BAS LRI RMEAETRT TR BRI A



(2) (b) =
o NN N
HZI\—FOE-(-N N)— POE—NH, ®
X ©

POEI

B 1(a) = +% ~ + poly(oxyethylene)-imide (POEI) % (b) Imidazolium F¥ 3+ -

AETHERS BAE S TR BHR G A HERT AL 2§ 0
BREE A REREANEFENT A2 SRR A2 R a dlARgEd B oo
TR BFHEAEL L TR FENT S P F AR LIRS S B RS
AP DBV IBCABRErEAFTRE R EIRAIANANLE B
ORGSR SN P e T RE GAERRMPLILET
PR A B RA o A A BRG] BRI LA RS RS
B2 e RSP ETAHMFIRBE LA ANEH- FTRS P

RERACEHNWTRTARE RS A EaERE > PR
PR TRREFIRRAALE R 0 M S F R TP
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PQTE e e qp o 2 A F B L PR S R IF SR 2 Rk
7R (F )R & 48§ 1t 4%((NH,),[Fe(CN),]) & ’}5‘ 4 1 1 4 (Nay[Fe(CN)s]) #73)
SIS o S (plgments)w’#;‘f]':%c%’wi 10 G FEET D - &

—\
3
A
pud
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(@) Displacement of H.0 with oleylamine on the crystal surface

PB nanocube - % %
PB pigment . . /
L35 V& 2 o 2

Organic solvent-dispersible ink

pon— ' — ‘ .’ : L ‘D;i.,_ cf e Oy - e \r\—:’,
L - Fa = NCl- fo o= Fe
i o e o ': ’\ N Te-
A ated f bl b W= [ R, .\‘N
19::93 e:esom\ (100} surfacc omitted CN hgands e
of nanocul 2 Fe'_CN for simplicity R . \\ . @

- -
N .
(b) Displacement of H,O with [Fe(CN)s)*" on the crystal surface s $
Waler-dispersible ink

B2 &L EFHPRF2ZEF272 0

?~100mg 2z 7 + 4 E%—LE{E(PB);‘%%?lmL SIDIW ¥ > F2 2308 =%
B~ 80 uL PB % ;% i

=4

TO # @ » ™2 7 F e0iE:# (1,000, 2,000, 3,000, 4,000 rpm)
% % g3 30 mine #-% % 4F e PB & g A4c#dE b2 70°C £ 30 min
T & F PB/ITO -

AFHEABEIHE/2ALT RT3 WG § - Bk A

% ¢ & = 112 POEI-Imidazolium 3 £ # 2. JT;T ® A 5 it 33 % 48 (Polymeric

Tonic Liquid, PIL) 5 & & p &7 A3+ F 12 25 ¢}}§Je_¥ 2. &3 x:5% ODPA &

POE i i 42404 » £ & & (43 & F poly(oxyethylene)-imide (POEI) » # {4 £ i&
Tt s ke 1,3-2 F st (imidazole)swiddimd (e 5 A 1 F A 3

W R BRF¥F R B EIE S (CIOs, BEs, PFs, SO;CF3,SCN,, CF3SO; v
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NESOLCFE)y #)E #F B EFFEAT I A E 2 EHF A 23hF 2L 6
AT R 3(EHEF A7 5 X))

(0] 0]
0.
o HZI\—?HCHZ{0$HCH2HOCHZCH2HOCH2CH)—Nuz
CH; CH; CH,
[0]

(0]
ODPA POE 2000
(0] (0]
I.RT,1h R .
L H,N=POE-N, N-+-POE—NH
2.150°C,3 h 2 'é l )ﬁ 2
(o] o
POEI
1. W/\C' 60°C,24h )_H_ — ).
y H-(O?HCH2 N—POEI V+CH2CH0 H
> RSN WA ROR A /CHZ
NAN/R @ N V @ e
2. 90°C,24 h e e
\:/ Cl
R=CH,CH,CH,CH; POEI-CI1

H-(O?HCH;)—]Nl—POEl—gll—(-CHZCHO)-H
MX- Stir for 2 h !

> R R R A
:. “N

B EANPOEIfS» 2 RNTREFA L2 B G EY FELKY
P

o4
RTFRA[B0] 12 Apagit A B TE [31-32]c AR RS AR X
7 /ug@-;’%@ THHAR FERIETB337] ) L2HENTRS o
Pand AALE LB B4 5T PHIFZIETT LB %3 kA2 PVAF-HFP
4o POEI-IX (PIL; X : BFs, ClOs)iRfo® A F 3R » £ F ¢ » T X TT R 5
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20kVoiniE 5 0.015mL/h 4 g 2y fp 2 P enfBd 2 15 cmy R 5 20 min o

High voltage power supply

Collector
AV (kV)
Syringe \ )
Pump=—d @} .
Needle E——

Bl 4 7 s e it 4 -

12



= BEHE

L 8 LE2ARFLEAH N
I & L Ep A (Fe-HCF core) F Jis 5% 40
4Fe(NO3); » 9H,0 + 3Nau[Fe(CN)s] » 10,0 —  Fey[Fe(CN)]s + 12NaNO;

B A& SEE 15 mL 0.008 mol 2. Fe(NOs); « 9H,0 *+ #k &% f= 15 mL 0.006
mol 2. Nay[Fe(CN)g] « 10H,0 -t § ¥ » % 273 & 15 #48 B4 P i i 5] »
BPoog? o X2 R RDIE BREIRIFES R R 0 R
B 2T B 48 2 4000 rpm 2 $E i 15 min > i R e 50 BE
el hdpe B¢ 4o~ DIW #3293 424700 £ 22~ 3o 482 4000 rpm 2. 3¢
Sminc A% KRGS HBRER 6T R BT REY & 4 F 5 (Fe-HCF

core) °

SEI 10.0kV X20,000 1

B 5 %4LE2F 52 SEME
LR BEGLERT 0 A G AITAE TSRS Al o ek

v

10 mL 0.002 mol 2. Nay[Fe(CN)¢] » 10H,O % % % & EJZA| > L 4c » 4 3% DIW
WA G L PR Sl § Y X0 R LR RS
Bl i o BT E 2 R R T REWAL L F PR o 1 X BRY €
FARSCPRZE GLERS S0 Rt 0 LR A
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min > B~ KR LR P RER S 0 £ J'z%g;«ii%g{ﬁ%}\gj@
»@4$ &“%?f@%% FrAps o oRl S orr o

<3 L | 5

l_?“*-
=
=i
‘{:\;
<l
S
%
L
o

0,000 BLZ(= 2+ -] BI)PF > 28 i v BRET| T 35
M =+ 3 KRR i m & anT G o JiplEE R aunff

20
Ty ¥ e PB fhteonn + B Mﬁ@"‘é“ﬁ”ﬁﬁ? B it o

Bl6:2A48 8L EEW2 CYR YD RInRAT MR EW T -8
%ﬁvﬁ*%ﬁﬁipBﬁmﬁmgﬁg’%uaﬁaa@%aﬁi@+o%
s

d B 7(2)7 2 EE PB E B % ST na) 5 700 nM 0 fe e T B 3R]
ARz PBhFEREZEN  d Bl T(b)~(e)¥ M 7 ek PB 2
kB PR Hcdp etk - oW ERE2 PBEW HFE RS

PB thin film

2 L— 1000 rpm
- -2000 rpm

--=-= 3000 rpm P

LF-o--a000rpm /05

Electrolyte: LiCIO4 inPC

Current density (mA/cm?)

< Scan rate: 50 mV/s
1 1 1 1 1 1

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V) vs. Ag/Ag"

Bl o6 *FpuEhchz i &L E5RF2 CVE -
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Transmittance (%) at 700 nm
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Transmittance (%) at 700 nm

=
N

0.7

0.6 |

Absorbance

PB thin film

400 500 600 700 800 900 1000

Wavelength (nm)

(©)
100 100
PB_1000 rpm 02V € PB_2000 rpm 02V

' C 90
8 80 |
N~
=
S 60}
S
@ 50
(]
c 40}
[
E ot
g 20
&

090V o 10F -0.9V
0 1 1 1 1 1 1 1 1 1 }_ o 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400
Time (s) Time (s)
O
100 100
PB_3000 rpm 02V

30 F
20
10 |

Transmittance (%) at 700 nm

g
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Y
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100

$4L

150 200 250
Time (s)

a—

i

09V ok 09V
20
10 |-
1 1 0 1 1 1 1 1 1 1
300 350 400 0 50 100 150 200 250 300 350
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%= 3R EREPBENZ KT

RPM Potential (V) 1 (s) () Tv(%) T.(%) AT (%)

1000 13.6 3.9 91.7 10.2 81.5

2000 7.9 2.9 89.1 15.6 73.5
0.2~-09

3000 3.7 1.8 90.9 40.6 50.3

4000 6.3 2.4 88.6 39.0 49.6

3.PB/IWO; § 5% ¢ % = 1

k3td 2 pini PBHERPa R ®EZ Z§F L4(WO)edTRd
(ECD) > %]t » flea ECD 2 % » BB WO3 2. It # # P {rk £ 54 boF
8 w7 o Biplen R BEF 0 WOs 2 Tofo Te 5 79.9%Fr 31.9% » AT 5 48%» #
SRR A S 5 T (294 8)fr T (S15.18) 0 o 4T JEEF WO, FTL R ] 0

TANIAHE IR > E MR ITT > RETIAHS E T AR B Ak > ¥

e
<
Iﬂ
ﬁ
E-)
W

@23 ¢ o L ¥ WOs idsfe » 4% 2,000 rppm 2 PB 4> 24 4 H

W

ke
=3
T

BREFFE WOs# 5 1T ¥ b HE AT 7rfx o fed 30t Hdrdge: > p {8

J$ 2% = A~ Ve , Ny 2 — ESTar 1 o v LR P ’ 2 T
§EHE SERSEND B e 7 R A 4T 0 45 Pl 1 g o
(a) (b)
3 — 100
WOj, thin film & WO, thin film

e c wf

e 2r o

=z B 80

E 1} ©T OF

= o eof

20 <

8 8 50 |

S S awf

= E o}

g 2t LicIo i =

e Electrolyte: L|CIO4 inPPC 2 2

S

O 3t Scan rate: 50 mV/s S 1w}

1 1 1 1 1 1 1 |_ O 1 1 1 1 1 1 1
42 -10 08 06 04 -02 00 0 50 100 150 200 250 300 350 400
Potential (V) vs. Ag/Ag" Time (s)

Fl 8 WOs %2 () CV B % (b)% 5 & % 1 W -
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1395 PB e WO Eienis & > ERHER B~ Emg t Ffok g
FHod BT T045402V 5 PBehi R R¥E 07V 5 WO; e
3o RBFPER T A650nm TR A& AT 5 402% Ty fr T 5 56.9%
12 16.7% » H B RpFF 2 W 5 1 (=151 8)fr 1. (=0.9 5) °

(a)

0.5

PB/WO3 ECD

[ Electrolyte: LiCIO4 inPC
03 |

0.4

Scan rate: 50 mV/s
0.2 |

0.1
0.0
0.1k

-0.2 |

Current density (mA/cm?)

0.3 |

_04 1 1 1 1 1 1 1
-06 -04 -02 00 02 04 06 08 10

Potential (V) vs. Ag/Ag"

~
O
~
—~
(¢
~—

100

=
o
o

PB/WO,, ECD £

ok 3 S [ PB/WO,ECD
= s} Electrolyte: LiCIO, in PC B g [ Electrolyte: LiCIO, in PC
N ©
~— -
3 s
c o 60} -08V
s S
= o 90

(&)

: 5
c AT =40.2% S
E 30 | = 30F
F o2l € »f

10t 15V S 1w} 15V

0 1 1 1 1 1 l_ 0 1 1 1

400 500 600 700 800 900 1000 0 100 200 300 400

Wavelength (nm) Time (s)

B 9PB/WOsECD 2. (a)CVERl - (b)FHEARRZ ()T ERFE R -

4. WONIO ~ 13 A3+ 43 22 2 FRAFWALTRT2LEE
4-1. 2t BB Lsir

Bl 10(ai-ci)4 %] 5 15 wt.% PVAF-HFP(N15)~15 wt.% PVAF-HFP 4r 5 wt.%
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POEI-IBF4(N15P5)fr 15 wt.% PVdF-HFP 4 10 wt.% POEI-IBF4(N15P10)% *
g2 SEM B> (aii-cii) 5 49 ¥l 2 % o 03 4 G Bl o B¢ H7 ¥ PIL
ﬁ?ﬁ*%ﬁ’éﬁﬁﬁﬁﬁﬁ%+’ﬂ@ﬂ&*’?
P F R A G DB RES TREEREF TR ET S RS d Needle
# Collector 4254 =% 7 5F B+ /] Pk B4R o
e BAF R BRI TREERS TRNIE LB T
B¥ 507 piemehfagdy o 42 5%

o ad 2 m(D)F ARD > EF PIL chy £308 4 BT 2 B egps

E‘Q*

e WM A XET

34
&
3
2
(AA_

,ﬁ%Mﬁﬁﬁﬁﬁw’m515é4W
nm > N15P5 2 D % 376 nm> 4 % NISP102 D 5 353 nm- 4 = "k % F
Al AL TR FREE > 5 wt% PIL 4 » 15 wt%

PVAF-HFP p¥ > % (e ¢ B - S as 2 »F H4eit R o § 10 wt.% PIL 4c »

15 wt.% PVAF-HFP % » S E SHEHY R » FRAATFRELD ‘KA
2l od O PIL g 7 R B RRRNE TS BEICHAE - RRT

SR BRI SN R AL SHAPRCERI MG EI AR 0 T

R e B EE B 0 R DR REN N L EED RS

2z PR ZFBRFH

Average diameter

NxPy (wt. %) (am) (N=100) Porosity (%)  Electrolyte uptake (%)
N15 467 83.1 317
NI15P5 376 85.8 414
N15P10 353 83.8 350
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NS
RN,
T T T

Fiber percentage (%)

WS N B O ®

00 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Diameter (nm)

Fiber percentage (%)

00 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
Diameter (nm)

Fiber percentage (%)

00 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
Diameter (nm)

B 10 (ai-ci)z f & % N15~ N15P5 ~ N15P10 2. SEM ] > (aii-cii)fp /&2 2 F

4-2. TR P
B 1187 % PIL(NISP10)2 F SR /afsiv S B T fapk s ~ 2 e
B t-BRiEd - HA XA 5 LiEd RADHT = 045V % 5 (PB)0.25 fr
(WO03)0.6 V- 3B R d 2202V % 5 (PB)0.1 f=(W03)0.5 V; & F] & PB/WO;
ECD % it B R § & WO; ehf B R4tk PB ehg B R4te R4 PIL
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d % PIL % $ I

BRF WOs4 ¢ pFo PIL ennf
S A K 13 WOs ¥ 1 o dopt WO 37 & X

Xy

NN

4,4—-

M

(<1
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