B35 55 P/ 1 v Vol. 35 No. 5
2020 £ 5 H Journal of Inorganic Materials May, 2020

X EHS: 1000-324X(2020)05-0511-14 DOI: 10.15541/jim20190305

N Z2ESEMT MRS R4 RE

/R I RS i
(1. TEHFR LEEREMTI, SHEHEREREMNEREEEERE, LiF 200050; 2. ¥ BHFRKRZE,
L% 100049)
OB FIUE MR - REESMNG (R W IR RGBT RAE AR . Hoh,
BUE AR R LT IE R W RCE AR AR m AR AR M AR A, AR RRE . AR R
Bl fikh B 28 S4TSR B )2 I FH o AR T 202 [F A el B0 €0 B 1 0 T 8 2 DA R A WL B8 b o) 5 AR 1 Ok 2, AL
4 [F A HL B b Rl LR L T A M 45 L P o AR SR AR R T AL A T A R U AR S B, 4738 T 40
SR (L B R R R TR 0 1, RS L T AR A, VELNAN 2 T 3 T SO € 4% R R B OGS e B DR
FEbR, FRERE T JURAR ML USO8 (5 3R (0 1 PR EE, B2 T A e AL i e 2R | AIGTH H BEL LA S AR S 0 T P 1 3B
B S M AR AR A B 1) P AT TR DA S B 22 i 2 881 (K R P 9 R« B30, MAPEREIRAI . 20 n B P AL LB 1 £y
JEES TE A A ] 25 PR €0 B (¥ 1 P B S HEAT TR EE, BB G B RR SR T
X B A OHLERES; BRI MRHEEG St MR ghik
PESES: TQ174  XEKFRIZES: A

Advances in Inorganic All-solid-state Electrochromic Materials and Devices

JIA Hanxiangl’z, CAO Xun', JIN Pingshi'

(1. State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese
Academy of Sciences, Shanghai 200050, China; 2. Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Chromogenic materials are capable of optical change reversibly in response to physical stimuli (e.g., elec-
tric field, temperature, illumination, and atmosphere). Among them, electrochromic materials are expected to be
widely used in smart windows, screen displays, multi-functional energy storage devices and other fields due to their
characteristics such as large adjustment range, fast response rate, high coloring efficiency and good cycle stability.
However, compared with semi-solid-state electrochromic devices that are difficult to package and organic electro-
chromic materials that are prone to denaturation and failure, inorganic all-solid-state electrochromic materials and de-
vices have better comprehensive application. This paper focuses on the typical inorganic all-solid-state electrochromic
materials and devices, presents a brief review on the current preparation methods of each structure layer of electro-

chromic devices and compares its advantages and disadvantages, introduces in detail the main alternative electrochro-
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mic materials and its key performance evaluation index, and explains the principle of several representative electro-

chromic devices, proposes to use transparent flexible electrodes with both high light transmittance, low surface resis-

tance and excellent bending fold to replace the traditional rigid substrate in order to realize multi-field responsible de-

vice application development. Finally, the application prospect of inorganic all-solid-state electrochromic devices is

prospected from the perspective of performance bottleneck, process difficulty and industrialization opportunity, which

provides reference for the industrialization process of electrochromic devices.

Key words: inorganic all-solid-state; electrochromic devices; material selection; structural design; application

prospect; review

B4 e, REVRIE SRR LTS YL 3 0 28 ™
WR, 5 RE IR OR B VB b I SORTBRORT AR A S0,
BRE T A R R I F N R T RE AR AT
AR IER B, B M B SRR Sh
(B3 R LI AHORBET KA DA AR
IR SRR, FE B EP) AErE e,
B TR B S RS, W TR 3
SR G SR S v B A sk VA L7 B 1 D S
SE AT DGR AR, BRI S O, T
7 ) RO 2 N BB IR B RO s AR L AT RE
B AR

1 HEHTEMH
fh B0 b St 4 U 5 Al TR

T A B GO RL R A RIS,
55 1 A - BT SR A0 S 05 X 2 R R B AR A,

________________________

N,

~\\
o
~

I’ ~ —ov - | .:'E'."f%:"".° \|

3 F—-1v E B 1
1 Sos ——2vNi NUS S NI S —ﬁ g 1
i3 |22 vam— = g . ) |
: E 04 3¢ Initial Cool (2.8 V) v V. + VO, :
- g 02 i-t e s Positive gating voltage !
1 1

N S N S

LR P N = gy s MVO: e VO Tulator VO, !
i 400 600 800 1000 1200 1400 1600 1800 Dark (~4 V) Bright (1 V) Lol 1
: Wavelength / nm Negative gating voltage i
i Electrochromic (EC) Gasochromic (GC) E
i i
i d) eH_ i
i H
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
| i
1 1

pe e S R K SR R RE SR v AP i R J e U N YA
I B Ron et ik Re ATl K ZE 4L A B B
AU R T A TR, BN AN Z RS
WIS TR AR M RSN AEE. S E
R AR K i A5 22 A B @ s A B R A T
(L-BYBi AR T R 3E T Ag/W 15049 40K 28 IL2H 25 44 (1)
FVER B O A, AR R B SR BoR RUR,
w2 s, IF BS54 5 T ORI 4, SR
IS W04 KL I ZE BN AT, FEHR&—E
(PRI AR € 1, A B A 7 HI AR S5TIEAS 31 S
FH o 10 4 i e U 0) 0) F 3 68 —  f R fk 2
TEN B O JZSEHL 7 H Bt RE R B t—H 78 HiE
WYX RE a1, B 3 FTRAE H, SfFrE e
X R LI R, T R e I R X — iR
F T FLEUR O 284 R 0 FEAL 2 S S SEIL T E B
R, AEANTIN AN LS ) BT 52 T EAT A R0k DG,
AL R rh BE R Bl b4 A KO

-~

(b) Solid electrol -—— s;ﬂ;;;n o D \\‘

Gasochromic (GC) e

-

B 1 B R R FR o

Fig. 1
(a) AP’ based electrochromic device and its light modulation!'"; (b) Gate-controlled VO, phase transition by tuning hydrogenating level for
high-performance smart windows!'?; (c) Illustration of reversible photochromic reaction in PC-PCN (photochromic porous coordination

network)!"*); (d) Schematic description of the adsorption and diffusion of a H atom along WO, based gasochromic thin film

Schematic diagram of chromogenic system
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Fig. 2 Schematic diagram (a) and photographs (b-e) of flexible electrochromic device of Ag/W504 nanowire co-assemblel!”
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Table 1 Electrochromic materials and their deposition methods

Category  EC Layer Preparation method
Cathod WO, Magnetron sputtering[23], vacuum
coloration evaporation, Sol-Gel
MoO; Magnetron sputtering[24], vacuum
evaporation!®”!
Nb,Os Anodic oxidation?”!
TiO, Hydrothermallm
Anode NiO, Magnetron sputtering
coloring IrO, Anodic oxidation®

Co0, Hydrothermal™®”

Prussian blue Electrochemical deposition*”!

Electrochromic film
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Fig. 7 Schematic illustration of the preparation for electro-
chromic electrodes with and without a graphene interface layer®")
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Fig. 8 Pictures of gel films on FTO glass
(a) Immediately after spraying; (b) After 12 h of hydrolysis
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(a) Schematic illustration of the structure of the silver grid/PEDOT:PSS hy-
brid film; (b) Low- and high-magnification SEM image of the hybrid
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distribution of PEDOT:PSS across the whole film

REERE . BHET, ZMiEHBEHRTER 1TO K
A, B SFEEEMON Yk
ABIHC L SRk & 2 R 48 MR UL R
R E=R R/ Al
3.3 HJ|HieE

RN T I LR T 9K Ag A% /PEDOT:PSS &
A AR T Re B ML RS e M, TE TR A
20 mm P FAE T AT IR 4R R R A S ifaag, xR
157 /4R 10 3 R AR 1103 3 2R B 25 o 0 2 Tk B ) A
P47 S . AR 15(a, b) AT LA H, 7225 i
I IR F) 1200 RAEIA 5, FREIEEAEICT 7.5%/4
Fo AN, KL 800 B M 153 5,

(@
* Solar cells Electronic

devices
Charge
‘ Discharge

() 1. PET 2. PEDOT coated 3. PANI growth

<

T

4. Gel-electrolyte 5. Laminated 6. ESS window

\\ \\\\\/ \\ N

B 14 BB e BUR i RE R RE T A8 1F I R GETT R ()R
il £ 1 AR 2 ()

Fig. 14 Scheme of a new ESS window device system (a) and
schematic for the device preparation process (b)!'®’

FeMEEAL R FE T 29 20%, W 15(c, ). 1%
Rege ik B S RO AL P, X — e
RIBFMTNE T oeastF L AT D1

4 ESHBEHER

HAL iAo T FL 50 8 2 R T P e A B R,
Hoog TR ARG REESFNE /BT S
e, BT R N TARSERRNS, EES
PRI R W T A F R o AN B S ) TR A A
Jii o B4, IER BT I A XS 2 RE A R, H
WHER B T AR — i P LT Na ™ 1
A, A A M@ PRI =i AT R
Aefe e HAAE T Ede, 7Em s, [ A i i
A A R R () 2 i 3
4.1 FEBESBHRR

LI PR & [ A A A LiTaO3 Al LiNbO;.
LiTaO; vt Ta,Os #RALHITS, BEA RIS
MEFA R P, AR P g D S vk ) % &6 it S A
EOE i B e S PN S G VR R C O MNP 2 R AR =R T
oy

b 5 A R K 2 1 A I R A 4 P2 R i T
— M EETF Glass/ITO/WO+/LiTaO3/NiO/ITO (] ¥.7T 2%
i, BAERIROEE F I 16 Fias . HIEBHLEE T
NiO JZ X 41 B 1 5, 1TO TH AR H B FL B 5
PLJ LiTaOs 5 WO J= R it Bt o 3 4478 1 B i 2
R TS R A, AT DAMRRE 1% 4 o AL A B0 (0 4%
A v HL AT B AE AR B A R R SR B L



T WM OB R

35 %

518
100
@
80
X
8 60
g
‘g | — 1Ist
2 40 ~ o —— 200th
= e XS —— 400th
= N
20 ,’ N —— 600th
/ 2 —— 800th
‘\
0 L ' ‘ii\ﬁ-‘“
300 400 500 600 700 800 900
Wavelength / nm
100
©
80|
xX
:é 60 |
g _ — 1st
2 401 AN —— 200th
E C AN —— 400th
20 N \\; N —— 600th
./ ‘il\ - —— 800th
0 1 \§|‘;’;‘¥-; ——————
300 400 500 600 700 800 900
Wavelength / nm

100

0 200 400 600 800 1000 1200
Number of cycles
100
G
80 F

—

60 -

AT/ %

20

0 200 400 600 800
Number of cycles

K15 Ag 40K MR /PEDOT:PSS L) WO, 5 25 3o 8 €8 0255 0 FL 3 1od S A1 25 50 32 11 28 44, 0
Fig. 15 Transmittance and optical modulation changes of the WO; on the silver grid/PEDOT:PSS

hybrid film in the bleached and colored state

[36]

(a,b) Under repeated compressive bending; (c,d) Under repeated tensile bending. Curvature radius is 20 mm
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Fig. 18 Electrochromic response of W ;3049 nanowires under electrochemical insertion from one of the three different ions:
Li*, Na*, and AI*" in organic polycarbonate (PC) solvent using ClO4 as counter ion under ambient conditions?*
(a) CV curves (solid: the 1st cycle, broken: the 30th cycle) of the W 3049 nanowires film at a scan rate of 10 mV-s ™" in
1.0 mol/L PC-AI(ClOs4);, PC-LiClO4, PC-NaClOy; (b) In situ transmittance variation curves between colored and bleached state for
W5049 nanowires film in 1.0 mol/L PC-Al(Cl0O4);, PC-LiClO,, and PC-NaClO,. Solid and broken lines are for the 1st and
30th cycle, respectively; (c) Full plot of the in sifu transmittance variation in the three non-aqueous solutions, a total of 30 cycles;
(d) In situ OD variation as a function of charge density monitored at wavelength of 633 nm in PC-LiClOy4, PC-NaClO4, PC-AI(ClOs4);
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Fig. 19 Electrochromic performance of WOs films under various operations®

(a) Comparison of optical response at 550 nm and for 1.5-4.0 V with and without constant loading current,

inset shows a magnified view of the transmittance during 20 initial cycles at 10 mV-s™'; (b) CV data for different cycle

numbers at 10 mV-s™'; (c) Trapped and extracted charge densities vs cycle number derived from CV data
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Fig. 20 Electrochromic properties of NiO nanoparticles film with seed layer on ITO glass
(a) Transmittance spectra of the NiO nanoparticles film with seed layer on ITO glass in the bleached (0.2 V) and

colored (0.6 V) states in the wavelength range of 300-900 nm, with inset showing the digital photos of NiO film growing on

ITO glass with seed layer on bleached state and colored state; (b) Current response for NiO nanoparticles film at 0.2

and 0.6 V applications in 1 mol/L KOH for 30 s per step; (c) Corresponding in situ optical responses of NiO films for 30 s per

step measured at 550 nm; (d) Cycle performance of the NiO nanoparticles film measured in 1 mol/L KOH for 5000 cycles'
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