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Abstract: Nickel molybdate (NiMoO,) is a material with excellent performance in the field of energy storage and
catalysis, but lacking of further explorations in the field of electrochromism. In this work, porous NiMoO, films were
grown on transparent conductive glasses by hydrothermal method without using seed layer. Crystalline phase and
micromorphology of NiMoO, nanosheet films were characterized by grazing incidence X-ray diffractometer (GIXRD)
and field-emission scanning electron microscope (FESEM), and the electrochromic and electrochemical properties
were also investigated by using a UV-Vis-NIR spectrophotometer and an electrochemical workstation. The results
show that the NiMoO, electrochromic films have a porous structure, which can provide sufficient channels for ion
migration and reactive sites for the dynamic process of ion intercalation/deintercalation into NiMoO, film. Therefore,

the NiMoO, films exhibit excellent electrochromic performance, including large optical modulation of 79.6% at 480 nm
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and high coloring efficiency of 86.2 cm*-C'. Meanwhile, the coloration and bleaching response time of the NiMoO,

films are 9.5 and 12.7 s, respectively. Interestingly, there is a two-step process in the bleached process of NiMoO,

electrochromic films, including a fast process and a slow process. And the optical modulation can still be maintained at

99.7% of the maximum optical modulation after 100 cycles. In addition, the NiMoO, films exhibit a large area specific

capacitance of 49.59 mF-cm ” at 0.3 mA-cm > These excellent properties support NiMoO, nanosheet films with

promising application in high-performance electrochromic devices. And the next step is to focus on finding the

suitable electrolyte and matched counter electrodes in the device assembly.
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Fig. 2 FESEM images of the as-grown NiMoO, films
(a) Low magnification; (b) Higher magnification
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Fig. 3 Electrochemical properties of the as-grown NiMoO, film
(a) CV curve at 5 mV-s™'; (b) CV curves at different scanning rates; (c) GCD curves at different current densities;
(d) Specific capacitance variations with respect to the current density of the NiMoOj, film
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Fig. 4 Digital photos of the colored (a) and bleached (b)
states of the NiMoOy film
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(a) Transmittance spectra at the colored and bleached states; (b) Diagram of current density and in-sifu transmittance curve at 480 nm
obtained by applying square wave potentials of 1.5 V for 20 s and —1.5 V for 30 s; (c) Response time; (d) Optical density
variations with respect to the charge density at 480 nm of the NiMoO, film
2.3.3 Mg Rz ET ] CE = AOD/(Q/A) = 1g(T/T.)/(Q/A4) (3)

M) ] B T A5 2 VP 40 B 3504 8 44 R A 1 — A
HESH, #w ONE O LR AR 6L FE A B i
KGR R B 90% Jir 75 LI INF [A], 73y 35 € I 1]
(t) R I [ (1)°Y 0 A T E BVEH NiMoO, i 15
(1) 9 B[], 7E 480 nm 44 AN 1.5 V #4220 s
MI-1.5 VEFS:30 s (177 I HL e, 15 213 JEE 1Y) P 0 25
J5E AN i isk e Bl i 1) R AR AL Bl 2R (] 5(b)), AT BRI
NiMoO, 8 I AT DA 2 22 75 728 A1 FL IR 2% B3 S B mT
W B R A . B 5(c) N NiMoO 78 5 [ i )3 Fif
R B, AE S ERT A 2], NiMoO, L
TR AR O B T AR E AN AR, AR — AR
TR — M EE TR (), £ 5 153
NiMoO, I B8] 1. = 9.5 s, HBELS[E] £, =1, +
th=3.1s+9.6s=12.7s, FXIEAN N E 5
NiMoOy ¥ [ 22 FLAN K v B 51 25 8 LA K R B 1) i i
PEREE R KK R
234 EBHE

R (CE) & VN R BUE A L1 ) — AN 8
BLISH, Wiow XOh HERRAE 6 0 R A R ON B
T P BT FELAT %85 B2 (O/A4) 5| JEE 156 %% FE (AOD) [ A8 4,
fil, AR LR

Horp T 1T, 43 ) 3 s A — P A I RR RS
RS HIEL R,

Bl 5(d) A2 K Ak 2% AR S R0 A - 7T L 43 ok
JE I FH U751 NiMoOy iR AE 480 nm Ab 6%
B AT B AR 2k . AR A R G) TS B
B AR R 86.2 em®C ', B & T LG SChkiIE
¥ NiMoOy 442K Fi MRS (% (31.44 cm®C Y
A NIO T 25 (20 % (71.4 em® C HP, X 84
KT NiMoO, I 2 FLGK F BEFI 45 #  OH &5
THEAEE & 1 R S PEAL 25 78 R 1 OH 55 Tk A
G H R T, A5 I R A B B AR A
23.5 fEIRFREM

7E 480 nm Ab43 I HENN 1.5 V £582 20 s Fl-1.5V
FFEE 50 s 195 F R T NiMoO, H 3548 6, i
G PERE, W6 iR, 4id 100 IKFE L AIHR GG
5 NiMoOg #1151 5 1 il i BE A7 ] DR F s KOs
VAR B 99.7%, Won A Mg M. T
TENGH JG 1, NiMoO, HEL B (5 3 R PR e P 1 32 22
JRRI AT e OH & F7E 4 0 DA A R €8, 3 78 P A W
RN NiMoO, 85 177 12 A 78 58 2 A8 R AR R Ak
IR NCIBUNS S1E DS



1432 I e 538 %
100 [5] YANG B, MA D Y, ZHENG E M, ef al. A self-rechargeable
g0l electrochromic battery based on electrodeposited polypyrrole film.
P Solar Energy Materials and Solar Cells, 2019, 192: 1.

§ 60| [6] RAIV, SINGH R S, BLACKWOOD D J, et al. A review on recent
E advances in electrochromic devices: a material approach.

‘E40f Advanced Engineering Materials, 2020, 22(8): 2000082.
g [71 JO M H, KIM K H, AHN H J. P-doped carbon quantum dot
F20) graft-functionalized amorphous WO; for stable and flexible
electrochromic energy-storage devices. Chemical Engineering Journal,

0 L 2022, 445: 136826.
0 20 40 60 80 100 [8] WANG S, XU H B, HAO T T, et al. 3D conifer-like WO; branched
Cycle number

Bl 6 NiMoO, ¥ i i 75 3 A2 e 1k
Fig. 6 Cycling performance of the NiMoO, film

3 it

WK HGEE FTO SHBM EHEEKT
NiMoO, v I5E, T8 2R T Fh 22 45 AR K 1) NiMoOy 402K
R, BEUIEIMZ LGN, XA T H
FOR AR AR ETER, 20K
SERJRIRAL T 70 R 1 T8 DU CE B A A RN
TP AT o X NiMoO, 8 I [ B A4 27 T B S50AR f 1
el LR, EN—HMUEEEAIYM
NiMoO, i, mMm &SNS EEBEHE RS T
NiMoO, Ak S B, X4 @ 2 8] i ik [F) 2
FLIE5E T NiMoOy SR K} FE AL 27 P BE A1 FE B0
tphRe . o EELE 0.3 mA-em 2 IR E T
AR L L2 34 49.59 mF-em 2, 7F 480 nm 4bfK)%
A i W P S 1) 79.6%, 5 (0 AR CEL R [R] 43 1A 9.5
12.7 s, B REILF]86.2 cm>C ', I HL4 5t 100 %
F BRI AR B AIF BA I ' TR ) 0 FE A7 T LAOR RE D 46 18 1
99.7% .0 1X LEAR 57 [ 1 BEAST NiMoOg 44K Jr i i A7 22
VB R S 5 P S0 S P ) P A 7 v 2 R FL K
IR AR B E BN .

S Z L Hk:

[1] ZHAO W X, WANG J Y, TAM B, et al. Macroporous vanadium
oxide ion storage films enable fast switching speed and high
cycling stability of electrochromic devices. ACS Applied Materials &
Interfaces, 2022, 14(26): 30021.

[2] HALDER S, BEHERE R P, GUPTA N, et al. Enhancement of the
electrochemical performance of a cathodically coloured organic
electrochromic material through the formation of hydrogen bonded
supramolecular polymer assembly. Solar Energy Materials and
Solar Cells, 2022, 245: 111858.

[3] LIF, MADY, QIAN J H, et al. One-step hydrothermal growth and
electrochromic properties of highly stable Prussian green film and
device. Solar Energy Materials and Solar Cells, 2019, 192: 103.

[4] MADY, EH AL S, CAO S, et al. Wide-spectrum modulated
electrochromic smart windows based on MnO,/PB films. ACS
Applied Materials & Interfaces, 2022, 14(1): 1443.

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(23]

nanowire arrays electrode for boosting electrochromic-supercapacitor
performance. Applied Surface Science, 2022, 577: 151889.

WU Q, CONG S, ZHAO Z. Infrared electrochromic property of
the colorful tungsten oxide films. Journal of Inorganic Materials,
2021, 36(5): 485.

PHAN G T, VAN PHAM D, PATIL R A, et al. Fast-switching
electrochromic smart windows based on NiO-nanorods counter
electrode. Solar Energy Materials and Solar Cells, 2021, 231: 111306.
XUE J Y, LI W J, SONG Y, et al. Visualization electrochromic-
supercapacitor device based on porous Co doped NiO films.
Journal of Alloys and Compounds, 2021, 857: 158087.

PRASAD A K, PARK J Y, KANG S H, et al. Electrochemically
co-deposited WO;-V,0s composites for electrochromic energy
storage applications. Electrochimica Acta, 2022, 422: 140340.
AKKURT N, PAT S, MOHAMMADIGHAREHBAGH R, et al.
Electrochromic properties of graphene doped Nb,Os thin film. ECS
Journal of Solid State Science and Technology, 2020, 9(12): 125004.
OZGUR N A, PAT S, MOHAMMADIGHAREHBAGH R, ef al.
Substrate effect on electrochromic properties of Nb,Os:TiO,
nanocomposite thin films deposited by thermionic vacuum arc.
Vacuum, 2022, 202: 111186.

NAKAYAMA M, KASHIWA Y, SUZUKI K. Electrochromic
properties of MnO,-based layered polymer nanocomposite.
Journal of the Electrochemical Society, 2009, 156(4): D125.

DI Y F, XIANG J, BU N, et al. Sophisticated structural tuning of
NiMoO4@MnCo,04 nanomaterials for high performance hybrid
capacitors. Nanomaterials, 2022, 12(10): 1674.

WANG L W, WEI Y M, XU J R, ef al. NiMoOy-coated NiC0,04
nanotip arrays on carbon cloth as flexible and effective electrodes
for glu detection. ACS Applied Nano Materials, 2021, 4(11): 11582.
RAO TK, ZHOU Y L, JIANG J, et al. Low dimensional transition
metal oxide towards advanced electrochromic devices. Nano
Energy, 2022, 100: 107479.

LEIPY, WANG J H, ZHANG P, et al. Growth of a porous NiCoO,
nanowire network for transparent-to-brownish grey electrochromic
smart windows with wide-band optical modulation. Journal of
Materials Chemistry C, 2021, 9(40): 14378.

CHAVAN H S, HOU B, AHMED A T, et al. Nanoflake NiMoO4
based supercapacitor for intelligent power balance
monitoring. Solar Energy Materials and Solar Cells, 2018, 185: 166.
CAI G F, ZHU R, LIU S Y, et al. Tunable intracrystal cavity in
tungsten bronze-like bimetallic oxides for electrochromic energy
storage. Advanced Energy Materials, 2022, 12(5): 2103106.
WANG B, LI SM, WU XY, et al. Hierarchical NiMoQO,4 nanowire
arrays supported on macroporous graphene foam as binder-free 3D

smart

anodes for high-performance lithium storage. Physical Chemistry
Chemical Physics, 2016, 18(2): 908.

ZHANG Y, GAO H L, JIA X D, et al. NiMoO,4 nanorods supported
on nickel foam for high-performance supercapacitor electrode
materials. Journal of Renewable and Sustainable Energy, 2018,



512 W

R,

85 2L NiMoOy 942K Fi 5 FA) B P R A A S HL L 338 (i P

1433

[24]

(23]

[26]

[27]

[28]

[29]

10(5): 054101.

CUI S Z, HU Q Z, SUN K J, et al. Nickel-cobalt-layered double
hydroxide nanosheets supported on NiMoO, nanorods with
enhanced stability for asymmetric supercapacitors. ACS Applied
Nano Materials, 2022, 5(5): 6181.

WANG T, WANG M, HUANG Q, et al. Preparation of lithium
titanate thin film for electrochromic smart window by Sol-Gel spin
coating method. Journal of Inorganic Materials, 2021, 36 (5): 471.
MURUGAN E, GOVINDARAJU S, SANTHOSHKUMAR S.
Hydrothermal synthesis, characterization and electrochemical
behavior of NiMoO, nanoflower and NiMoO,/rGO nanocomposite
for high-performance supercapacitors. Electrochimica Acta, 2021,
392: 138973.

ZHANG Y, CHANG C R, GAO H L, et al. High-performance
supercapacitor electrodes based on NiMoO, nanorods. Journal of
Materials Research, 2019, 34(14): 2435.

CAO M L, BU Y, LV X W, et al. Three-dimensional TiO,
nanowire@NiMoO, ultrathin nanosheet core-shell arrays for
lithium ion batteries. Applied Surface Science, 2018, 435: 641.
CHEN C, YAN D, LUO X, et al. Construction of core-shell
NiMoO4@Ni-Co-S nanorods as advanced electrodes for high-

[30]

[31]

[33]

[34]

[35]

performance asymmetric supercapacitors. ACS Applied Materials &
Interfaces, 2018, 10(5): 4662.

XIAO K, XIA L, LIU G X, et al. Honeycomb-like NiMoOy
ultrathin nanosheet arrays for high-performance electrochemical
energy storage. Journal of Materials Chemistry A, 2015, 3(11): 6128.
SONAVANE A C, INAMDAR A I, SHINDE P S, et al. Efficient
electrochromic nickel oxide thin films by electrodeposition.
Journal of Alloys and Compounds, 2010, 489(2): 667.

SUNJ Q, LI WY, ZHANG B J, et al. 3D core/shell hierarchies of
MnOOH ultrathin nanosheets grown on NiO nanosheet arrays for
high-performance supercapacitors. Nano Energy, 2014, 4: 56.
ZHOU K L, QI Z C, ZHAO B W, et al. The influence of
crystallinity on the electrochromic properties and durability of NiO
thin films. Surfaces and Interfaces, 2017, 6: 91.

ZHANG X, LIU Y, LI R, et al Cu;(HHTP), film-based
ionic-liquid electrochromic electrode. Journal of Inorganic
Materials, 2022, 37(8): 883.

WANG J M, ZHANG L, YU L, et al. A bi-functional device for self-
powered electrochromic window and self-rechargeable transparent
battery applications. Nature Communications, 2014, 5: 4921.



