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Fig. S1 Top view SEM image of NiOx film and CoPW anchored NiOx Film.
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Fig. S2 TOF-SIMS depth profiling of (a, c) CoPW anchored NiOx Film and (b, d) NiOx film
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Fig. S3 (a) XRD pattern for NiOx film and lattice distance (inset), (b) Simulated lattice distance of CoPW.
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Electron Image 11 Ni K series O K series W L series P K series Co K series
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Element | Wt% | Atomic %
o 37.12 70.85
P 0.16 0.16
Co 0.77 0.40
Ni 51.72 26.90
w 10.23 1.70
Total: 100.00

Fig. S4 (a) TEM-EDS mapping of the NiOx-CoPW nanoparticles; nanoparticles from CN400. The sample
for TEM analysis was prepared by scratching off the film and dispersed in water. Finally, the water solution
was drop on a copper mesh for TEM grid. (b) The corresponding energy-dispersive x-ray spectrum and

table of elements
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Fig. S5 (a) FT-IR spectra of KCoPW, (b) Cyclic voltammetry of TBACoPW 0.1M in acetonitrile in
different potential range (black: 1.8 to -1.3 V, blue: 1.8 to 0 V, green: 1.3 to 0 V and magenta: 0 to -1.3 V,
scan rate: 0.1 V/s). The two pairs of redox peaks at -0.54 V and -1.08 V are ascribed to the redox processes
of tungsten atoms while the two oxidation peaks at 1.20, 1.67 V and reduction peaks of 1.02 V and 1.30 V
correspond to the multi-electron transfer process of CoPW anions. These peaks were also observed in the

CV of the CoPW anions in the salt with TBA cations.



Fig. S6 SEM image of homogeneous electropolymerized PRBr electrode, (a) image of cross section (scale
bar: 5um), (b) image of cross section (scale bar: 500nm), (c) image of top section (scale bar: Sum), (d)

image of top section (scale bar: 500nm)
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Fig. S7 The potential on the working electrode (solid line, V vs Pt sheet) under the different V,, (black:
1.0/-1.5 V, red: 1.3/-1.5, blue: 1.5/-1.5 V, magenta: 1.8/-1.5 V). V,, was applied by the potentiostat through
the cyclic voltammetry with a scan rate of 100 mV/s for (a) PN200, (b) PN400, (c) PN550, (d) PN900, (e)

PCN200, (f) PCN400, (g) PCN550 and (h) PCN900
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Fig. S8 The potential on the Counter electrode (solid line, V vs Pt sheet) under the different V., (black:
1.5/-1.0 V, red: 1.5/-1.3 V, blue: 1.5/-1.5 V, magenta: 1.5/-1.8 V). V4, was applied by the potentiostat
through the cyclic voltammetry with a scan rate of 100 mV/s for (a) PN200, (b) PN400, (c) PN550, (d)

PN900, () PCN200, (f) PCN400, (g) PCN550 and (h) PCN90O
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Fig. S9 Nernst relation between change of charge amount during EC reaction and change of Eq by
CoPW@NiOx(red) and NiOx(black) or thickness change. Charge amount during EC reaction was measured
by cyclic voltammetry that represented as Q.. Change of charge was estimated as charge ratio (Qa/Qg). (1:

200nm, 2: 400nm, 3: 550nm, 4: 900nm)



Fig. S10 Photographic image of a 4.1 inch smartphone (9 x 5.2 cm?) size PCN400 in (a) the bleached state

and (b) colored state.
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Fig. S11 A block diagram of the experimental setup used to block reflective light from a monitor when the

ECD is (a) bleached state and (b) colored state.
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Fig. S12 Photographic images of enhancing visibility test in presence of projection display unit with a 4.1

inch PCN400.
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Fig. S13 'H NMR (300 MHz) spectrum of the 3,3-bis(bromomethyl)-3,4-dihydro-2H-thieno-[3,4-

b][1,4]dioxepine. 'H NMR (300 MHz, CDCls): 6.49 (s, 2H), 4.10 (s, 4H), 3.61 (s, 4H).
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Fig. S14 (a) FT-IR spectra of PRBr collected from the electrodeposited PRBr on an ITO glass, showing a
shoulder peak at 1316 cm™ and a peak at 1284 ¢cm™!, characteristic for the stretching vibration of C-C and
the C-S-C bond in the thiophene ring, respectively. The peaks at 1168 and 1043 ¢cm™! are attributed to the
stretching vibration of C-O in the propylenedioxy bridge and in the ether groups. (b) Cyclic voltammetry
during the electrodeposition of PRBr on the ITO glass using a solution of 0.01 M 3,3-bis(bromomethyl)-
3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine and 0.5 M LiBF4 in propylene carbonate. (¢) 3-electrode
cyclic voltammetry of solution casting polymerized PRBr (red) and electropolymerized PRBr (black) under

BMIMTESI electrolyte (scan rate: 100 mV/s)
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Fig. S15 Electrochromic behaviors of ECDs. Spectral change of PCN400 (a), PN400 (b), CN400 (c), and

PNO (d) over different V,, (inset).
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Fig. S16 UV-vis full spectrum of pristine NiOx. Absorption spectra of NiOx with 900 nm thickness (black),

550 nm thickness (red), 400 nm thickness (blue), 200 nm thickness (magenta).
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Fig. S17 Cyclic voltammetry (black) at a scan rate of 0.1 V/s and corresponding transmittance change at
wavelength of 580 nm (blue) of CoPW (60 pg) coated TiO, nanoparticle film on FTO (solid line) as
compared to those of a bared TiO» nanoparticle film on FTO (dashed line). The thickness of TiO»

nanoparticle film in both devices was 550 nm.
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Fig. S18 3-Electrode cyclic voltammetry of (a) N200 (dotted line), CN200 (solid line), (b) N400 (dotted
line), CN400 (dotted line), (¢) N550 (dotted line), CN550 (solid line), (d) N90O (dotted line), CN90O (solid

line).
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Table S1. The structure and electrochromic properties of ECDs.

d h

Ceorw Cap
Transmittance Respon
t t NiO° a
Code WE' CE ° i eNio W SIMS Var 10, e ¢ se time* (mF/cm CO]EF
e (nm) (“g/cm (ug/cm ) (%) AT (s) 2 (cm?/
) ) (%) ) mo)
T, T Te0.9 Tb0.9
¢ 5 5
N200 NiOx Pt 3-ED 200 0 0 _115(; 99 83 16 34 1 1.12 20.51
N400 NiOx Pt 3-ED 400 0 0 _115(; 95 64 31 2.8 1.6 2.37 21.71
N550 NiOx Pt 3-ED 550 0 0 _115(; 88 47 41 2.6 1.2 4.7 17.39
N900 NiOx Pt 3-ED 900 0 0 _115(; Brow 83 37 46 6 4.6 5.86 17.96
07"
CoPW 1.5/
CN200 @NiOx Pt 3-ED 200 159 159 10 black 99 81 18 1.8 1.2 1.17 22.35
CoPW 1.5/
CN400 @NiOx Pt 3-ED 400 274 30.8 10 95 59 36 22 1.8 2.88 21.55
CoPW 1.5/
CN550 @NiOx Pt 3-ED 550 47.8 40.8 10 89 37 52 3.8 12 571 20.03
CoPW 1.5/
CN900 @NiOx Pt 3-ED 900 56.3 48.2 10 83 33 50 5.8 3.8 6.9 17.42
PNO PRBr FTO 2-ED 0 0 0 _1155/ Blue 40 36 4 62 74 0.06 190.7
PN200 PRBr NiOx 2-ED 200 0 0 _1155/ 37 3 34 0.8 2 0.62 262.3
PN400 PRBr NiOx 2-ED 400 0 0 _ll'ss/Blueis 69 3 66 0.8 0.8 1.14 330.9
) h
PN550 PRBr NiOx 2-ED 550 0 0 _11'55/ black 59 1 58 0808 14 3069
PN900 PRBr NiOx 2-ED 900 0 0 _1155/ 58 2 56 0.8 1.8 1.1 243.7
PCN20 CoPW 1.5/
0 PRBr @NiOx 2-ED 200 159 159 15 Blue 44 3 41 0.8 2 0.66 302.2
PCN40 CoPW 1.5/
0 PRBr @NiOx 2-ED 400 274 30.8 15 74 4 70 04 0.8 1.24 367.4
PCNS55 CoPW 1.5/
0 PRBr @NiOx 2-ED 550 47.8 40.8 15 Black 62 2 60 0.8 2.6 1.58 332.5
PCN90O CoPW 1.5/
0 PRBr @NiOx 2-ED 900 56.3 48.2 15 59 2 57 1 1.6 0.92 285.6

"Working electrode composed of PRBr on ITO glass (the thickness of PRBr =350 nm). *3-ED: 3-electrode
system with Ag/AgCl as reference electrode, 2-ED: 2-electrode system in the presence of a Pt sheet.
“Thikness of pristine and CoPW anchored NiOx film. Mass of CoPW contents anchored on NiOx layer
determined by measuring the sample weight (wt) and by SIMS. °Transmittance at bleached (Ty), colored
(T.) state , and ‘color contrast (AT= Ty, - T, ), monitored at wavelength of 580 nm, ¢Time for transmittance
change for 95 % in coloration (1) and bleaching (t,). "Capacitance determined at Galvanostatic charging

discharging curve in 2-ED and Cyclic voltammetry in 3-ED.
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Table S2. Electrochemical properties of ECD under different applied voltages (positive voltage extension).

PR-Br

NiOx

a)

b)

b)

Thickness Thickness COPWZ Tba)(%) T, 580nma) Epol, Oxi ~pol,Red ce, Oxi Ece red
(m)  (om) (ng/em) (%) V) ™M ™ W
1.0V ~
-1.5vV
PNO 350 0 0 33 31 2 0.16 0.12 1.62  -0.84
PCN200 350 200 15.9 34 2 32 027 -0.44 1.06  -0.73
PN200 350 200 0 33 3 30 0.15  -0.38 1.12  -0.85
PCN400 350 400 27.4 69 3 64 039 -0.26 1.24  -0.61
PN400 350 400 0 62 3 59 030 -057 093. -0.70
PCN550 350 550 47.8 52 2 50 0.57 -0.49 1.01 -0.43
PN550 350 550 0 50 1 49 033 -0.44 1.06  -0.67
PCN900 350 900 56.3 55 2 53 0.64 067 083 -0.36
PN900 350 900 0 56 2 54 0.72 -0.66 084 -0.28
1.3V ~
-1.5vV
PNO 350 0 0 35 33 2 0.23 0.15 1.65 -1.07
PCN200 350 200 15.9 39 2 37 034 -035 1.15  -0.96
PN200 350 200 0 33 3 30 0.18 -0.34 1.16  -1.12
PCN400 350 400 27.4 70 3 67 043  -0.26 1.24  -0.87
PN400 350 400 0 66 3 63 0.32  -0.51 099  -0.98
PCN550 350 550 47.8 60 2 58 0.59 -049 1.01 -0.71
PN550 350 550 0 57 1 56 0.38  -0.39 1.11 -0.92
PCN900 350 900 56.3 58 2 56 0.74 064 086 -0.56
PN900 350 900 0 57 2 55 074 072 078 -0.56
1.5V ~
-1.5V
PNO 350 0 0 40 36 4 0.29 0.17 1.67 -1.21
PCN200 350 200 15.9 44 3 41 0.38  -0.30 1.2 -1.12
PN200 350 200 0 37 3 34 024  -0.28 122 -1.26
PCN400 350 400 27.4 73 4 69 048  -0.25 1.25  -1.02
PN400 350 400 0 69 3 66 0.36  -0.45 1.05 -1.14
PCN550 350 550 47.8 62 2 60 0.64 -0.46 1.04  -0.86
PN550 350 550 0 59 1 58 042 -0.35 1.15  -1.08
PCN900 350 900 56.3 59 2 57 0.82 -0.62 0.88 -0.68
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PN900 350 900 0 58 2 56 0.79  -0.71 0.79  -0.71

1.8V ~

-1.5V
PNO 350 0 0 45 40 5 038 022 172 -142
PCN200 350 200 159 55 3 52 046 024 126 -134
PN200 350 200 0 54 3 51 036 020 13  -1.44
PCN400 350 400 274 74 4 70 058 -020 13 -1.22
PN400 350 400 0 70 3 67 042 -041 1.09 -1.38
PCN550 350 550 478 65 2 63 074 -045 105 -1.06
PN550 350 550 0 60 1 59 047 032 118 -1.33
PCN900 350 900 563 60 2 58 089 -0.63 087 -091
PN900 350 900 0 59 2 57 086 -076 074 -0.94

2T = transmittance at bleached state, T = transmittance at colored state, AT= T}, - T., monitored at 580 nm
under given Eqp, ® Epo and Ecg are the measured potential at WE and CE under the given V., respectively.
Epoloxiand Eporreq are recorded potential on working electrode when the working electrode in ECD undergoes
oxidation state and reduction state, respectively. Ecroxi and Ecera are recorded potential on counter

electrode under oxidation state and reduction state.

21



Table S3. Electrochemical properties of ECD under different applied voltages (negative voltage extension).

PR-Br

NiOx

a)

b)

b)

Thickness Thickness cOsz Tba)(%) T, 670nma) Epol, Oxi ~“pol,Red ce, Oxi ce, Red
(mm)  (um) (ng/em) (%) V) M M
1.5V ~
-1.0V
PNO 350 0 0 43 42 1
PCN200 350 200 15.9 49 25 24 0.4 0 1.00 -1.1
PN200 350 200 0 46 25 21 0.4 0.05 1.05 -1.1
PCN400 350 400 27.4 62 21 41 0.56  -0.12 0.88  -0.94
PN400 350 400 0 61 32 29 0.52 0.04 1.04  -098
PCN550 350 550 47.8 50 21 29 0.68  -0.12 0.88  -0.82
PN550 350 550 0 55 15 40 0.62 0.04 1.04  -0.88
PCN900 350 900 56.3 57 13 44 0.78  -0.33 0.67  -0.72
PN900 350 900 0 56 14 42 0.81 -0.31 0.69  -0.69
1.5V ~
-1.3V
PNO 350 0 0 45 44 1
PCN200 350 200 15.9 49 17 32 0.4 -0.13 1.17 -1.1
PN200 350 200 0 46 17 28 0.4 -0.03 1.27 -1.1
PCN400 350 400 27.4 62 15 47 0.6 -0.23 1.07 -0.9
PN400 350 400 0 61 21 40 0.51 -0.01 1.29  -0.99
PCNS50 350 550 47.8 55 11 44 0.69  -0.23 1.07  -0.81
PN550 350 550 0 55 9 46 0.64 -0.13 1.17  -0.86
PCN900 350 900 56.3 57 11 46 0.79  -0.62 0.68  -0.71
PN900 350 900 0 56 11 45 0.77  -0.56 0.74  -0.73
1.5V ~
-1.5V
PNO 350 0 0 45 44 1
PCN200 350 200 15.9 48 13 35 0.35 -0.28 .22 -1.15
PN200 350 200 0 44 13 31 0.38  -0.18 .32 -1.12
PCN400 350 400 27.4 62 14 48 0.6 -0.53 0.97 -0.9
PN400 350 400 0 60 16 44 049  -0.12 1.38  -1.01
PCN550 350 550 47.8 55 9 46 0.66  -0.53 097 -0.84
PN550 350 550 0 55 8 47 0.6 -0.33 1.17 -0.9
PCN900 350 900 56.3 57 11 46 0.79  -0.78 0.72  -0.71
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PN900

1.5V ~
-1.8V

PNO
PCN200
PN200
PCN400
PN400
PCNS550
PNS550
PCN900
PN900

350

350
350
350
350
350
350
350
350
350

900

200
200
400
400
550
550
900
900

15.9

274

47.8

56.3

56

44
48
43
62
60
55
55
57
57

11

42
13
12
14
14

11
10

45

35
31
48
46
47
47
46
47

0.8

0.3
0.35
0.54
0.48

0.7

0.6

0.8
0.83

-0.78

-0.57
-0.47
-0.74
-0.28
-0.74
-0.56
-1.06
-1.04

0.72

1.23
1.33
1.06
1.52
1.06
1.24
0.74
0.76

-1.2
-1.15
-0.96
-1.02
-0.8
-0.9
-0.7
-0.67
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Table S4. The EC property compared with nickel oxide based darkish electrochromic devices.

Cell

Voltage
type AT T To  Ten95 Tp0.95 Mmeasured Ra nge
Material Color g Ref.
(half/full (%) (%) (%) (s) (s) (nm)
(\2)
cell)
PCN400(this work) ~ Fullcell 70 4 74 04 08 580 Black 13t~ This
1.5  paper
NiO-pyridine Halfcell 415 46.5 87 1.77 291 550 Black 1'? t50 (Y]
Bi/Cu(Electrodeposition 1y oo 69 11 80 30 3 600 black *SP (2
mechanism) 0.6
cross-linked poly(4-
vinyltriphenylamine) Fullcell 829 5.1 88 85 68.7 700 black 2to-2 (3)
(480nm)/Cu
Sputtered Nickel oxide Brown- 1.8 to -
(Ta. Ni, W) Fullcell 67.1 119 79 149 15 600 black 1.8 “)
Si-Li codoping Nickel 1210-
oxide coating with Halfcell 35.5 500 855 102 7.8 550 Brown '1 N )
sputtered Zinc tin oxide ’
Ni-Co mixed hydroxide Halfcell 382 37.7 759 |1 1 635 Bbrl‘;vcvlr(" 0.6t00 (6)
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Table S5. Electrochemical properties and carrier concentration of N200 ~ 900 and CN200 ~ 900.

A Com B Coma Epmm Curr%nt pz,,dm Cum.fnt P mwd Curre.nt PM,M Curn_int - ¢ go Areal o increase  ° Carrier
Electrode density density density density " vz charge i charge concentration
(ug/(mz> wg/(mzl ()] (mA/cm2) ) (mA/cm2) ) (mA/cm2) ()] (mA/cm2) (Y (Y (mC/cm2) amount (/cm")
N200 0 0 0.58 0.17 1.02 0.21 0.87 -0.19 025 -0.19 042 0.95 56
CN200 159 159 0.57 0.15 113 031 0.88 -0.22 037 -0.2 047 1.01 59 5
N400 0 0 0.54 0.37 1.06 0.41 0.87 -0.37 0.19 -0.44 0.37 0.97 118 - 3.06E+19
CN400 274 308 0.55 0.37 118 0.72 0.98 -0.59 03 -0.42 043 1.08 144 22 3.69E+19
N550 0 0 0.51 0.77 113 0.87 0.85 -0.74 0.21 -0.93 0.36 0.99 235 - 1.584E+20
CN550 47.8 40.7 0.42 0.87 119 141 1.01 -1.26 0.32 -0.87 037 1.1 285 21 1.851E+20
N900 0 0 0.61 1.03 1.33 1.32 0.71 -0.99 0.18 -1.13 04 1.02 293
CN900 56.3 482 0.66 1.23 1.26 1.87 0.86 -1.44 0.26 -1.34 0.46 1.06 345 17

Ccopw is the contents of CoPW determined by * weighing the mass of the film and ® calculating according
to the weight percentage of elements obtained from the TOF-SIMS. EP.q and EPox (V vs vs Ag/AgCl) were
determined from the cyclic voltammetry in 1 M Li" containing BMIM TFSI, which was used as the

electrolyte. © Half-wave potential. P Carrier concentration was obtained from the Hall effect measurement.
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