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Abstract : Along with the increasing need for point-of-care diagnostics, development of por-
table, user-friendly, as well as sensitive sensors have gained intensive attention. Among various
strategies, electrochromic sensors, which are electrochemically operated colorimetric sensors,
have been actively studied. With their ability to report the presence and concentration of ana-
lytes by optical signals, electrochromic sensors utilize the advantages of both electrochemical
and colorimetric sensors, enabling the simplification of device composition as well as conve-
nient interpretation of results. Up to date, electrochromic sensors have been applied for a wide
range of analytes, and further developments such as the introduction of flexible platforms or
self-powered systems have been reported, providing a path towards the development of wear-
able sensor devices. In this review, various types of electrochromic sensors, according to the
main strategy in which the electrochemical signals are converted to colorimetric signals, are
introduced.

Keywords : Electrochromism, Electrochromic Sensor, Electrochemical Sensor, Self-powered Sensor,
Bipolar Electrode Sensor
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Ty A 9 7k Age] Al uigk FeA4ol
AHel upeh, ¥ T ZHAKpoint-of-care testing,
POCT)ell A3Fst nlo] @ AlX (biosensor) 7l'do] Z+3
W dok @ e Aaks w4 AgElel oEsA|
X3 A e @A A RS FHE F
AE AR EA, Al&e dd g 3 A4 387}
STEE A3l F8aA 2d F AP 89
A e HAApL o] FofA] 7] S e Fei, A
g, A&3E g ARG o] HoluwA HIHET I ARS-
371 HElgk AlA e sdte] gtHTh H71ske o
gloll 71HkgE Hlo] QAN = Al&SEAME el 2 7
=7t 55t R A ARES AHgHom §
A5 Al Eo] Eds] BaEo] git) Yol 4
3 7+e A Yol EAsk= FFI 2 (glucose),”™ &
AHuric acid),” E=39 (dopamine)®? 2| YA A
EE°| gxHo|r}. &g, A7|slE AMES A=A}
Eggopt 345y 59 24 717190 Bls) vl
2 Z3AAolm 2¥stelr] &olsithe AR E Ad
olg]gt g o]&3te ¢lojelE Al (wearable
sensor) /NS EAO = Folg H|Ee fAg 7|H
< 7INte 2 3= 271818 AxEe] HZol| NLE
71= SIAThTY SEA|RE i Rte] A 7)8let AMES
2bs) 3 WSl ofg AF 32 A9 e B &
Al BHo TEE FAER, o] HES INHAFE
Ao tjaFge] Ax 9 ol& g FUHH Ad
(power sourceys T Q2 S} wEhA] AlA A3 sl
SHAZE YERd R o), HIHETPE ash AR
£ gheoll glojul7] of#9] Rths ©e] AUrh'2

olo] wE} A7] HA 24 (electrochromic material)
& A713eE AlMol] =9etke dA-Eol Haol g
A &= ok, A7) WA E2e AYS V1
Foll whe} dojue= AAF A jE&o2 <3l B34
SAEEE, FRAE, ) 7193Q1 et o
Ehbs Edo|t !¢ ® 7] WAl B8 AlAe o] &
g A9 AR, 919 wstel 22 A7z AsE
A wWslel o FEA AlsE wHEsie] Jehd
A7) wzell 71Ee] A71skE AlAol Hlg| wses), A
Pl AZto] LolapH, HAEIIE FHE A 4
g g ks S Adot. olHg HelAd el A
71&}sto] obd, &4 ¥hgof 7]uk3l H]2(colorimetric)
AXME Eg o] ATEHJAAT, A71sket 7uke] Al
Aol b8l SAell 71 Algke] AQu A, Mo) Aol
GojA|m, AlA AARg-o] ojF¥the wido] 9tk
2 AN E 715 7o) A7) WA AAEL]
AT FFE AA Al mEt vrea] Avliskar, ol

£ %3] gomel A7) WA NS WA FAE
AN Sk,

| W ERAEL ZojE Aol wt 384 &
Jo] 7Hgshe 718795 (electroactive material)©]

o, e Aol FEo] bsshy Ak 2AVOR
54 WEZ & glon], We wEeR A%

el

H| w2 7BAsE] whiol] AnlE A% Y, t]=EY|
o] &}, AFeAE B 24 7Fes v (rearview
mirror) 5ol fF&3HA 22o0|3 I} 18229

7] W 2HELS T4 F% A¥8HE(metal oxide)
59 F7](inorganic) E4, F714 Exh, A=A IE
2} 59 f71(organic) €2, =& 7] & {7 2
o] ZFFo= o]Fofxl BHE ERTY 4 AUk A7l |
A BEE 2ol F5 glEdE EHSE WO,,
NiO, Mo0Os, V,0s 5°] o™ ¥ 21 ZofA % 1969
WRE A7E ®2El AslE(tungsten oxide, WO;)
AA7IA 7V de] E8Es 7] WA EFo|th A
Ao &R sl WOzl B H$1E 78 =4 o
S35} Zdo] H && K, Lit 0|3 A=A} g4 WO,
U2 FYEHEA FAox FEM02 A Hgto] dof
v, Atsl A9 7FE A9 Wil ke whgo] Xis)
Hol oAl o2 FolytA Ht.

WO3+x(M' +e) <> MW(|_ W, 0; M=H"K’,Li")
colorless blue

¥Ha | NiO, IrO,, MnO,9} 72 &4 A3lE8
3} HAE 7elES w FAdA A
H3to] dojupr], V,05= ¥E At A

B

3k
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—\_j_
Il) hexacyanoferrate (II, IlI) F3F 7] WA Ed=
de] 2ol F7] SHolH, wE WA £EE Wil
PB= FE42 wu, 3YE Al At slolE
(Prussian white, PW)= 74, AFs}¥l e (Prussian
green, PG)= =4S WA ®©o}2?
e Fe - colorless
[Fe"Fe"(CN)g] (PW) colorl
T84
[Fe" Fe" (CNY,] (PB) blue
1 Akst
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Fig. 1. (a) Reversible redox states of methyl viologen. (b) Various redox states of polyaniline.
Table 1. Electrochromic materials and their colors according to the reduced/oxidized state
Reduced state Oxidized state Reference
WO, Blue Colorless 44
NiO Colorless Brown 45
IrO, Colorless Blue 46
V,0s Blue Green Orange 47
Prussian Blue Colorless Blue Green 48
Methyl viologen Blue Colorless 49
Polyaniline Yellow Green Blue Violet 50
Polypyrrole Yellow Green Blue Violet 51,52

1,1’-dimethyl-4,4’-bipyridinium (methyl viologen) Ppy) 55 H|&E3 AxA IEAEL Azlelr] o))
o2 YEHE Viologen® §714 ¥Rl ok A 3, w1 Swrb maErtks 4GS KT gon, o
7] WA EZAZH, dication (V?"), radical cation 3+ 43} Aol wlg} ojuizpx] AT = F
(V"), 283 di-reduced neutral compound (V)2 24 wzp)S yepd = 9lok® Zajoidde] A
A 7EA kst BElR EAE & AthFig 1(a). 7RIE A9 B ol & pHel wt RIZReHA
Dication JejollMe F4S wu, sklel Feje] 4 719Ql A WskE yehlol, Fe4 pH AIME=
& Ah Al 2 AEr1e] TRel wEp gk AREE S ITKFig 1(0)2 ARl A7) w
T e =20 g 9 kst AEjol W A ¥SlE Table

Z-2]old H(polyaniline, PANi), Z2|3|Z (polypyrrole, 1o YRS
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Fig. 2. Schemes describing (a) resistive, (b) bipolar, and (c) self-powered electrochromic sensors.
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Fig. 3. Schematic illustration of resistive electrochromic sensors. (a) Colorimetric E. Coli detection using ITO screen
printed electrode coated with PANi, where the resistance of the electrode is increased upon presence of E. Coli. Copyright
2019, American Chemical Society. (b) Pressure-based colorimetric biosensor using sandwich-type immunoreaction of

CEA. Copyright 2021, American Chemical Society.
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Al AF8}E-(indium tin oxide, ITO) AT o] Za]o}
U (PANIS A=Fo2 ¢ t}, Glutaraldehyde
£ o]&3}o] PANi X WOl Escherichia coli (E.
coli)ol et A& F&3IAT E coli7t A &
FAsAl =¥ 1 F=ol whg} PANi W] Ago] H
2k Eojual, 7IEET O 2 HAAE Thsjorwt
PANi9] A W37} dojubA] "o webrd 4 Hy
S A4S W A wste] Ao wet E coli FEE
AFAos IIT ¢ rk(Fig. 3(a). 22 ZwolA
= 7] WA EFRI Ak} o]glF(Ir0,) W=
F2+El Molecularly imprinted polymer (MIP)$} 4
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Tang 25 Pol|A= 8 AlA (pressure sensor)$} A
7] WA A2electrochromic device)s A& AAFCS
22X "AEAH| Zdket A W] WA AME
2715 tHFig. 3(b)). A7] WA Alelectrochromic
devicey= PANi ¥ WOy} Y37l A5E0] dalde&
Atolol] FAL MR mlRY e FxRoW, T AS
Atolell A&l e A 2717t solviAl =¥ WO,
o] 3kl g PANI®] Alspr FSERIA AR Azpe] A
o] gl AsAolM Fe FEAo R WslA k. Y
Are w2 A (interdigital electrode)?t THo] A3
Zg]u| E/Z T tfo] v Y A =4 Ppy/Polydimethylsiloxane,
PDMS)e] Btetol le F=xo|m, &5 ¢4go] 7ejd
Al EHo] gieke wzlo] Sofdel el A go]
Golx|A @}, WkS A(reaction cell)llA ¢hfjo} &
(carcinoembryonic antigen, CEA)Z} W e 3lE] S|
&g 34 (PtNPs-labeled dAb) 7+e] Agol] <3 A
=A% HY B3 (sandwich-type immunocomplex)”t
P, W Tl g Hold Enf e 9
& FAEES A7) A ZIH| 2 \gEn) o= <l
g delE F7ke] by wiske WAk A5k PDMS
Aol St Wisl, & AF ¥StE oJojX| X, ol A=
71 WA 2ol AejAl He Aol vHAAl Ho]
aAke] Alo] Wsk= Atz ojojxith,

3.2 HIO|Z2KBipolar)d F7|HAY MIA

S &7l F 5 S (driving electrode) Aol
o & A3 FHe= oojAA] e A A=F
S AAATNL, F FE S Alelol] dAge A
7¥eiAl =W, o] M A3 9 Ate] AMel=
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R I 4 - 2 o T = = i R I ] [ A
A AFe SFFolle zh Aks), 3 WSl FA
dojuhA =w, o] A=FE ulo]EE = (bipolar
electrode, BPE)°]2}aL 31C}Y, BPE2| S48 o] &3],
A5 o= B4 EZe] 71818 ko] dofufar,
W&ol = #7181} w3 electrochemiluminescence,
ECL) &2 %17] WA gdo] dojupA st 4 &
Aol FEE A OE el dFE0] EdsH
o]FofX| L U} 330 BPEE HAF 2FH AAFA] o
ol 2 AHAA Aksl 3l whSo] douAE T
F 7] w2l o3 7He] BPEE array JE|E 7HH
sl AR = 3l oy EAEEAES SAY 24
g = e Aol Utk Bohn ZF0HE ol 7|
o] #2]¥l BPEE ©o|&3dl o7 #4] 22EL 7
WA o] A wislE F SAld EAEhe AlEE
B 319t o] =Fo] 2¢] BPE &l &4 2
WWAIE B3l B4 B Alst dojuA =z, vt
&= 7] "y B wWE vpo] 227 (methyl
viologen)o] th3} 7o| FlE|o] Faloa] Halalo
2 A syt dojdt). o]& F3ll 2.5 mMe] FHAb
(lactate), 2732, @ 825k A FHE FA A
W2 IR1E = Qglen, o] F ik FuUt &
o] wel RHA H=e] Hepdo] S Ko
FAtHFig. 4(a)).
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Fig. 4. (a) Closed BPE electrochromic sensor enabling the simultaneous detection of lactate, glucose, and uric acid.
Copyright 2017, American Chemical Society. (b) Multilayer ion-selective membrane (MISM) combined with BPE for the
colorimetric detection of nitrate ions. Copyright 2020, American Chemical Society.
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Zol 718k M el s ThsA g AASFATH
ol9loll = Wang Z&® = White 255294+ BPE
k&0 QFElH(aptamer)E LA S, Wi Zo
Prussian BlueS ¥3l= & sall 22 ehllof &
4 2 olElx=4l 4elXH(adenosine triphosphate, ATP)
< Prussian Blue ¥ H3E T3 SHTFo=ZH theF
gk A B gk 88 7eAS HoFinh g,
Chung ZF*lM = 54 o] gt Jede 714
= WEHJSE =Y MISM (multilayer ion-
selective membrane)?} 3&o] PANiZ} 9437 BPEZ
ArF oz gAdo] ik (nitrate) F=ol wE A
9127} BPE®] PANi A ®Wsts Fall AA=AE 8t
o HEe] HAYS HlFe &R flo] JH7FA
(reverse electrodialysis)ell 7]¥Fst BPE AAE 7iats

Ath(Fig. 4(b)).
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(b)
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2 e A7) WA AxEe] sl ATtE o]
kot olggh At WHE AANES 7] §Mo] Yo
e 9ot 24 S49 4k whgo] doju=
A9lel zpolol] s A AA] HU(cell voltage)o]
ol S 7HAA H= el 7]hksith

Hzo| 2F HY A7AA AN e F5-37] o)
HYE AlA AA 5oz dxo] A Q7
Slo] SR B A4 0] §-F-E Prussian blue
o] A} wisla FRIsh= W22, Crooks Li 2ol A]
MEE L) o] AAMorMs FFI7F FFIAXL Abs
A (glucose oxidase, GOx)oll 2J3l] 2FslE|HA] &
o] 2JE Fe(CN) 2 Fe(CN) = A7), $Hde
Fe(CN)¢"7} olgiZ 1TO HZolx thA] Absts]mA

wac d
o 4 =
e ® €
£
8
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Ay 43 2
& [ (o Q
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Fig. 5. (a) Self-powered electrochromic sensor for the detection of glucose and H,0,. In the inset Figure, a and b show PB
spots before and after injecting glucose with artificial urine (AU), whereas ¢ and d show spots before and after injecting
glucose-free AU. Also, e and f show spots before and after injecting H,O, with AU, g and h show spots before and after
injecting H,0,-free AU. Copyright 2012, American Chemical Society. Figures (b) and (c¢) show self-powered
electrochemical detection of glucose with horizontal electrochromic display, with (b) describing the operating principle,
where the increasing analyte lead to increased reduction at the cathode, gradually shifting the position of the color front.
(c) shows the response of the biosensor (represented by the position of the color front) according to different glucose
concentrations. Reproduced with permission. Copyright 2017, Royal Society of Chemistry.
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$1% ITO A=2] Prussian blue (FE4)E Prussian
white (FANZ A7) = A7t A=A vlsegt
d22 Fiksled B8k HRP (horseradish peroxidase)
of oa] FU=EWA Fe(CN)s"S Fe(CN)s 2 AHSIA|
713, Fe(CN)s> 2l UL Prussian whiteo] A
Prussian blue22¢] W3 o2 o]ojx]7A Hr}(Fig.
5(a)). SHAIRE o] Aol A WIE Tl FFIA
9 Frksledd] EA 475 ERlske B8 24
9k 223, A AL BAFA] X3S
A B4 gk A7 EA7A] A2 HdEQl #
7F @Ry Z7] WA AAME= Jonsson-Niedziolka L
Fe A IS o] el B4 BRI of
2512 82ke] A8y dojups B vie YA} (carbon
nanoparticle, CNP) =3} Bilirubin oxidase (BOD)
BAE FAG A58 A4Fe=EM HEo Het <l
7} §lo] of=z 2 H Ak slsyt EE 4 Qi) o]
o], Prussian blueZ} BRIl 9t W7 of~F=H
2ke] Akt dojul= 919l BOD Aol Ak 3t
ol doub= #9] Atelo] &al7] wjioll, Prussian
blue =S CNP AFol| A4 7%, Prussian blue
o] Mo| W3l HLE2HE olxTEHALY] FLZ ATk
Hog =A5 4= 9t} 3k, 3% Prussian white
£ BOD =3} d4sA =¥ oAl ¥2ie] Prussian
blue FEIZ Folr17] wfioll, &7 A QA7F glol A
2 2L AT & Ut} o] L= Wang 15
o|4= glucose dehydrogenase (GDH) =% A] &F
F2~7} % Prussian blue 3 AQjHT) o Q)
Al ksl ¢ dvks HE olgale] Exe] Ay IVt
flol 255k BPE JH|o] 2735 AAE HATh
SHH, Prussian blue$} 72 T2 (monochromatic)
HA EAS ARRE A9, B4 E20 w2 A Hs)
7F Ae] A3k Ao xpo]= veht] wiiEe], Ske
2 AUl F&Esks delle ofglgel Atk ol w
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Zo]2HE 4 549 & SHY F U= AlA
Rt} o] mRolE FRIATL wgalE
3} Prussian blue7} Y3 ITO H=S
5 FHsH ARAATAL, SRS el
7tgel| wel Mol 2= Fstgo] Sl H
A, gx]o] o] WME= Prussian blue®] Zo] *
F7FHA e 98E ol&3kithFig. 5(be)).
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