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Abstract : Electrolytes play a pivotal role across various electrochemical applications, including
secondary Dbatteries, supercapacitors, fuel cells, and electrochromic devices. Consequently, the
development of novel electrolytes that simultaneously offer high ionic conductivity, excellent
electrochemical stability, and environmental compatibility is essential for the realization of next-
generation electrochemical systems. In this study, we synthesized a new type of ionic complex,
K-C dot, based on polyanionic carbon dots and their counterion, K cations. We then applied
this K-C dot as an electrolyte in an electrochromic system. Nanoscale carbon quantum dots
form stable ionic complexes through electrostatic attraction and m-cation interactions with K*
cations. The K-C dot exhibits superior performance in the electrochromic properties of Prussian
blue (PB) thin films compared to the conventional electrolyte, KCI. The PB thin film demon-
strated a high coloration efficiency of 101.5cm?C™' and an excellent optical density change
of 0.92. Furthermore, it maintained approximately 96% stability relative to its initial optical
transmittance after 1,000 color switching cycles. Our research contributes new insights into the
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strategic design of electrolytes for electrochemical systems, with direct implications for the
future development of electrolytes in both electrochromic devices and various energy storage

and conversion technologies.

Keywords : Electrolytes, carbon dots, ionic complex, Prussian blue, electrochromic
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Scheme 1. Schematic for preparation of the ionic complex based on polyanionic carbon dots.
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Fig. 1. (a) Size distribution and high-resolution transmission electron microscopy (HR-TEM) images, (b) XPS analysis of
K-C dot, (c) Zeta analysis and relative K counter cation concentration, and (d) relative ionic conductivity values of K-C

dot depending on hydrothermal oxidation reaction conditions.
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Fig. 2. (a) Cyclic voltammograms of 1 mM potassium ferricyanide (K;[Fe(CN)g]) according to the 0.1 M K-C dot aqueous
solution at a scan rate of 100 mV/s. (b) Oxidation and reduction peak currents of 1.0 mM [Fe(CN)s]*"* versus the square
root of scan rate in 0.1 M K-C dot (open circle symbol with line) and 0.1 M KCI (open rectangle symbol with line) aqueous
solution. Electrochemical behaviors of PB/ITO in an aqueous solution containing (c¢) 0.5 M K-C dot and (d) 0.5 M KCl at a
scan rate of 20 mV/s (Ag/AgCl: reference electrode, Pt wire: counter electrode, and PB thin film: working electrode),

(inserted image: coloring/bleaching state of PB thin film).
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Fig. 3. The in situ optical transmittance of PB thin films for 0.5 M K-C dot (a, b) and 0.5 M KCl (c, d) as a function of operating
cycles for PB/ITO at 700 nm (Ag/AgCl: reference electrode, Pt wire: counter electrode, and PB thin film: working electrode).

B o]&o] PB Fx¢ A=A} A'd(Lattice channel)Z
AF¢] (Intercalation)/&2] (Deintercalation)=| 4] 24 &t
th. 7hE o]e] glel ©]gk PB Hhre] Abslekel
e thet ol €

(PB — Prussian white (PW)): KFe'"[Fe'(CN)q](PB)
+K'+e — KoFe[Fe'(CN)] (PW)

(PW — PB): KyFe'[Fe(CN)s] —
— KFe[Fe'((CN)]

K —e

(PB —> Berlin green (BG)): KFe"[Fe(CN)s];—2K"—2¢~
— {Fe"[Fe"'(CN)]}2 {KFe"'[Fe'(CN)q}

PB Bfete] A7 ke Asfidat A F 7t
Al A715keHA Rhg-s uigith. 3= PB bt
Asfd AHolx el Hst ols FgolH, Ex/= PB
Azt oA dojuhs 7hE Fol2e] Flel ¢
ok 2hsl/3kd wkEelth Fig. 2¢ ¥ 2deA] K-C dot
3 KCIE Asidz ARsisls o, 7Fei%<l PB 2t
ko] 718tsh whgo] #EETt 53] K-C dotel
x{sﬁxli ;G_@LE] PB H]—uLg] j_]g_ xq H](lpc/lpa)7]—
09022 I om, PB Bfete] 39l o ksl A

= 7}7t 0.149 VS 0274 V2 ZA =t PB =
o HolF&3} A} et ARl YE 7
2, 4715484 Akshgkd wbg Al ddt olFd A
AW 7HEE o]l KT gele] St 2 whgo]

K38k &3t ek CV A3 A= K-C dot
s o] A5 A Al A A Hah A}

-1)4

¢

1% HAEE gF R FPalal Y-S AAFe
areke] d7A 54991 38t W= (0D), 2
Eg(n, em’C) 2 AllF FHE 7 10s A0
2 016V ¥ 04Ve o ALE <l 7]_-3],111 B
U =Y Eg (Chronoamperometry) S o] &3]

ZAL it A7|HA AHFe Fo UH7HL—|“_ 2}a)
82 PB vttty Asld 71e] At o]F EAe ¢
£, A Hg) 9kg A7k PB & U9 JHeH
ol&el Kb golee] it éﬂzoﬂ os AAH}. =
A ZEe FUAHAY HEE st 2eQel mE 3
S 2= Wsh(AOD)E 234541:4, A

o d




92 J. Korean Electrochem. Soc., Vol. 28, No. 3, 2025

To, T= 22 2 2del(Coloring state, PB)e} 3%
ul ALl (Bleaching state, PW)2] F3}-&-°]t}. Fig. 3
SF 3bellA] urEbd mhe} 3Ee], K-C dot HajdS o
2.3} ;(47]3:1}\14 A|2="lo] kA §_%J,]. 23 A W3}
ZFzF 101.5em’C! 9 0.9282 ERIEITE FEst
A7TA Abol 2 421 #7&01]*1% 1,000§H 2913
AolF o]Fox B Hsh ATyt 13} AlolZ 78%
oA 11,0002+ Ale]F 75%= A9 7HAskA] ekol -
T W8S AT & YAk ¥ Fig. 3¢9k 3d
o Uehdt npe} 7ho], KCIS ARE-E A7) Aj2E)
o n 2 AODE ZHZF 802cm?C! H 0.67 JERE
o, 293 Atelgo] SRt wet PB Hteke] A
7IAl 54do] A&Aom AstH . 1% = 1%01
PB ¥t WS FAsHAY F3sto] PB

FUY F e AN 3
10.6 nm3] & T} Fol2d wa Ak
o shito] AjH ez Asdse], Soleol PB
Ao AN CATTE RS A
7} QITED AAA T, K-C dot PB ulete] 43t
A WS 3181 g sl KCl
ope) RelERA S A7PEA) g5e nelFlth

= &

rr o

N _ﬂﬂ
o,
iR iod

&
=

B
1=}
mlo

4.4 £

B A E AEE 539 K-C dotS HE=E
dFH R et K-C dote B A3 7
2F o]2] K" ¥ol Afele] Hx7A s Aest
n-Fol2 FE AR o3 FAHEHUTE K-C dotS A
83 71 AlAElolM = g Al KCl e
FE A7HA Aes UEler, =& A 58
(101.5cm>C™), §-=¢ 38t Ux WHsh0.92) & 7
AtolE FHS FEET. 2 A+ Z3= K-C dot
o] o]z} MA|, rHFAMAE], A7)5}e ERMALE F
ket 71848 o] A 2 sk Axpell frdgk
Asfd 2AdS AlAFE

Acknowledgments

This work was supported by the Regional
Innovation System & Education (RISE) Program
through the National Research Foundation of
Korea (NRF) funded by the Ministry of
Education (MOE) under Grant No. 2025RISE
(SANGIJI-Biohealth). This work was also funded
by the Semiconductor R&D Support Program.

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

References

. S. Zhang, Y. Ki, H. Song, X. Chen, J. Zhou, S. Hong and

M. Huang, Sci. Rep., 6, 19292 (2016).
C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang and J.
Zhang, Chem. Soc. Rev., 44, 7484-7539 (2015).

. A. Ziomber, A. Machnik, A. Dahlmann, P. Dietsch, F.-X.

Beck, H. Wagner, K. F. Hilgers, F. C. Luft, K.-U. Eckardt
and J. Titze, Am. J Physiol. Ren. Physiol., 295(6),
F1752-F1763 (2008).

S. Clark, A. Latz and B. Horstmann, ChemSusChem, 10,
4735-4747 (2017).

Z. Zeng, V. Murugesan, K. S. Han, X. Jiang, Y. Cao, L.
Xiao, X. Ai, H. Yang, J.-G. Zhang, M. L. Sushko, and J.
Liu, Nat. Energy, 3, 674-681 (2018).

L. Xiao, S. Zhang, J. Pan, C. Yang, M. He, L. Zhuang
and J. Lu, Energy Environ. Sci., 5(7), 7869-7871 (2012).
J. C. Bachman, S. Muy, A. Grimaud, H.-H. Chang, N.
Pour, S. F. Lux, O. Paschos, F. Maglia, S. Lupart, P.
Lamp, L. Giordano, Y. Shao-Horn, Chem. Rev., 116(1),
140-162 (2016).

R. D. Rogers and K. R. Seddon, Science, 302(5646),
792-793 (2003).

X. Li, J. Liang, X. Yang, K. R. Adair, C. Wang, F. Zhao
and X. Sun, Energy Environ. Sci., 13(5), 1429-1461
(2020).

H. Wu, Y. Xu, X. Ren, B. Liu, M. H. Engelhard, M. S.
Ding, P. Z. El-Khoury, L. Zhang, Q. Li, K. Xu, C. Wang,
J-G. Zhang and W. Xu, Adv. Energy Mater., 9(41),
1902108 (2019).

H.C. Lim, M.-C. Kim, A. Kim, E. Park, Y. Park, R.
Chang, J.-I. Hong, K.-W. Park, 1.-S. Shin and H. Kim,
Batter. Supercaps, 5(3), €202100337 (2022).

A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M.
Lazzerum, F. Mauri, S. Piscanec, D. Jiang, K. S.
Novoselov, S. Roth and A. K. Geim, Phys. Rev. Lett., 97,
187401 (2006).

K. Yang, K. Cho, D. S. Yoon and S. Kim, Sci. Rep., 7,
40163 (2017).

J. Peng, W. Gao, B. K. Gupta, Z. Liu, R. Romero-
Aburto, L. Ge, L. Song, L. B. Alemany, X. Zhan, G
Gao, S. A. Vithayathil, B. A. Kaipparettu, A. A. Marti,
T. Hayashi, J.-J. Zhu and P. M. Ajayan, Nano Lett.,
12(2), 844—849 (2012).

J. E. B. Randles, Trans. Faraday Sot., 44, 327 (1948).
A. Sevcik, Czech. Chem. Commun., 13, 349 (1943).

S. J. Konopka and B. McDuffie. Anal Chem., 42(14),
1741-1746 (1970).

H.C. Lim, E. Park, 1.-S. Shin, Bull. Korean Chem. Soc.,
41(3), 358-361 (2020).

A. Roig, J. Navarro, R. Tamarit and F. Vicente, J.
Electroanal. Chem., 360(1-2), 55-69 (1993).



