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Abstract

Thermocells are green energy devices that directly convert temperature differences into electrical
energy through redox reactions. In this study, we exploit the lower critical solution temperature (LCST)
behavior of oligoethylene glycols fully substituted a-cyclodextrin, along with its host-guest complex-
ation with Is-, to significantly enhance the Seebeck coefficient (S¢) of aqueous I-/I3- thermogalvanic
cells. A maximum S. value of 4.4 mV/K was achieved (i.e., a temperature difference of 1 K generates
a voltage of 4.4 mV), which represents the highest reported value for I-/Iz--based thermocells to date,
leading to markedly improved thermoelectric performance. Moreover, the oligoethylene glycols fully
substituted a-CD used in this work can be synthesized via a simple two-step organic synthetic process
from inexpensive and readily available starting materials, highlighting its strong potential for prac-
tical applications in thermoelectric energy conversion.

Keywords

Thermocell, Host-Guest Interaction, Seebeck Coefficient

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 5|8
MA L, B AR AR AL MR AR R AR AR R T S e, (E AR R

TAFT AR, KRBT RCSEGEERFE T N, AR I HEBOR R &R = SR
IR FEREF R —, FFE— D5 kR R P TS — RA IR . R,
REVR S5 R B ) R PHBE . XCRE AN AN B S5 vl mT IR REUR, RO AR SR BE VRS B 1) SC 58 7 17

W RN, RREA—MRIE Z MR liE, BEFEET B, RS 4T AREshz T,
HABRKITKE T . THRENAREIRI LS, 27 20%~50%1 68 & LUE H#IE AR 2% (1] (2],
HA R AL IA(<232°C, 2045 60%) i T BERUR[3] (4], SEXMELAA Rl o 2 T2 SRR AR 4%
F(thermoelectric generators) i 458 iy Y FEH AR, AR b Ar A DI b o5 4l B B A7 o LA f e FH 34
R (ZT) RAL[5]-[7]:

ZT =S’cT/x )

Horb, S,CRZENGCRE(S, = AV/AT , BIFRALIRZERHE), o SR, T AR, « HITE,
Bk, & S, M THRI ZT BREE, SN, (L5 SRR B S, 8% 0 pv/K 8E4(8][9], TESE
B S FH AR AR A 75 i 2 e ER B ASRAS 200 M s, (R I L AE AR it (2 R B P 777t 47 1 s v 22 Pk k107
FHEZ T, # b5 Hti(thermocells) B 46 & FO AR« HOARVR B L IR S8 A I8 IR B T LB, e 8 3d i AL
W5 B BRI A BB B A R, L S, Il AT IA B mV/K B4 DL T/ /KRR & 01 1),
FER IR LB S50 1, T AEARIR N T3 I, AT SEIIR 22 3 e e i1k, L S, 4075 0.8 mV/K.
B T/ b, [Fe(CN)6 P /R RN B A BRI S, (1.4 mV/K) WYL 2B 70 765 HLE /KR A B g b,
HS, T E-2.9mV/K [11], #—BAEKERT NS FRAGATEERR )G, S, ilikF]-4.2 mV/K
[12]. R, HAERRER 25 P U ¥ e bn LA A R Z2 80, anfef gt — B4R T S, I ZT 1172 £y

DOI: 10.12677/ms.2026.165096 25 PR R


https://doi.org/10.12677/ms.2026.165096
http://creativecommons.org/licenses/by/4.0/

Ty %

it ) S 1]
a) AV
[ ]

Fath

(SR =iz
37315 + 2e” I3 +2e” > 31 R = CH,CH,OEt or (CH,CH,0),Et

Figure 1. (a) Thermocell composed from I/I37; (b) Thermocell constructed from EG-a-CD or DEG-a-CD in this study
B 1. (a) I/ 4HRR BRI ; (b) A EG-a-CD 3¢ DEG-a-CD BRI F it

2016 4F, T.Yamada BHREZDE o- MK (0-CD) SN T/I b 22 AR R [13]. BT a-CD 7E(RIR M AT
5 LRAF - BARGEER, TR SRR AR AR B, WA BOBOK T W ik 22, %€ U1 R40(S.)
B 0.8 mV/K #&F+ 2 1.4mV/K, HAI T “HEr TR Hb” BRe. G, ARG IRER EIZRE 4
BOS IR, RGu0HiE T 2R HUR o-CD ATEY), RIF A S HURE) a-CD (MeO-a-CD) K S, i
—HRE R 1.9 mV/K [14], FFERRTREE] MeO-0-CD 5 Is Z A A EH .
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Figure 2. Molecular structures of PEGS-a-CD used in previous studies, and EG-0-CD and DEG-a-CD used in this study
& 2. FZRIARHBEME PEGS-a-CD AR AARERE) EG-a-CD 1 DEG-a-CD K5 F 454
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FEREIEAD -, T A. Zhang PR IEEBREE - I ik R BA ) PEG 28X a-CD (PEGS-a-CD,
Hd S IR PEG 55 o-CD Z [AL# I8 SR 71 452) 8 AR50 T [15], WHICR I T1E T/ b2 st R R
A AR IR B (lower critical solution temperature, LCST)RFVE(E 2): ZEARIRM, PEGS-a-CD AJ 7E /K&
W EERFARTAE s MERBN, HoFRARE, BEHIEN L WaaEH, Amt—=>259
KFM 5 PR EZ, i S Beme 2 4.2 mV/K (IRIEMIR 25°C, &IRMIAY 30°C~37°C) [16]. RE AR
BERE T T/ ERE, B PEGS-a-CD AR EERSE KA B T Bt 5 ik, KW b 2
O RN R, SRR E . Ak, HARFE AR P TE 30°C~37 CYE R, RIANAE %R X P # i
PR e, PRI T PR L E Y . 5UEFEE, PEGS-a-CD HIA T & H A MU,
PRERARGT BB, A A B, X RAE— e R L2 T LN F

AHIF T 38 FH 9 b m e 9 25 A WL SO FRT A A5 B K a-CD ATZE(1E] 2)—— 2 B 3 2 Bk 2 HUAR a-CD
(EG-a-CD)M —. Z, [ ¥ Z k2 B a-CD (DEG-a-CD). X W24 1253 i 4S5 I 5 AR 6 1y 3%
B, LA BRI T R RV R R (K 1(b)). %K RAEJE P R RE E MER R, A AR R
FESE 43 8 32°C~45°CHI 50°C~58°C, FEAEAHMIRIX AL T 4.4 mV/K (24 NIk T/ 1R Ry
MR Se)fl 3.6 mV/K ) Seo HIREERAMUARIAE 75T o-CD ATAEP) R 531 H b 27 v il ()R B2
VO, EHRERT T T/ R R AR S.. AR, EG-a-CD F1 DEG-a-CD & R A% i = 20
FAT R IR AL ) 2578 77, R ik 1 S Bm B AT ¢

2. SCIGERSY
2.1. FEUH{5IRAN

R IR A (Bruker AVANCE NEO, 500 MHz). H RUBIEAE. H122 RUBMAR . bR .
J1HHE 85 P 5 (IKA RCT basic). $U7VH % (Keithley 2400). FE A (4 3(200~300 H )AL 2 (O REHT o
SIS o-FARIRE . T HORBEBES. SR ARE. A TR ORE. MU, AN, DUERE
L ARE . SN, & OSBRI B 2 SR AR, HATRE P
4y,
2.2. KW

2.2.1. k&AL

Et OH Et OTs
¢} TsCl ¢}
n —_— n

EG:n=1 NaOH, H:0, THF  EG-Ts:n =1
DEG:n=2 DEG-Ts:n=2

OR
DMF, NaH
—_— (0]
EG-Ts or DEG-Ts “[l“ "]lo
6
o) OR

2
-

R
EG-a-CD: R = CH,CH,OE;
DEG-a-CD: R = (CH,CH,0),E;

Figure 3. Synthetic routes of EG-a-CD and DEG-a-CD
B 3. EG-0-CD #1 DEG-0-CD B & BB Lk
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M8 CARIE SCER TR 1718 T & P kot 2R i R B (EG-Ts) fl . 20 5 2k 5t F R A R
B§(DEG-Ts), HAADEW R 3): ERSMAF T, + 300 mL =5+ NaOH (14.3 g, 0.358 mol)
T HAKG0 mL)FIER, JFEBIMAN L —FEH BHEG)E — 4, —EE #. £ Bf(DEG, 0.238 mol)# T THF
(50 mL)¥, Bl R AR R ENZ L) 3°C o Fxd R 5 5(38.3 g, 0.201 mol)# T THF (60 mL)AC il %
W, 1E 0°C~5CAME T IN 2 I SiAR &, I 2 il i R AT 5C. MmTEmE, FR
T A = IR IR 120 ONEE R SE, FH ZHEG3 x 100 mL)ZERGR A, AT HUH LK S & ¥k
YK R M(H = 7). BlJE X KM & F HE3 x 50 mL)BH T ZEHL, LLENATRERR B =0, & 5F
BN, ZTKMEBRTREIEIE, ek Z R MR EER, B2 H AR,

SR JE AR SCHRARE 771818 A T EG BUR I o- R MK (EG-a-CD)F1 DEG BUR ) a- R4 4 (DEG-a-
CD). BAREHITEM T : ¥ a-WIHE(1.00 g, 1.03 mmol) 5 KI (1.54 g, 9.28 mmol) A J7K DMF (50 mL)
o, FEUKAKIS FHEREE e eV, BEJS NN NaH (1.32 g, 55.0 mmol), #ZE =IE4EHEE 1h. ¥ DEG-Ts
8 EG-Ts (46.3 mmol) Hi& & DMF T 56 i J5 7 N0 2, 729 20 min WS INE iR [ S,
TSR AR A RIR BRI SCULR . Wit RARFRER, JFET 30°CHBHHHER M
24he MNEERIE, ST EEHATEOR, BRI MEREREAS, ok Wiy, FHaksifhs
DMF, 2=, MG REREE Z 446 (200~300 HEERS, L8R L NTEIET), &9 B ARE 0 I
FEBR T, 445 205E PR ) EG-0-CD B DEG-a-CD.

EG-a-CD: '"H NMR (CDCl3): 6 = 1.15~1.19 (m, 9H, CH3), 3.29~3.32 (m, 1H, CH), 3.48~3.70 (m, 17H,
CH, + CH), 3.78~3.93 (m, 4H, CH,), 4.03~4.06 (m, 1H, CH), 4.13~4.17 (m, 1H, CH), 5.21 (d, 1H, CH).

DEG-a-CD: 'H NMR (CDCls): § = 1.18~1.22 (m, 9H, CH3), 3.26~3.31 (m, 1H, CH), 3.45~3.71 (m, 29H,
CH, + CH), 3.77~3.90 (m, 4H, CH.), 3.97~4.04 (m, 1H, CH), 4.10~4.13 (m, 1H, CH), 5.14 (d, 1H, CH).

2.2.2. BREAE

AW TEH S, A e F b S vt AR e M I e SRR FH G 1) 4 BT 3s EEAT . H B B B (A L0005 5 ok
AKIBFEHICE 15°C, TR0 L 0 Az 0 g e /N BRI B 22 . R AR &5 5 B — A S B b7
TEJE BRI 10 3 OV R SERLR S, {4 2R 70 3 22 OO0 i A o Tl Ok B AR A, T 46 s 00 e B 1)
P00 43 53 4 O\ A AL P T R 22 B MR A2 1 mm): 34 EE A ) T S I P 0 P 72, e M B 705
F VLI 5E AR ZE 46 AF R BRI E

a)

iz =izl

Figure 4. Thermocell performance measurement setup used in this study: (a) Schematic illustration of the thermocell; (b) Photo-
graph of the complete experimental setup

B 4. AARFARANAUFEAMENERE: () RUFEBREE; Ob) BERURKEEIVRA

2.2.3. UV-Vis Y
i FH4E A - AT W20 66 BE it (Cary 60, Agilent Technologies)?E 200~600 nm ¥ K8 FE Y id 3¢ UV-Vis )
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W, SRR 0.5 nm, FEEETEREVEN 0.5 nm. MARIEFE B SR A YEFE SN 0.2 mm B TE EY £ I

2.24. BRHE

KM Gaussian 16 #2/5[19], fE/KEBIE XS [,75 o-CD BaWidt AT ) U Zkgiitk . 5 AE B3LYP
[20] [21)3 B2 B 5k FdkAT, AR 6~31G(d) [22]55 SSD HIR &34l ESRBMmILER G, #H—5
TEAIFIY B3LYP % iz bR 757k N, RAEEHSER 6~311G(d, p)5 SSD JRA AT R M A 5. b
J&, FIH Multiwfn [23]#47 IGMH (independent gradient model based on Hirshfeld partition) [24]7>#7, LAHF
7t 5 o-CD Z A E - FARISM EAER, @it VMD [2515% A <5540 B AF F 34T AT AL R AE .

3. IWERSR
3.1. ENRRAENE

AR 1 (2.5 mM)FI KT (12.5 mM), @M T+ 1 = RS T/ R R(T]=10mM, [I57]=2.5
mM)IE AR JE XS, TR B AR ) EG-0-CD 8¢ DEG-a-CD, Jfill g KT E. X
5 FUR, TERBIMEART a-CD fiTAEDE, ARE SN 0.7 mV/K (BEILZ). 4NN EG-0-CD 5 DEG-a-
CD Ja, Mibifiik, 3 mM NEREEIREE, £ AT N 0~17K JEEN, PER S HA 5, 44 1.8mV/K.
Y AT L 17 K5, T EG-a-CD KR Sl BR A2 4.4 mV/K, FHAE AT BEINE 30 K BT 4ERFR
K, BEJE FFEEY 1.2 mV/K; MEMAN DEG-a-CD WA RF, 2 AT FHEL 35K )6, S, ZEE 3.6
mV/K, FFE AT 5% 42K JGF#KEZ 1.7mV/K. EG-a-CD 5 DEG-a-CD ' S, (57847 N 5 HAE K IE
AR AR R — 18]

1204 |l 1=2.5mM

O Fa-CDfiTEH

©® [EG-a-CD]=3mM
© [DEG-a-CD]=3mM

100

80

AV (mV)
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Figure 5. Seebeck coefficient (S.) measurements of I'/I3~ thermocell under different conditions, with errors smaller than the size
of the data points

E 5. TRIFHTH I/ BUFRM SONE, RENTHESHRT

HEEEN R, EG-a-CD ARSIk S, (4.4 mV/K)E TAEHT#RIEN PEGS-a-CD 14 £(4.21
mV/K) [16], KW EG-a-CD IFHFEANT IR R UK. A, EG-a-CD W& AT AP N, i
PEGS-a-CD T &id T & ll, ATETEA M . WA R e M 5 T 2 3R 00 HE B S A 3 o

3.2. RUFEBTREY
W 6 B, BN EG-a-CD AYFR L7 Rt UGt O R s i UL P 7 345 I 4E 29 30°C R 45°C, %
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TRIXIEXT R S BIRAZ XA, LR TR 15 CHRITRZ, IR0t o Rt DR BT RS 5 /N
W, AR R IE . S, H A DEG-a-CD [0 27 e it AR D0 A0 v i DN 73 3 150 Dy 45°C
A 60°C, FEAHFEIZEAT TSN 5 /N, i K DR FER R AR E, IR TR, XU R,
T EG-a-CD i&5¢ DEG-a-CD 45U G 2 B BAR Z 15 BA 0 e AR A 52 P AT 1R 468 FA S N2 FH 7 7

a) o490 : : : : — 30 b) .40 —30
0351 _a— g 25 035 _a— mxigtuns 25
0.30 - —m— AT 0.30 —m— AT

L 20 g 20
3 0.251 3025
g-—-n-—-g—a—a—a—0— g u < <
8 pogt AR e 55 HONy m gy a g, tE—an 15k
& i & i
E 0.15 ] L4 g 0.15 1o
o1 "t RRTETE 0.10-
L5 —E— 5§ 8§85 —E—E—HE—® [§
0.05 1 0.05
0.00 : : : : —1o 0.00 ; : ; : —to
0 1 2 3 4 5 0 1 2 3 4 5
AE (h) 1 (h)

Figure 6. Stability measurements of thermocells based on EG-a-CD (a) and DEG-a-CD (b)
6. EG-a-CD (a)#1 DEG-0-CD (b)4H Rk BI#4 4 52 B8 it B9 73 8 1M 2

3.3. UV-Vis S5 #r

NWF a-CD FT4EYS KUL R RIEE - FAEA TR H RN, R UV-Vis Yt A FK
J% EG-a-CD 8¢ DEG-0-CD f#£ i) I/ VAT 1 R AE. & 7 fos, ERMA o-CD T4, W1E
289 nm M1 351 nm AWER|HJE T L HHFFIEAUE . i EG-0-CD 8 DEG-a-CD 15N, X MRISIER
W R % 293 nm A1 361 nm, FJHRET 15 € a-CD ATAEMEEWINIER . HAL, TE 457 nm &b H IR IS I
AR T Is € a-CD iAW EEY) . Wi o-CD fTAPNREE 3N, 120658 s 50855, KM s Ca-
CD fIAEY & BN D . X — LG ] il DUR P % R iR«

I, cEG-a-CD+1,; =1, cEG-a-CD+I" 2)
a) 50 b) 2o
1293 nm
l 293 nm [EG—a-CD] (mM) [DEG—a-CD] (mM)

151 —(115 ~ 151 —05
S 3 —1
s —15 & —15
3 2 3 —2
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o
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0.5 < 054
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Figure 7. UV-Vis spectral analysis of I/I3~ solutions containing EG-a-CD (a) and DEG-a-CD (b)
7. &% EG-a-CD (a)#1 DEG-a-CD (b)Y I /158 HHI UV-Vis L5+
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4 EG-a-CD WIEHTN, LA FOIATE), (231 © o-CD MAR: TiHI% EG-a-CD iKIEik
SR, IR RSN TS I, ETHIEBS), MiTFEIs < aCD it Tk

34. X - BESFHEEERSH

Figure 8. Top view (a) and side view (b) of the IGMH analysis of the I3~ € a-CD inclusion complex
8.1 c o-CD B &%) IGMH 53 #9134 (a) A1 FA4(b) &

;75 a-CD Z I3 - ZARE &4 B ZRIET B EAERI[12] [13], B6hh, IBAAE I 5 A btk
SR T Z AR S B o0 T IE A AR, (HX R FAE LR S p R e R et S S 0. AW FUAE B
Multiwfn F£/5H 89 IGMH J7i%, X iZREH BAE AT T AT . wlsl 8 s, I (R GBSkt
(A TER) 18] HH L 2% € (isovalue = 0.003)5 R B 3 Z (A 47 4E 235 ) 7 T AR . T
fit a-CD FTAEYR R THAELZ . FRRAIR s, PR E— 220 5 1578 15~ 2 AV 95 A0 ELAF T2 AT I
ANTHEHTTT.

4. &5t

AR E 7 F T EG-0-CD Ml DEG-a-CD HJ/KAH I/ # bz, R LCST AT M KAS 7
F - BRGEER 5T 72 I w RS . HEMRMFZM T, EG-a-CD A &5 3] 4.4 mV/K, DEG-a-
CD %49 3.6 mV/K, HA1 4.4mV/K NHET T/ AR EE. WERES B HERRX A RIS
FaE e, LT 5 /NNTEH B ST S H ¥ PEGS-0-CD AL, EG-a-CD # DEG-a-CD £ i
IXTFEWD, FORRAY, HAEEASEE 3 3 R & 32°C~45°CHI 50°C~58°C, I TE 1 AL 24 it R
EHVEE . UV-Vis & IGMH 2 #T87R, I c o-CD W&Y K& 55 BEAE A IE R, ~ S Wamiefdt 79 1FHl
HARHE . AT E R FesE BT HUBAL (8E 7 1 #iib 2% et R AL T S, R AR A A BT R R
AT R N AT 5

£ E&WA
HHEA H ORI 4 B SR 7000 H (2024-2-774).
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