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Abstract: 4-Hydroxy-2, 2, 6, 6-tetramethylpiperidine-1-oxyl (4-OH-TEMPO, 4-HT) exhibits
favorable redox reversibility as a catholyte material for aqueous organic flow batteries.
However, its intrinsic solubility in neutral aqueous solutions is only about 2.1 mol/L, which
severely limits the energy density of the battery. To address this issue, this study proposes the
use of urea analogues, namely methylurea (MU) and ethylurea (EU), as hydrogen bond donor/
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acceptor additives to enhance the apparent solubility of 4-HT in the aqueous phase through
intermolecular interactions, achieving physical solubilization without altering its molecular
structure. The saturated solubility of 4-HT under different additive concentrations was
systematically determined using ultraviolet-visible (UV-vis) spectrophotometry. The hydrogen
bonding interaction mechanism between the additives and 4-HT was analyzed by proton
nuclear magnetic resonance ('H NMR) spectroscopy. Combined with cyclic voltammetry,
rotating disk electrode, electrochemical impedance spectroscopy, and single-cell charge-
discharge tests, the physicochemical properties, electrochemical reversibility, and cycling
stability of the solubilized electrolytes in actual flow batteries were comprehensively
evaluated. The results showed that EU exhibited superior performance and could increase the
solubility of 4-HT to 4.9 mol/L. NMR results indicated the formation of deep eutectic solution
through hydrogen bonding between the additives and 4-HT, with EU showing stronger
hydrogen bonding interactions than MU, which is consistent with its better solubilization effect.
After solubilization, the diffusion coefficient of the electrolyte decreased slightly, but the
electrochemical reversibility remained good, with the redox peak potential difference
maintained at 81 mV. In full-cell tests at a current density of 20 mA/cm? over 100 cycles, the
average Coulombic efficiencies of the systems with MU and EU both reached 96.5%, higher
than the 96% of the blank group, while the capacity retention rates increased to 76% and
86%, respectively, significantly higher than the 17% of the blank group. This study proposes
and validates a physical solubilization strategy based on urea analogues, which significantly
enhances the solubility and energy density of 4-HT without compromising its electrochemical
performance, providing a simple and effective technical pathway for the development of high-
energy-density aqueous organic flow batteries.

Keywords: 4-OH-TEMPO; urea analogues; deep eutectic solution; hydrogen bonding;

aqueous organic flow battery
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HL 5 %1 (DDS-307A, MEHBSH), #HrH
Wl &g (H T KGR ML . Biologic T1F i
(VMP3, HITEIS. CVIlliX) 2.

1.2 BRENERE

FEAS [EI PPN P 1) JR 28 A R T 7K
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WEETR N7 o

¥R AR 2 (cyclic voltammetry, CV) IR
iR =Rk R, DABRER AN TR, 1420
XF R AR . A1 H R B B (saturated calomel
electrode, SCE) NZ L, £+ 1 mol/L MU
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i = 0.62nFACDv tw? (1)
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1 mol/L (SPr),V+1 mol/L KCI. [}~ Selemion H
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B AT 4-HT W ROE R, ARG A X HEA
B 4-HT F R FE S IR B R B, Wil 3(c).
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KT HAEKF AL FEE (2.1 mol/L) . AH L
MU S, EUXT4-HT PSR E 5%, 761 mol/L
WIS &4 F, EU Al 50 A i 1 05 )
4.1 mol/L K+ 3.8 mol/L (MU).

b6 A PR 2= AR EERG In,  4-HT 110 v A A
BN, MU & fi 4-HT 3995 %2 4.7 mol/L, EU &
EfE4-HT H#5%A 2 4.9 mol/L, 1ESZ T MUFTEUE N
VR AT DA R v 4-HT 7E 7K 18 70 b A0 s fid
. B 3(c)H 2R 7E 4 mol/L &b T 725 {5 & i,
B LS N 2 T ERE FE e AR T SEBR R AT
4 mol/L AAM T IR, NI RIS FE I MU
20 4.7 mol/L. EUZ4.9 mol/L. A [F TEMPO 214l
VI R EERT 25 RANER 1 B, 5 e AT E 1 3
R RAREL, BT PR Z ALY I 1Y 75 SRS K 4-HT £
I AR FE SR T 2 B K.
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Fig. 3 (a) Absorbance diagram of 4-HT solution at 1—5 mmol/L; (b) Fitting diagram of OH-TEMPO solubility
versus absorbance; (c) Graph of 4-HT solubility versus additive concentration
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K 4(a) }y 4-OH-TEMPO [ 45 1, 45 — A
BRI — DA AR T, Bl 4(b). (c)7rml MU
FEUMSHE, B85 5808 FEEMNELRER
TEEIET, UWHA4-HT 5K ZEMUY 2 0 H &K
B B2 . SR A R L PR 30 E S A
H, BLD,0O NEFIE, E4b)ERER, MA4-
HT 5, MUAFIH I (—CH,) % 2.68 ppm
(1 ppm=10®) [I{kI%F 5% 2.74 ppm, EU H 3

Y HF 3 5 7 06 43 731 AL 1.09 ppm. 3.11 ppm [Al ik
#8504 1.16 ppm F13.19 ppm. i TAL2EAI R A)
KA BEHH BT ERK. NHBREE A B
FOE A BT % e, it — 5 LI DMSO-
de VA FIIE P A L AL FE 4-HT, 452 anE 4(e)fr
TNo VBTIELE 2.5 ppm, JKIELE 3.3 ppm, 3.9 ppm
F11.0 ppm AL HIIEJE T 4-HT. XFF MU, A 4-HT
Ja AN EUE T ERIEES 5 B 5.40 ppm. 5.77 ppm
#4545 5.45 ppm H15.81 ppm, L5 7 I A7 771
#HE . EUMANER T ERIEEN] 37 L 5.34 ppm.
5.86 ppm #3514 5.42 ppm F15.94 ppm, H H R 5
FUEFE 1.0 ppm BT, 7 F R I 7E 3.0 ppm it
I, ASERI RS AR B ARk, FRUGIESE T 4-HT
SIREFA 2 I EH PIAFAE, 5 BFMlE AL R
TALELI RS SR E . WTELEBL, MU _ERIERRS
3474 0.045 ppm /T EU (0.08 ppm), F B EU
H4-HT Z M fE R, X5 EU A B
VBRI L0 45 R — 30
2.3 EATRNIBAMR

T RDE HARMAR T 4-HT =5 A 4 L 3G 2L 1)
PR B, 45 B K 5(a) 4-HT. (b) 4-HT+MU.
(c) 4-HT+EU fif7x. I 1 mol/lL MUEKEU J5, %
P F LA 2 AL BT B AR . SR A Levich J5 R 41
&, GRWESd)FTR, HHEA R 4-HT E LG E R
B4 5 R %D N 2.57x10° cm¥s, i1\ 1 mol/L
MU 5k EU J5 ¥ R 2053 3 B N 2.42x10°° cm?/s
52.27x10° cm?/s, K 98 I ) N A5 45 H A
I 2 R 38 K A0 P B(e) B s, 3 T 3 BRH 77 .
1 mol/L S INFIA B 464, 4-HT+EU H A 26 2
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Fig. 4 Ball and stick model: (a) 4-HT; (b) MU; (c) EU; NMR hydrogen spectroscopy: (d) the solvent is D,0;
(e) The solvent is DMSO-d°

BNZ 0.98 mm¥s, =T 4-HT+MU (0.94 mm?/s)
Az (41 (0.89 mm?/s) . [R5 W L 5 R B 4
7R P AR Ak il 28 4o B 5(F) B s, MU AITEU AN
MBI BESE N, SRS R —%.
FEMNSSBEFTBR TR, NMmEH SR
B, S FH B R ot 1 I S 3 P g o Ak B O 4%
2.4 EAGKRMBALEMRE

5 f5y5 & S IG TE I 6(a) T s H AL FL it b, DA
0.5 mol/L 4-HT (+1 mol/L MU/EU) +1 mol/L KCI
VRS M, 1 mol/L KCI A#:521l, Selemion
BH 2 - 22 49 IR B B 4-HT 185 5% . &0R
10 h AN — R 2320 4-HT WK B, &5 S 1 /& 6(b) it
TN FESZM 4-HT ¥R FE Bl I [A) 22 44 26 2 B JR 3R 2%
AV EI NN BT $0i1 4-HT 5 2%, Hodp 4-
HT+EU 5% i /N T 4-HT+MU, 1K T H AR
AL R A, o [RAH BAE F 38 1 4-HT
Panm aicd 8 31 0] S8

WiICV MK 6(c)Fian, 4-HT JF 4 F il b

M J5R RN LA IR SR A 2 (AE,) FITAE AL
U L I SR R LG (i di ) AY N T mV
F10.818. Y HLfEH H 5] A 1 mol/L MU )5, AE, I
Ft 981 mV, -i /i,y 0.825, 5/ A1 mollL EU,
AE, FFH N8 mV, —i /i 2540859, JREFKUUM
PN G R AR R K, RN, 1S
AE S RKL10 mV, H-i i MFEFEHEK, &
1, PRFFEAZETTHEM ., PL4-HT (+MU/EU) A
WA, 5 (SPr),V FHAR FE A 2 e A it o JF
— D T RG-S & 1 mol/l (MU/EU) Hif
WHIBEBTAT vt E 6(d) s, MU ATEU B i 45
AR FLBEL A $2 T, (HARZARFFE/NT-1.5 Qi
B, ARIE AR I AL MR RE . AR R PR AR
R E6(e)iras, HINEE B 10 mA/cm?HE in %
50 mA/cm* it FEH, BRAEIZD I, I A H
50 mA/cm? [a] 4 5 20 mA/em? J5 i K & & H ik
B EARHEAE B N H 5 AR KA =
T, ARG ORR, AR, WENR
- F B AL R, LI B R R KT
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5 7£1.0 mol/L KCIi&i&*H L 50 mV/s 13H#5EE £ 300~1500 r/min Z B R EIHEESHEET, xt50 mmol/L 4-HT i#4T

RDEUX: (a) 4-HT; (b) 4-HT+MU; (c) 4-HT+EU; (d) HRIREERSHIETF FHRAY Levich[El; (e) EARRIAIRMFLIRET
SHMNHEZHE; () EFRRRFMFRE T SHNESEE
Fig. 5 RDE test of 50 mmol/L 4-HT at 50 mV/s scan rate in 1.0 mol/L KCI solution at different rotation rates
between 300—1500 r/min: (a) 4-HT; (b) 4-HT+MU; (c) 4-HT+EU; (d) Levich diagram of the square root of the limit
current and rotational speed; (e) Viscosity change plot at different additive concentrations; (f) Conductivity
plots at different additive concentrations

DA, HA4-HT+EU B ETRCE K, JG89K
16 B 20 mA/em?® HL A% R R . HE T T % L R 2
N1.25V, 20 mA/em? LI R T KOG 78
TR DU G P 6(F). i s F AR T 100 B A7 34 2 2
HIEAE96% i, WA RRFFREN1T%,
A1 mollL MU JG, BRI % 96.5%, 100 FE
TEI G 2 R L $ 76%, A1 mol/L EU J&,
JE A 3R R 5 F 96.5% A2 A7, 100 PE A 3 )G 45 &
TP = 3 86%, 3 %48 VA 1R R AE 5B
bz T B R R e k. IRk R E
Hom, yECRBGRN, AR BRI T
Yim s R, Rm T ESME.. 5RBMEK
KR AR (A-HT R 2.1 mol/L) L,
SR R LRI T 4 133% (M 70.35 Wh/L £
T2 164.16 Wh/L), IGUF T JR =AY IE 75 SR ms 11
AR, MURIEUTE L2 PERE L (CVL EIS) &
X A-HT i Bl i 35 72 S pgmm, 2 BEIX BAARIAE VA R

M RAFE (EUMMET MU, 1X5'HNMRIESL
(&4 o 1 22 % (EU P ¥ 47 %% 0.08 ppm, MU
0.045 ppm) — £, CFH R A -
RO MHIBOR R . ARG PIAZ OB AR DG
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