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Fig. 3 (a) MD model of formate intercalated MgAI-LDH; (b) MD model of acetate intercalated MgAI-LDH; () MD model of

propionate intercalated MgAl—L DH!®!
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W o A 300 3 0T it AR A AR ot A 65 A 1 2 M 2 /N 1)
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Table 1 Summary of the influence of interlayer objects on the interlayer spacing and specific capacitance of LDH

Chemica composition Interlayer object Interlayer spacing/A Current density Specific capacitance Reference
NiMn-LDH COs*7/ NOs~ 7.87/7.42 1.00A-g™ 846,50 C-g™* [a7]
CoAl-LDH COs* 7.60 1.00A-g™ 114920 F-g* [67]
CoAl-LDH SO~ 8.70 1.00A-g™ 125270 F-g* [67]
CoAl-LDH DS 25.80 1.00Ag* 1481.70 F-g* [67]
MnCo-LDH SO% 10.80 2.00 mA-cm 2 582.00 mC cm 2 [63]
MnCo-LDH NO; 7.60 2.00 mA-cm 2 350.00 mC cm2 [63]
MnCo-LDH cl 7.80 2.00 mA-cm 2 338.00 mC cm [63]
CoAl-LDH NO; 8.15 1.00Ag* 2230.00F-g* [65]
CoAl-LDH cl 7.81 1.00Ag* 1235.00F.g* [65]
CoAl-LDH Br~ 7.87 1.00A.g* 1538.00 F-g* [65]
CoAl-LDH I- 8.00 1.00A.g* 1945.00 F-g* [65]
NiAl-LDH OA~ 43.70 1.68 mA-cm > 1.04 Ccm™ [66]
ZnNiCo—-LDH BA~ 15.20 1.00A.g* 378.00 mAh-g™* [31]
NiCo-LDH DBS 15.20 050A-g* 74820 C-.g™* [45]
NiCo-LDH DBS 15.30 3.00A.¢g* 1646.00 F-g* [69]
NiMn-LDH DS 28.41 1.00A.g* 325.00 mAh-g™* [55]
NiCo-LDH Glycol 9.64 1.00A.g* 4160.00 F.g* [15]
NiMn-LDH Glucose 9.40 050A-.g* 1464.00 F-g* [72]
NiMn-LDH Glucose 9.40 1.00A.g* 1018.00C-.g* [73]
NiMn—LDH DS 18.89 5.00 MA-cm 2 6311.00 mF cm 2 [81]
NiCo-LDH Glycol 9.64 0.20A.g* 774.00 F.g* [82]
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iR R 575 ) NIAI-LDH H NiJAl BE/R L
fH4 2. 3. 5. 8 MJZHHE N 7.96. 8.01. 8.09, 8.12
A. Li 255 NiZt 5 APTEEJR L4050y 4. 3 I 2
(IR 2 (B R R B, LUELH n > S5 3500 K 1) 2 | B
JZ 1A BE M NIAI-LDH-2 ] 7.62 A B0 %] NiAl-
LDH-4 (] 7.90A. JZIAIFERIY KAE B 79 BOE R,
AR EL . FR, KEAEFIIANEZH NI
JRFHEIN T Ni A8 JF T VEAL s VR EE, 2044 T
KW ARG, X FEE A BTG RE ) B
BRAG. 24 Ni%. APTEEREUAE A 3 I, R7331H
HILARAA-gIINARAN 2128 F-g YA THML
ST SR BRSSPI TH . Guo 2515 BLRE %
Mn B-FRIBIN, 7EREE D4R Z KN A
(NiMn—LDH)Z [a] B Fn4f i FE 2Bl 2 204, 24 Nis
Mn BIEE/REEA 31 B, BEAHEKREHES 1511
F-g ' (fERMEEN 25 A-g 1), HHEHRH
R VERE, ERRE N 48 A-g I LE AL AR BF
80.1%, £k 3000 KGN 7R FE, B il () S IR R
% 92.8%. Yuan ZURIIFEH Ni. Cu FE/R LA
IR, KAGEE RPI(NI, Cu)(OH),COs JZ[aI Y
K, EHEEEAS, 2 AR TEAL S R
BEfih. 24 Ni. Cu RUEE/REE N 0.89: 0.1 i, HLHLZE
B, FEHEREE N 1A AR N 1017.3F-g

B T R R T = A B B T LA Sk SR
WP B T-Eu i, ik n] LR A AN PR E TA
RN=BHE T, SCHLBRE I be s, X Rk
ATLRAR A —J0 &R 2 i ASBH B R K A
i NiZ* 5 Ni¥*. Co*'5 Co* R KK f, iE
ATPVEEAGIA BT/ GO, 8 =
ZBHE T, NGRS R B . Tian 250798
AR E K IIN RN 0.4, 0.8, 1.6, 3.2ml, K5
FHAMN NO; NZME 71 NiCo-LDH #4r —
PHES T =B E T, SEBL AN A =40 B B 11
BT o BAE SRR IR, =B 1Ll
K, ZE 4> 54 0.75. 0.77. 0.79nm 1 0.84 nm.
BRZRIFE S5 M A AT LN OH- (4 #, 1y H.3%
5T AL RN FE A MR E T, TR IR
1A-g 53] 802 C-g L EL A E, 10A-g i
EEA ERFF N 86.7%.

AN AR = AR PH S LA, K — AR
BT B RCEEAEN e M E T, ke =0
AIEAT, TTCASEHLRH B TR AR % . Ding 4510
W7t 7 &%) Nis,CoAl-LDH (x=0,1,2,3)[ 45, [
% CO™fEMUZ SN 0 3] 2, 003 W[ £ FE

¥z, JZAEEHE NiAI-LDH 1) 7.7 A 1 K 5
NiCo,Al-LDH ] 83 A, XZF AN Co* 1B T4
(0.72 A) KT Ni®* (0.69A), 14 Co*frtutl, 53k
JZIR B K, TR Z R EEA FT OH 978, Co.
Ni BH S B 3LAZ M R A R T R HE B S PR
NiCo,Al-LDH EA & =i I L L2 o
23 REEFMGHEXRIKFITREBE R

of T VR BB 5 AR R IR KT A RO LR
Wi, [V RS e 25 AR S B I () AR A
ok e SRR — AN LA ke ) o (B 28 )
HER RGP RDRE B 21 5 B R A b ) 2% HAl, PTRA
PAFAN R = R E A, ERFLNA TR, T
B 22 I, S8 S MR B S R T, 4
HIHET. BPEE, SRLBEE TR, N T HRX
AR, Rk 2 (R TN 03 B AR . BRET
YA S IR R AR K KT A SR AR, B
KA HRIE o, 1E T A KIS AR LE £
WE LR, SR AR T 3mg® . it
A7 FR AL KA P TR SR A3 KU 2 El T A
JEEFESE, BB K, B AR
BE. TEMRFFm A MERINEL Nem e, T
WK AR SR T B sn, EARE
Ree A1 FEL 2514 BB PR 1% L T H R K A R . Wang
“l8343 5% 1 UL SDS AR F AR, it 35K
P2 NIMn-LDH JEA7 A KAE KSR I, J2 E#E i
AR INAEZ 7 0.739 nm 3450 2 8 in 4 mml SDS 1)
1.889 nm, 7K ¥ A1 7E LR BRI 1) A K JE B i 0.5 um
H4n 1.95 pm. @K A T, SEHUKIE A
RIZfERERmEEARK, KEAFERNELEK
B AKE B IR A EHERE, H2
Z A TR EEHES, fem TAEKEE, HH T
mfEE, JFHMKTERE, FBEZRFES+
ZHCE AR IR BEA BT BRI 2T AR, RS
TR AR W 4 mmol SDS i AR £ 2K,
(R3S PEV R i % (4.9 mg-cm 2), 7E 5mA-cm 2 I i X
AR (6311 mF-cm 9), 5 KGR (52%), 1%
AR A HA R RRET R EE N 831
W-kg™ I, e i (34.61 W-h-kg™); 7 10
A-g ', 10000 KA i HL 2R AR FE 2 N 85%. Wang
I8 i MOk SR VE . R E AR TR EOR,
W BRSNS PR R A E SRR N NiCo-LDH
gk fr, JEMEEH 7.90A ¥ K% 9.64A, FHAETE
YLK _E TR IR TG B 45 70 10 v 7R (3,27 mg-em9)
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Extended Abstract

Supercapacitors have attracted recent attention because of their high power density, fast charging and discharging capability, long
cycle life, and good stability. However, the generally low energy density of supercapacitors restricts their applications. The electrode
material is the most critical part in the supercapacitor and significantly affects the performance. In recent years, a rational design of
electrode materials is proved to be an effective way to improve the capacitance performance of supercapacitors. Among many
electrode materials, layered double hydroxide (i.e., hydrotalcite and hydrotalcite-like) has the advantages of adjustable morphology
and composition, high theoretical specific capacitance, low cost, easy synthesis and considerable energy density and power density,
etc., and emerges in the field of supercapacitor electrode materials. The unique two-dimensional structure of the layered double
hydroxide (LDH) and its energy storage mode through electrolyte ions embedded and dislodged in the interlayer dictate that an
interlayer spacing modulation is an effective method to improve its capacitance performance. Enhancing the utilization of
electrochemically active sites between LDH layers and reducing the ion transport velocity resistance via regulating the layer spacing
become a commonly used and effective structural modulation method for two-dimensional electrode materials such as LDH.

This review summarized the research progress on the application of LDH interlayer spacing regulation in the field of
supercapacitors, introduced the structure of LDH, the energy storage mechanism, and the advantages of LDH as an electrode material,
and described the influencing factors and the advantages and disadvantages about the interlayer spacing regulation from the two
different perspectives of the ion-exchange method and the one-step synthesis method, respectively. The target anion intercalation in
the two methods concerns the anion charge density and anion concentration in the reaction system. The interlayer spacing values of
different guest intercalated LDH, such as inorganic anions, organic anions, and molecules, were discussed. The factors affecting
interlayer spacing and capacitance performance were summarized. A small interlayer spacing significantly inhibits ion diffusion and
charge transport, which is not conducive to achieving a high capacitance performance. Organic anion intercalation is more likely to
achieve a larger interlayer spacing and a higher capacitance performance. Appropriate interlayer objects and interlayer spacing are
crucia for achieving a high capacitance performance. The influence of metal cations ratio on the interlayer spacing and capacitance
performance was evaluated, and three methods for regulating metal cations were summarized. The ratio of divalent and trivalent
cations in the synthesis process can be adjusted to achieve the control of positive charge concentration in the basal layer and the
control of interlayer force, thus controlling the interlayer spacing. The oxidation of divalent cations during or after synthesis is
controlled to achieve a positive charge density. Selecting cations of different radii to synthesize LDH affects the distribution of basal
layer charges, thereby affecting the interlayer spacing. This review elaborated on the method of adding intercalation agents during the
process of regulating interlayer spacing, which can simultaneously increase the interlayer spacing and load mass, and is of great
significance for obtaining high load and high capacitance electrodes. This review outlined common methods for improving
capacitance performance by regulating interlayer spacing and the underlying mechanisms for improving the capacitance performance,
playing an important role in promoting the in-depth research and application of LDH electrode materials.

Summary and prospects Some prospects for future development were provided. In the future, with the continuous development of
precise temperature control, uniform, and rapid heating synthesis technologies such as microwave synthesis, the combination of
artificial intelligence control technology and synthesis equipment, the advancement of multi index observation in-situ experimental
technology, and the precise observation and control of synthesis heating rate, temperature field, and concentration field are effective
ways to achieve precise synthesis of hydrotalcite and precise control of interlayer spacing. And it is expected to achieve precise
control of the types, quantities, and layout of interlayer objects according to demand. The influences of interlayer object types,
guantities, arrangement attitudes, and pores on the electrolyte ion transport, and the related mechanism on the interlayer active site
electrochemical reactions, and the related mechanism on the interlayer spacing and layer structure evolution can be investigated more
accurately. The combination of multi-index observation in-situ synthesis experimental technology with the first-principles, molecular
dynamics, and machine learning simulation methods can be ultilized to analyze the microstructure, electrochemica reactions, and
other processes.

Keyword layered double hydroxide; supercapacitor; interlayer spacing regulation; capacitor performance



