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Intricate Hollow Structured Materials: Synthesis and
Energy Applications
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Abstract The increasing energy demand makes it necessary to develop novel multifunctional materials to meet the
requirements of energy storage and conversion. Among various functional materials, intricate hollow structured
materials have received extensive attention due to their unique structure and physicochemical properties. In this
review, the synthesis strategies and energy applications of intricate hollow structured materials are summarized. The
synthesis strategies are mainly divided into five categories: hard templating, soft templating, self-templating,
sequential templating and selective etching methods. The applications of intricate hollow structures include lithium-/
sodium-/potassium-ion batteries, lithium-sulfur batteries, supercapacitors, electrocatalysis, photocatalysis and
dye-sensitized solar cells. Finally, the existing problems and future research directions for intricate hollow structures
are discussed.
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Table 1 Summary of different synthesis methods

Method Feature Strength Weakness Example

Hard-templating Well controlled size, shell Simple, effective, Complex synthesis Si0,, carbon, polyaniline, TiO,,
number, shell thickness, etc. and straightforward process Fe,0,, Sn0O,, etc.

Soft-templating Micelles and vesicles as soft ~ Facile and conve- Highly sensitive to the  Especially useful for chemically
templates nient synthesis synthesis parameters and thermodynamically unstable

materials

Self-templating: ostwald  Depending on material disso- ~ Relatively simple Relatively few examples  Cu,0, TiO,, Sn0,, etc.

ripening lution and re-deposition synthesis

Self-templating: galva-  Based on the electronegativity ~Rich and well-de- Limited to metals, espe-

. R i ) Metal (especially precious metal )

nic replacement difference of different metals  fined morphologies cially precious metals

Self-templating : Depending on thermal Simple synthesis pro-  Difficulty in delicate con- Various transition metal oxides,

thermal induced treatment-induced matter cess, easy for scale trol of the structure metal sulfides

hollowing relocation up

Sequential templating The template with rich precur- Well controlled struc- — Metal oxides, metal sulfides, met-
sor acts as "sequential ture, relatively easy al phosphides, etc.
template" multiple times synthesis

Selective etching The parent materials having ~ Precise structure Highly dependent on Si0,, organosilica, polymer, car-
“soft regions” and “hard control synthetic conditions bon, Prussian blue, CoSn(OH),,
regions” such as pH ZnSn(OH),, etc.

1.1 FEREAEE
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Fig. 1 Schematic synthesis of multi-shell hollow spheres via hard-templating(A), TEM images of
single-shell(B), double-shell(C) and triple-shell(D) TiO, hollow spheres™”
(B)—(D) Copyright 2014, Wiley-VCH.
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Fig.2 TEM images of single-shell(A), double-shell(B), triple-shell(C), invaginated double-shell(D),
endo-invaginated double-shell(E) and invaginated triple-shell(F) hollow carbon spheres™"

Copyright 2015, American Chemical Society.
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HETES I Si0, BRI 5 | AGTHEIR a-Fe,0, 9K BURL, AT IARTGFHA a-Fe,0, W% 14 UK SnO, AUZ %S
O

PR RERNGE 5 HAT SLO450 . 50 1, HAT 241782 128 O A5 A m] DIAE R . 5500
SERBEARA L, 2L 25 045 T LASEEE HARMBHE 2L 7 2 NAMR I R 8], ORREb 22250
SR B R . AR RSO R B AR AL Y i o s D BRI, it — b R e] DL
TEE 25 DRRIN AR IR - BARARL, BR 25 0 R s RV T 15 81 HoA SUZ 23 0 a5t i B bRt
BHEI3). BREREE LA AT LLTE 5 4325 O3RN AR TH DL Ko 5e )2 FLIE N 5 I ABEFRAR LT, el iRy

(A),\
( / d'e’;’:ii‘i";lff!a. emova
N’

Template
Double-shell hollow spheres

©

Fig. 3 Schematic synthesis of double-shell hollow spheres using porous hollow spheres as the hard
templates(A), TEM images of double-shell TiO, hollow spheres(B, C)*"
(B), (C) Copyright 2005, Wiley-VCH.
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PhA7S e ik — R AL B (CTAB) IR AN, A BT — RSN HAARNFFEIZE Cu,0 H2s ek, Cu0
Hh 2 SR 1 J2 HRORT i 3 45 CTAB BV BESR S B . 24 CTAB MR BE M 0. 1 mol/L I, AT A2 vh 23 i
BK; 24 CTABBYHREE R 0. 13 mol/LE, FIEHMOBUZE has ik s M4 CTAB (R BEIAF] 0. 15 mol/L I, A JE
=2 A K

B ] L5 )2 )2 A 4257 (Layer-by-layer self-assembly ) #1455 F T8 2945 D25 HI )6 0%
B ARVE AT A DL C TAB H 21 ATE A e A R st , e R TRIAE K ZIF-67, BRI BR Lt fm B
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Fig. 4 Schematic illustration for the shell-by-shell soft-templating synthesis of MOF multi-shell
hollow spheres(A), TEM images of MOF single-shell(B), double-shell(C) and triple-shell(D)

hollow spheres™'
Copyright 2020, Wiley-VCH.
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TEREE | R s AT 3 — 2543 SR Ostwald AL (Ostwald ripening) | Hi Ak 2% & i (Galvanic replace-
ment) . #iEF 2300k | Kirkendall %) (Kirkendall effect) FITES 128 #155 .

1.3.1 Ostwald # ft.  Ostwald A fb 2 —FITE SR A KT FE A DL BRI 52, BRIV i 3R 18T RE 1Y) /INIURE
VRV At 5 DURRAE IOMORE R T, DA TP AR AR R R T RE . 2004 4%, WG AR 46 TR K SR
i1 Ostwald LA 1 TiO, Hr s sk . TiO, Hh s Ssk i P8 s JaE 235 d 88 v 3l el e 2 7K R S o i
AN A T4 . 3 eh 23 S5 R TR B AS 52 S5 RTE T = B0 URTE B TiO, Uk PN 14 it s EL AR A 1
RIARE, B FE R s i, R R 5 SRz TR TA) B R, O 3R ORR AR Sk i A 2R T
BRI 22 Ostwald Bk, Wang SV SEE T HAA 22 (1~4 2) has 251 Cu,0 RIS 1L . 255 it
T BN % L) Ostwald 244k, AR Z AT A il 46 T 20 Fh R K @R 52451 9 (Cu,0@) Cu,0 (n=1~4) B4}
(5).

Fig.5 Schematic illustrations for the synthesis of (Cu,0@),Cu,0(n=1—4) yolk@shell structures(A),
TEM images of the(Cu,0@),Cu,O with two(B) and three shells(C)"*
Copyright 2012, American Chemical Society.
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RAERIR N, DL ATE TR R ok . L7 20024, B 4RI ZH S LA Ag G4 KA /20 K 28 g
M, it AL BRI, AT — RS 348 (Au, Pt, Pd)Has g5k [ H 6(A)~(C) 1. B, iZ IR
Y1 Ag IR IRERINR , 456 Ak B RO b8 6 i T 2R 25826 S9OSR, iUz
AW/Ag BEINKE | ZJ2 Au/Ag BEIKE | Au/Ag@PIAg SUZ B S WKE. X —A It nl LIAR
U A JE B LT IR 2228 DA G M EH G LB 6 (D) FT(E) 1. Gonzalez 5574545 HiL fb 2% E 4
JN A Kirkendall 800, 7E% 0N 3 4 i sO0 A Blad B, il s A AR IESR AL 2 48 h2s
PSR
133 #iFFE0MA RESLOMBHESRUE I B & B AW . A I BRSSOV, A2
fL. TR, A B 2 v S R AL RS, AR S EZ 2 A DR AR . X 2R R A
MOF | & J&ORIRER | @il | & & &R B iy s 0 FIREERSS . X BRI LR e T (1) A
BRI ETES, Bk . Sr iR Z RS (2) FE2S S PR be it 2 40 i o AF Rl SR B (15 L)
(3) & it EE BT, s PR R i n T B 4 JE A e

2010 4%, Ty £ [ A BA S LA PVP AT R R N AT IR , 18 o i I8 25 s Tl Rs o i o 45 B T — R 471
y-Fe,0,25 D45, QN R ZS.OBK . @S | MR Z DERFIGE 2 E M @B 7 45 55 (K 7).
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cross
section

side
view

Fig. 6 Schematic synthesis of Au hollow shells via galvanic replacement(A), TEM images of Au hollow
shells(B) and Au nanotubes(C)", schematic synthesis of noble metal nanotubes with co-axial,
multiple walls(D), SEM image Au/Ag double-walled nanotubes(E)"*”

(A)—(C) Copyright 2002, American Chemical Society; (D), (E) Copyright 2004, Wiley-VCH.
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AN Contracting directions of gel
O a4- Adhesive force
Oco- Cohesive force ( E)

Fig. 7 Schematic illustration for the formation of y-Fe,0, solid spheres(A), hollow spheres(B), yolk @shell
spheres(C), double-shell hollow spheres(D), and yolk @double shell spheres(E) via non-equilibrium

heat treatment induced heterogeneous contraction'™

Copyright 2010, the Royal Society of Chemistry.

N T X LA D AR B R, AT TER T — R AR AR A B FS 5 55 5T W4 (Non-equilibrium heat
treatment induced heterogeneous contraction) fJLFH . EARME, HLmESS il & AP TR 2R/PV P &2 A TR FE
Kb B rh A F R IR BE AR BE (AT) . JUHIE Y THIR AR Fe B PRy, ORI B 2 e T L . IR
T AT 2 P B R R B o0 T O MR Y y-Fe, 05, TAROER P ERATS S T 20k B AT AR IR B/
PVP. BEE A PRA ARSI T , RN ERARSE i . Wi, TNIVER y-Fe,0.8M e A 23U 4s . ok N
5hhe i) Fomiab 22 BRI ER . NI o FAMY o, FEHIAT, Yo <o B, HERNAZ N T
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2, HEWESEEE. SETHIEE, P2 n] LIJE y-Fe,0, 5003k | 522800 0 48 DER 5T 2 50T 5
(R H @B .

HAHMTESL A MOF 5 9NN & A 22 D A5 F I RTHRAR . Moonhyun Oh A1 B35 12 K5 4%
ZnKE | Co e MOF TR 45 T ZnO F1 Co,0, 22250 BR . 454 8 A8, 1% )71 Al iiEh# 5] Cu0/Zn0,
C0,0,/Zn0, CuO/Co,0,, Ni0/Co,0, 2225 IR G . BB 2 vh MO R 1H 76 43 Bl I P AZ I 4
ZZZSDERRE . B kSRS T NiO, CuO/NIO Z)2%5 03K ™ K Fe,0, B @ 7T
L AN L N RS

Bk T MOF, EAT RS FORRERER « 4@ b th vl LLUFRAE N & A J a3 O 25 B AT AR IA . Rk i
SCIATBAN o HTTETL 5 T Co,sMny, CO UK T A, sl i — 2 1R B A B T CoMn,0, X728
ORI BN X UL 4 8 & —FEEL . &R H il KO TSR Y, A8 T ZnMn,0, BUZ %5 0 BRI
NiCo,0, W5 /2 8 @I L5 ™. DL NiCo HIMER Bk A HToRe) , 25 & B8 150 e 5 i Fl s i ks be
A B T W5E 2 B # @EEFC 25K NiCo,V,0, fHER ™.

W55 T-H— A& BRI 3R L SOROE S R 8 R 2%, mT LASE BT R PRk | 252 | AIRAR | 7%
S, BN AR T WG R T ARSI AR LA A TS L BN B4 TR R R K R S A
Kb, WS TR A T — RN ER R R A R, 2 i — R B ) A T a-Fe,0, 2 )2
stk . 2O EAA R RS B, B R R E T, ST Fe, 0,7 Cr0,,
Nb,0,*", ZnFe,0,**, Co, ;Ni, ;Mo0,*' ZJZ 2 ERIY G L. BR T HERE, e AR Clnfgzgms . R
CGEESE ) WA RTIK Y T U & R A 2 2 D S ORI G . i, eSS g5 A mss T
Himikske, G T — 55 Fe-Cr-0 2223 Bk [ EI 8 (A)FI(B) |. Fe/Cr B IR LA™ W45 #0412
SO, 24 Fe/CrBE/R HL A 30 1B, Fe-Cr-O HAG ML B 2 1225 O ERZE# , Bk il 3 1l 4 452 )24
B, )R SREZ A EHEH AR, B2 R R MRRE[E-8(C) ] M Fe/CrE/REH A 1:3
Bf, B2 AR B T RS 2978 200 nm 1 KWK . BB & A HOEIE (Energy dispersive spectroscopy,
EDS) S5, iKWk R Cr,0,[ K18(D) ].

A
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0oL © jpriﬁy 8 e, Fe-Cr-O MSHSs
o SECHS o rying
ShEe= ° ,° e o
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o o e 2 " Air
Metal salt (Cr/Fe) Metal salt (Cr/Fe)
Isucrose solution Isucrose microspheres
Fe salt Cr salt sucrose  Cr,O; nanograin Fe-Cr-O MSHSs

Repeatedly
templating
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templating

Fig. 8 Schematic synthesis of Fe-Cr-O multi-shell hollow spheres(A), formation mechanism of Fe-Cr-O
multi - shell hollow spheres(B), HAADF - STEM images and the corresponding EDS elemental
mappings of Fe-Cr-0-3/1(C) and Fe-Cr-0-1/3(D)""

Copyright 2022, the Royal Society of Chemistry.
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Decomposition 1%t Combustion ,/T ~
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e0ce L/
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1 Contraction‘
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(B)
: Void Sn0:
34 Combustion : ﬁ\ i -
of Carbon /& y
/7 \
(@)

Double-shelled

SnO,@SnO,@Sn0, Yolk-shell 1pm

Fig. 9 Formation mechanism(A) and TEM image(B) of yolk @double shell structured SnO, microspheres””
Copyright 2013, Wiley-VCH.
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TG REBIAEAE B LA DA IR, 2t — R B AR RRTRU RIS 25 i A5 L BB AS 21 B 2 25 00 25
¥y, BVl 2 fLas ot s R EES BINUZ 25 0850 . iR BAR = R 2225 0 gk, TS &
DU E AR AR 2, BN B B AR SR, 2011 4F, £ PR DL R M AR . 1 4
JE& AR AR R SR , L I | RS R T S 2R I &R A S DK . L a-Fe,05°
], HLFEEOT DA L B IR R R R e B R ] MR RV R 2 mol/L I, PR R RUZ A 0 BR
YRS PRERH BE A 3 mol/L B, 7712 — 245 03k s YRS IREPME BE A H 5 mol/L B, P24 DU )2 25 0Bk . BR
T a-Fe,0,, %7 L& T Co,0,, NiO, CuO, ZnO FlZnFe,0, Z 245 OGNS . N T B2 Es
OZEF R R, IR AR T —Fh R PR (Sequential templating) HLTH (1 10). HARRE, KGR
PRI B F 8 R REH, 420 7E 4 8 £h 7 R i, X SE T RE A nl i ad f e A EAE R R i
W R PERR TR 26 T L 31004 5 FEL ZE 0T LAVB a5 BRSOk I N0 . FERFRRIT R, ROk ARt A i
W R AR A s RIS, AR ER th 2 0 Y i 4 8 S 5T )2 . IRIMORIBA i (ARl 4 & S 8L 5 4
B A TR KA, TR A b s S 2 MINTRAR R . WA 48 B T iRk 4k ek
Fo MBI, K RS EE AT A S I, BTG R R A Ok .

FEF IRUTFAEAGE , PR 55 A B3 4 o) i 0K A e T A VP VAR AR TR
Tl 45582508 | 722 AEE AT 2 8 Zn0 Z 2 T as ik . 2SR 0582 500mT i 1o ol 20 Al R A e B Sl
SR, e a0 ) A O TR AR R S B B O L A, A BA S 5 T B AR5
JZELEY Co,0, 258 )2 A ek . W ALR T LR /K A 4 i BH S 1 I RUST L 97 e 6 DL R e itk xof 7k
GBI BE S, TR G- 200808 . BRI S, S0MERiR e m TR KA
i, Zead iR A B W] AR B BT Co,0, 23 TR s MU AL WS KRB g 1: T, n] 75 )
WE )2 R 2 R s Y AR HGE 2 75% A IF =i o i, nI A3 8] =2 b s ik sl ol
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Fig. 10 Schematic illustration showing the synthesis of metal oxide multishelled hollow spheres via

Metal oxdc hollow
microsphere

sequential templating™”’

Copyright 2011, Wiley-VCH.

0.5 mol/L /) HCIBS , AT 3RAFPU)Z 25 ik

A A A T 2 A B A P AT DAYE RS SRR PN 5 AT Z2 1 | Ay SO A AR I B BT, AT 5 A fa
BREAR 5 4 )8 PR F I BHE T, SRAE2BOE 22 22 ER . JETIZ0Rms, T MRl ™ il &
T o)A EAT R Sn0, Z A A TEK . 24 SnCL TR MR 0.2, 0.5, 1.0, 1. 5F12. 0 mol/L B, A 3
BIRRE EAA R W2 =2 VR Sn0, h2s ok . BT 42 JmBHE T, feivoskds il LA f
B+ . LTk, B BN LUw B ER B AT HTAR Y, G T V,0, 2 225 D R, 120k AR i i
PE, A& % MnO,, Cr,05, MoO,, WO,25 2225 DMk i .
1.5 EFEMEZIME

PEAE AR 1 B B SE 2 vh 25 S5 R, RS R A J2 1) LB 2 2 B B 20 i 2D 3R . It
IF, BERRAR N 2 5 H AR AR 25 SR . SRR AR R[], SR e 2 kv i, B ik A
MRS BARA R B R s AL, JEASIR] 2 b F 5 6 A sl s R

T H AN Stober SiO, WERTELL N, F=2 5171 . 2011 4E, BRIT G242 %% B Stober VETTTARZEAN K
ORE (AN A f0K7) FRIHT Si0, 5E 2 FEAb A T FIRAE S0, 252 2 MAN2 L N2 e, it ok b
PEAT DL b 2 b 2 9 Si0,. 40, 83 Stober BETE Au 9K R 2% 1 0.7 Si0, 1] LIS % @ie 4%
4 Au@Si0,, 1813 PE— 4 B HOR AL BE, AT DL £ 2 Dl Si0,5¢ 2 BN )2, 135 2R i @ R o 4k i
Au@Si0,. 7EHUKZIMA IR 2 ji i E Si0, 8 i F2 15 8 HAT 250 2 4540 1 B 5 @B 7E 45 1 Au@Si,.
POK AT DI BEME 2 il 45 Si0, 782 N2, ARSI R ILAN 2, JLRIRAE T Si0, 582 N2 Si—0—sSi
SEHRPERBAR, MANZMSCH R

A SC AT BN 29Si [ 25 A% w1 AR B T 78 L DY B 3R &0 S0 AL 8 (Tetramethylammonium hydroxide,
TMAH) AT 25 Si0, ERET , BT LAY Si0, S BE AR, 115 AT B Y Si0, A e B # i . TR,
1 R K A 382 Si0, TR A, AT e b 20 ol G P 8 A8 B0 B AV ) S0, 4%, AN I AN AC R B 3 v
1 Si0,58 2 . A B, % BOE & IURTERY) TEOS I #E 1 Si0, 4= i 15 TMAH fit k7 1 fin A i
Z A BRI R | 38 B AE [ AR R) AR 52 A TMAH AR5, R K A 35 w45 21 2
L2250 AN Si0, ek, HEEHE 1~8 )22 A4 (B 11). JEFZ077k, A lim o Ja s R sc Bk g
FIvE IR Si0, 1 HAg, AT IS AR 7y i e J2 VR 2 A B

FFAREDR K e 58 7™ vh A2 10k B 2 S A, X AR TRl A SR TR il 4 T B 2 225 O a5 Y
AHUEERER. a0, LLTEOSFI1,2- (= LA HERERL) S BE M RENR , CTAB RIS TER] . 20K M fEf,
T o T A GE R AN K S B2 R AC R A MLRE , n A HA B2 | RUZ =228 D A5 I MLaE
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Fig. 11 Schematic representation for fabrication of SiO, multi-shell hollow spheres(A), TEM images
of SiO, multi-shell hollow spheres with two(B), four(C) and eight(D) shells”
Copyright 2019, American Chemical Society.

TR

B 1SRG RE , IR RETE 2 i il T B A AR L L L MOF™Y | MSn(OH) ((M=Zn,
Co) " IREIRER . 0, T3 S IR A 2 R BN R LA 3- SE ORI AN FH N KA | 2K AR, FEK
FHG Y 328 R - HYBE SN GlceR N R AL ISR AR S 5T 08, P PRI ACR BT DA 8 41 e 5 B S 1k P e 1R
ARG , 15 ISR BB i s D S A IR BR . A A A SR A M e P ke e T 45 81 S22 AT A
JRHh AR, HRBE 1~7 )2 Z AT (B 12). 285 i — 20 Y RRAR AL B W] 15 31 2 H0nT 42 A i ok
2 WA X ZEARU AT BA S L Cor 88 1S 4B J 9 A L R R VR M AT HLIBC AR , 3@ i /K $5 i 1 MIL-101 /s
PR, T MIL-101 G IR K R R S 18 iR A% & AT S 2 ik (R P22 ), s AR i oh e
BRPEH D (RS EVERLS) , il BERR AL B AT DLE P L 2 il s HOANERE BN, BRI HAT 25 D45 Y

Inner Compositional
Inhomogeneity

mm Dissolvable component

insoluble component ~ Acetone
Removal

Repetitious
@ Growth &Removal C./
Resin MS-HNs Resin 1S-HNs
Fig. 12 SEM(A) and TEM(B) images of solid resin spheres, TEM images of hollow resin spheres
with one(C), two(D), three(E), four(F), five(G), six(H) and seven(I) shells, schematic synthesis

process of multi-shell hollow resin spheres(J)*

Copyright 2017, American Chemical Society.
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MIL-101 fh A . B IR G AR K A BPE 20 o B2 o] i 2 oA XUZ A = 2 25 0 454 1 MIL-101 S
(& 13). 38t I8 220 b i 1) 60 S A A K R PP T B A A TR B2, MITL-101 25U Z5 0 1 23 i RS e J2 6

JE AT LA EHE RS HERY S

A)
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°
3 X rowth Growth @ Growth
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Fig. 13 Schematic synthesis of single-shell, double-shell, and triple-shell hollow MIL-101 crystals(A),

TEM images of single-shell(B), double-shell(C) and triple-shell(D) hollow MIL-101 crystals"®
Copyright 2017, Wiley-VCH.

2 EHRPEEMRIEEE RN A

T4 T8 e th s G5 M REI AR A S5 A0 FRAE S5 W) B 2 PR T, AR R AP | REUR A% AL S5O AT
JRE B AR . 220 B | UL AT Ze v s SRR L RE TR U ) 0L B I

Table 2 Typical intricate hollow structured materials and their application

Application Material Synthesis method Advantages Ref.
Lithium-ion battery Si/Coke,0, Sequential templating Volume change buffering; [101]
Sodium-ion battery Na,(VOPO,),F Soft-templating reduced ion transport path [102]
Alkaline battery NiS, Sequential templating [103]
Li-S battery Double-shell hollow carbon Hard-templating High S loading, soluble poly- [104]

spheres sulfides confinement
Supercapacitor Carbon Hard-templating High specific surface area, more [ 105 ]
MnO,@Co-Ni LDH Self-templating reactive sites, superior stability [ 106 ]
Co,0,/NiCo,0, Self-templating [107]
Electrocatalysis Ni-Fe LDH Self-templating Cascade reaction, high selec- [108]
Mn-Co oxyphosphide Self-templating tivity, high catalyst loading [109]
CoSe,/(NiCo)Se, Self-templating [110]
Photocatalysis 7ZnS-CdS Self-templating Architectural stability , [111]
Ti0,-Cu, O Sequential templating multiple scattering of light, [112]
Ti0,/SrTiO, Sequential-templating fast mass transfer [113]
Dye-sensitized Si0,/TiO, Hard-templating Better light harvesting, [114]
solar cells Ti0,-Sn0, Self-templating fast electron transport, [115]
Zn0 Sequential templating high specific surface area [89]
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FHA R EEM N RIS . SR, BUA R BE R | IR A A RN A S L JOTR AT H 3%
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FASF R P RE FEAR M RS T vk f it F AL A PR RE I S . AR TR AL, v s S5 AR R R A 25
REAG AU it 70 0 H 3 R H S AR AR BRI A B 0, 3 S Ak, Hr s R AR LA R B LR TR,
REAG RS2 A7 A 38 H A 5 i A ) e o TR L L 4 e TR S B4, NI A T A A 14 305 1
ARk gE o2

V,0, & — Rl 25 AR B Rt e AR AR . PR A2 AR SR AR . NHL,VO, R aioRY), it ik
FRRAR il o T HA B2 L RUZ TN )2 A SR V,0,50BR . V,0, s TRk A 7 2 H0mT LA i R Y
NH,VO, B3 B JE ARG v R 72 . 24 NHLVO, A 4 0. 01, 0. 05 F10. 075 mol/L I, 1] 43 54545 HA B
JZ . SUZ A = 245010 V,0, R 25 sk [ B 14 (A)~(C) . 2448 M E T b A EM AT RIS, B =2
23 LEF IR V,0, TR B BT B Ak 22 B, JLAE 1000 mA /g 1 HL 25 BE G FR 100 B85 , 55 402. 4
mA -h/g 755 [ 8 14(D) FI(E) |.

(D) 40

~
3!
N

e pseaperes 10

— st eyl : e SR e
I _ zsndciccele i 800 . Thin single-shelled —o— Thick single-shelled . o
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Fig. 14 TEM images of single-shell(A), double-shell(B) and triple-shell(C) V,O; hollow spheres,
discharge-charge profiles of triple-shell V,0O; hollow spheres at 1000 mA/g(D), cycling per-
formances of triple-shell V,0; hollow spheres and its control samples at 1000 mA/g(E)"*
Copyright 2016, Nature Publishing Group.

V,0, =22 R S R AE L RE AT R T (1) =2 dhas g5 HAT Fo Rl b 32 1m0 AR A AL AAFR,
AR B AL T R A TG M DA S PR A AR 5 (2) F ORISR B =2 A DR R
TP RFR R s RE 77, MORTSEBL T DL SRR ERRREYE . BR T V,05, HoA & 24 28 250 ) LiMn, 0,2 Rl &
BR A S IEAR A R R B P S R R B

B R SR AT N S 1R S T T SRR L SR, BRLS R T o R e A AR
AARE K, SEOLA R BEE TGP A DL T TG FEU8 >, o B R R AN K IR AT RS O 25 F AT LAAR -3
Ffm AR, s LR R e ., PR SR B U AR R B RE AR R 2 AT
CoFe,0,Z 275,008k . X F Si GKIIIRL/CoFe,0, 2 |2 75 O BRI B MBHE 2 Alg 2247 R % B T A
#1200 mA -h/g (Y LL 255, I 700 Bl 22 J5 25 i IR FF 2405358 92%. AR IE BN FF & 7 —FP A i F Y
AL, W8 T —Fh A RPIRBERR S A 1R . 7EIZAM R, BRI R BOR AR e e 0 B, FLRE ok
SRGEZ IR A 25 B, SRR 1) 2504 R AN K R AR B ISR A4 T A B2 1), B R 1 R AT A1
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IPECRE.
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AP S A 3. 72V, HAB R % IR 1A 398. 4 W-h/ke.
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B TR, Ak ALY | GRS 2% rh s S Rt AT LA 2 % A G R B T R o 2
WAL ZEH2 . Salhabi 55 YA TP BARE S5 1 2002 a3 450 Tio,_ ok, Tkt VEh %R
B FEL Tt A AR A R, 2% 5 A EL A i 37 ) R 32 [ R0 3= & BB B 48 i, RT A C ] 2 AL 0 1) 2R M 8K
I\ 465 B AR R AR S SR AR K . 3% SITIO, . AE AR R Y 903 mA -h/g I H 25 &, THER
1000 & J5 , 2 AR FEHRN 79%. BEIESCH B 33t T — Fh & A B @4 200 0L 4 g A A e
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22 BREREE

TG L 25 A A — PP e L 1 D 358 B R A A ) HL AL S A RE R, LR 1L 25 B N 4% A
F b &G AR Z 0], 2RI A3 R4 45 0 AU EAT B R B v 71097 MR s i g A L
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Fig. 15 TEM image of branched hollow porous carbon(A) and cycling performance of the branched
hollow porous carbon at 5 A/g(B)"*, SEM image(C), TEM image(D) and cycling performance
(E) of the MnO, @ Co-Ni LDH""
(A), (B) Copyright 2022, Elsevier; (C)—(E) Copyright 2019, Elsevier.

o P 45 A A AR AL ) FAT AT 3R SR S R M S, S BRAR A T L 2 AR S i A
BT T — Rl s A B 2R 23 2548, 14504 B MnO, 49K 28 ER I Co-Ni LDH H 25 442K %8 (MnO,@Co-Ni
LDH) M B[ 15(C)~(E) ]. VER T B 25 IEARBA ), iZp R A & L2 (1436 F/g@1 Alg) | P 5 1A
FPEBE (1080 F/g@20 Alg) Fl = 416 B0 A 52 P (96 2R 10000 [8] J5 Fb B 25 14 35K 96. 1%). L Mn0,@Co-Ni
LDH W E AL, TEPESN RATEL, 2 ATR & BB L2 48 HA 40. 9 W-h-kg™ 1 = RE 1 %5 A
SEIIE FRRRE P (R 20000 5 HLHL 28R BRS8N 81. 8% ). 1ZAMRMIE S (1 B Ak 2& M RERT LA Z5 M DR
PIAAZR : (1) MnO, KGR AL T PR 0 By Sl {2 6 425 (2) Co-Ni LDH AR IE AT S it 3= 5 1
WAL, TEA RN FER L R P RHMAR AR (b 5 D B A1 SR FIER I .

2.3 Rk

B A Ak S I [ an A &0 i (Hydrogen evolution reaction, HER) | #1% J5< i™*" (Oxygen evolution
reaction, OER) | Z 8 J5U 2“2 (Oxygen reduction reaction, ORR)%§ [7E HL /K il & . KRB D . &)@ 28
A AR AR T G R B VE ] . PR AR A AL R X e R SO RE S AR | IR

A s S R A U R B T BRI ). (1) HA AR RMEAL T RE AT PR 20 m] LA
B A 225 DA A R SE SR BN [FIFG IR Y, T ) — R4 2 R A D RE , 2 2 S R IR AL S
W (2) 52 F v as G M R 0 FLIE 25 AL FN R Y R TRIAR AT LS AR50 (TR PR ZH 23 ) i Bz | 38
HEAHR) 5 5200 £ o T AR R T8 S R0 b ) 7 0 7 ) e A JB el 144,
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A)

Ni-Fe LDH DSNCs
MIL-88A@Ni-Fe LDH

oooooooooo
.

Ethanol

() 320
& H,0 ©

™ j=50 mA cm?
-

1 Bl j=20mAcm?

MIL-88A

n(mV, vs RHE)
N
@
o

240 A

220 4
Ni-Fe LDH SSNCs Ni-Fe LDH Ni-Fe LDH
DSNCs SSNCs

Fig. 16 Schematic synthesis of single-shell and double-shell Ni-Fe LDH nanocages(A), TEM image of
double-shell Ni-Fe LDH nanocages(B), and overpotentials of single-shell and double shell Ni-Fe
LDH nanocages at 20 and 50 mA/cm?*(C)"™
Copyright 2020, Wiley-VCH.
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TE B ¢ J2= B0 05 T AT LASE SO RO 00, (B3 — Iy i B AL B . NG, R Je =28 A iE g,
ZnS-CdS = KR FEA HA T AE B L o i KIS 1R . EAh , AT T —Fh CdS 73 9 20 i 23 0
UKL . 1% CdS 73 2 i 25 o OB HL A I S R G4 COLIR JRGE 1 . O Tt — R PR RE , 1% BAME
CdS b it AuCRf CO, B 5 CO A2 HEAL) , 7T WOGRRAS T, CO A A i A< ) 1K 7] 3758
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2.5 RS KPHBER

YeRMEE K B AE HL it (DSSCs ) f&—Fh AT DL K FH BB 1 i f BE AR AR, R AR ALY Tk
WIS BB ) . JukMaAb ) | S TE S5 E A SR B R B . ' BRI 5 rh I B A I S e B B e
1 Z 4L Ti0,, Sn0,, ZnO %54 J& SF ALY 2 S A AR 1521590 &5 v s 25 P E 4R v e el 6 2 o R 50
AR, DT 3 TH YAk He T B Y e B 48R 5, Jang S84SR FH VA RS- IS 1 R 45 TR SF AT FE
SiO,/TiO, Wz Hrzs ik . A5 25 T HXUZ o as 8540 | = AL B M s b 3R AR E 25 ek, 3% Si0/Tio,
XU 23 (R e B0 O S I G BT BE T . SR FHIZ Si0,/TiO, XU Hh 23 SR SRy BT 2 1 e A Ha
HLAT 8. 4% HIRE R BCR (1 18). FEICIERE b, 27 BA SGE v I - s vk il 46 17 HAT B2 L U2
IR A EER A TIOL ER . SAR R ST B2 FNAUZ Tio, 28tk A EL , =2 Ti0, s Bk A
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Fig. 18 Schematic illustration of light scattering in single-shell and double-shell SiO,/TiO, hollow

spheres(A), incident photon-to-current efficiency of DSSCs(B)™"'¥
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