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Macroscopic Porous Single-crystalline Materials

LIU Shaofang, XIE Kui’
(School of Mechanical Engineering , Shanghai Jiao Tong University , Shanghai 200240, China)

Abstract Porous materials and single crystals both hold significant application value in modern science and technology.
Introducing porosity into macroscopic single crystals offers a promising route to a new class of materials that combine
an open porous architecture with a continuous single-crystalline skeleton, namely macroscopic porous single crystal
(PSC). In PSC, the continuous single-crystalline skeleton maintains long-range crystallographic order and effectively
reduces grain-boundary effects on transport processes and structural stability, while the porous architecture provides
mass-transport channels and accessible internal surfaces. However, conventional crystal growth processes generally
tend toward densification, and pores are usually regarded as inclusions or defects. Therefore, the controllable
introduction of porous structures into single crystals remains a fundamental challenge. This review focuses on lattice
reconstruction strategies driven by solid-solid phase transformations. We discuss the basic mechanism by which a
high-density single-crystalline mother phase is transformed in situ into a low-density target single-crystalline skeleton
through selective component removal, lattice rearrangement, and phase-boundary migration, accompanied by pore
formation. Using typical oxide systems such as TiO, and CeO, as examples, we further analyze how the crystallographic
orientation, composition, relative density variation, and heat-treatment conditions of the mother phase regulate the
facet orientation, porosity, pore size, and surface structure of the resulting PSC. Finally, with photoelectrochemical
energy conversion as a representative application, we discuss the synergistic effects of the continuous single-crystalline

skeleton, three-dimensionally interconnected pore channels, and tunable defect structures. We also outline future
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opportunities for these materials in structure-sensitive functional processes, including electron-phonon transport
decoupling and isotope separation.
Keywords Porous single-crystalline material; Single-crystalline structure; Porous architecture; Solid-solid phase

transformation
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Fig.1 Schematic illustration of the formation of macroscopic porous single-crystalline materials via
solid-solid phase-transformation-driven lattice reconstruction
A single-crystalline mother phase undergoes selective component removal or element substitution , followed by
phase-boundary migration and lattice reconstruction, ultimately forming a porous single crystal with a continuous

single-crystalline skeleton and interconnected pores.
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Fig.2 Calculated energies for the transformation process of KTP to PSC TiO,™"

(A) Defect formation energies (£

iewy) for various configurations on the pristine KTP(100) surface; (B)

Ti-O framework configurations containing P, K, and O defects; (C) anatase TiOz( 101) surface.
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Fig. 3 Structural evolution from KTP to PSC TiO, revealed by in situ TEM, showing atomic-scale
changes and pore formation at different temperatures™*

(A) Schematic illustration of the lattice reconstruction from (11-20)-oriented CeBr, to (200)-oriented CeO,; (B) SEM
image and corresponding XRD pattern of the resulting (200)-oriented CeO, single crystal; (C) corresponding selected-
area electron diffraction (SAED) pattern; (D) schematic illustration of the lattice reconstruction from (0001)-oriented
CeBr, to (220)-oriented CeO,; (E) SEM image and corresponding XRD pattern of the resulting (220)-oriented Ce0, sin-

gle crystal; (F) corresponding SAED pattern; (G) schematic illustration of the lattice reconstruction from (1-100)-ori-
ented CeBr3 to (111)-oriented CeO,; (H) SEM image and corresponding XRD pattern of the resulting (111) -oriented
Ce0, single crystal; (I) Corresponding SAED pattern.
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Fig.4 In situ TEM characterization of the transformation from KTP to TiO,"!

(A) SEM image of the(100) KTP slice prepared for in situ TEM characterization; (B) TEM image of a TiO, cluster evolved on the
KTP lattice surface at 750 ‘C; (C) Schematic illustration of the atomic arrangement and epitaxial relationship at the interface
between (131) TiO, and c-axis KTP; (D—1I) In situ TEM images capturing the conversion process of KTP to TiO, at 850 C at

different moments.

Copyright 2023, Wiley-VCH GmbH. .
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Fig. S Structural characteristics of KTP substrates with different crystallographic orientations and
the resulting morphologies of the derived PSC™!

(A—C) XRD patterns of the a-axis, b-axis, and c-axis oriented KTP substrates, respectively. (D—F) Crystal structure
models of KTP viewed along the corresponding crystallographic axis. The light blue, pink, grey, and red spheres repre-
sent Ti, P, K, and O atoms, respectively. (G—I) SEM images of the PSC grown on the a-axis, b-axis, and c-axis KTP
substrates, respectively.

Copyright 2019, Springer Nature.
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Fig. 6 Growth mechanism and structural characterization of mesoporous CeQO, single crys-
tals derived
from CeBr, substrates™"
(A) Schematic illustration of the lattice reconstruction from (11-20)-oriented CeBr, to (200)-ori-
ented CeO,; (B) SEM image and corresponding XRD pattern of the resulting (200)-oriented CeO,
single crystal; (C) corresponding selected-area electron diffraction (SAED) pattern; (D) schemat-
ic illustration of the lattice reconstruction from (0001) -oriented CeBr; to (220) -oriented CeO,;
(E) SEM image and corresponding XRD pattern of the resulting (220)-oriented CeO, single crys-
tal; (F) corresponding SAED pattern; (G) schematic illustration of the lattice reconstruction from
(1-100)-oriented CeBr, to (111)-oriented CeO,; (H) SEM image and corresponding XRD pattern
of the resulting (111)-oriented CeQ, single crystal; (1) corresponding SAED pattern.
Copyright 2021, Wiley-VCH GmbH.
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Fig. 7 Microstructural and three-dimensional pore characterization of centimeter-scale mesoporous
(200) CeO, single-crystalline monoliths™"
(A) TEM and SAED (inset) characterization; (B) 3D pore reconstruction; (C) pore size and throat length distribution;
(D, E) enlarged HRTEM images; (F) atomic-scale stacking features in the STEM.
Copyright 2021, Wiley-VCH GmbH.

Bk CeBry#h, AN[A] Ce A A0 B i BEAH L P FH T 4% PSC CeO, IFLER . CePO,, K,Ce(PO,),Fl
CeMgB, O, SFEHAHY A Ce™, AIER CeO, BHLMICE KR ; [FIET, XLEREFHF &4 P, Mg, B S5 A 7E5%
feat B B BR AL 5y . AN IR BREAE AT RN . 25 B R0 AT BEBR 4 43 L), JL10] CeO, e AR ™ A5 11
25 BRAARFUN B AR . A AT TAER I, L CePO,, K,Ce(PO,), il CeMgB,0,, A EEHHRT, 1] 435
AT 47% , T4% F180% FLERZR A PSC CeO, RH . 3X—45 U0, FLBRR £ 82 5405 H s 2 18]
FEXT % P AR Ak K AT B BR A o LU s ] . 4 5 22, BEARALSA R 2 HARA T 2R IR, e e 241
BTS84 PSC FLER R Al Sk

LB Ty B AL ORI X 2% AR A e g AN TR] , FLAR /N B B S A7 AR R | PRIl s ] A
SGEEENF1F AR . TEH Ce FERRAIEEAL A R CeO, IR ZR Hhr, JRLEEFIRS 8] 23520 Br/O ‘B e, 4009
B AR TS | FLIEHLAE LA L Ce-O B4R EHE. W HAHOLT , 40 m I s K b B ] A E FLIE K
RAEREHE, T KRR s Bl AR A0 A R WA R TR F N FLE5H . CeBr, #4011 PSC

Chem. J. Chinese Universities, 2026, 47(9), 20260187 20260187(60/64)



. P4 s Hg g R

Cu g AT
CHEMICAL JOURNAL OF CHINESE UNIVERSITIES oo =] s

CeO, 38 H HAT LY 15~25 nm WA FLEEH , T DAL E Ce SR AH ul 7 5 =y i B A5 14 R il 25 B, FLAR T 3G K
2270.5~1. 0 pwm. FAT UL, FLERZFIFLAR A R4 BA R R 3 K 3R« Fi 32 S Bl A 2 R A 2%
25, TR BN 237 N ) 128 55

CeO, P 5 Z2 FLA R FLBE 2 1 16 LA H5 R SRl 4t My . STEM WLEE s, FLBRE PN 3 2 1 I 1oy 2K
EAARTE B b H T R 2025 I A M R AL B, IFPT I IRLY 1~2 A4 i 2 VB B ) 2 Rl A W 7
HS-LEIS F1 XPS 45 5%, PSC Ce0, )2 T2 Ce MO MR, RN &4 D Ce™ WM A MFP . jx ik
JryFR WA S RN AN Ce-O BLA S5 F4 o J5 B2 3R THTER A I | 42 I PR 2 R RIS AL BRI T 45 4 3
fith. HIEAT O, CeO, IR R MR SUABUAE A . FLBR R AALAR G U5 S50 L, thiE i 2] fLEE R
AT SR B AN S5 F4 Ak 2 PR A 2 1

BASRE, CeO, it Z2 AL IMZEAR PT LA i BEAH BT A 25 25 A U IR 4 - A i D 2g B AR CeO,
PRI At 1T 5 AR L BRCRTRE X 28 25 R e 2 FLIBR R 5 R FE 3 R (i) 5w LA S F LB KL AL 5 FLRE
2 1A 1) oy FSHH 1 RITC (57 23540 D) Ay 2 T MR P SR LA . 5 5% A 2E B PSC TiO, AR R AR L, ik Az Al
PSC CeO, WA 2 0 58 th 254 S B0 AT Bk, 37 5 i 22 FL DR o2+ R 2 R A i 1L 1 iy
SRR

25 BJriA , KTP Bdh ) PSC TiO, W% AL Ce BRI PSC CeO, HYHE 4K 73501 B AL il R #4645
PIANZ TS UE 1 - [AE AR A% EA SRS . RSN 1T B in 2 AL RDE il FE h 4140 BB | AR B4
TER . A% AME | AR AR FUHE AL AL PR AR B2 18] 4 S, 156 BH 2R 5 22 FL M RE B TE AR JBT b2 B i B AR
R A IR 7 AR A . 5 B 23R, B 2L R SR TR | FLBDR AL IR AT i S
B, AT LAS i A B A i ) L BEARZE R A A B A TR

MERAEZHFE , XRD T\ Y AR A TR ), 4 428 h 2 R0 o F3 45 FH 0 2 O B ) — 3%
P, JEA7 TEM #8378 A28 FIFLERIE B0 sh 2510 %, HRTEM . STEM F1 SAED iF B L Fi & Bl 22 11 B Ty
fE, SEM F13D CT F T WAL 45 #y i =44 @ vk, BET MR ZS e i AR AL 041, XPS 1 HS-LEIS
WAF T RENS | RZLRAEFRE . R RO AL UER , Z20R B g 2L R O
SEFRFRAE S 252 P T 1 2 5 = Yl L G P R A AE

PRI, 7200 RO B s 22 F LA R %) ) 28 AN I 0 B Ay R B3 fL 7, TN AR A — Tl A B B Sy o
K VAL i A A B AR A A IR Sl | DA S DEBE RN AT A R 24 R A AL 2 B R L AR
Je S T 2 E A . B B S AR R A i 2 A LR L T i 2E A,

5 G BEREECRUFRFEELPIIMA

O LA RE U A Rl 3 MO AR B 700 15 L AR AL i LA B R A LI I S 55 2
AESDPIR. HIL, JCH AR 2HAT G OE M RETF A DI ICRE )1, 167 2R A
fgAe . ARSI SN AL DA R ISR e . (RS2 bt SRR sl RBOR R R AR LA
B A LR TR, (ELAR 5 | UL i S5 T A AR I 25 2 A e e v - 28 X A oL, BR300 1 77
AR AR . MR, BUE B AR RA B A SR S A L AT A R RE T, (EOL LR AUA IR,
FRIBOHME L E AT RN, SISO AN A . AT L, g 7 PR R S A B LA B TR 5 LA TR AL
By, SEERTOLHRAL P RE R E A BT ]

TR Z2 S LR R — (R RS 4 12T A0 B . AR 0 SR BB 8 a0 i SR L R 5
A, AR TG E B FAE A A b B PG4 . — 2 AL 25 IS N 1 W f B T BT A, 3R
TS SR AE R 2 BT, A BT SRR AR R RS DL, B 2 AL I A
JETR] LR e LU AN, TR AR [R]— R AR R S T e - v o A g - 53 TRTEORE ™ AR MR (AL

TiO, AL A REIREL AL P BT iR Iz 9 E A R 2 — , B A ROEvE e | A B AR A B
AL E G K A ESFIL R SR, B L2 i TiO, H AR Hh A i SR BR B 25 5 S B T 5, U
TiO, 515k SR BAT B A PR AR R E T, 30132 26 il A R T BN T AR BR gy i 2412

Chem. J. Chinese Universities, 2026, 47(9), 20260187 20260187(61/64)



Jd E% s Ky g R -

CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ‘$‘;|‘
IrEbrid

KTP 5L fiA% BLAN S 2 9 PSC TiO, IR —F JEHR At TRRIAR | 2 RHEZ LR RS AOE
B, TEROW b BAT S B AN = ZE il FLA5H , FLAR24070 50~100 nm, FLERRZN 60%. XAty
Wk R AR 5 i A S T S W B 1O GE T, B PR B T A R I S AR R AL

1.4

3B - TiggOsgfitted ®B) LT =[©  Tio.;
~|3 + TipsOyg-fitted 512 Ly e 3 |
ElR * TigOgyefitted S04 % TisOr @ !
s © Tiyp0p4-fitted o B K £ }
%‘ H © TigOyyfitted §:: - Ti12Qz: g 3.29 E\I’
s|: 5| e L1038 2 TisOu |
= 240 Ti : |
i - O —— T 8 1.12 eV,
r 0.0 \\ TissQss
0 10 20 30 40 50 60 300 400 500 600 700 800 864202 46 810
Time(ns) Wavelength (nm) Energy (eV)
12 100 100 100
< {D 1 M NaOH solution < |® PEET: T IM® =
- is047 < 2
€104 £ ()
5] i G 80 =80 {80
< —— Tiz0ss < .% 2
E 84 T!nOu g 60 Seo y 60"2-'
€ 6l — Ti1202 = 2 3
2 _ T!sOﬂ £ 40 840 Jao®
3 41 Ti?01s 3 @ 3
8 8 N-SC TisOn < .
< - N20 {202
2 2 22 5 £
o o N-Pc TiO: o
04 0 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0 20 40 60 80 100
Potential(V vs RHE) x AM 1.5G illumination DY &

[15]

Fig. 8 Physical properties and photoelectrochemical performance of the PSC Ti,0,,_,
(A) Transient absorption decay profiles; (B) ultraviolet-visible diffuse reflectance spectra; (C) density of states for
TiO, and Ti,0,, Magnéli phase with Ti** interstitials. The Fermi levels are shown as vertical lines; (D) linear sweep
voltammetry (LSV) curves of PSC Ti 0,,_, photoanodes in 1 mol/L. NaOH electrolyte (pH = 13. 6). The three-electrode
setup was utilized with Ti O, _, as the working electrode, Pt as the counter electrode, and Hg/Hg,Cl, as the reference at
a scan rate of 20 mV/s; (E) photocurrent enhancement intensity : comparison of photocurrent densities at 1. 23 V bias
under simulated sunlight up to 50 AM 1. 5G. P-SC Ti,0,, significantly outperforms nonporous single-crystalline (N-SC)

Tiy0,, and nonporous polycrystalline (NPC) TiO,. Error bars denote the standard deviation from repeated measure-

n2n

Copyright 2019, Springer Nature.
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