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Figure 1 (a) Schematic diagram of crystal structure under high
pressure. (i) Schematic diagram of the crystal structure of Na,Cl under
high pressure [1]; (ii) schematic diagram of the crystal structure of
Na;Cl under high pressure [1]. (b) Schematic diagram of two
mechanisms for cation-n interactions. (i) Schematic illustration of the
electric quadrupole interaction mechanism [8]; (ii) schematic
illustration of the ion-induced dipole interaction mechanism [8].
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Table 1 Eisenman sequence

Seq.No. Sequence

Cs">Rb">K">Na'>Li"
Rb" > Cs" > K" >Na" > Li"
Rb">K">Cs" > Na" > Li"

1
I
i}
v K">Rb" > Cs">Na" > Li"
v
Vi

K">Rb">Na">Cs" > Li"
K">Na">Rb" > Cs" > Li"

Wi Na">K">Rb" > Cs" > Li"
Vit Na">K">Rb" > Li" > Cs*
IX Na">K">Li">Rb" > Cs"
X Na">Li" >K">Rb" > Cs"
XI Li" >Na">K'>Rb" > Cs"
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Figure 2 Molecular dynamics results of NaCl solution enrichment on graphene surfaces [45]. (a) Molecular dynamics simulation showing the
distribution of Na" and CI™ ions from a NaCl solution on a graphite surface, clearly illustrating ion enrichment at the graphite interface. Grey, red, and
white atoms represent carbon, oxygen, and hydrogen atoms, respectively; blue and green atoms represent sodium and chlorine atoms, respectively. (b)
Magnified view of the area marked by the red box in panel (a). (c) Distribution probability of Na" along the z-axis (normal to the graphite surface). The
red solid line represents the case with normal hydrated Na'-n interaction (¢ = &), the green solid line corresponds to the interaction reduced to 1/2 (& =
£¢/2), the blue solid line corresponds to the interaction reduced to 1/4 (¢ = gy/4), and the black dashed line represents the absence of hydrated Na'-r
interaction. (d) Distribution probability of Cl™ along the z-axis (normal to the graphite surface). The red solid line represents the case with normal
hydrated Cl™-n interaction (¢ = &), the green solid line corresponds to the interaction reduced to 1/2 (¢ = &y/2), the blue solid line corresponds to the
interaction reduced to 1/4 (¢ = gy/4), and the black dashed line represents the absence of hydrated Cl™-x interaction.
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Figure 3 Schematic diagram of anomalous stoichiometric crystal
structures at graphene interfaces and in confined spaces. (a) Schematic
diagram of the CaCl crystal structure on a graphene surface [5]. (b)
Schematic diagram of the Na,Cl crystal structure on a graphene surface
[51]. (c) Schematic diagram of the Na;Cl crystal structure in a bilayer
graphene confined space [51].
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Figure 4 (a) X-ray diffraction (XRD) patterns of a reduced graphene oxide (rGO) membrane immersed in a 3.0 mol L™' NaCl solution and sealed
with a glass slide in a polyethylene (PE) bag, along with the XRD patterns of four control systems. The 26 range corresponding to the NaCl (200)
crystal plane is highlighted with a red shaded area [51]. (b) Na to Cl elemental ratio in two-dimensional Na-Cl crystals determined by EDS-TEM
experiments [51]. (c) Theoretical analysis and experimental characterization of Na,Cl crystals. ( I ) Highest occupied molecular orbital of a Na,Cl
crystal, with electron density isosurfaces plotted at +0.02 atomic units, red and blue colors indicate opposite signs [51]; (1) top and side views of a
Li,Cl crystal on a graphene interface [6]; (lll) electron microscopy characterization image of Li,Cl crystals in tGO membranes. (i) Cryo-electron
microscopy image of Li,Cl crystals observed in an rGO membrane [6]; (ii) X-ray diffraction image from the area marked by the yellow box [6]; (iii)
Fast Fourier transform (FFT) image of the area marked by the yellow box [6]. (d) Resistivity of four different dried samples measured by connecting
electrodes to the top and bottom of the samples [6].
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Figure 5 Electrical characterization of Li,Cl crystals [6]. (a) CV curves of dried rGO membranes with high Li,Cl content (H-Li,Cl-rGO, red line),
high K,ClI content (H-K,Cl-rGO, brown line), and pure tGO (H-rGO, blue line), measured using a three-electrode system in Na,SO, electrolyte at a
scan rate of 10 mV s™'. (b) CV curves of dried Li,Cl-rGO and rGO membranes; the inset shows a schematic diagram of the measurement setup, with
the CV curves exhibiting distinct capacitive behavior. (¢) Voltage response of a dried Li,Cl-rGO membrane under periodic strain at a bending angle of
90°, demonstrating notable piezoelectric properties. (d) CV curves of a dried Li,Cl-rGO membrane under varying humidity levels, revealing its
humidity sensing characteristics.
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Figure 6 Preparation, microstructure, and magnetic properties of two-dimensional CaCl Crystals [5]. (a) Schematic diagram of the preparation
process for two-dimensional CaCl crystals. (b) Electron microscopy characterization images of two-dimensional CaCl crystals. (i) High-resolution
cryo-electron microscopy image of CaCl crystals within an instant-frozen, in-situ fixed hydrated rGO membrane, the inset at the upper right shows a
magnified view of the local area alongside the matched theoretical crystal structure model of CaCl, where turquoise and green spheres represent Ca
and Cl atoms, respectively; (ii) typical diffraction pattern of a CaCl crystal under cryo-EM, showing first-order diffraction spots at (1+£0.03) /4.29 A™",
indicative of a hexagonal structure; (iii) fourier transform pattern of the bright-field real-space image, displaying a structure consistent with the
hexagonal diffraction spots in (bii). (c) Ratio of Ca to Cl content at different depths within the CaCl@rGO membrane, indicating that the atomic ratio
of Ca to Cl approaches 1:1 inside the multilayer rGO. (d) Top and side views of the crystal structure model established based on experimental data. (e)
Relationship between magnetic moment (/) and applied magnetic field (X) for dried rGO and CaCl@rGO membrane samples, the magnetic field was
applied perpendicular to the sample surface during testing. The inset shows an enlarged view of the remanence and coercivity measurements for each
sample [55].
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Figure 7 Electrical properties characterization of Ca-Cl@rGO [5]. (a) Voltage response of dried Ca-Cl@rGO (red scatter points) and dried rGO
membrane (blue scatter points) under stress applied by bending to different angles, demonstrating the piezoelectric properties of the Ca-Cl@rGO
membrane under ambient conditions. (b) Heterojunction behavior of the dried Ca-Cl@rGO membrane. The CV curve shows typical rectifying
behavior of the dried Ca-Cl@rGO membrane (red curve) compared to the dried rGO membrane (blue curve) under ambient conditions. (¢) Resistivity
of four different samples measured by connecting electrodes to the top and bottom of the samples.

JEMERR. XN 4 CaCli AR E G K B FH L L
TAS U L T EE S, AR, CaClifffit A
B UTET7 ()BT R AT R 45 B AT v, A, T
T AL ECaCli ik B L B HA A CafICIUL %,
EA XL~ HECaCliH A 1 CaCl@rGOEIR A v it B A
FEHE. WIET7(FTR, 24K K/NEZ SRR 5 g
7725 B A A K A T N90°I), AT LLAEFE MV 4 il 1) B
Kb, R )E, fl kT IR KEI =,
B RS URLIECiL (]

FRAE G R B S, SREAMRNEE A RE KR
P, XEF N K ZH &R R 2 = X RR, Toikr=
AT (AR RS, RN, BUAEEAE T A A A R
5, Lo wi RN KER B B B B2, H
F = 4ECaCl—J7 T K N Ca & 7 I BN AT T 28 4
JEME; ST, %GB AN A AR 0 (Ca,
Cly, "EATTLE R 45 N A8 s bz B AR I 23175 5 H H A A
B, i, Yin% ADSE — R 5 Janus #ZE AR
MoSi,NyZy— FRIFER I T 48 5 s H L A7 1 3

Z, IR T S, LB S CaCIH A2l
(e PEVR T Mo-dBIE 1 i 7 B 3k, T AR PR UKk B AR
HHC S BRI Janus 45 #4) T EUK) HLAT AN XS RR O A, (HAE
CaCHER| % T ZHIT 5 B A B #RR T Janus 454,
B RIS ISR A R, TREAEHT L
IR G IAT A5 U RAT BB B .

SRR, BuLER IR AR, S
JE—FE, B4 )EiEMe, BafF <t ae T
W T 1 T8 RS R DS BL A — 4 SR AL A T R L A A
(WnBaCl), FFRIFESAT 57 1 RG22 P R, XIS s 17—
Yt - < AL SR A A T R B R AR RS2 S PG
W TR A B K A PR 2R 25 ).

5 “#HidEERxIRENETEL R

R e S L s AL YRR RS B e T 2
TR IR SR DAL, XA RS B R
TR AT R ARl 2% 17 S 1 A% S 25 10 1 e -

240012-10



ZFhsE. PERRE MELE 1% RO

2026 F HS6eE 4

ERAER, NERE R, HRMPUE A b ERAt T
HMPE, BHEHEEXUYIUICH;, CnGe,Te), 2
E S Hh 4 IF S AT AE AR R LR R AR R 7,
RO T AEREVE I R R B, BUEARSOR R M)
g, 4R VE SR ) R A 2 T L SR AR I S
ISR T RAR e, FRARHIT T A AR N 5 52 3.

i, GaoZE NPt & R R 58 MR
B, I T — o B e Crl R E AR ]
FENP21/m), HRILH 58 2 AMERERME T (Fully Com-
pensated Ferrimagnetism)-5 =11k 592 K1) #H A2 iq FE
W ER, NEIEARE TR NP E T
FER.

ZHE il 2 H ks 2 5 L (IM?ODE) £ 4t
i T Cr-TE N1 1) 4k d ARk g i, M % H DO b
B SR e R E G5/ (P21/m, P3ml, Pbem, Abm2).
Horr, CrI-P21/m#H )2 B H &K ¥ L 6E(-0.42 eV
atom ™ )RR (0 =5 I A5 PR 55 I 8 . RIS (a) T
N, HAE TSR EM, HAIMDREIRFHAE300 KT
ghitfase, WA, RAsSLRA M iE. (Bt
IS SR PG TR AR BT T R AR IR
B, nE8(b)Frax, CrI-P21/mH b $A WAR H B AE
592 K, iE T ER. X — A R T EAEC-Cr
] PF (2.82-3.00 A) B K AL HAE I (J, =~
—153.54 meV).

PI8(c) R T CrI-P21/mATHSEOGRE 1 45 44), ¥ M
TR EFEES AR, IEUN1.57 eV, 1% E e R
T 25 R RSN Cr i T (Cr R Cr?) [ S 3 e o 22
T Cr'5UARCSE, Crts =AMRLAL(EI9(b)Al(c)), T
A 3dPUE RE LA AL, BT 5] K B e AR R IR0 B F
gEH.

ik — B e LA (A B9 (a) BT ) T EL
ME H, CF XS A JiEn FiEiE, Cr'E S HiEn N,
PR TE S22 [B) R 5 58 A ME I REREHES ), R A 5 A th
PR R ) 52 L.

2 PR, Gaos NPOURNUIRH T —Fh B A %
AR ) 4 S A AME RGO AR, Rl it 2 R
THEER T HY B, AR R & H e
WAL B ) — AEREVEAA BB T 3 (10 2544 9 AN B R
Wi, R ZER R T R Crl-P2 /m 25 L e it & T
B PR TE R 2 P 6 T T PR I HH 8 N (a5, (EFRAT 020
fath, ZSARGERDRL I SLIG A RS RS ARGV R AE AT AR

KR =, A H AT A ) S R DB .

BRI, Jia%s NOOWRE 7 — I T AR AR
B EFMET, BGOSR AN FVCLIERH, |+
rGOR M F & M ¥ 2zl 3@ i PH & -l B1E FH ik
BRI B VRS, JEMTErGOJZE AT 4K B
A [ N S VIR R A E A K, A AT Eh & ik
TR FHFERERVCIGEK A, I8 IREZEIESE T %
FARIE1.8-400 K958 B 55 Y6 Rl N B A A e 1) I
HEAT .

N T BRAE A IR AR AR SR AR S R, I AR o
K 10(a) BT I XE 26 % FEL T BB (XPS) I G il 45
REW, VECIKEFEHNLL, AfHE T EAs-fEE
RO R (SEM-EDS) i — 2 UE SEVCIZK f 7ErGO
FE PR SR I S o A HALSA R E O 0. [FIR), i
10(b)A1(c) BT 7 F 8 43 HEXPSREWE I Y T VCIs kv
JCEM2p T IS & REAIXT VC LI B A7, B T
VILEA IR R ZIAAL. 0N SREE2, BE10(H)-
(1) B =143 H43% S H8 8% (HR-TEM) 20 H7 7 375 M 00 0 1)
VCIGK A IR 7 SRR, e L3R A7 (1 Rk e B A
P S H SRS DO G AR AT BE . B TS BRI
{8 B AR e GFFT) AR 38 Ji5 1 BAG dE — 25 I A5 3 o 1 (7]
FER2.14 £ 0.11 A, X EEsIWIN 5 B 11 () fi(d) e 7w
(BRI S A 55 K (45 1) B PAmm) =5 75 — 3, BRSHEL4
HH R HESe = b = 456 A, XN V-CIHSEIAEE N
228 A, 5 EHIUMH Z216.1%, A ISR T TS
FRAK B 4V LR AR,

B EEE TR, Z4EVCIR R 2
& B AHE. B IIOMR, HE R BEE 4
JEME, BER NEIE LN 3R R E R
THRIE MR, il T SRR SRE. K
FAENVEFITRRZ)4 uBRIRAAE, FEOR A HdpuE R
T SRR T R R I BV O AR R B
152014 K, W7 1 AR5 i <s #AE AR .

SRIM, RIS R (B 12() TR & s
H5HEBMEEAAEMAIT N: VCl@rGOJE £
1.8-400 Kt [ Py ¥ AR M I BN RGeS, e 71 -5 el
JUTN0, REEAEGRE . AR AR ETE1.8 K
Bik12 emu g=', XFRAEASVE T AREAE N
3.53 uB, J& H BUHRIE 8 MR R} B 25 - RERE 1 5
FEE. LA I R B R TS A R IR R E
YK R (A ) RS BR 1) (1 4618 nm) BA & AErGOJZ [H]

240012-11



FhcE. PERRE MBS 1% ROC¥ 2026 4 S S6 & 4 M

2.0 P21/
BT
<
L 1.5 p
\% . T=592K
P 1.0} i
3 |
~N—" Y !
& g 0.5} :
O |
I
0.0 — 1 n
XM I 0 500 1000 1500 2000
Temperature (K)
P21/m
> =S A
Q) 2 B -4 -
~—~ e
LT-( i Y -3
Eq 1 ——Spin up r=e X1, —Crd
——Spin down - —1Ip
| 0 , Total
m /‘
—1 - i
—2

I X M Y I M Density of sté,tes

B 8 CrI-P21/mib A T 5 i T 455, () CrI-P21/m ) i A 45 Hom 75  R H 5 T3 (b) CrI-P21/m A4S Cri 11 L A
R LRI R AR, (c) CrI-P21/miy AR A Y BE 7 25 ) B AN 0 B ) 35052 25 5% FE(PDOS) B, e gy 18 v A 2L (1 S22k AR
R AR _E AT A RE, B0 SR B TR T T R RE T, SRR R o8 =, B MR B A T T RS
L, AR A el bR SO ST L. PO AR R T AR G O RER R A S L, KOS Ly n R Cot
RMUTR RS T L

Figure 8 Phonon spectrum and electronic structure of Crl-P21/m crystals [59]. (a) Schematic diagram of the crystal structure and phonon spectrum
of CrI-P21/m. (b) Variation of specific heat capacity per Cr ion with temperature in CrI-P21/m. (c) Spin-polarized band structure of CrI-P21/m and its
corresponding PDOS diagram. In the band structure, the red solid lines represent the bands for spin-up electrons, while the blue solid lines represent
the bands for spin-down electrons. The DOS diagram is split into two parts: the left side corresponds to the PDOS of spin-down electrons, and the right
side corresponds to the PDOS of spin-up electrons. The gray shaded area in the PDOS plot represents the total density of states, while the purple and
green lines denote the PDOS for Cr and I elements, respectively.
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Figure 10 Component analysis and microstructural characterization of V-Cl@rGO membranes [60]. (a) V:Cl elemental ratio determined by XPS
analysis across over 80 regions of the V-Cl@rGO membrane. (b) High-resolution XPS spectrum of V 2p electrons in VCI; crystals. (¢) High-resolution
XPS spectrum of V 2p electrons in the V-Cl@rGO membrane. (d) High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of the V-Cl@rGO membrane; the inset shows the size distribution of the V-Cl nanosheets. (e) Elemental mapping of C, O, V, and Cl in
the V-Cl@rGO membrane obtained by TEM-EDS. (f) High-resolution TEM image of the V-Cl@rGOmembrane. (g) Magnified view of the area
marked by the red box in panel (f). (h) FFT pattern of the image in panel (g). (i) Inverse FFT image after background subtraction of the pattern in panel
(h), superimposed with a schematic of the VCI crystal structure. Red and green spheres represent V and Cl atoms, respectively; the red dashed lines
indicate the measured interplanar spacing (2.14 = 0.11 A).
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Figure 11 Structural model and spin-polarized electronic properties of two-dimensional VCl crystals [60]. (a) Top view of the theoretically predicted
structure of two-dimensional VCI crystal. (b) Projection of the ELF of the two-dimensional VCI crystal on the (100) crystal plane, with an isosurface
value of 0.33 e bohr . (c) Projection of the ELF on the (001) crystal plane, with an isosurface value of 0.33 ¢ bohr™>. (d) Side view of the theoretically
predicted structure of the two-dimensional VCI crystal. (e) Spin charge density of the two-dimensional VCI crystal for spin-up and spin-down
channels, with an isosurface value of 0.15 e bohr™. (f) Spin-polarized band structure and the corresponding PDOS of the two-dimensional VCl crystal.
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Figure 12 Magnetic characterization of V-Cl@rGO films [60]. (a) Magnetic hysteresis loops of the V-Cl@rGO membrane at different temperatures,
the inset shows an enlarged view of the low-field region. (b) Magnetic hysteresis loops of the rGO membrane at different temperatures. (c)
Temperature-dependent magnetic susceptibility of the V-Cl@rGO membrane under ZFC and FC (0.1 T) conditions, the inset displays the fitting result
using the Curie-Weiss law. (d) Logarithmic plot of magnetic susceptibility versus temperature, revealing two distinct power-law regimes.
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Two-dimensional (2D) abnormal stoichiometric crystals represent an emerging class of atomically ordered materials
characterized by their abnormal stoichiometries, which are stabilized within 2D confined spaces or at specific interfaces.
Historically, such non-equilibrium phases were only accessible under extreme high-pressure conditions, severely
restricting their practical exploration. A breakthrough occurred with the discovery that cation-n interactions, electrostatic
attractions between cations and m-electron systems like graphene, can induce the crystallization of unsaturated salt
solutions on carbon-based interfaces under ambient conditions. This mechanism facilitates the spontaneous formation of
various 2D crystals with unconventional stoichiometries, such as Na,Cl, Na;Cl, and notably CaCl, where calcium
exhibits an atypical +1 oxidation state. These materials not only challenge the fundamental principles of traditional
crystallography and valence theory but also exhibit a remarkable suite of physical properties absent in their conventional
counterparts. Key demonstrations include room-temperature ferromagnetism in CaCl@rGO systems, metallic
conductivity in Li,Cl and CaCl crystals, and piezoelectricity coexisting with metallicity. The stabilization and
emergence of these exotic properties are attributed to cation enrichment at the carbon interface driven by cation-n
interactions, followed by charge transfer and self-assembly. This review systematically summarizes the discovery and
research progress of these materials across alkali, alkaline earth, and transition metal halides. It delves into their unique
structural features characterized via cryo-electron microscopy, XRD, and XPS, and discusses formation mechanisms
rooted in interfacial electrostatics. Furthermore, the article highlights their significant potential for applications in next-
generation magnetic materials, ultra-sensitive sensors, energy storage, and neuromorphic computing. The study of 2D
abnormal stoichiometric crystals establishes a novel paradigm for designing functional materials under mild conditions,
opening vast avenues for fundamental research and technological innovation.
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