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1. Introduction

The perovskite structure,[1] with its almost 
infinitely adaptable array of derivatives, 
must count as one of the most important 
in materials science with the essential 
ABX3 (A = a large cation; B = a smaller 
cation; X = an anion) structural arche-
type contributing to ferroelectric,[2] 
piezoelectric,[3] superconducting,[4] 
photochemical,[5] and many other tech-
nologically important properties. Interest 
in perovskites has recently been further 
accelerated by rapid developments in the 
fabrication of hybrid[3,6–8] or all-inorganic 
halide perovskite ABX[9,10] structures 
where A is an organic or alkali metal coun-
terion, B typically lead or tin, and X a hal-
ogen, allowing materials with optical and 
photovoltaic characteristics[11,12] exploitable 
in solar cells,[13,14] ion-conducting mate-

rials,[15] supercapacitors,[16] and other energy storage devices[17] 
to be developed. Bulk halide perovskites are however reactive, 
suffering from surface hydration,[18] phase transformations,[19,20] 
and high defect densities,[21] reducing their performance and 
longevity. As a result, reduced-dimensionality halide perovskites 
focusing on colloidal,[22] 2D,[23] quantum dot,[24] and, in thin 
films, molecular-scale[25] preparations have been developed. 
While forming perovskites at such low dimension enhances 
some desirable characteristics, it can also increase their ten-
dency to degrade, although surface passivation can reduce 
decomposition in thin films.[26] Dimensionality is nonetheless 
key in engineering and fine tuning the physical properties of 
halide perovskites at the nanoscale due to its critical role in dic-
tating electronic structure.[27]

Here, we investigate steric stabilization of low-dimensional 
halide perovskites by encapsulating them within single walled 
carbon nanotubes (SWCNTs), graphene-derived structures[28] 
that can increasingly be synthesized and refined with precise 
diameter and electronic selectivity.[29] Encapsulating SWCNTs 
can regulate crystal growth at the atomic scale as a function of 
their internal diameter[30] with single element or binary species 
as small as linear atom chains,[31,32] atomic coils,[33] twisting 
halide chains,[30,32,34] and other molecular-scale species.[35] In 
the context of this work, inorganic perovskites based on CsMX3 
(M = Pb2+, Sn2+; X = Br, I) are desirable due to the likely ease 
of insertion from the melt[30] and also taking into account also 
the respective imaging possibilities of these elements when 

Halide perovskite structures are revolutionizing the design of optoelectronic 
materials, including solar cells, light-emitting diodes, and photovoltaics when 
formed at the quantum scale. Four isolated sub-nanometer, or picoscale, halide 
perovskite structures formed inside ≈1.2–1.6 nm single-walled carbon nanotubes 
(SWCNTs) by melt insertion from CsPbBr3 and lead-free CsSnI3 are reported. 
Three directly relate to the ABX3 perovskite archetype while a fourth is a per-
ovskite-like lamellar structure with alternating Cs4 and polyhedral Sn4Ix layers. 
In ≈1.4 nm-diameter SWCNTs, CsPbBr3 forms Cs3PbIIBr5 nanowires, one ABX3 
unit cell in cross section with the Pb2+ oxidation state maintained by ordered 
Cs+ vacancies. Within ≈1.2 nm-diameter SWCNTs, CsPbBr3 and CsSnI3 form 
inorganic-polymer-like bilayer structures, one-fourth of an ABX3 unit cell in cross 
section with systematically reproduced ABX3 stoichiometry. Producing these 
smallest halide perovskite structures at their absolute synthetic cross-sectional 
limit enables quantum confinement effects with first-principles calculations dem-
onstrating bandgap widening compared to corresponding bulk structural forms.
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imaged by high angle annular dark field (HAADF or ADF) 
scanning transmission electron microscopy (STEM). We use 
aberration corrected STEM together with atomically resolved 
electron energy loss spectroscopy (EELS) element mapping and 
high-resolution transmission electron microscopy (HRTEM) to 
investigate halide perovskite formation in 1.2–1.6 nm-diameter 
SWCNTs. First-principles density-functional theory (DFT) 
informed by the experimental data is then used to confirm the 
chemistry, investigate the stability of the imaged picoscale struc-
tures and provides insights into the formation of defects, struc-
tural conformation, and their individual electronic structures.

2. Results and Discussion

Following synthesis and prior to electron microscopy observa-
tion, both the CsPbBr3 and CsSnI3 bulk sample compositions 
were fully characterized by X-ray powder diffraction, scanning 
electron microscopy (SEM), and energy-dispersive X-ray micro-
analysis (EDX) in spot and linescan modes. After the SWCNTs 
were filled with CsPbBr3 and CsSnI3, they were then analyzed 
again by local probe EDX analysis and EELS. Low magnifica-
tion imaging by ADF STEM confirmed that at least 80–90% 
of all the observed SWCNTs in both cases were filled with 
CsPbBr3 or CsSnI3. These preliminary analyses are presented 
in Figures S1–S6 (Supporting Information) and further infor-

mation is given in the Experimental Section and Supporting 
Information.
Figure 1a shows the first observation by HAADF of a  

CsxPbBr5 nanowire in an ≈1.4 nm-diameter SWCNT with two 
sets of line profiles (Figure 1b,c) through alternating Csx–Br–Csx′  
(x, x′ = 1,2) and Br–PbBr2–Br layers. A trial microstructure can 
be derived from a single Pm3m CsPbBr3 unit cell extended 
along one lattice direction only (Figure  1d; Figure S7a–c, Sup-
porting Information). If all possible Cs, Pb, and Br sites are 
occupied, this produces a net stoichiometry of Cs4PbIBr5 that is 
unfeasible due to a required +1 Pb oxidation state. In principle 
the SWCNT can also act as an electron donor or acceptor[31,36] 
that could stabilize [Cs4PbIIBr5]+ formation but image intensity 
line profiles through successive Csx–Br–Csx′ layers in the exper-
imental image (Figure  1b) indicates that alternation occurs 
between Cs2 and Cs atom columns within the nanowires. This 
reduces the average Cs occupancy to 75% from 100% and alters 
the stoichiometry to Cs3PbIIBr5 with Pb in a more likely +2 
oxidation state. Line profiles through interspersing Br–PbBr2–
Br layers (Figure  1c) indicate that all atom positions in these 
layers are fully occupied, confirming the net composition as 
Cs3PbIIBr5. Analysis of Cs2/Cs alternation in Csx–Br–Csx′ layers 
in an extended view of the same image (Figure S8a–d, Sup-
porting Information) reveals some long-range variation in Cs 
versus Cs2 occupancy and alternation but indicates an overall 
prevailing stoichiometry of ≈Cs2.8PbBr5.

Adv. Mater. 2023, 35, 2208575

Figure 1.  Encapsulated single-unit-cell wide Cs3PbIIBr5 halide perovskite structure derived from CsPbBr3. a) HAADF image of CsxPbBr5 nanowire 
imaged inside a ≈1.4 nm SWCNT, walls indicated by arrows. Enlarged detail with 15 pixel wide regions indicated (I-X). b,c) Profiles I, III, V, VII, and IX  
from Csx–Br–Csx′ (x,x′ = 1 or 2) layers and II, IV, VI, and VIII from Br–PbBr2–Br layers. Alternating Cs2 columns in Csx–Br–Csx′ layers indicated by black 
asterisks with one excess Cs2 column (red asterisk) indicated. d) DFT optimized [Cs4PbBr5]+ nanowire (100% Cs occupancy) in a (10,10) SWCNT 
viewed end-on and side-on with the ABX3 unit cell overlaid.  e) DFT optimized Cs3PbIIBr5 nanowire (75% Cs occupancy) formed by removing one-fourth 
of Cs atoms. This lowest energy form (Figure S3a-c, Supporting Information) has alternating Cs2 columns and systematic PbBr6 octahedral tilting.  
f,g) TDS STEM simulations of optimized [Cs4PbIIBr5]+ and Cs3PbIIBr5 structures. h,l) Simulated line profiles through Csx–Br–Csx′ and Br-PbBr2–Br layers 
as indicated in (f) and (g).
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To determine the lowest energy form of these structures, 
we performed DFT calculations on the 100% and 75% Cs 
occupied models to obtain the comparison structures in 
Figure 1d,e. The calculations employed plane waves and pseu-
dopotentials, modelling exchange and correlation within a 
generalized-gradient approximation; full details are provided 
in the Methods section. The lowest energy form of the vacancy 
ordered Cs4−xPbBr5 model was found to be diagonally alter-
nating Cs2 and Cs columns with Cs vacancies maintained at 
the furthest distance (Figure S9a–c, Supporting Information). 
As discussed in Experimental Section, the DFT calculations 
were all performed for freestanding structures in vacuum, with 
test calculations that explicitly simulate the nanotube encap-
sulation yielding very similar structures. These models were 
then used to produce STEM simulated images in Figure  1f,g 
that incorporate thermal diffuse scattering (TDS) by the frozen 
phonon method[37] (i.e., TDS STEM simulations, Table S1,  
Supporting Information[38,39]). Comparison between fully 
occupied Cs2–Br–Cs2 line profiles (Figure  1h) with simulated 
alternating Cs2 occupancy Csx–Br–Csx′ line profiles (Figure 1i,j) 
reveals that the latter more accurately reproduces the observed 
image contrast in Figure  1a,c. A closer comparison of DFT 
optimized [Cs4PbIIBr5]+ and Cs3PbIIBr5 models in Figure  1d,e 
reveals distortions in both the Cs and Br substructures, more 
visible in a second lower background image and reproduced 
in corresponding TDS STEM simulations (Figure S9d,f, Sup-

porting Information). These observed distortions are compa-
rable to those that cause the symmetry lowering of cubic Pm3
m CsPbBr3 to orthorhombic Pbnm CsPbBr3

[38] that occurs due 
to octahedral tilting and rotation (Figure S9g,h, Supporting 
Information). While bulk and nanoscale distortions observed 
in bulk CsPbBr3 and nanowire Cs3PbIIBr5 have different 
origins, it is particularly significant that these are observable 
at the nanoscale due to their role in influencing electronic 
properties.[24,27] What is also significant is that, in our Cs3P-
bIIBr5 nanowires, we observe systematically ordered vacancies 
required to maintain Pb2+ in a charge balanced structure. These 
are therefore not “introduced” vacancies, as in for example 
theoretical studies on Cs1−xSnBr3,[40] but instead are a natural 
consequence of the need of a perovskite structure to maintain 
charge balance under extreme steric confinement.

A second structure type observed in narrower ≈1.2  nm-
diameter SWCNTs is shown in Figure 2 consisting of encapsu-
lated bilayer CsPbIIBr3 crystals. Raw and Wien-filtered experi-
mental ADF-STEM images (Figure  2a,b) show a structure in 
which alternating layers are imaged either as short, blurred 
segments or pairs of discrete spots (Figure  2b). Longitudinal 
profiles I and II (Figure  2b,c) reveal an average periodicity 
of ≈0.58  nm, consistent with two PbBr2 layer separations, 
whereas cross-sectional line profiles III and IV (Figure  2b,d) 
indicate blurred imaged PbBr2 layers (denoted B) alternating 
with a layer consisting of Cs and Pb atom columns. Owing 

Adv. Mater. 2023, 35, 2208575

Figure 2.  Encapsulated bilayer CsPbIIBr3 perovskite-like structure derived from Pm3m CsPbBr3. a,b) Raw unfiltered and Wien filtered experimental 
images of polymeric CsPbIIBr3 bilayer structure with 10 pixel wide profiles I, II, III, and IV indicated. c,d) Longitudinal profiles I and II and cross-
sectional III, IV profiles as indicated in (b). e) Side on view of unoptimized CsPbIIBr3 bilayer structure derived from a partial Pm3m CsPbBr3 unit cell 
(Figure S7d,e, Supporting Information) in a (9,9) SWCNT. f,g) DFT optimization of structure in (b) in the same relative orientation with added end-on 
view. h) extended model of the structure in (f) and (g) but in which the CsPbBr3 nanowire is rotated −22° relative to g). i,j) TDS STEM simulations of 
DFT optimized CsPbIIBr3 bilayer structures in the two orientations as indicated in g) and h). k,l) longitudinal and cross-sectional line profiles (I′–IV′) 
though the TDS STEM simulations as indicated in (j). The green arrows in (g) and (h) indicate electron beam direction.
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to systematic coordination reduction imposed by confine-
ment, this bilayer structure recreates the ABX3 stoichiom-
etry as CsPbIIBr3 with Pb in +2 oxidation state. A trial model 
of bilayer CsPbIIBr3 (Figure  2e) derived from one-fourth of a 
unit cell of Pm3m CsPbBr3 in cross section (Figure S1d,e, Sup-
porting Information) was used as the basis for the DFT opti-
mized model in Figure 2f,g. In Figure 2e, all Br–Pb–Br internal 
angles are 90° but, following optimization, longitudinal  
Br–Pb–Br angles relax to ≈162° (Figure 2e) and cross-sectional 
Br–Pb–Br angles to ≈88.7° (Figure 2g). To recreate the diffuse 
features in Figure 1a,b it was necessary to rotate the optimized 
model as indicated in Figure  2h, to allow staggering of the 
atoms in the PbBr2 layers in the electron beam direction (green 
arrow Figure  2g,h) precisely recreating the observed blurring  
(B, Figure 1b,d). TDS STEM simulations produced from unstag-
gered versus staggered bilayer CsPbIIBr3 models (Figure  2i,j) 
show that only the latter reproduces the blurring observed in 
both the experimental images and corresponding line profiles 
(Figure  2d,l). This sub-unit-cell form is unprecedented but 
clearly retains a structural lineage and stoichiometric relation-
ship with the parent Pm3m CsPbBr3 perovskite structure, 
as shown in Figure S7d,e (Supporting Information). This 1D 
structure demonstrates what happens when ABX3 perovskite is 
“edited” by confinement to two atomic layers in cross-section 
creating also a carbon free [-PbBr3-]x chain that also conforms 
to the standard definition of an inorganic polymer.[41]

In addition to the cesium lead bromide structures, we 
also encapsulated lead-free cesium tin iodide compositions. 
In Figure 3, we present a novel structure, imaged inside 
≈1.6  nm-diameter SWCNTs by HAADF, consisting of Cs4 
layers interspersed with Sn4Ix layers, morphologically similar 
to lamellar perovskite-like phases such as CsPb2Br5.[42] Ele-
ment-selective atomically resolved EELS produces Cs, Sn, I, 
and Cs/Sn/I M4,5 element maps (Figure 3b,c) which, in com-
bination with STEM line profiles (Figure  3d,e), allow us to 
construct a general motif, initially with full iodine occupancy 
(Figure  3f). This motif was used to construct trial models 
for DFT optimization (Figure  3g,i) and TDS STEM simula-
tions (Figure  3j,k). If all iodine positions in Figure  3f are 
occupied, this creates [Cs4Sn4I14]2− that optimizes to produce 
Model 1 (Figure  3g,i), simulated in Figure  3j. If alternating 
surface iodine vacancies (i.e., ISOV) are created in the motif 
in Figure 3f, this produces Cs4Sn4I12 that optimizes to create 
Model 2 (Figure 3g,i), simulated in Figure 3k. We also investi-
gated Model 3 in which all the equatorial iodines are removed 
from the motif in Figure 3f, creating ordered equatorial iodine 
vacancies (i.e., IEOV), which also creates Cs4Sn4I12 stoichiom-
etry but this form does not optimize into a regular structure. 
All three models are compared in Figure S10 (Supporting 
Information).

In terms of structural verification, line profiles I and II 
through HAADF images (Figure  3a,d,e) provide the best 

Adv. Mater. 2023, 35, 2208575

Figure 3.  Lamellar perovskite derivative in a ≈1.6 nm-diameter SWCNT. a) 60 kV HAADF image of novel lamellar encapsulated cesium tin iodide 
structure with longitudinal and diagonal profiles I and II indicated. b) Cs, Sn, I and Cs/Sn/I EELS element maps obtained from the “map” region in (a). 
c) Cs/Sn/I EELS map with overlaid motif added. d,e) Experimental line profiles I and II. f) General structure motif with locations of surface (ISOV) and 
equatorial iodine vacancies (IEOV) in Models 2–3 indicated. g) Optimized Model 1 with all I positions in f) occupied to give [Cs4Sn4I14]2−. h) Optimized 
Model 2 with vacancies created by removing I from the indicated ISOV positions in (f) to give Cs4Sn4I12. Model 3, with vacancies created at the IEOV posi-
tions in (f) appears in Figure S10 (Supporting Information) with extended simulations of Models 1 and 2. j,k) TDS ADF-STEM simulations of Models 1 
and 2. l,m) longitudinal (I′ and I″) and diagonal (II′ and II″) line profiles as indicated in (j) and (k) with atom columns indicated. Each I–Cs2–I3–SnI2–I (or 
I–Cs2–I3–SnI–I) layer has a complementary adjacent layer with Cs2 and SnI2 (or SnI) columns switched. Note reduction in SnI column profile (arrowed).
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experimental data for comparison with the TDS STEM simu-
lations (Figure  3j,k; Figure S10, Supporting Information) 
produced from the optimized “best match” Models 1 and 
2 (Figure  3g–i). For the extended simulations (Figure S10, 
Supporting Information), we use low or high I phonon values 
with typical Cs and Sn values (Table S1, Supporting Informa-
tion). The closest matches in Figure 2j,k were produced using 
the high I phonon value. Equatorial profiles I′ or I″ correspond 
to I3–Sn2–I3 (Figure  3l) whereas, for Model 1, diagonal profile 
II′ corresponds to I–Cs2–I3–SnI2–I and, for Model 2, profile 
II″ corresponds to I–Cs2–I3–SnI–I (Figure  3m) with reduced 
scattering from SnI columns arrowed. The fully occupied 
Model I ([Cs4Sn4I14]2−) simulation in Figure 3j most accurately 
reproduces the experimentally imaged structure in Figure  3a. 
Because of distortion during relaxation, Model 3 simulations 
(with IEOV vacancies) do not produce a good match (Figure S10, 
Supporting Information).

The final structure we report here is a bilayer CsSnIII3 
structure isostructural to bilayer CsPbIIBr3 (Figure  2a–l) that 
we have imaged by HRTEM (Figure 4a). In common with the 
latter, the microstructure consists of staggered SnI2 layers alter-
nating with Cs and I single atom column layers as depicted in 
Figure  4b and by the DFT optimized model in Figure  4c. As 
with bilayer CsPbBr3, it is also necessary to rotate the crystal by 
some angle (Figure 4c,d) to reproduce the observed blurring in 
SnI2 layers by HRTEM multislice simulation (Figure 4f). This 
structure has locally rotated domains (denoted II in Figure  4) 
and appears less rigid than bilayer CsPbIIBr3. To simulate this 
region, we rotate and then simulate a subregion of this crystal 
(R) as indicated in Figure  4f,g. As with bilayer CsPbIIBr3, 
optimal CsSnIII3 stoichiometry is systematically returned by 
confinement. In the optimized structure (Figure  4h), in plane 
I–Sn–I bonds relax to ≈159° and cross-sectional I–Sn–I angles 
distort to ≈92.1°. This is a second example of an isolated sub-

unit-cell perovskite structure that also can be described as an 
inorganic polymer.[41]

Our DFT calculations further detail the role that the nano-
tube diameter plays in influencing electronic structure and 
nanowire stability. Band structures and partial densities of 
states (PDOS) calculated within a generalized gradient approxi-
mation (Perdew–Burke–Ernzerhof, PBE) to exchange and 
correlation (Experimental Section, Figure  5; Figure S12, Sup-
porting Information) confirm all four structures are semicon-
ducting. The structures have the same orbital characteristics 
as bulk CsPbBr3 and CsSnI3 with antibonding Bs/Xp (B = Sn, 
Pb; X = Br, I) in the valence band and Bp/Xp in the conduc-
tion band.[43,44] The Cs atoms do not contribute states to the 
conduction and valence bands, so there are no discernible fea-
tures associated with the Cs vacancies in Cs3PbIIBr5. Calculated 
bandgaps, typically underestimated by DFT-PBE, are all of the 
order of 2 eV when spin–orbit effects are included, significantly 
larger than values calculated for the bulk CsPbBr3 and CsSnI3 
(0.56 and 0.07 eV, respectively). Repeating these calculations in 
a hybrid description of exchange (PBE0) finds a similar opening 
of the gap, between 1.4 and 1.8  eV (Figure S13 and Table S5, 
Supporting Information).

This opening of the bandgap is a striking illustration of 
quantum confinement, with the reduced dimensionality of the 
1D structures leading to an increased bandgap. It is interesting 
to place our findings in the context of wider investigations of 
quantum confinement for low-dimensional perovskites[45,46] and 
other systems.[47] Models employed in refs. [45] and [46] predict 
the opening of the bandgap to be inversely proportional to the 
square of the size of the material along the confined direction(s) 
d and also inversely proportional to a coefficient k which is 
1 for a quantum dot, 2 for a slab, and 1.71 for a wire, compa-
rable to results reported for InP quantum wires.[47] According 
to ref. [45], the expected gap opening of a 0.5 nm-thick slab of 
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Figure 4.  Encapsulated bilayer CsSnIII3-perovskite-like polymeric structure derived from Pm3m CsSnI3. a) HRTEM image of CsSnI3 bilayer structure 
with ordered region I with blurred SnI2 layers (arrowed) alternating with Cs/I single atom columns. A rotated region R appears in section II. b) Unopti-
mized bilayer structure derived from a partial Pm3m CsSnIII3 cell grown along one lattice direction in a (9,9) SWCNT (Figure S11, Supporting Informa-
tion). c) As (b) following DFT optimization, end-on view at bottom. d) As (c) but rotated −165° as indicated and corresponding simulation (cf. section 
I in (a)). Blurs in rotated SnI2 layers produced by Sn/I staggering are arrowed. f,g) As (c) but with local 43° rotation of section R relative to (c) and 
corresponding simulation. h) Enlarged view of DFT-optimized CsSnI3 bilayer structure with calculated repeat and longitudinal I–Sn–I angle indicated. 
The green arrows in (d) and (e) indicate electron beam direction.
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CsPbBr3 is 0.9 eV. The dimensions of our wires range from 0.3 
to 0.6  nm (Figures  1–4), so applying this model here predicts 
gap openings of 0.7–2.9 eV depending on the value used for d, 
consistent with our calculations.

We have also investigated a second model based on the tight-
binding approach, where we consider a simple cubic lattice of 
atoms, spacing a, with two non-hybridizing orbitals per atom 
which are well separated in energy by an amount E0. Assuming 
only nearest-neighbor interactions with a bonding integral of t 
gives the following expressions for the conduction and valence 
bands, respectively:

E k E t k a k a k ax y z2 cos( ) cos cosc 0 ( )( ) ( )= + + +  � (1)

E k t k a k a k ax y z2 cos cos cosv ( )( ) ( ) ( )= − + + 
� (2)

Choosing the parameters E0 and t as 3.6 and 0.15  eV, this 
highly simplified model can account for the gross features 
of the DFT-PBE dispersions of the conduction and valence 
bands, particularly the gaps at the high-symmetry points of 
the Brillouin zone (Figure S14; note these calculations do not 
include spin–orbit coupling). If we now take the same model 
and parameters but restrict the electron motion to one dimen-
sion, the gap opens by an amount 8t, i.e., 1.2 eV, which matches 

well the DFT-PBE gap opening (Table S5). Therefore, two 
simple, but very different, models of quantum confinement 
yield results which are consistent with our explicit calculations.

The band structures in Figure 5 and S12 show disper-
sion along the nanotube axes indicating that electrons remain 
mobile in this direction. For the lamellar nanowire in a ≈1.6 nm 
SWCNT in Figure 3, it is notable that the ground state energy 
of Cs4Sn4I12 with surface ordered vacancies (Model 2) is lower 
in formation energy than bilayer CsSnIII3 by 175 meV per ABX3 
equivalent (Table S3, Supporting Information). Formation of 
bilayer polymeric CsSnIII3 is favored only when the nanotube 
diameter is sufficiently small (>≈1.2 nm) to prevent the forma-
tion of larger uncharged lamellar structures. On the other hand, 
the formation of charged [Cs4Sn4I14]2− (Model I), favored by our 
imaging studies, can also possibly be stabilized by SWCNT 
charge accommodation[31,36,48] rather than by steric stabilization 
as in bilayer CsPbIIBr3 and CsSnIII3. In terms of the electronic 
structure of Models 1 and 2, the excess iodine in Model 1 would 
have the effect of hole-doping the structure. Introducing the 
2− charge compensates this effect and leads to a filled valence 
band. Interestingly, removal of iodine in model 2 leads to a rela-
tively flat band below the main conduction manifold (Figure S12, 
Supporting Information) that likely represents a localized defect 
state. Further work should focus on characterizing the optoelec-
tronic properties of these materials and this state in particular.

Adv. Mater. 2023, 35, 2208575

Figure 5.  Electronic structure and models of Cs3PbBr5, CsPbBr3, and CsSnI3 picoperovskites (pm scale added). All band structures and PDOS are 
calculated at the PBE level of theory, with spin–orbit effects included through the use of relativistic pseudopotentials. a) The calculated band structure 
of Cs3PbBr5 is for the most highly optimized form of the 75% Cs occupied structure with distances between Cs vacancies maximised (Figure 1e) as 
indicated in the structure at right (see also Figure S9, Supporting Information). The determined bandgap is 2.25 eV. b) Calculated band structure for 
the CsPbBr3 encapsulated bilayer structure (Figure 2h). The determined bandgap is 2.31 eV. c) Calculated band structure for the CsSnI3 encapsulated 
bilayer structure (Figure 4h). The determined bandgap is 1.92 eV. Further details about these calculations and structures are given in the Supporting 
Information and in Tables S1–S3 (Supporting Information).
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3. Conclusion

Our studies show that we can systematically create new gen-
erations of halide perovskite structures by sterically stabilizing 
them inside variable diameter SWCNTs. Another important 
aspect of these studies is how halide perovskite surface chem-
istry responds to confinement that will impact profoundly 
on their structural and physical properties as seen in surface 
studies of lattice terminated perovskites. Surface states in ter-
minated halide perovskites reconstruct according to a variety of 
mechanisms revealed by scanning tunneling microscopy, ena-
bling halide dimers or “zig-zag” patterns to be imaged.[49] While 
we image perovskites formed by confinement, we nonetheless 
see the surface structural consequences. In the case of 75% 
occupied Cs3PbBr5, ordered Cs vacancies induce tilting in the 
local structure, features which are known to influence optoelec-
tronic properties[40] and charge carrier mobility.[50,51] Another 
likely consequence, similar to the investigations described 
in ref. [31], is the impact of lamellar charge variant structures 
in SWCNTs. The previous study showed that linear chains 
of Cs+ and I− ions cause the external electronic structures of 
narrow SWCNTs to fluctuate. We should expect similar charge 
modification in wider nanotubes from the lamellar structures 
described in Figure 3.

The extensive literature of carbon nanotubes, perovskites, 
and halide perovskites will provide further pathways to modifi-
cation and exploitation. The SWCNTs can themselves be chirally 
refined[29] to produce tubules with unique electronic struc-
tures[52] and a single (n,m) chirality will also selectively produce 
each individual encapsulated structure described here in a pure 
composite form. Encapsulating nanotubes can also be produced 
from other materials including insulating boron nitride (BN)[53] 
or semiconducting dichalcogenides (MoS2, WS2, etc.).[54,55] 
At a more fundamental level, the nanowire band structures 
(Figure 5; Figure S12, Supporting Information) could be tuned 
by chemical substitution[56] or doping.[57] These various possi-
bilities provide road maps for targeted synthesis of specific 1D 
perovskite structures, allowing a new generation of low-dimen-
sional halide perovskite structures to be designed and synthe-
sized beyond this preliminary work. The nature of the crystal 
growth we observe indicates a dominant relationship between 
the confining nanotube diameter, its internal surface, and the 
obtained crystal structure enabling us, in the limit, to see halide 
perovskites formed at the polymeric scale for the first time.

4. Experimental Section
Preparation of CsPbBr3 and CsSnI3 Filled SWCNTs for Electron 

Microscopy: CsPbBr3 and CsSnI3 were prepared by solid-state synthesis 
using mixtures of CsBr and PbBr2 or CsI and SnI2, respectively. All 
precursors were sourced from Merck in their maximum available purity 
(99.999%) and stoichiometric mixtures of the bromide and iodide 
compositions were finely ground using an agate mortar and pestle 
inside an argon-atmosphere glove box. Each mixture was transferred 
into 10  cm silica quartz ampoule that were sealed under vacuum 
(10−3 Torr) using an oxygen–methane torch. The sealed ampoules were 
transferred into a muffle furnace, heated at 2  °C  min−1 to 480  °C and 
held for 5  h and cooled to room temperature at 1  °C  min−1. The as 
prepared CsPbBr3 and CsSnI3 were deposited inside SWCNTs, supplied 
by NanoIntegris, with a specified diameter range of 1.2–1.7 nm according 

to a published melt protocol.[58] Two quantities of 20  mg of SWCNTs 
were oxidized in open air at 480 °C before being intimately mixed in a 
mortar and pestle with separate 10 mg quantities of CsSnI3 and CsPbBr3 
before being placed separately in 10 cm ampoules sealed under vacuum 
(10−3 Torr). The CsPbBr3 and CsSnI3 SWCNT mixtures where then heated 
to 555 °C and 480 °C for 12 h dwell periods respectively employing ramp 
rates of 2 °C min−1 and cooling rates of 1 °C min. Each sample was then 
ultrasonically dispersed in ethanol before drop casting onto 3.05  mm 
lacey carbon coated copper grids (Agar) for examination by electron 
microscopy.

Powder X-ray Diffraction: Powder X-ray diffraction (XRD) was 
measured from polycrystalline powders of CsPbBr3 and CsSnI3 using 
one of two diffractometers. A Rigaku SuperNova diffractometer with 
microfocus Mo tube giving Kα1/2 radiation was used to study a small 
amount of the powdered sample mounted on a Mitegen cryomount 
with Foblin oil to protect the sample from air. An Atlas S2 CCD detector 
was used in 1×1 binning that gave slightly sharper peaks and also 
better data at the lower angles. The sample was spun to give better 
counting statistics. The instrument had been previously calibrated using 
2-dimethylsulfuranylideneindan-1,3-dione standard at two different 
distances. Alternatively, a third Generation Malvern Panalytical Empyrean 
equipped with multicore (iCore/dCore) optics giving Cu Kα1/2 radiation 
was used. A Pixcel 3D detector was used on the diffracted beam optics. 
The samples were mounted in an Anton Paar dome sample holder under 
nitrogen with a PEEK dome and zero-background insert. Simulated 
diffraction patterns were calculated using the program Mercury 3.1 using 
crystallographic information files from the Inorganic Crystal Structure 
Database (ICSD) produced from published crystal structures.[24,39]

Electron Microscopy Imaging and Simulation: Scanning electron 
microscopy was performed using a ZEISS SUPRA 55-VP FEGSEM 
scanning electron microscope (Oberkochen, Germany) using a field 
emission gun with an accelerating voltage between 5 and 20 kV and fitted 
with an Oxford Instruments (Abingdon, UK) energy-dispersive X-ray 
spectroscopy (EDS) spectrometer that allows elemental composition 
analysis. A double-corrected JEM-ARM 200F microscope operating at 
80 kV equipped with CEOS imaging aberration and probe correction and 
a Gatan SC1000 ORIUS camera with a 4008×2672 pixel CCD was used 
for HRTEM and ADF STEM investigations. ADF STEM images were 
obtained with a JEOL annular field detector with a fine imaging probe 
with a convergence semi-angle of a ≈25 mrad, a probe current of ≈23 pA 
and an inner angle of 45–50 mrad. Elemental mapping and EDX line 
scans were collected on an Oxford Instruments 100 mm2 windowless 
detector to examine the distribution of elements in selected materials. 
Line scan data were normalized for each element under investigation. 
HAADF imaging and electron energy loss spectroscopy (EELS) were 
also carried out in a Nion UltraSTEM100 equipped with a Gatan Enfina 
spectrometer. This instrument was operated at 60  kV acceleration 
voltage to minimise knock-on damage to the SWCNTs, and the STEM 
probe forming optics were adjusted to provide a 20 pA beam with a 
≈33 mrad convergence angle—resulting in an estimated probe size of 
≈0.1 nm. The EEL spectrometer entrance aperture half-angle acceptance 
was 36 mrad, while the HAADF detector inner and outer angles were 
85 and 190 mrad, respectively. Chemical maps were produced from 
acquired EELS data by integrating the intensity of the relevant ionisation 
edges (Cs, Sn, Pb, Br, and I M4,5) over a 75  eV window above their 
respective onsets, after subtraction of the decaying background using a 
standard power law Model. A spectral dispersion of 0.5 eV per channel 
was used to capture both edges simultaneously (resulting in a point-
spread limited effective energy resolution of ≈1  eV); to further boost 
signal-to-noise the data were binned (×2) spectrally prior to generating 
the EELS maps, but no statistical denoising was applied.

HAADF, ADF, and HRTEM Simulation: Electron microscopy 
simulation in STEM and HRTEM modes ADF STEM simulations 
were performed using clTEM 0.3.3a, an open-source GPU accelerated 
multislice program.[59] Simulation parameters were matched to the 
microscope aberrations as measured by the CEOS control software 
and also duplicating the imaging conditions stated above for either 
the ARM200F electron microscope operating in STEM mode at 80  kV 

Adv. Mater. 2023, 35, 2208575
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or the Nion UltraSTEM100 dedicated STEM operated at 60 kV. Thermal 
diffuse scattering was modeled using the frozen phonon method with at 
least 30 iterations per simulation and using the representative phonon 
values for Cs, Pb, Sn, Br, and I reproduced in Table S1 (Supporting 
Information).[38,39] Simulation models were assembled with the 
commercial program Crystalmaker from DFT models produced as 
described and nanotubes generated with the software TubeGen Online 
version 3.4.[60]

DFT Technical Details: Density-functional theory (DFT) calculations 
were performed within the generalized-gradient, Perdew–
Burke–Ernzerhof[61] approximation as implemented in Quantum 
ESPRESSO.[62] Structural relaxations employed ultrasoft, scalar-
relativistic pseudopotentials,[63] with fully relativistic pseudopotentials 
used for band structure calculations (pslibrary 1.0.0[64]). The 
pseudopotentials are listed in Table S2 (Supporting Information). 
Wavefunctions and charge densities were expanded in a plane-wave 
basis up to energy cutoffs of 60 and 800 Ry, respectively. The 1D 
structures were relaxed initially in the absence of the nanotube, aligned 
along the c axis in a tetragonal simulation cell, with the a parameter 
fixed to ensure at least 1 nm of vacuum separating periodic replicas. 
Reciprocal space sampling along the c axis ensured a maximum 
1.4 nm−1 spacing between k-points. Structures were relaxed until 
forces and pressures fell below 26 meV A−1 and 0.5 kbar, respectively. 
A neutralizing jellium background was included for structures with a 
net charge but no further correction scheme was applied. The relaxed 
simulation cell parameters and reciprocal space sampling points  
(1 × 1 × Nkz) are listed in Table S3 (Supporting Information). Γ-point 
phonons were calculated using the finite displacement method[65] to 
check that all frequencies were non-imaginary. The band structures 
of the models presented in Figure 5 were also recalculated using the 
PBE0 hybrid functional[66] at the scalar relativistic level, using the 
PBE-optimized geometry (see Table S5 and Figure S13, Supporting 
Information).

Modelling Nanotube Encapsulation: Selected structures were placed 
inside nanotubes and re-relaxed, sampling reciprocal space at the 
Γ-point. Carbon nanotubes (CNTs) CNTs were constructed based on 
a lattice parameter of 2.465 Å (C-C bond length 1.4235 Å) that was 
obtained from a relaxation of graphene (PBE functional, 40 × 40 × 1 
k-point sampling, 23 Å vacuum spacing). Selected vacuum-relaxed 
ABX structures were placed in the centre of zigzag or armchair CNTs. 
The chiral indices of the CNTs were chosen in order to have nanotube 
radii consistent with the microscopy images and also to minimize 
the strain placed on the ABX structures due to the lattice matching. 
Tetragonal simulation cells were used. For (n,n) (armchair) nanotubes, 
a = 18.521 Å and c = N × 2.465 Å, and for the (m,0) (zigzag) nanotubes 
a = 21.167 Å and c = N × 3dcc, where N denotes the number of CNT 
repeats. The parameters used to construct the simulations are given 
in Table S4 (Supporting Information). The relaxations inside CNTs 
confirmed that the structures did not undergo significant changes 
in the presence of the nanotube. However, due to the introduction 
of strain, the lower k-point sampling and the absence of a phonon 
analysis, we used the vacuum-relaxed structures when comparing to 
the experimental images in the TDS STEM simulations. Furthermore, 
no dispersion corrections were employed in the current calculations. 
Test calculations on the CsPbBr3 bilayer using the correction scheme 
in ref. [67] found no significant changes to the bond lengths and 
angles and a small lateral displacement of the entire structure within 
the nanotube. Given the novelty of these structures, further testing 
of different dispersion correction schemes is required in order to 
determine which scheme can provide the most reliable and accurate 
description.[68]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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