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1. Introduction

Inorganic hybrid materials integrating carbon
nanotubes with osmium compounds: formation
mechanisms, structure and reactivity

Luke T. Norman, ©2 @ William J. Cull, 2 @ Craig T. Stoppiello, ) ° Christopher S. Allen, {2 <4
Johannes Biskupek, (2 ¢ Maxwell A. Astle, (2 Rhys W. Lodge,? Ute Kaiser,®
Jesum Alves Fernandes, (2 @ Graham A. Rance ) *° and Andrei N. Khlobystov (2 *22

The formation of inorganic nanomaterials is highly sensitive to the local environment. When environ-
mental conditions are carefully selected, they enable precise control over the composition, shape and
dimensionality of inorganic nanostructures, which, in turn, influences their functional properties. In this
study, we explore the impact of single-walled carbon nanotubes (SWNTs) on the sequential transform-
ation of triosmium dodecacarbonyl (Os3(CO);,) into osmium iodide (Osl) and subsequently osmium disul-
phide (OsS,). Initially, the nanotubes form a van der Waals complex with Os3(CO);,, allowing the mole-
cules to retain their structure and properties, unaffected by the presence of the SWNT, as determined by
direct imaging using high-resolution transmission electron microscopy (HRTEM) and evaluation of metal
atom valence states by X-ray photoelectron spectroscopy (XPS). When iodine is introduced, it triggers a
chemical transformation of the metal carbonyl to iodide (Osl) in a NaCl-like cubic phase. The nanotubes
play a crucial role by providing electrons from their valence band, as evidenced by resonance Raman
spectroscopy. The structure of Osl depends significantly on its position relative to the nanotube: disk-like
particles measuring 4-6 nm form on the exterior, while sub-nanometer-wide wires form within the
internal cavity, the latter exhibiting tumbling motion within the SWNT, resulting in different projections in
HRTEM images. The hybrid Osl-SWNT material shows ionic character and readily reacts with hydrogen
sulphide, converting into OsS,. During this reaction, SWNTSs regain their electrons and become charge
neutral. OsS; nanoparticles consist of two distinct phases: a standard pyrite-like cubic phase forms the
core of the particles, while a hexagonal phase creates the shell (c-OS,@h-0sS,). Inside SWNTs, however,
OsS, forms a nanowire that is one unit cell wide and twists along the length of the nanotube. The nano-
tube serves as a protective shell for the undercoordinated osmium atoms located at the edges of the
nanowire. We showed that in inorganic transformations, the SWNT acts both as a template for the growth
of osmium-based nanoparticles and an analytical platform for the detailed characterisation and compari-
son of nanostructures formed with and without spatial constraints, facilitating the discovery of new crystal
phases such as Osl and hybrid nanostructures of c-OS,@h-0OsS,; reported in this study.

perties, often with highly attractive outcomes, including
increases in the critical temperature of superconductors, elec-

Control of the dimensions of an inorganic material has been tron mobility in transistor materials, and catalytic activity, e.g.,

shown to significantly influence its physicochemical pro- in the hydrogen evolution reaction.
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nanotubes (SWNTs), cylinders of graphitic carbon with dia-
meters at the nanoscale (typically between 0.7-2.0 nm) and
nearly macroscopic lengths,” offer a particularly powerful
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presence of two distinct surfaces — a concave interior and a
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mation of nanomaterials with high, easily accessible, surface
areas, suitable for application in catalysis and sensing,®
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quasi-1D materials,” including unusual nanostructures,
such as linear chains of sulphur,'’ selenium'* or tellurium"?
that do not exist in the bulk, polyhedra of terbium trichloride,
TbCl;, with reduced coordination compared to the bulk
material,’ and magnetic nanoribbons based on cobalt
phthalocyanine."®

The use of SWNTs as templates for nanomaterial growth
also enables detailed structural investigation, in direct space
and in real time, using transmission electron microscopy
(TEM). The transformations of molecular precursors within
and on SWNTs can be triggered using stimuli, such as heat"®
or an electron beam,'” and often lead to products with
reduced dimensionality.’®'® In particular, stepwise reactions
that allow the addition of different elements in a desired order
and proportion into nanotubes have been demonstrated for
metal iodides and metal sulphides, such as MoS,,"®'® Ws,,>°
and PtS,.>" All these compounds synthesised in the form of
nanowires within SWNTs demonstrated only small deviations
of bond lengths and angles from the bulk geometry. To
harness the divergent environments provided by the concave
inner and convex outer surfaces, thereby exploiting the full
power of nanoscale confinement in SWNTs, it is necessary to
demonstrate control of the atomic structure of a material, as
well as its dimensionality, which could be achieved using
structurally flexible species that can exist in more than one
crystal phase with distinct lattice symmetries. Among the tran-
sition metal sulphides, OsS, is a good candidate for this
purpose as it is currently only known to form a cubic pyrite-
type lattice;>> however, when subjected to confinement within,
or adsorption on, SWNTs, there is the possibility that new
phases may be discovered. Moreover, the iodides of osmium,
in particular the monoiodide (OslI), are considered to be amor-
phous in bulk,* thus SWNTs offer an exciting opportunity for
studying complex materials, which do not lend themselves
easily to bulk structural analysis, through direct-space imaging
of their atomic structures at the nanoscale.

In this work, we demonstrate the synthesis of osmium com-
pounds simultaneously utilising the interior and exterior sur-
faces of SWNTs, where nanotubes serve as a versatile analytical
platform. It is important to note that whilst most related
studies explore the independent use of either the internal or
external surfaces of SWNTs, we have deliberately used both
surfaces simultaneously to enable fair and direct comparison
of the impact of confinement on materials grown under identi-
cal experimental conditions. Complementary imaging and
analysis, using both local-probe (aberration-corrected and
high-resolution transmission electron microscopy, AC-HRTEM
and HRTEM, respectively, and energy-dispersive X-ray analysis,
EDX) and bulk analytical techniques (X-ray photoelectron spec-
troscopy, XPS and resonance Raman spectroscopy) (Scheme 1),
permitted a comprehensive characterisation of the nano-
materials and revealed mechanisms enabling control of the
structure, composition and morphology of osmium com-
pounds at the nanoscale, demonstrating the significant impact
of the local environment on the growth of inorganic
nanostructures.
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Scheme 1 Carbon nanotubes are an analytical platform that enable
complementary imaging and analytical methods to provide comprehen-
sive characterisation of molecular and inorganic nanomaterials.
Ensemble-averaging analytical methods probe nanostructures on both
the inner and outer surfaces of nanotubes simultaneously, whilst local-
probe approaches permit examination at specific locations with nano-
scale precision (the lengths of the arrows do not correspond to
measured penetration depths).

2. Materials and methods

2.1. Materials

SWNTs (P2-SWNTs, arc-discharge, Carbon Solutions, USA)
were annealed at 600 °C for 17 min to remove their end caps
and any amorphous carbon, resulting in a 50% mass loss.
Triosmium dodecacarbonyl (Alfa Aesar), iodine (Fisher
Scientific) and hydrogen sulphide (CK Special Gases) were all
used as supplied.

2.1.1. Deposition of triosmium dodecacarbonyl in and on
single-walled carbon nanotubes. Freshly opened SWNTs were
added to a Pyrex ampoule (d = 10 mm, [/ = 15 cm) along with
triosmium dodecacarbonyl (Os;(CO);,) (10 mg, 0.0055 mmol)
and sealed under vacuum (10~* mbar). The ampoule was
heated to 130 °C for 3 days and then cooled in an ice bath to
cease the sublimation process.

2.1.2. Preparation of osmium iodide in and on SWNTs.
Iodine (20 mg, 0.039 mmol) was added to a Pyrex ampoule
containing Os3(CO);,/SWNT (5 mg) and sealed under vacuum
(10" mbar). The ampoule was heated for 3 days at 120 °C and
then cooled in an ice bath. The resultant material was then
heated to 500 °C for 1 hour under argon.

2.1.3. Preparation of osmium disulphide in and on
SWNTs. Argon was flowed over the material isolated from the
previous step (5 mg) in a tube furnace for 1 hour at room temp-
erature, followed by a flow of hydrogen sulphide at room temp-
erature. The sample was then heated to 550 °C for 2 hours
whilst being subjected to a flow of hydrogen sulphide (15 mL
min~"). The sample was then cooled under argon at a rate of
5 °C min~" back to room temperature.

2.2. TEM and EDX

Samples were suspended in propan-2-ol and drop-cast onto
lacey carbon copper TEM grids (Agar). HRTEM was conducted
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using a JEOL 2100F FEG-TEM microscope operated at 100 or
200 kv. EDX analysis was performed using an Oxford
Instruments INCA X-ray microanalysis system. AC-HRTEM of
the osmium iodide nanowires was performed at Ulm
University using the C./Cs corrected SALVE TEM microscope
operated at 60 kV. Acquisition was conducted using a dose rate
of 10° e~ (nm® s)™" and exposure times of 0.5 to 2 s.
AC-HRTEM of the osmium iodide and disulphide nano-
particles was performed at the Electron Physical Science
Imaging Centre at Diamond Light Source on a C, corrected
JEM ARMB300CF operated at 80 kV.

2.3. TEM simulation

TEM image simulations were carried out using QSTEM, a
multi-slice program which uses the Dirac-Fock scattering
potential of Rez et al.>* A fixed number of 10 slices per nano-
tube was chosen, and images were calculated with a sampling
of 0.005 nm per pixel. The defocus and aberration parameters
were set according to the values used in experimental imaging.
The effect of limiting the electron dose on the images was
studied using a custom-made Monte Carlo program that
applies noise by utilising the Poisson statistics of electrons.

2.4. Resonance Raman spectroscopy

Samples were suspended in methanol and drop-cast onto Si
(100) wafers. Resonance Raman spectroscopy was performed
on a HORIBA LabRAM HR Raman microscope using either a
532 or 660 nm laser (at ~0.2 mW power), a 100x objective and
a 200 pm confocal pinhole. To simultaneously scan a range of
Raman shifts, a 600 lines per mm rotatable diffraction grating
along a path length of 800 mm was employed, conferring a
spectral resolution better than 1.9 and 1.2 cm™" for the 532
and 660 nm lasers, respectively. Spectra were detected using a
Synapse CCD detector (1024 pixels) thermoelectrically cooled
to —60 °C. Before spectra collection, the instrument was cali-
brated using the zero-order line and a standard Si (100) refer-
ence band at 520.7 cm™'. Spectra were acquired over a
minimum range of 125-3400 cm™" with an acquisition time of
15-120 seconds and 2 accumulations to automatically remove
the spikes due to cosmic rays and improve the signal-to-noise
ratio. Spectra were collected from at least three random
locations and averaged to give a mean spectrum.

2.5. Infrared spectroscopy

Infrared spectroscopy was performed on samples in the form
of KBr pellets using a Bruker FT-IR spectrometer over the
range of 600-4000 cm ™",

2.6. XPS

Samples were analysed using a Kratos AXIS ULTRA with a
mono-chromated Al ka X-ray source (1486.6 eV) operated at
10 mA emission current and 12 kV anode potential (120 W).
Spectra were acquired with the Kratos VISION II software. A
charge neutraliser filament was used to prevent surface char-
ging. Hybrid-slot mode was used, measuring a sample area of
approximately 300 x 700 pm. The analysis chamber pressure
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was better than 5 x 107° mbar. Three areas per sample were
analysed. A wide scan was performed at low resolution
(binding energy range 1400 to —5 eV, with a pass energy of 80
eV, step size of 0.5 eV and a sweep time of 20 minutes). High-
resolution spectra at pass energy 20 eV, step of 0.1 eV, and
sweep times of 10 minutes each were also acquired for photo-
electron peaks from the detected elements, and these were
used to model the chemical composition. The spectra were
charge-corrected to the C 1s peak at 284.5 eV.

3. Results and discussion

3.1. Interactions of triosmium dodecacarbonyl with carbon
nanotubes

Organometallic complexes of osmium, such triosmium dode-
cacarbonyl, Os3(CO);,, and [Os;(CO);o(NCMe),], have been
demonstrated previously as effective precursors for the for-
mation of osmium metal clusters generated in nanotubes®
and on the surfaces of turbostratic graphite*® and multi-walled
carbon nanotubes (MWNTs).>”” An exohedral fullerene,
[0s5(CO)11(n*-Ce0)],>® has also been encapsulated in SWNTs
employing strong van der Waals interactions between the full-
erene cage and the concave surface of the nanotube to drive
encapsulation of the osmium clusters.”® Osmium complexes
have also been used to functionalise the SWNT sidewall by
cycloaddition of osmium tetroxide, OsO,4, under photoirradia-
tion, which enabled tuning of the electronic properties of the
SWNTs by increasing their resistance.’® In this study, Os;(CO);,
was selected as the starting point for subsequent chemical trans-
formations because it can be easily converted to other forms
of osmium without generating any impurities (e.g. residual
ligands).>® In the first step, Os;(CO);, was combined with
SWNTs by sublimation in vacuo (Fig. S1), to ensure deposition of
0s;3(CO)4, on both the interior and exterior surfaces of SWNTs.
HRTEM imaging using 100 kV e-beam and low electron
dose conditions (5.1 x 10* e~ nm™?) provided optimum con-
ditions for studying Osz(CO);, molecules within the nano-
tubes, appearing as high-contrast elliptical features (Fig. 1a).
Previous attempts to image delicate metal carbonyl complexes
within SWNTs have been unsuccessful, as the e-beam in TEM
is known to rapidly break metal-ligand bonds, leading to
“naked” metal clusters, for example, the formation of Re nano-
particles within SWNTs by e-beam irradiation of rhenium car-
bonyl at accelerating voltages of 80 and 100 kv.*! However,
under our low-dose imaging conditions, discrete molecular
species, approximately 0.65 nm in diameter, translating and
rotating within the confines of the SWNTs, were observed. The
image analysis demonstrates the complementary fit of
Os3(CO);, and the 1.2 nm diameter SWNTSs; the guest mole-
cules are large enough to form close van der Waals’ contacts
with the host-nanotube, but have sufficient space to rotate
freely within SWNTs, adopting different orientations observed
in the HRTEM images (Fig. 1b inset). EDX analysis confirmed
that the features observed in the TEM images contained only
carbon, oxygen, and osmium (Fig. 1b); however, meaningful
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(a) 100 kV HRTEM image of Os3(CO);1,/SWNT material where triosmium dodecacarbonyl molecules are encapsulated within a 1.2 nm diameter

SWNT. (b) EDX spectrum of Os3(CO)1,/SWNT displaying the presence of carbon, oxygen, and osmium (the copper peak is due to the TEM grid). Inset is
a structural model of triosmium dodecacarbonyl molecules within a 1.2 nm SWNT shown in three different orientations — edge-on, face-on and in-
between (left to right), matching the examples of Osz(CO);, projections observed in experimental HRTEM images shown in (a). (c) Comparison of XP
spectra in the region of the osmium 4f 5/2 and 7/2 peaks for Osz(CO);,/SWNT (red), [Osl1®*/l/571,,/SWNT™ 2 (blue) and OsS,/SWNT (light blue). The
spectra have been normalised to the Os 4f 7/2 peak intensity. (d) Comparison of the 660 nm resonance Raman spectra showing the G-band of each
material during stepwise synthesis: empty SWNTs (black), Os3(CO);o/SWNT (red), Osz(CO)o/Ix-ls™ + (3 = X)-I3 Tom/SWNTS™ (green), [OsI®*/[1z7]m/
SWNT™=9* (plue), and OsS,/SWNT (light blue). The spectra have been normalised to the G-band intensity. (e) The carbonyl region of IR spectra

showing free Os3(CO), (purple) and Os3(CO);,/SWNT (red). The spectra in (c), (d) and (e) have been offset on the y-axis to ease visual comparison.

quantification was not possible owing to the contribution of
the nanotube itself to the carbon and oxygen signal intensi-
ties. After prolonged exposure (5 min) to the 100 keV electron
beam, the carbonyl ligands are cleaved off, and the molecules
transform into metallic osmium clusters, which promote the
etching of the nanotube sidewall in an electron beam-induced
ejection (EBIE) process (Fig. S2).>” It was not possible to visual-
ise 0s;(CO);, adsorbed on SWNTs by HRTEM due to their
high mobility in an unconfined state, and vaporisation in the
vacuum of the TEM column; however, their presence was
unambiguously determined based on their subsequent reactiv-

Dalton Trans.

ity, as described in the following section. In either case, the
interactions between Os;(CO),, and SWNTs appeared to be
driven solely by van der Waals forces, as evidenced by no sig-
nificant shift in the position of the G-band in the 660 nm reso-
nance Raman spectrum of Os;(CO),,/SWNT, relative to empty
metallic SWNTs (Fig. 1d and Fig. S3a), indicating little to no
charge transfer from Os3;(CO);, to SWNTs. However, subtle
shifts in the position of the radial breathing modes (RBMs,
—-3.2 cm™"), compared to the parent SWNTs, were observed,
which are known to occur when depositing molecular species
on either of the surfaces of SWNTs (Fig. S3b).>*** The presence
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of carbonyl ligands within Os;3(CO),,/SWNT was confirmed by
infrared spectroscopy (Fig. 1e), with all carbonyl vibrational
modes of Os;(CO);, (1985, 1995, 2016, 2028, 2042 and
2068 cm™') observed. The Os 4f 7/2 binding energy was
recorded at 52.4 €V in the X-ray photoelectron spectra (XPS) of
Os;3(CO);,/SWNT (Fig. 1c, Fig. S4a, and Table S1), which is
higher than that expected for metallic osmium (50.8 eV) and
reported previously for free Os;(CO);, molecules (51.6 eV),*®
consistent with the known =-acceptor character of the CO
ligands. Overall, no measurable electron density redistribution
or orbital re-hybridisation in Os;(CO),,/SWNT suggests that it
is a simple composite material with interactions between the
components mediated by van der Waals forces.

3.2. Reactions of Os3(CO),,/SWNT complex with iodine

The introduction of iodine in the Os;(CO);,/SWNT system
(Fig. S1) changed the nature of interactions. Firstly, the G-band
of metallic SWNTSs, resonantly enhanced under 660 nm exci-
tation, shifted by +3.6 cm™' compared to empty SWNTSs
(Fig. 1d). Additionally, there was a change in the shape of the
G-band to resemble a Lorentzian profile, which is consistent
with a metallic to semiconducting transition.’® These are both
indicative of electron transfer from the SWNTs to molecules.
The emergence of additional bands at 109 and 175 cm™" in the
532 nm resonance Raman spectra indicates the formation of
I~ and I5~ polyiodide anions, respectively.’” The latter signifi-
cantly overlaps with one of the RBMs of the SWNT host, but is
evidenced by the second, third, and fourth harmonics

Paper

(Fig. S5).°® The iodine molecules act as electron acceptors to
the nanotube (eqn (1)), followed by a reaction of thus-formed
iodide anions with one or two additional I, molecules, leading
to the formation of polyiodides (eqn (2)), yielding Os;(CO);a/
[x-Is~ + (3 — x)-I; Jom/SWNT®"" hybrid material, where electro-
static interactions between the molecules and nanotubes
become dominant.

m-I, + SWNT — 2m-1~ + SWNT>"* (1)

6m-1" +2m(x + 3)-I, — 2mx-Is~ +2m(3 — x)-I3~,
where 0 < x < 3 @

532 nm resonance Raman spectroscopy measurements
after heating the material at 500 °C reveals the conversion of
Is” to I;~ as indicated by changes in the relative intensities of
the polyiodide anion bands (Fig. S5b); however, we note that
as both SWNT and I,,- Raman bands are sensitive to reso-
nance processes, accurate quantification is challenging.
Furthermore, the G-band of SWNTs in the 660 nm resonance
Raman spectrum is shifted by a further +2 em™" after the heat
treatment, indicating a more electron-withdrawing nature of
the compounds formed in and around the nanotubes. The XP
binding energy of the osmium 4f 7/2 shifts to 51.0 eV after
heating (Fig. 1c and Fig. S4b), which is in the range for metal
iodides, including Os(I), with the binding energy of the iodine
3d 5/2 peak (619.3 eV) within the range of metal iodide species
(Fig. S4c and Table S1).*°

»
-
-
’
-
’

Fig. 2 (a) 200 kV HRTEM large field of view image of [Osl]®*/[l37],,/SWNT™2* showing nanoparticles on the exterior of the SWNTs. (b) 80 kV
AC-HRTEM image of an Osl nanoparticle showing 0.26 nm d-spacing. (c) Structural model of a cubic NaCl-lattice showing 0.26 nm d-spacing. The

blue and pink spheres represent osmium and iodine atoms, respectively.

This journal is © The Royal Society of Chemistry 2026
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TEM imaging of the material after heat treatment revealed
the presence of nanoparticles on the exterior of SWNT
bundles, which had grown during the thermal activation
process (Fig. 2a). Nanoparticle size analysis indicates a size
range between 2 and 8 nm with a mean diameter of 5.1 +
0.9 nm. AC-HRTEM imaging of a nanoparticle supported on
the exterior nanotube surface showed it was crystalline with a
regular d-spacing of 0.26 nm (Fig. 2b). This was also evident in
images of two overlapping nanoparticles in projection, which
exhibited the same spacing as well as having a second area in
which a hexagonal pattern was identified (Fig. S6a). Local EDX
analysis of a single nanoparticle shows the presence of
osmium and iodine in a 1:1.2 stoichiometry and thus the for-
mation of osmium mono-iodide on the convex surface of
SWNTs (Fig. S6b). The two projections observed in
AC-HRTEM, coupled with EDX quantification, are consistent
with a NaCl-type structure, with both osmium and iodine in
six-coordinate environments (Fig. 2c). Considering the TEM
data in conjunction with the resonance Raman spectroscopy
observations above indicates that pentaiodide anions serve as
oxidants towards osmium during heat treatment (eqn (3)).

20s3(CO),, + 315~ — 6:0sI 4 3-I;~ +24-CO (3)

The thus-formed material, therefore, can be described by
the empirical formula [OSI]”"/[I;7]/SWNT" ™" bearing in
mind that osmium iodide is slightly more electron withdraw-
ing towards the nanotubes, as compared to the osmium dode-
cacarbonyl, due to the increased oxidation state of the metal
centres, which explains a heightened positive charge on the
nanotube indicated by the G-band shift in the Raman spectra
as discussed above.

AC-HRTEM at 60 kV was used to inspect species formed
within the nanotubes upon heating, revealing (Fig. 3a-c and
Fig. S7) two-atom thick nanowires within a 1.71 nm SWNT that
rotate and translate independently of each other and extend
along the full length of the nanotube. The dose rate during
imaging was 2.0 x 10° e~ (nm® s)”". EDX analysis of a bundle
of SWNTs filled with nanowires (Fig. 3f) shows a near 1:1
ratio of Os:I, signifying the formation of osmium mono-
iodide within the nanotubes, as observed for the exterior
nanoparticles.”®

The distance between each OsI nanowire and the nanotube
concave surface was measured as 0.31 nm, which corresponds
to a typical van der Waals gap in graphitic materials.*® The
rotations, around the nanotube axis, of the nanowires allow
detailed analysis of the structure across multiple projections.
The contrast of the features along each row of atoms is consist-
ently similar, indicating that this is due to an osmium and an
iodine atom overlapping in the image projection.>* The top
nanowire in Fig. 3c has measured distances between nearest
neighbours of 0.31 and 0.36 nm. A structural model was pro-
posed, based on the interatomic distances measured and
corresponds to a distorted cubic NaCl-type phase with only
osmium-iodine bonds present and each iodine bonded to only
three osmium atoms (Fig. 3d and e). Structural models of the
nanowires in orientations matching the AC-HRTEM images

Dalton Trans.

Dalton Transactions

Rl i ot e T -

CoLLYIRAY
e e
BE N N e )

3 Y R T R

FIS Tyl

WARSLSLNESNCE
MENSDUE B B e ]

P N T

Counts / a.u.

Energy / keV

Fig. 3 (a—c) 60 kV AC-HRTEM image of [OslI®*/[/57],,/SWNT™=9* (left)
showing two osmium iodide nanowires (a) overlapping in projection, (b)
demonstrating the gap between the nanowires and (c) the bottom nano-
wire rotating perpendicular to the nanotube axis. The scale bar is 1 nm.
Structural models showing the proposed orientations of the nanowires
inside the SWNT host (middle left) (blue and pink spheres represent
osmium and iodine atoms, respectively), TEM simulations of the pro-
posed models (middle right) and cross-sectional views of the nanowires
(right). (d) Structural model of the osmium iodide nanowire. (e) Cross-
sectional model of (d). (f) EDX spectrum of [Osl]®*/[I57],,/SWNT™-9*
showing the presence of osmium and iodine in the sample conducted
over an area containing both nanoparticles and nanowires of osmium
jodide (inset), (the copper peak is due to the TEM grid, oxygen and
carbon from the SWNTSs and the support film).

were created, and subsequently generated AC-HRTEM simu-
lations were in good agreement with them (Fig. 3a-e, and
Fig. S8). The third image of the time-series shows the two
nanowires in different projections with the bottom nanowire
appearing as two parallel lines, attributed to a tilt in the nano-
wire axis (Fig. 3c). The distance between the two lines was
found to be 0.28 nm, which is close to the d-spacing observed
in the exterior nanoparticles (0.26 nm). Whilst the TEM
images in Fig. 3b and c¢ show the presence of two nanowires in
different orientations, the TEM image in Fig. 3a shows four
rows of atoms in proximity. Additionally, the contrast of the
middle two rows of atoms is significantly higher than that of
the top and bottom rows. These two phenomena arise from
the nanowires being in 45° rotations from their face-on view,
and one of the nanowires rotating in the SWNT to be in front
of the other, overlapping two rows of atoms, causing higher

This journal is © The Royal Society of Chemistry 2026
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contrast in TEM. Bulk osmium monoiodide was previously
shown to be amorphous by Fergusson et al.?* and thus this
discovery highlights the important role of SWNTs in templat-
ing and stabilising low oxidation and low coordination com-
pounds of osmium, particularly as these were not observed in
a control reaction in the absence of SWNTs, which yielded
only osmium metal nanoparticles (Fig. S9). It is also worth
noting that the distorted cubic Osl formed inside nanotubes
has the same structure as that formed outside, both being
NaCl-type structures. However, the coordination number of the
osmium is three in the nanowires compared to six in the nano-
particles due to spatial confinement effects, with the concave
surfaces of SWNTs stabilising the large surface area of OsI nano-
wires and low-coordinate osmium centres, as well as templating
1D growth, whereas OsI formed without confinement on the
convex surfaces of SWNTs is six-coordinate, with a smaller frac-
tion of surface atoms which do not require stabilisation.

3.3. Reactions of low-dimensional osmium iodide with
hydrogen sulphide in presence of nanotubes

The reaction of [OsI]”"/[I;7],/SWNT"™®" with hydrogen sul-
phide at 550 °C (Fig. S1) led to significant changes. Upon reac-
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tion, the G-band red-shifted to the original position of empty
metallic SWNTs in the 660 nm resonance Raman spectrum,
indicating that the nanotubes regain electrons and become
charge neutral (Fig. 1d), and polyiodide bands disappeared.
Moreover, a new band at 496 cm™" emerges, which may corres-
pond to disulphide (S,>7) (Fig. S5c). The position of the
osmium 4f 7/2 peak in the XP spectrum shifted to 50.8 eV,
indicating changes in the oxidation/valence state (Fig. 1c,
Fig. S4d, and Table S1). TEM imaging of nanoparticles on the
surfaces of the SWNTs revealed compositionally-uniform and
core-shell type nanoparticles with a range of 1-3 shells
(Fig. 4a—c inset). The mean diameter of all nanoparticles was
measured to be 5.3 + 1.4 nm, commensurate with the corres-
ponding osmium iodide particles in the previous step. Local
EDX analysis conducted on core-shell nanoparticles identified
osmium and sulphur as constituent elements in a 1:1.6
atomic ratio (Fig. 4c).

AC-HRTEM imaging of a core-shell nanoparticle identified
the 0.23 nm d-spacing of the core, matching the (211) plane of
pyrite-type cubic OsS, (Fig. 5a),>* with a different structure of
the shell. The AC-HRTEM images of the latter resemble edge-
on WS, nanoribbons®® in which a series of high contrast fea-

Counts / a.u.

0.0

Fig. 4
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(a) 200 kV HRTEM image of OsS,/SWNT highlighting the exterior nanoparticles. (b) 200 kV HRTEM image of osmium disulphide nano-

particles that exhibit core—shell structures. (c) Local EDX spectrum of two core—shell nanoparticles (inset), identifying osmium and sulphur (the
copper peak is due to the TEM grid, oxygen and carbon from the SWNTSs and the support film, silicon likely from contamination).
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h ) Cubic 0sS, core
Hexagonal OsS, shell

N\
Fig. 5 (a) 80 kV AC-HRTEM image of a core—shell OsS, nanoparticle.
(b) A digitally magnified image from (a) highlighting the atomic structure
of the nanoparticle shell. (c) Structural model of hexagonal OsS, in an
edge-on view. The blue and yellow spheres represent osmium and
sulphur atoms, respectively. (d) 80 kV AC-HRTEM image of a nano-
particle that is partially covered by a shell. (e) A digitally magnified image
from (d) highlighting the hexagonal structure of a section of the shell
placed over the vacuum. Red arrows are superimposed on the image to
indicate the alternating contrast of the lattice. (f) Structural model of
hexagonal OsS, in a face-on view. (g) HRTEM image simulation based
on the structural model in (f), which shows the hexagonal structure. Red
arrows are superimposed on the image to indicate the alternating vertex
contrast observed in the experimental image. (h) Schematic diagram of

the core—shell nanoparticle (yellow — cubic OsS,, and light blue — hex-
agonal OsS;); and (i) a corresponding structural model.

tures, each surrounded by two lower contrast features on
either side, correspond to metal and sulphur atoms, respect-
ively. The interatomic distance within the central row of
atomic columns was found to be 0.27 nm, suggesting a sheet
of hexagonal OsS, (isomorphic to hexagonal WS,) (Fig. 5c).
When the cubic OsS, core was only partially covered by a shell,
a suitable projection showed the hexagonal in-plane structure
of the shell (Fig. 5d and e), with alternate contrast intensities
of the lattice points and the distance between adjacent high
contrast features of 0.24 nm. HRTEM image simulations of a
hexagonal OsS, layer (Fig. 5f) matched well the experimental
images (Fig. 5g), therefore indicating that the core-shell nano-
particles of osmium sulphide are a combination of two
different phases of the same material, and can be denoted as
c-0OsS,@h-0sS,, where 7 and ¢ stand for hexagonal and cubic
phases, respectively. The hexagonal metal disulphide phases
are commonly observed in molybdenum and tungsten but
have not been reported for osmium. Its formation in the core-
shell osmium sulphide particles is likely to be dictated by the
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need to stabilise the dangling bonds of few-nm-sized particles
of ¢-OsS,, which are not possible to stabilise by the convex
surface of SWNT, as the nanotube surface curves away from
nanoparticles. The observed situation with ¢-OsS,@#h-OsS, can
be viewed as an analogue of core-shell carbon structures, such
as nanodiamond@graphene, in which the same chemical
element changes its hybridisation in the shell (graphene) to
stabilise the highly reactive dangling bonds in the core
(nanodiamond).*"** However, in the case of core-shell
osmium disulphide, it is the oxidation states of the metal and
anion that will differ in the core and shell. Considering that
h-OsS, appears to be isostructural to #-WS,, it is expected to
consist of Os** and 25>, whilst the pyrite-type ¢-OsS, consists
of 0s*" and S,>". Therefore, the full transformation of osmium
iodide to sulphide can be described as (eqn (4)):

OsI + 2-H,S + I;~ + SWNT' — OsS, + 4-HI + SWNT  (4)

Followed by the phase transformation on the surface of
osmium sulphide particles triggered by temperature (eqn (5)):

¢-0sS, — h-0sS, (5)

It is important to note that eqn (4) requires an increase of
osmium oxidation state from +1 to +2; this must be balanced
by decrease of the positive charge on the nanotubes, with the
latter acting as a reversible reservoir of electron density'® that
was donated at the stage of OsI formation and replaced at the
stage of OsS, formation, such that the nanotubes go back to
their charge neutral state, as shown by the shifts of the
G-band. Hydrogen iodide evaporates from the material under
the reaction conditions (550 °C). The phase transition in reac-
tion 5 may also be accompanied by partial loss of sulphur
anions from the surface layer of OsS, nanoparticles and by
defect formation at the points of bending in the shells, which
may be responsible for the lower-than-expected sulphur
content observed in EDX. Furthermore, the observed 4f 7/2 Os
XP peak is 0.5 eV higher than expected for cubic osmium dis-
ulphide with osmium in the +2 state (50.3 eV),*® indicating
that the spectrum is dominated by photoelectrons from the
hexagonal shells, where osmium has the formal oxidation
state of +4.

The structure of OsS, within the SWNT was probed by
HRTEM imaging (Fig. 6a), which revealed the formation of a
three-atom-thick nanowire measuring 0.6 nm in diameter,
corresponding to the unit cell of cubic OsS,. The encapsulated
nanowires exhibit a high degree of translational and rotational
motion (Video S1), as previously observed for other metal
chalcogenides inside SWNTs.** For this reason, real-space
imaging with high frame-rate image acquisition (10 frames per
second) was utilised in order to obtain snapshots of the encap-
sulated nanowires in on-axis orientations, which could be
compared to simulated HRTEM images for structural evalu-
ation. The nanowire in Fig. 6a extends parallel to the nanotube
axis across the entire length of the SWNT (approximately
40 nm in length) and is representative of all filled SWNTs.
EDX analysis of a bundle of filled SWNTs confirms the loss of

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) 100 kV HRTEM image showing a SWNT containing an OsS;

nanowire. A red arrow indicates the twist point of the nanowire. (b)
Structural model showing the 1D c-OsS, nanowire fit inside the SWNT
(blue spheres represent osmium atoms and yellow spheres represent
sulphur atoms). (c) HRTEM image simulation of the twisted c-OsS,
nanowire model, highlighting the projections observed in (a). A red
arrow indicates the twist point of the nanowire. (d) Structural model
showing the cross-section of the host—guest system (the space created
by the concave surface of SWNT and a face of the OsS, cubic cell, indi-
cated with black arrows, can accommodate additional sulphur atoms).
(e) Magnified HRTEM image in (a) showing the periodic distance
(0.31 nm) between adjacent atoms (left)) HRTEM image simulation
demonstrating this periodic distance (middle), based on a structural
model (right). (f) Image contrast analysis of the areas shown in the
HRTEM image and simulation in (e) evidencing the alternate contrast
pattern between adjacent atoms. (g) Unit cell of cubic osmium disul-
phide. (h) EDX spectrum of an area containing both core-shell nano-
particles and twisted nanowires (inset), identifying both sulphur and
osmium present (the copper peak is due to the TEM grid, oxygen and
carbon from the SWNTs and the support film).

iodine and the presence of osmium and sulphur in the nano-
tube (approximate 1:3 atomic ratio; Fig. 6h). Image analysis
along the rows of atoms, parallel to the nanotube axis, ident-

This journal is © The Royal Society of Chemistry 2026
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ifies alternating contrast intensities, suggesting that either the
OsS, nanowire consists of alternate osmium and sulphur
atoms, or that there is a difference in the number of atoms
overlapping in projection (Fig. 6e and f). Sulphur, compared to
osmium, has a far lower atomic number, and thus individual
atoms would be difficult to distinguish in HRTEM images.>!
This means that the features observed must correspond to
columns containing a varying number of osmium atoms. A
face-on projection of the cubic osmium disulphide unit cell
has two overlapping osmium atoms on each corner of the unit
cell, one osmium atom in the middle of each edge and two
overlapping osmium atoms in the centre of the square face
(Fig. 6g). HRTEM image simulations based on a model of the
nanowire built by extending the unit cell along only one axis,
confirmed the alternating contrast pattern observed experi-
mentally as well as the regular spacings observed between
columns (0.31 nm) (Fig. 6b and c), consistent with pyrite-type
cubic osmium disulphide, but restricted to one-dimensional
growth. A closer inspection of the nanowire reveals helical
twists, which may maximise the interactions with the nano-
tube concave surface and relieve strain in the structure.
Multiple projections of the nanowire are observed in the TEM
image, including face-on and diagonal, and simulations of a
twist in the structure are consistent with the proposed struc-
tural model (Fig. 6b and c). The cubic phase of OsS,, extended
into a single unit cell wide nanowire, contains a very high pro-
portion of undercoordinated osmium atoms, with those in the
edges of the nanowire effectively stabilised by interactions with
the SWNT concave surface, which curves around the nanowire,
thus negating the need for the shell formation by phase tran-
sition to hexagonal OsS, as shown for nanoparticles outside of
nanotubes (Fig. 5). However, the host nanotube cannot effec-
tively coordinate the osmium atoms in the faces of the cubic
nanowire, and the interstitial space formed between the
concave side of SWNT and face of OsS, cubic cell can accom-
modate one or two extra atoms of sulphur (indicated with
black arrows, Fig. 6d), in a sulphide or disulphide form,
respectively, which may explain a higher percentage of sulphur
observed by EDX for ¢-OsS, nanowires in nanotubes (Fig. 6h).

4. Conclusions

Carbon nanotubes are excellent supports and nanocontainers
for inorganic materials and are used in many applications. In
this study, we utilised both the external (convex) and internal
(concave) surfaces of SWNTs simultaneously and demon-
strated the profound impact of surface type on the structure of
inorganic nanomaterials, using the transformations of
osmium compounds as an example system. Confinement
inside nanotubes serves three principal purposes: (i) the nano-
tube cavity templates the growth of OsI and OsS, nanowires
along one crystallographic direction, limiting other two dimen-
sions, and (ii) the SWNT concave surface simultaneously
wraps around the nanowires of cubic/distorted cubic phases of
the osmium compounds thus stabilising highly unstable sur-
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faces of nanowires with a large proportion of dangling bonds/
undercoordinated metal atoms, as well as (iii) balancing the
charge of the encapsulated species. When the synthesis of
osmium compounds occurs on the external convex surface of
the nanotube, the absence of spatial confinement allows
unrestricted growth in all three dimensions, resulting in plate-
like cubic and spheroidal core-shell nanoparticles of OsI and
0sS,, respectively. Atoms in the externally formed OsI are six-
coordinate which is drastically reduced to three-coordinate for
the distorted cubic OsI inside nanotubes and compensated by
interactions between the nanowire and nanotube concave surface
conversely, external OsS, has the same cubic structure as OsS,
inside nanotubes, but in order to stabilise its surface atoms, a
new form of OsS, with a hexagonal lattice, isostructural with
WS,, wraps around the nanoparticle, imitating the nanotube
concave surface. The use of nanotubes as platforms for inorganic
reactions in this study enabled us to broaden the chemistry of
osmium, discover three previously unknown compounds at the
nanoscale, and elucidate mechanisms of inorganic nanostructure
formation and stabilisation using a holistic analytical approach.
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