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Introduction

Capsulate structure effect on SWNTs doping in
Rb,Ag; ,I@QSWNT compositest

N. S. Falaleev, ©2 A. S. Kumskov, ©°°4 V. G. Zhigalina, @°<° |. I. Verbitskiy,?

A. L. Vasiliev,,*d A. A. Makarova,® D. V. Vyalikh, @ ™" N. A Kiselev® and A. A. Eliseev @ *2
The paper reports the relationship between single-walled carbon nanotube (SWNT) doping and capsulate
crystal structure in Rb,Ag;|@SWNT composites. The structures of one dimensional (1D) Rbl, Agl and
RbAgyls crystals inside single-walled carbon nanotubes were established by high-resolution transmission
electron microscopy (HRTEM) and high-resolution scanning transmission electron microscopy (HAADF
HRSTEM), and confirmed by image simulation. Opposite to one-dimensional Rbl and Agl, inheriting the
structure of bulk analogues, 1D RbAguls forms a new phase within a confined space of the SWNT channel,
which differs from the bulk RbAguls structure and can be described by a deformed cubic 1D lattice. X-ray
absorption, XPS, optical absorption and Raman spectroscopies were used for comprehensive study of the
composites’ electronic structures. The study reveals the donor behavior of Rbl capsulate and the acceptor
behavior of RbAg4ls and Agl. Quantification of doping levels indicated the prevalence of the effect of the
chemical composition of the capsulate on the overall doping efficiency, while a structural effect is mostly
prominent in potential distribution on nanotube walls and partial charges on SWNT atoms.

within SWNTs of different diameters, while the role of the
dopant structure for the same diameter tubes remains un-

Encapsulation of matter into single-walled carbon nanotubes
(SWNT) has become a generally accepted strategy to for SWNT
modification."? Different organic,** inorganic,”® and liquid”®
modifiers have been reported to affect the electronic structure
and conductivity of SWNTs. Modifier agents provide donor/
acceptor doping of SWNTs by contact potential difference
or chemical binding to the nanotube surface.”'® Recently,
the capsulate structure was suggested to induce significant
changes in SWNT surface potential, resulting in localized and
delocalized charge redistribution effects.'’ However, those
modifications were considered for the same capsulate type
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known.'"'? Therefore, in the present paper we focused on the
relationship between SWNT doping and capsulate crystal
structure. The RbI-AgI ternary system was chosen as a test ob-
ject for encapsulation, as potentially providing both donor
(p(RbI) = 3.9 eV (ref. 13)) and acceptor (p(Agl) = 5.1 eV (ref.
14)) doping for SWNTs. Earlier, RbI@SWNT and AgI@SWNT
were successfully crystallized within nanotube cavities, but
the composite electronic properties have not been reported.'”
Later, the strong acceptor doping behavior of Agl capsulate
was demonstrated.’® As the RbI-Agl system contains at least
two chemical compounds (Rb,Agl; and RbAg,I;) with crystal
structures both different from bulk rubidium and silver
iodides,"”™° we expected analogous structural changes in the
case of one-dimensional systems with variation of the RbI:
Agl ratio. Thereby, the RbI-AgI system can serve as a conve-
nient model for the quantitative study of the influence of
both the atomic structure and composition on the electronic
properties of the nanocomposites.

Ternary systems were earlier encapsulated into SWNTs,
but with rather limited success, resulting in no new one-
dimensional crystal phases being described.”>*" Even in the
case of KCl: UCly, potentially providing opportunities for com-
positional changes in crystal structure, those were not re-
solved. The electronic properties for SWNTs encapsulated by
ternary compounds have also never been reported to our
knowledge.
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Thus, here we performed a comparative analysis of the
atomic and electronic structures of single walled carbon
nanotubes modified by intercalation with rubidium and sil-
ver iodides and a ternary RbAg,Is; compound. The compari-
son of the electronic structures of SWNTs doped by RbAg,Is
and binary iodides has been used to deduce the influence
of structural and compositional aspects on the doping
efficiency.

Experimental

Single-walled carbon nanotubes (SWNTs) obtained by a cata-
lytic arc-discharge method with mean diameters of ~1.4 nm
were purchased from Carbon ChG company® (90% purity).
The RbI@SWNT, AgI@SWNT and RbAg,I;@SWNT nano-
composites were obtained using a capillary technique with
the maximal process temperature exceeding the melting
point of the corresponding compound by 100 °C.** Slow
cooling of melts at 0.02 °C min~" was used to induce better
crystallization of the capsulates and homogenization of the
ternary compound.>® Structural investigations were carried
out using high-resolution transmission electron microscopy
(HRTEM) and high-resolution scanning transmission electron
microscopy (HAADF HRSTEM) methods using an FEI Titan
60-300 microscope equipped with an image aberration correc-
tor at an accelerating voltage of 80 kV and in an FEI Titan 80-
300 with a probe aberration corrector at 300 kV. Crystal
modeling and image simulation were performed using Dia-
mond 3.0, SimulaTEM>® and JEMS>® software. The parame-
ters of the calibrated microscope with corrected coefficient of
spherical aberrations (Cs = 64.148%) and a defocus range of
+30 nm near zero and Scherzer focus were taken into account
while modeling. The samples for electron microscopy were
prepared by dispersing the nanotubes on holey carbon-
coated copper grids.

The specimens for the Raman and optical absorption
spectroscopy study were prepared by dispersing powders in
1,2-dichloroethane in an ultrasonic bath and depositing the
dispersions onto glass slides (for Raman spectroscopy) or
onto quartz glass (for UV/Vis/NIR spectroscopy). Raman
spectroscopy measurements were performed using a
Renishaw InVia Raman spectroscope (Leica DMLM optics,
100x objective) using a 50 mW 514 nm argon laser (E., = 2.41
eV), a 17 mW 633 nm HeNe laser (E.x = 1.96 €V), and a 300
mW 785 nm NIR diode laser (Ex = 1.58 eV) equipped with
variable power ND filters (power range 0.00005-100%) in the
frequency range of 100-3200 cm'. Laser power was opti-
mized for every sample in order to maximize the signal to
noise ratio, while avoiding any thermal shift of the spectral
lines. Laser spot size was varied in the range of 1-300 pm.

Spectroelectrochemical experiments were carried out using
an optical glass three-electrode cell with Pt working and
counter electrodes and an Ag-pseudo-reference electrode
according to the procedure reported in ref. 27. Specimens
were prepared by depositing SWNTs or nanocomposite sam-
ples on the working electrode from ultrasonicated 1,2-
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dimethoxyethane (DME) dispersions. The cell was filled with
a 0.2 M solution of LiClO, in DME and then hermetically
sealed. All electrode and cell assembly procedures were car-
ried out in a dry box under Ar atmosphere. Spectro-
electrochemical experiments were carried out in the potential
rage of -1.4 V to +1.4 V vs. an Ag-pseudoreference electrode
in potentiostatic staircase mode with a potential step of 5 mV
using an Autolab PGSTAT N302 potentiostat. Scattered peak
positions in the spectra were determined by least-squares
fitting of experimental data by Voight function using WiRE
3.4 software.

Optical spectra were collected on a PerkinElmer Lambda
950 UV/Vis/NIR spectrophotometer in the wavelength range
of 200-3200 nm in transmission geometry, using a quartz
glass spectrum as a reference. The spectra were post-
processed using OriginPro v. 9.1.0 software. The optical ab-
sorption spectra were fitted by an amplitude version of the
Gaussian peak function in order to determinate the absorp-
tion maxima positions.

NEXAFS and XPS spectra were recorded at the Russian-
German beamline (RGBL) of the synchrotron radiation
facility “Berliner Elektronenspeicherring-Gesellschaft fiir
Synchrotronstrahlung” (BESSY II, Berlin, Germany).”® The
samples were prepared by embedding composites onto in-
dium substrates of ~7 x 7 mm in size. NEXAFS spectra of C
1s were recorded by measuring the total electron yield of the
X-ray photoemission in the drain current measurement mode
using a Keithley picoammeter. XPS spectra were acquired
using a Phoibos 150 (Specs) energy analyzer.

Results and discussion
The structure of the 1D RbI@SWCNT nanocomposite

For determination of this structure, the HAADF HRSTEM
method was utilized.”® Fourier filtration was applied to in-
crease the signal to noise ratio.

The main projection of 1D RbI@SWNT nanocomposites
forms three chains of atoms translated along the nanotube
axis (Fig. 1). The distance between two outer atomic columns
is equal to 7.42 (+0.15) A corresponding well to the bulk
RbI crystal unit cell parameter (Pm3m, a = 7.342 A).*° The
distance between atomic chains also stays in agreement
with the interatomic spacing in the bulk crystal. This data
allows us to conclude that the structure of the quasi one-
dimensional (1D) crystal inside SWNT inherits the structure
of the bulk material with a long axis coinciding with the bulk
RbI <100> direction. The obtained results accord with earlier
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Fig. 1 Filtered HAADF HRSTEM image, STEM simulation results and
the structure of 1D 3 x 3 <100> Rbl@SWNT(10;10).

This journal is © The Royal Society of Chemistry 2017
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published data for one-dimensional RbI crystals synthesized
within SWNT channels.** According to image simulation re-
sults, the structure is described well as 3 x 3 <100> RbI@S-
WNT in the notation proposed in ref. 11, 15 and 31 (Fig. 1).
The evaluated deformation of the 1D RbI cell does not ex-
ceeds 5%.

The structure of the 1D AgI@SWCNT nanocomposite

The structure of the 1D AgI@SWNT composite (Fig. 2) was
described in detail in our previous work.'®** This structure is
represented by a two-layered hexagonal lattice with a 3 x 3
<001> NiAs structure, obtainable in a bulk under high pres-
sure.*® This structure motif is given by a close packing of io-
dine atoms, with octahedral positions filled by silver. Unit
cell parameters of the high-pressure phase were taken for
building the atomic model. As the proposed 1D structure
possesses four silver atomic positions per three iodine atoms,
partial occupation of Ag positions was supposed to maintain
the stoichiometry of the nanocrystal. Taking into account the
cationic conductance of bulk Agl, we consider all preferred
(coordinated by four iodine atoms) positions of Ag to be oc-
cupied permanently, and all non-preferred positions (coordi-
nated by three iodine atoms) to be half-occupied (Fig. 2). The
resulting image simulation of the proposed structure repre-
sents a good agreement with the experimentally observed
image.

The structure of the 1D RbAg,I;@SWCNT nanocomposite

To quantify the elemental ratio in the ternary RbI:
AgI@SWNT system, local EDX analysis was carried out on in-
dividual composite wires. The resulting Rb:Ag:I ratio was
found to be equal to 0.18:0.79:1, corresponding to an aver-
age composition of RbyoAg, oI5 experimental HRTEM of the
ternary RbAg,Js@SWNT capsulate illustrated two dominant
types of projections (Fig. 3). Unfortunately, direct interpreta-
tion of images based on HRTEM projections and measured
1D crystal periodicities does not match any of the existing
structures of 3D crystal analogues."””'® We also failed to de-
scribe both these types of images with the same structure,
thus they were treated separately. Notably, both types of
structures illustrated the periodicity with a least common
multiple of ~0.76 nm, which is very close to that observed
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Fig. 2 Original HRTEM image, TEM simulation results and the
structure of 1D 3 x 3 <001> Agl@SWNT(10;10). The most intense
subunits on the HRTEM image and image simulation correspond to
columns of two iodine atoms. Silver atoms in fully occupied positions
are marked in blue color and silver atoms in half-occupied positions
are given in light blue color.
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Fig. 3 Two types of structure for the 1D RbAg4ls@SWNT composite:
(@) HRTEM image, TEM simulation results (Af = -20 nm) and the
structure of 1D 3 x 4 <121> fcc RbAg4ls@SWNT(19,0) with internal
octahedral positions occupied by rubidium and silver atoms and
external tetrahedral positions occupied by silver atoms. Model
stoichiometry is RbggsAdsi7ls. (b) HRTEM image, TEM simulation
results (Af = -21 nm) and the structure of 1D 3 x 3 <100> fcc
RbAg4ls@SWNT(10,10) with internal octahedral positions occupied by
rubidium atoms and tetrahedral positions occupied by silver atoms.
Model stoichiometry is Rbj 11Ag4.44l5 (see text for details). All possible
positions of cations are shown. Elliptical deformation of SWNT was
introduced to accommodate the 1D crystal.

for AgI@SWNT. Taking into account the ease of migration of
silver atoms in the mixed iodide, we considered the main
motif of the image to be formed by large iodine anions.

In Fig. 3a, the HRTEM image of a composite with the
structure of the first type is presented. According to the con-
cept given above, three rows of contrast “subunits” were re-
ferred to iodide atomic columns. The intensity of all “sub-
units” is nearly equal, suggesting equal atomic quantity in
the columns. The distance between the rows was found to be
slightly less (~0.35 nm), as compared to the one-dimensional
crystal period (~0.38 nm), both being in the order of \/ﬁ of
the I-I distance in Agl and RbAg,I5 (~0.459 nm). However,
smaller inter-row spacing implies that iodide planes are par-
allel to the tube axis. Based on the above description, a 3 x 4
<121> fcc model of iodine packing was proposed (Fig. 3a).

Cation distribution within the structure necessitates fur-
ther detailed analysis. According to common knowledge,
rather large rubidium cations (~166 pm) are known to prefer
octahedral coordination, while small silver atoms (~130 pm)
occupy tetrahedral positions. Thus, we considered fully coor-
dinated (internal) octahedral positions (two per six iodine
atoms in the unit cell) to be filled with rubidium and silver
atoms in equal portions. The remainder of the silver atoms
needed to fulfil the stoichiometry (four per six iodine atoms
in the unit cell) can be positioned in partially coordinated
(external) octahedral or tetrahedral positions. The absolute
energy of these positions does not differ much according to
DFT modelling.** On the other hand, the external octahedral
positions are located outside the iodine sublattice circumfer-
ence, thus increasing the effective nanocrystal diameter,
while filling tetrahedral positions does not affect the final

crystal size. For this reason, population of external

CrystEngComm, 2017, 19, 3063-3070 | 3065
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tetrahedral positions with silver atoms was chosen as the pre-
ferred model. The resulting model crystal conformed with
the stoichiometry of Rb g3Ag4 1715. A hose SWNT with a diam-
eter of 1.4 nm and chirality (19, 0) was used in the model.
The image simulation results accord well with the experimen-
tal projection. Subtle triclinic distortion of the structure with
tilting of the c-axis of the lattice in the <110> direction is ob-
served. Notably, the population of the external octahedral po-
sitions in the model (four per six iodine atoms in the unit
cell) does not change the picture significantly, but requires a
larger diameter tube for encapsulation (see ESIf S1). Thus,
the positioning of highly mobile cations in the unit cell of
RbAg,I5 remains somewhat problematic, while positions of
large iodine anions in the structure are assured, providing
the main motif for HRTEM images.

The second type of 1D RbAg,I;@SWNT image type is char-
acterized by a central row of intense “subunits” with periodic-
ity of d, = 0.73 nm (Fig. 3b). This period conforms to the dou-
ble the interplane distance of the closely packed planes of
iodine atoms in bulk AgI. A strong localization of the inten-
sity at the central spot suggests at least three positions in the
central atomic column for this projection. This can be real-
ized either with I-Ag-I in the row, corresponding to the
<111> or <100> directions of fcc lattice normal to the im-
age plain, or three iodine atoms in the row corresponding to
<110> normal. Among those projections of fcc, the last looks
most preferred as it provides both maximal inter-column dis-
tance and close to six-fold symmetry. Thus, we considered
the one-dimensional crystal motif to be provided by the de-
formed 3 x 3 <100> fcc structure. Similar to the first type of
structure, rubidium atoms were positioned in octahedral
interstices, while silver atoms were in tetrahedral ones. The
final one-dimensional unit cell included three rubidium
atoms, eight silver atoms and nine iodine atoms. Owing to
substantial excess of rubidium positions in the structure, sta-
tistical distribution of ions was supposed. Chromium atoms
were used to model partially occupied rubidium positions (Z¢, =
2/3Zgp) in image simulations. This resulted in a final model
stoichiometry of Rb;;1Ags.44ls. Some excess rubidium and
silver atoms were considered small enough to introduce
serious changes in the simulated images, bearing in mind
the statistical distribution of cations. Ecliptically deformed
SWNT(10,10) was used as the hosting container to accommo-
date the 1D crystal. Such deformations are convenient for
infilled SWNTs and have been experimentally demonstrated
in a number of previous studies.’*>*® Image simulation re-
sults coincided with the experimental projections (Fig. 3b).
Compared to bulk Agl, deformation of the crystal lattice takes
place in this type of one-dimensional RbAg,ls, expressed by
lengthening of the crystal by ~12% in the direction along the
SWNT axis.

Thus, analysis of one dimensional RbI, Agl and RbAg,Is
crystals inside single-walled carbon nanotube indicates a
strong influence of the chemical composition on their atomic
structure. Distinct from one-dimensional RbI and Agl
inheriting structure of bulk analogues, 1D ternary RbAg,Is
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forms a new phase within a confined space of the SWNT
channel, different from the bulk structure, which can be de-
scribed in terms of a deformed cubic 1D lattice. According to
the above analysis, addition of rubidium atoms to silver io-
dide changes both the preferred growth axis of the one-
dimensional crystal (direction along SWNT) and the motif for
cation distribution. This results in variation of the crystal-
SWNT distance and, probably, their chemical interactions,
which were studied in detail by complimentary optical ab-
sorption, Raman spectroscopy, X-ray absorption and XPS
techniques to reveal the changes in the electronic structures
of the composites. Additional images and structural analysis
results for the Rb,Ag; . J@SWNT composite series are given
in ESIf S2.

Optical absorption spectroscopy

Optical absorption spectra of the nanocomposites represent
broad maxima corresponding to electron transitions between
the Van Hove singularities of the SWNT (Fig. 4). According to
the Kataura plot, the transition energies correspond well to
the energy gaps of metallic (E}]) and semiconducting (ES,, x
=1, 2, 3) tubes with a diameter of about 1.2-1.6 nm.*’
Generally, the optical absorption spectra of the nano-
composites mimic the spectrum of the pristine nano-
tubes, which suggests preservation of the SWNTs' electronic
structure after filling. However, a strong suppression of
minimal energy E}; transitions appears in the case of the
RbAg,I;@SWNT and AgI@SWNT nanocomposites. Diminu-
tion of the transition intensity can indicate either depletion
of electrons from the valence band due to the acceptor behav-
ior of the intercalated crystal or an occupation of the first
Van Hove singularities in the conduction band by donor dop-
ants. This corresponds to a Fermi level shift below the
highest occupied or above the lowest unoccupied Van Hove

Wavelength, nm

2000 1500 1000 500
T T 7’85 f"”\ " 633 lnm '514 nm !
SWNT
——{RbAg,|.@SWNT
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Fig. 4 Optical absorption spectra of nanocomposites and pure
SWNTs. Vertical lines represent laser excitation energies, which were
used for acquiring Raman spectra.
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singularities of the semiconducting SWNT (0.3 eV).*® Notably
the E}; maxima do not disappear completely from
RbAg,I;@SWNT spectra, which indicates a partial occupa-
tion/deoccupation of the corresponding states. The presence
of the E}, transition in the optical absorption spectrum of
RbI@SWNT suggests much lower charge transfer efficiency
between the SWNT and the guest crystal for this composite.

Detailed examination of the optical absorption spectra
reveals upshifts of ES, and EY for RbBI@SWNT and
RbAg,I;@SWNT, while AgI@SWNT experienced a moderate
downshift of E5, transitions. According to recent studies,
these changes were attributed to an alteration of the p, or-
bital overlap on SWNT walls owing to an effective potential
provided by the encapsulated nanocrystal."**° Charge redis-
tribution effects between the nanotube and the nanocrystal
and emerging partial charges on the crystal affect the overlap
integral and modify the SWNTs dispersion relation.

Raman spectroscopy

The electronic structure of nanocomposites was examined by
Raman spectroscopy and spectroelectrochemical Raman ex-
periments. The Raman spectra of pristine SWNTs and com-
posites excited by 1.58, 1.96 and 2.41 eV lasers indicate sig-
nificant shifts of both RBM- and G-mode frequencies (Fig. 5).
Those values, as well as the calculated diameters of reso-
nantly excited SWNT, their possible chiralities’®*' and the
changes in G-mode positions upon encapsulation of crystals
are summarized in Table S3 in the ESL}

The major changes in the Raman spectra comprise
G-mode position shifts. The G-mode frequency generally in-
creases in the order RbI@SWNT — RbAg,;@SWNT —
AgI@SWNT, which is associated with growing interaction ef-
ficiency between the SWNT and the nanocrystals in the se-
quence for both metallic and semiconducting nanotubes.

Further analysis of the electronic structure of the compos-
ites was carried out using Raman spectroelectrochemical
studies. This method allows determination of SWNT doping
levels from Kohn anomaly position shifts, according to a pro-
cedure reported earlier.”>”

1 E =24lev 1599,9
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Absolute values of chemical potential, corresponding
to the Kohn anomaly of the SWNTs, were determined as a
center line of G'-mode softening branches in electrochemi-
cal Raman maps (see ESIf S4). The positions of the Kohn
anomaly in the spectroelectrochemical maps are summarized
in Table 1. The change of the Kohn anomaly potential in
modified SWNTs was ascribed earlier to the Fermi level shift
owing to doping.*’

Near edge X-ray absorption fine structure (NEXAFS)

Detailed information on the properties of the interaction be-
tween the intercalated crystals and the SWNTs walls can be
derived from analysis of XPS and NEXAFS data. NEXAFS spec-
tra at the C 1s absorption edge allow us to probe the electron
transitions from the localized core states to empty orbitals,
which can be used to assess hybridization of atoms constitut-
ing the sample. The acquired X-ray absorption spectra are
shown in Fig. 6.

First of all, the absorption features in the range 290-315
eV remain practically the same for the nanocomposites and
the raw SWNTs. This allows one to conclude that the
electrons of the c-bonds of C atoms are not involved in the
interaction of the intercalated salt with the SWNT walls.
Hence, there is no evidence of c-orbital hybridization owing
to C-X bonding.*® The only essential difference in the nano-
composites as compared with pristine SWNTs is the appear-
ance of an additional spectral feature A* (E = 283.8 eV) below
the m-resonance peak labeled A (E = 285.1 eV) in the case of
AgI@SWNT. The additional feature indicates localized hy-
bridization of carbon p,-orbitals with atomic orbitals of the
guest compound (i.e. chemical interaction).

X-ray photoelectron spectroscopy (XPS)

The data analysis was carried out by fitting spectra with the
Gaussian/Lorentzian convolution functions with simulta-
neous optimization of the Shirley background. Three spectral
components corresponding to carbon atoms nearly unaf-
fected by encapsulation (or carbon from unfilled SWNTs,
fixed position, low FWHM), carbon atoms with high potential

—— SWNT
——RbI@SWNT
——RbAg |, @SWNT
—— AgI@SWNT

181,0
168,9

171535 | \1648
184,5

T T () T T T i T T
100 150 200 1450 1500 1550 1600 1650 100 150 200

Raman shift, cm”’

74 T T ) J T T
1450 1500 1550 1600 1650 100 150 200

Raman shift, cm”’

5 T T T U
1450 1500 1550 1600 1650

Raman shift, cm”’

Fig. 5 RBM and G-regions of the Raman spectra of the nanocomposites and SWNTs. The dashed line is given as a guide to show the increase of

the G-mode upshift owing to filling of the nanotubes.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Electronic structure parameters for RblI@SWNT and
RbAg4ls@SWNT

Energy gap between Van ~ Kohn anomaly

Hove singularities position in

spectroelectrochemical

Sample E5, M maps, eV
SWNT 1.14 £ 0.03 1.66 = 0.03 0.12 £ 0.02
AgI@SWNT 1.20 £ 0.02 1.73 £0.03 —0.55 +0.02
RbAg I;@SWNT  1.21+0.03 1.71+0.03 -0.50 + 0.02
RbI@SWNT 1.19 £ 0.02 1.72 +£0.03 0.25 + 0.02

b)

Intensity, a.u.

— AgI@SWNT
—— RbAG,Js@SWNT
—— RLI@SWNT
— SWNT

L/

T T T T T T T T
285 290 295 300 305 310 315 2830
Energy, eV

T T T 1T
284.5 286.0
Energy, eV

Fig. 6 a) C 1s X-ray absorption spectra for pristine SWNTs and
Rb,Ag;_|@SWNT composites. b) The n-bonds region is expanded in
order to make the A* feature more pronounced.

provided by Rb,Ag,_,I (unfixed position, low FWHM) and a
wide oxygen-related peak at high binding energy were used
for spectral fitting. The resulting spectra with multi-curve fits

7 Agl@SWNT

|RoAg, @sWN

Intensity, a.u.

287 286 285 284
Binding energy, eV

Fig. 7 Photoemission C 1s peaks for pure SWNT and Rb,Ag;_,/@SWNT

composites. The dashed gray line represents the C 1s position of the

SWNT as a reference. The components corresponding to unfilled tubes

in composites are centered at this dashed line.

Ftopttonacs
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are shown in the Fig. 7, and numerical data is summarized
in the ESIf S5.

Detailed analysis of the XPS C 1s spectra revealed that in
the case of RbI@SWNT the C 1s binding energy of the carbon
atoms in the filled nanotubes is reduced as compared to that
for the pure tubes, while the values are increasing for two
other capsulates. This corresponds to excessive negative
charge on carbon atoms in the case of RbI doping and posi-
tive charge in the case of RbAg,Is and Agl. In other words,
RbI provides donor doping to SWNT, while the RbAg,I; and
Agl capsulates demonstrate acceptor behavior. C 1s level po-
sitions corresponding to infilled SWNTs and the charges on
carbon atoms of the SWNT walls are summarized in Table 2.
Notably, the local charges on carbon atoms were found to be
even higher in the case of the RbAg,I; capsulate as compared
to Agl. This difference in the local charges appearing due to
doping obviously originate from the difference in the atomic
structures of the composites described above.

An extra insight into the electronic structures of the com-
posites can be derived from the electron work function mea-
surements in photoemission experiments. It can directly re-
veal the Fermi level shift from a work function variation
extracted as a low-energy cut-off of secondary electrons emit-
ted under X-ray irradiation. The values of the electron work
function were extracted as an intersection point of linear ap-
proximations of the background and the secondary electron
emission edge. The secondary electron cut-off spectra are
depicted in ESI} S6, and work function results are summa-
rized in Table 2.

The Fermi level shift indicates significant deviation upon
doping by Rb,Ag;_,I. In the case of RbI@SWNT, the work
function of the composite decreases as compared to the raw
nanotubes, indicating donor doping by RbI. RbAg,Is and Agl
provide strong acceptor doping, which is only slightly lower
in the case of RbAg,ls. These results agree well the charges
on the carbon atoms derived from the C 1s level positions
and Kohn anomaly position changes in the spectro-
electrochemical maps.

Thus we can sum up that doping efficiency depends
strongly on the chemical nature of the encapsulated nano-
crystal (Table 1). It changes from a strong acceptor for
AgI@SWNT (~0.6 eV) to donor behavior for RbI@SWNT
(~-0.2 eV), similar to that observed in metal-doped
graphene.”” An intermediate composition of RbAg,I;@SWNT
also indicates strong acceptor doping of SWNTs (0.4 eV). The
close to linear behavior of doping efficiency with composi-
tional change points out the decisive role of the dopant work

Table 2 The electron work functions and C 1s level positions of the
nanocomposites

Electron work function, C 1s level position,

Sample ev BE eV
SWNT 4.6 £ 0.1 284.50 + 0.05
RbI@SWNT 4.4+0.1(-0.2) 284.71 + 0.05 (+0.21)

RbAG,I;@SWNT
AgI@SWNT

4.95 + 0.1 (+0.35)
5.1 + 0.1 (+0.5)

284.20 + 0.05 (~0.30)
284.22 + 0.05 (0.28)

This journal is © The Royal Society of Chemistry 2017
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function and atoms' partial charges in governing doping
levels. Another reason could involve slight stoichiometry devi-
ation in nanocrystals.>* Despite the addition of large rubid-
ium ions strongly affecting the 1D crystal structure motif,
entailing the variation of the 1D-crystal-SWNT wall inter-
atomic distance, the overall doping levels of composites
(Fermi level shifts) seem to be unaffected by structural
changes in the composites. On the over hand, local charges
on carbon atoms, provided by capsulate potential, varied with
structural changes in the capsulate crystal. Thus, the
capsulate structure is assumed to conspicuously affect local
potentials provided by the capsulate on the SWNT walls.

Conclusions

It was shown that in the restrained space of SWNTs channels
the 1D RbI crystals form a cubic lattice similar to their 3D an-
alogues. The nanocrystal growth inside SWNT occurs in the
<100> direction. The 1D AgI crystals form a hexagonal lat-
tice, which is similar to their bulk analogues with the crystal-
lization occurring in the <001> direction. For both RbI and
AgI nanocrystals, deformation of lattices was not observed. In
the 1D RbAg,Is@SWNT nanocomposites, the one dimen-
sional crystal forms a cubic lattice with the crystallization di-
rections <121> and <100> of fcc structure. Rubidium atoms
preferably occupy octahedral positions while silver atoms
preferably occupy tetrahedral positions of iodine close pack-
ing. For both structures, the nanocrystal is noticeably
deformed.

Thus, encapsulation of halide crystals in SWNTSs result in
significantly different doping effects depending on the com-
position and the structure of the guest crystal. Addition of
large cations even in low amounts entails atomic
rearrangement within SWNTs and structural changes to the
encapsulated 1D crystal. This entails variation of the 1D-
crystal-SWNT wall interatomic distance and coupling effects,
providing a strong influence on the potential distribution on
nanotube walls and carbon atomic partial charges. At the
same time, overall doping levels are mostly governed by the
capsulate's chemical composition. In conjunction with recent
progress on size-dependent structure relations between nano-
tubes and encapsulated nanocrystals, these results can pro-
vide a basis for directed doping of SWNTs by capsulates with
desired atomic structure.
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