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Single-walled carbon nanohorns are an allotrope of carbon with
promising properties for a variety of applications. Despite their
promise, the majority carrier type (i.e. electrons or holes) that
defines the electronic properties of this novel semiconductor is
poorly understood and so far only indirect measurements have
been employed to arrive at contradictory results. Here, we directly
determine the majority carrier type in single-wall carbon nanohorns
for the first time by means of thermopower measurements. Using
this direct method, we show that SWCNH films exhibit a positive
Seebeck coefficient indicating that SWCNHs behave as p-type
semiconductors. This result is further corroborated by intentionally
tuning the hole or electron concentrations of SWCNH layers via
redox doping with molecular electron acceptors and donors,
respectively. These results provide a framework for both measuring
and chemically tuning the majority carrier type in this emerging
nanocarbon semiconductor.

Introduction

Single-wall carbon nanohorns (SWCNHs) are an emerging class
of semiconducting nanocarbons with several important differ-
ences from their close relatives, single-wall carbon nanotubes

“ Chemistry and Nanoscience Center, National Renewable Energy Laboratory,
Golden, CO 80401, USA. E-mail: Jeffrey. blackburn@nrel. gov

b Department of Chemistry and Pharmacy & Interdisciplinary Center for Molecular
Materials, Friedrich-Alexander-Universitéit Erlangen-Niirnberg, Egerlandstr. 3,
91058 Erlangen, Germany

¢ Center of Excellence for Nanostructured Materials, INSTM, Unit of Trieste,
Dipartimento di Scienze Chimiche e Farmaceutiche, Universita degli Studi di
Trieste, Piazzale Europa 1, 34127 Trieste, Italy

 Centre for Cooperative Research in Biomaterials (CIC BiomaGUNE), Basque
Research and Technology Alliance (BRTA), Paseo de Miramén 194,
Donostia-San Sebastian 20014, Spain

¢ Ikerbasque, Basque Foundation for Science, Bilbao 48013, Spain

fRenewable and Sustainable Energy Institute, University of Colorado Boulder,
Boulder, Colorado 80309, USA

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d2tc00179a

This journal is © The Royal Society of Chemistry 2022

® Fabian Lodermeyer,” Maurizio Prato,
" Dirk M. Guldi

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Elucidating the electronic properties of single-
wall carbon nanohornsfy

cde

©and Jeffrey L. Blackburn (2 *®

(SWCNTs). SWCNHSs are conical structures with a sharp apical
angle of 20°." A single carbon nanohorn is 2-5 nm in diameter
and 40-50 nm in length and individual nanohorns tend to
associate into loosely bound aggregates of 100 nm diameter.?
SWCNHs can be synthesized on a large scale by a metal catalyst-
free CO, laser ablation process,™* making them easily acces-
sible to a variety of technological fields. They have been
studied, e.g., in drug delivery systems,”” photothermal
therapy,® catalysis,”'® gas storage,"" and photovoltaics."” In
particular, SWCNHs have been used in photoinduced
electron-transfer processes,'® for efficient dye-sensitized solar
cells,***® and as active components for the reduction of CO, to
formic acid,'” or for O, reduction to H,0,.'®*°

In all these very promising applications SWCNHs play a
significant role in electron transport, enhancing charge separa-
tion states and catalytic performances, but it is not yet clear
what is the role of SWCNHs in these devices, whether n-type or
p-type semiconductors. Majority carrier type is a tunable mate-
rial property that impacts ground-state electronic properties,
excited-state dynamics, and the ultimate functionality of semi-
conductors in a broad array of devices. To date, literature
reports have only used indirect gas adsorption methods to
infer the majority carrier type and electronic properties of
pristine SWCNHs and the results have been contradictory.
Kaneko et al. suggested that SWCNHs behave as n-type
semiconductors,* since exposure of compressed SWCNH pel-
lets to O, molecules (considered to be electron acceptors)
decreased the electrical conductivity, while adsorption of rela-
tively reducing CO, molecules (considered to be electron
donors) increased the conductivity. In contrast, Suehiro et al.
found that the conductance of SWCNHs increased or decreased
upon exposure to relatively oxidizing NO, molecules or redu-
cing NH; molecules, respectively.”’ They therefore concluded
that SWCNHs, similar to most reports on SWCNT transport in
ambient conditions, behave as p-type semiconductors. There is
thus no consensus on the electronic properties of SWCNHs and
no direct methods have been used thus far to elucidate majority
carrier type in SWCNHES.
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In the light of the current discrepancy in the literature, we
set out to address the simple outstanding question: Do
SWCNHs behave as n-type or p-type semiconductors and can
this behavior be tuned? Instead of using indirect gas adsorp-
tion measurements, we chose to pursue thermopower (Seebeck
coefficient) measurements as a direct probe of the majority
carrier type. The Seebeck coefficient, with units of V K,
reflects the voltage produced in a semiconductor when it is
subjected to a thermal gradient. This thermopower voltage is
produced by the net flow of electronic charge carriers (electrons
or holes) from the hot side of the semiconductor to the cold
side of the semiconductor. As charge carriers build up on either
side of the semiconductor, they establish a voltage that opposes
the thermal drift of carriers, and the sign of this voltage is a
direct indicator of the majority carrier type present in the
semiconductor. While majority carrier type is often inferred
from field-effect transistor (FET) measurements, the conduc-
tion type measured in an FET depends on both the intrinsic
material properties and the injection barriers at the electrode/
material interface.>” In contrast, the Seebeck effect is a funda-
mental process that is dictated by the impact of entropy on
charge carriers within the material. By definition, majority
electrons in an n-type semiconductor produce a negative See-
beck coefficient, while majority holes in a p-type semiconductor
produce a positive Seebeck coefficient.>® Despite being applied
extensively to other nanocarbon semiconductors and semicon-
ducting polymers,** this simple method has surprisingly not
yet been employed in the literature to provide a clear depiction
of SWCNH electronic properties.

In the following study, we unambiguously demonstrate that
as-prepared SWCNHSs are p-type semiconductors with positive
Seebeck coefficients. We also show that the majority carrier
type and density can be tuned, with molecular redox dopants,
to encompass a range of both p-type and n-type transport.
These results elucidate a simple methodology that can be used
to correlate SWCNH electronic properties with device function-
ality, a key practice for developing and optimizing optoelectro-
nic technologies.

In this study, we synthesize SWCNHs by a CO, laser ablation
technique.”® The quality of SWCNHs used in this work was
confirmed with transmission electron microscopy (TEM) and
Raman measurements. Fig. 1a shows a characteristic TEM
image of SWCNHs that are aggregated into ‘dahlia’-shaped
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Fig.1 (a) TEM image of dahlia-shaped SWCNH bundles. Scale bar is
50 nm. (b) Raman spectra of SWCNHs, excited with a 532 nm laser.
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bundles that are ca. 100 nm in diameter. Fig. 1b shows the
Raman spectrum of as-grown SWCNHs with an excitation
wavelength of 532 nm. Two pronounced bands are observed
at 1333 and 1594 cm ™', which are assigned to the D and G
band, respectively.”® The latter arises from a symmetric E,,
mode at the I' point (G mode) in the Brillouin zone that arises
from in-plane stretching of adjacent C-C bonds in sp®-carbon
materials.””*®* The former corresponds to a A;, symmetry
(D mode) introduced by intervalley scattering at defects or
edges.*° The Ip/I; ratio in Fig. 1b is 1.40, in line with the typical
ratio observed for SWCNH samples.'>?° The second-order over-
tone of the D band, namely the 2D band,*" is also observed at
ca. 2700 cm ™.

For transport measurements, thin films of pristine SWCNHSs
were produced by spin-coating a SWOCNH dispersion
(3.6 pg uL~ " in ortho-dichlorobenzene) onto glass substrates.
Sheet resistance was measured by four-point probe and film
thicknesses were measured by profilometry. The sheet resistiv-
ity sharply reduces from 49.11 to 0.27 Q cm ' for layer
thicknesses of ca. 110 and 370 nm, respectively. With a further
increase in layer thickness the resistance only decreases
slightly. Hence, substrates with layer thicknesses of ca.
370 nm were used for measuring the Seebeck coefficients.
Seebeck coefficients were measured on a home-built method-of-
four-coefficients system, with pressed indium pads for making
contact to copper heater blocks, as previously described.*>*® As
presented in Fig. 2a, pristine SWCNHs films show a positive
Seebeck coefficient of +42.9 uV K™, thus indicating that SWCNHSs
behave as p-type semiconductors.

To confirm the robustness of the measurement and of the
SWCNH electrical properties, we performed two experiments.
First, since oxygen adsorption and desorption has been shown
to change the majority carrier type and Seebeck sign in other
n-conjugated semiconductors such as SWCNTs,** we measured
a SWCNH film under vacuum as a function of time to exclude
possible impact of the environmental conditions, i.e. oxygen
and air humidity. Similar to the measurements under ambient
conditions, the Seebeck coefficient remained positive with
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Fig. 2 (a) Seebeck voltage as a function of temperature difference under
ambient conditions. The Seebeck coefficient is determined from the slope
of the linear fit. (b) The Seebeck coefficient as a function of time under
vacuum. Inset: Seebeck voltage for a series of consecutive cycles with
different sets of AT values. The black line is a linear regression fit to the
combined data from all nine experiments. The Seebeck coefficient shown
is the average value and standard deviation from the nine separate
measurements.
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Fig. 3 (a) Conductivity of SWCNHs as a function of OA doping rate.
(b) The Seebeck coefficient as a function of conductivity upon OA doping.
The lines serve as a guide to the eye.

minor changes (AS = 2 pv K™ ') under vacuum for two days
(Fig. 2b). Second, reproducibility of the data was confirmed by
measuring a series of consecutive cycles with different sets of
AT values. The inset of Fig. 2b shows nine separate experi-
mental runs, where each color/symbol combination is a differ-
ent measurement, and the black line shows a linear regression
to the combined data from all nine experiments. This compar-
ison clearly demonstrates that (1) the Seebeck voltage is linear
with respect to AT, regardless of the range (up to AT = +£3 K)
and/or exact values of AT, and (2) the measurement is extremely
repeatable over many cycles.

To further confirm this finding, and to demonstrate further
tunability of the majority carrier type/density, we doped
SWCNHs either n-type or p-type by submersion into a solution
of an appropriate molecular redox dopant. Treatment of films
with the one-electron oxidant triethyloxonium hexachloroanti-
monate (OA)** increased the sheet conductivity of the pristine
SWCNH-based layer 3.57 S cm ™" to a value of 16.67 S cm ™" or
the highly doped film, due to an increase in charge carrier
density (Fig. 3a). The doping level can be modified either by
varying concentrations and/or the exposure duration (Fig. 3a
and Table S1, ESIT). The charge carrier type is confirmed as
holes by Seebeck measurements (Fig. 3b) and an increase in
hole concentration is accompanied by a decrease in the See-
beck coefficient. The injection of hole majority carriers into
SWCNHs by OA is consistent with numerous previous reports
on semiconducting SWCNTs (s-SWCNTs).*>*® Furthermore, the
anti-correlated conductivity and Seebeck coefficient are in good
agreement with their direct and inverse dependences, respec-
tively, on carrier concentration.>”*® Thus, the predictable and
tunable behavior observed for OA doping confirms our finding
of the pristine SWCNHs acting as a p-type semiconductor.

Despite being p-type conductors in their as-prepared state,
many nanocarbon materials such as SWCNTs can be doped
appropriately to display n-type conductivity.>® In an attempt to
produce n-type SWCNHs, we doped SWCNH thin films with
bis(pentamethylcyclopentadienyl) cobalt(u) (decamethylcobal-
tocene), a strong reductant with a one-electron redox potential
of —1.94 V vs. ferrocene/ferrocenium.®® Immersing the SWCNH
film in this strong n-dopant shifted the Seebeck coefficient to a
negative value of —41.22 puv K ', confirming that the dopant
injects electron majority carriers into the SWCNHs. Once an
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n-type doped film is exposed to air, the Seebeck coefficient
changes to —29.6 uv K ' after 48 hours. Interestingly, the
n-type conductivity of SWCNHs is more stable than that
observed for s-SWCNTs, where the negative thermopower
decays within minutes unless the SWCNT film is appropriately
encapsulated to prevent electron compensation by oxygen.*®
This intriguing difference may arise from differences in
chemical potentials for electrons in the lowest conduction
levels of SWCNHs and s-SWCNTs, especially with respect to
the reduction potential of oxygen.

In conclusion, our study demonstrates that pristine
SWCNHs films exhibit a positive Seebeck coefficient indicating
that SWCNHs behave as p-type semiconductors. Additionally,
further p-doping of the SWCNH layers lead to a decrease of the
Seebeck coefficient due to an increase in the hole carrier
concentration and electron injection from strongly reducing
molecules converts the SWCNHs to n-type. Altogether, our
results point to the p-type character of pristine SWCNHs and
resolves the contradictory conclusions arising from prior indir-
ect gas adsorption methods.
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