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chemical performance of
phosphorus incorporated carbon nanofibers by the
spin-on dopant method†

Dong-Yo Sin, Il-Kyu Park* and Hyo-Jin Ahn*

Phosphorus-incorporated carbon nanofibers (CNFs) were successfully fabricated by using electrospinning

and spin-on dopant (SOD) procedures together for electrochemical capacitors (ECs). Microstructural and

chemical investigations indicated that phosphorus was uniformly incorporated into the CNFs without any

impurities or alloys by using an SOD treatment. The specific surface area of the SOD-treated CNFs

increased by over 1.47 times when compared to that of conventional CNFs due to an increase in the

total pore volume. In addition, the SOD-treated CNFs contained many beneficial functional groups such

as phosphate and hydroxyl groups. ECs, fabricated from SOD-treated CNFs as electrodes, showed

enhanced electrochemical performance such as high capacitance (up to 188 F g�1), good high-rate

performance with a capacitance retention of 84%, an excellent energy density (17.2–23.5 W h kg�1 in

a power density ranging from 360 to 4680 W kg�1), and an excellent cycle stability (86% up to 1000

cycles). These enhancements were attributed to the beneficial effects of the SOD method applied to the

CNFs to enlarge the surface area and provide many functional groups.
1. Introduction

Recently, carbon-based materials such as graphite, graphene,
carbon nanotubes, and carbon nanobers (CNFs) have received
considerable interest owing to their potential applications in
a variety of elds such as photovoltaic devices, environmental
applications, and electrical energy-storage devices.1–4 Notably,
these carbon-based materials have been investigated for their
potential application as electrode materials for energy-storage
devices such as electrochemical capacitors (ECs), lithium-ion
batteries, and fuel cells (FCs) because of their low cost, eco-
friendliness, high electric conductivity, and thermal/chemical
stabilities.5–8 Among them, CNF structures are of considerable
interest because of their potential in providing superior prop-
erties for EC applications. This is due to their high specic
surface area, low electrical resistivity, thermal/chemical
stability, and highly efficient electron transport owing to their
one-dimensional nanostructure.9–11 However, the use of CNFs in
EC applications has been limited due to a lower charge-storage
capability when compared to the theoretically expected
results.12–14 Therefore, to overcome the limited charge-storage
capability of CNFs, various methods have been developed by
many research groups. These methods include: controlling the
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surface morphology, enlarging the specic surface area, and
forming various functional groups by incorporating elemental
phosphorus, boron, or nitrogen elements.15–19 In particular, the
formation of functional groups on CNFs has been known to
signicantly enhance the charge-storage capability of ECs by
increasing the ionic polarization and wettability of the electro-
lyte. Recently, bacterial cellulose-derived nitrogen-doped CNFs
exhibited a specic capacitance of 254.64 F g�1 at a current
density of 1.0 A g�1, and an excellent high-rate performance at
a current density of 10 A g�1 in a 1.0 M Na2SO4 aqueous elec-
trolyte.20 Also, boron-doped mesoporous carbon, synthesized
from boric acid, exhibited a specic capacitance of 0.31 F m�2

in a 6 M KOH aqueous electrolyte.21 Furthermore, P-doped
graphene, synthesized from phosphoric acid, exhibited
a specic capacitance of 115 F g�1 at a current density of 0.05 A
g�1 with a high energy density of 11.64 W h kg�1 and a high
power density up to 831 W kg�1.22 In this way, dopants incor-
porated into carbon-based nanostructures by various methods
can improve the performances of ECs. However, these reported
methods are based on wet chemical methods that have many
detrimental effects. These include difficulties in their synthetic
process and incorporation of unwanted impurities. In this
study, we provide an alternative method based on a dry process,
the spin-on dopant (SOD) process, to incorporate CNFs. The
SOD method has many advantages such as low cost, simple
synthetic process, and low impurity incorporation. Moreover, it
shows great versatility in complicated nanostructures, regard-
less of the surface morphology, because of their low diffusion
activation energy and spatial diffusion directions.23–27
RSC Adv., 2016, 6, 58823–58830 | 58823
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2. Experimental details
2.1. Fabrication of phosphorus-incorporated CNFs

Phosphorus-incorporated CNFs were fabricated by combining
an electrospinning process with an SOD method, as shown
schematically in Fig. 1. CNFs were synthesized using an elec-
trospinning method. In order to synthesis the CNFs, 10 wt%
polyacrylonitrile (PAN, Mw ¼ 1 300 000, Aldrich) was dissolved
in N,N-dimethylformamide (DMF, 99.8%, Aldrich) for 5 h. To
maintain a reliable electrospinning condition, the humidity of
the spinning atmosphere was maintained at 10%. The feeding
rate of the sources, and the distance between the syringe needle
and the collector were xed at 0.03 mL h�1 and 15 cm, respec-
tively, with a working voltage of 13 kV from a DC power supply.
The CNFs were stabilized and carbonized by thermal treatment
in a tube furnace at 280 �C for 2 h in air and at 800 �C for 2 h in
N2 gas (99.999%) atmosphere, respectively. The heating rate
during thermal annealing was xed at 5 �C min�1. An SOD
procedure was used to incorporate elemental P into the CNFs.
As a source of incorporation for elemental P, the SOD lm was
prepared on a Si substrate by spin-coating a P-containing
dopant solution (Filmtronic P509; mixture of organic solvents,
SiO2, and P2O5 compounds; P concentration in the source of 2
� 1021 at per cm3). Next, the SOD lms were placed at a distance
of 1 cm above the as-synthesized CNFs to avoid contamination
from direct contact with the SOD lms. The samples were
loaded into a tube furnace and treated with an SOD lm in an Ar
gas atmosphere at 500 �C and 800 �C for 5 min each. To
demonstrate the effect of P incorporation, we prepared
conventional CNFs using the above-mentioned procedures.
Henceforth, conventional CNFs and SOD-treated CNFs at 500 �C
and 800 �C will be referred to as conventional CNFs, CNF-
SOD500, and CNF-SOD800, respectively. The electrochemical
properties of the CNFs were examined in slurry form by using
a symmetric two-electrode system with 6 M KOH solution as the
electrolyte. To measure the electrochemical properties, all
Fig. 1 Schematic of the processing steps for the fabrication of P-incorpo
method.

58824 | RSC Adv., 2016, 6, 58823–58830
samples were prepared in the slurry form andmixed with Ketjen
black (Mitsubishi Chemical, ECP-600JD) as a conducting
material and poly(vinylidenediuoride) (PVDF, Alfa Aesar) as
a binder in a weight ratio of 8 : 1 : 1. NMP (N-methyl-2-
pyrrolidone) was used as solvent. All sample slurries were
coated on a Ni foam electrode (size of 1 cm � 1 cm), and dried
in air at 70 �C for 10 h. The mass and thickness of the electrodes
were xed at 10 mg and 0.1 mm, respectively.

2.2. Characterization of phosphorus-incorporated CNFs

Structural investigations for P-incorporated CNFs were performed
by eld emission scanning electron microscopy (FESEM; Hitachi
S-4700), X-ray diffraction (XRD, RigakuD/Max-2500 diffractometer
equipped with a Cu Ka source), and transmission electron
microscopy (TEM; JEOL, KBSI Suncheon Center). Elemental
mapping of the samples was carried out using a Phillips CM20T/
STEM equipped with an energy-dispersive X-ray spectrometer
(EDS). The specic surface area of the CNFs was examined by
Brunauer–Emmet–Teller analysis (BET, Micromeritics ASAP2010)
using N2 gas at 350 �C. The CNF chemical bonding states were
investigated by X-ray photoelectron spectroscopy (XPS; ESCALAB
250 equipped with an Al Ka X-ray source) under a base pressure of
267 nPa. To investigate the electrochemical properties of CNFs,
cyclic voltammetry (CV) measurements were recorded on
a potentiostat/galvanostat (Autolab PGSTAT302N, FRA32M) in
a potential range of 0.0–1.0 V and a scan rate of 10 mV s�1. Gal-
vanostatic charge/discharge measurements were obtained at
a current density of 0.2–2.6 A g�1 and a voltage range of 0.0–1.0 V,
using a battery cycler system (WonA-Tech., WMPG 1000). The cell
cycling stability was investigated for a maximum of 1000 cycles at
a current density of 1 A g�1.

3. Results and discussion

Fig. 1 shows a schematic illustration of the synthetic steps
of SOD-treated CNFs. First, CNFs were synthesized by an
rated CNFs through an SOD method coupled with an electrospinning

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Normalized q–2q XRD patterns for as-synthesized CNF and
SOD-treated CNFs at 500 �C and 800 �C.
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electrospinningmethod using only a PAN polymer. The polymer
nanobers were then stabilized at 280 �C in air, and carbonized
at 800 �C in a N2 atmosphere. Electrospinning is a typical
method used in the synthesis of carbon nanobers owing to its
various advantages. These include a simple synthetic process
and its facile shape control of nanobers. Secondly, to incor-
porate the elemental P, a Si substrate with a P2O3 layer coating
was prepared by the SOD process. This method is commonly
used in the semiconductor manufacturing process. It has
excellent advantages such as low cost, a simple synthetic
process, low impurity incorporation, and versatile use in
complicated nanostructures regardless of the surface
morphology. In this study, the SOD process plays a key tech-
nological role in the incorporation of P in the prepared CNFs.
Finally, the P2O5 layer-coated Si substrate was located over the
synthesized CNF. Heat treatment was performed at 500 �C and
800 �C for 30 min in Ar atmosphere. We successfully synthe-
sized P-incorporated CNFs using electrospinning and SOD
process.

The surface morphology of the CNFs was observed by
FESEM. Fig. 2(a–c) show FESEM images of conventional CNFs,
CNF-SOD500, and CNF-SOD800, respectively. The surface
morphology of the CNFs was smooth and did not change
signicantly aer SOD thermal treatment at various tempera-
tures. The average diameters of the conventional CNFs, CNF-
SOD500, and CNF-SOD800 were 228.6, 226.4, and 226 nm,
respectively, and showed negligible variation even aer SOD
thermal treatment.

Fig. 3 shows the XRD results of the CNFs for a wide range of
angles. These are necessary to investigate the overall CNF
structural properties and alloy formation during SOD thermal
treatment. All the CNFs presented near-identical XRD spectra
consisting of two broad peaks at 23.9� and 43.3�, corresponding
to the amorphous and graphite carbon peaks, respectively.28 No
additional diffraction peaks were detected aer SOD thermal
treatment, even at a high temperature of 800 �C. This indicates
that no other chemical species (such as carbon oxide, phos-
phorus oxide, or other impurities) form during SOD thermal
treatment.

Fig. 4 shows CNF micro-structural investigations based on
TEM and TEM-EDS measurements. Fig. 4(a) and (b) show the
TEM images for conventional CNFs and CNF-SOD800, respec-
tively. The results show that there is no signicant difference in
the CNF diameter aer SOD thermal treatment. The
Fig. 2 FESEM images for (a) conventional CNFs, (b) CNF-SOD500, and

This journal is © The Royal Society of Chemistry 2016
conventional CNFs show a dense and homogeneous
morphology, while that of CNF-SOD800 is inhomogeneous and
consists of ellipsoidal white regions in a dark matrix [Fig. 4(b)].
The ellipsoidal white regions, with size ranging between 20 and
40 nm, correspond to the pores formed during SOD thermal
treatment. The ellipsoidal shape of the pores is formed due to
the combination of the oxygen atoms in the P2O5 substrate and
the carbon atoms in the carbon nanobers. Fig. 4(c) shows the
elemental mapping of C, O, and P taken from CNF-SOD800, and
indicates that the CNF consists mainly of elemental C and O. It
should be noted that CNF-SOD800 contains uniformly distrib-
uted elemental P, and there was no preferential gathering of P
atoms to form P-related alloys or precipitates in the CNFs
during the SOD treatment.

To investigate the formation of pores during SOD treat-
ment, we estimated the specic surface areas and total pore
volumes of CNFs from BET measurements, as summarized in
Fig. 5. Both the CNF specic surface area and total pore
volume increased with an increase in the SOD thermal treat-
ment. The specic surface area of CNF-SOD800 increased by
approximately 1.47 times when compared to that of conven-
tional CNFs. This increase would be due to the increase in the
total pore volume. From the adsorption and desorption
measurement, more information about the CNFs was
(c) CNF-SOD800.

RSC Adv., 2016, 6, 58823–58830 | 58825
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Fig. 4 TEM images for (a) conventional CNFs and (b) CNF-SOD800. (c) Elemental mapping of C, O, and P for CNF-SOD800.
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obtained (see Fig. S1 in ESI† for more details). And the P
incorporated CNFs showed reduced ratio of mesopore to
micropore compared with the conventional CNF. It should be
noted that this ratio do not imply the absolute content of the
mesopore is reduced in the SOD treated CNFs because the
total volume of pore has been increased for the SOD treated
CNFs. This result is consistent with the TEM microstructural
investigations, as shown in Fig. 4(a) and (b). The formation of
pores is caused by the oxygen atoms in the P2O5 substrate. The
oxygen atoms of the P2O5 substrate combine with carbon in
58826 | RSC Adv., 2016, 6, 58823–58830
CNFs, which then undergo sublimation to form CO2 gas. This
indicates that the thermal treatment is effective in increasing
the surface area and pore volume in CNFs. The enlarged pore-
containing specic surface area in the CNFs has been known
to enhance the capacitance by enlarging the area for electro-
chemical reactions. Hereaer, we discuss this effect on the
electrochemical performance in relation to the surface
chemical states.

Fig. 6(a–c) show the XPS spectra of the O 1s peaks for
conventional CNFs, CNF-SOD500, and CNF-SOD800, respectively.
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Specific surface area and total pore volume for the CNFs
measured by the BET method.
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These can be applied to investigate the surface chemical bonding
states of the CNFs. The O 1s spectrum of conventional CNFs can
be deconvoluted into triple subpeaks that correspond to C–O
groups (�532.6 eV), hydroxyl groups (533.6 eV), and carboxylic
groups (535.0 eV), respectively. This is a typical feature for the
XPS results of CNFs fabricated by an electrospinning method.29–31

In contrast, the O 1s spectra for CNF-SOD500 and CNF-SOD800
can be decomposed into four regions that correspond to the
phosphate groups (531.0 eV), C–O groups (532.5 eV), hydroxyl
groups (533.6 eV), and carboxylic groups (535.0 eV), respec-
tively.32,33 It should be noted that the phosphate groups are found
in the SOD-treated CNFs formed from the incorporation of
elemental P during the SOD process. Generally, P has been
known to form compounds with three, four, or ve coordination,
depending on the environment. The P atom replaces the two
edge carbon atoms and forms phosphate and hydroxyl
Fig. 6 XPS spectra of O 1s for (a) conventional CNFs, (b) CNF-SOD500, a
were obtained by deconvolution. (d) Schematics for the P-incorporation

This journal is © The Royal Society of Chemistry 2016
groups.34–36 Table 1 summarizes the concentrations of the func-
tional groups in each sample. The peaks from the phosphate and
hydroxyl groups of CNF-SOD800 showed a higher intensity than
those of CNF-SOD500. This indicates that a larger SOD treatment
temperature enhances the incorporation of P atoms and the
formation of hydroxyl groups. Generally, functional groups, such
as phosphate and hydroxyl groups, have been known to play
a critical role in improving the electrochemical properties in the
CNFs. This is because they can increase the polarization and
wettability of the working-ions in the electrolytes, when they are
used as an electrode in electrochemical capacitors.37–39 Therefore,
we conrmed the formation of phosphate and hydroxyl groups
on the CNFs by this SOD process. Based on the XPS results, we
have suggested a mechanism for the surface chemical states,
aer SOD treatment, as shown in Fig. 6(d). The phosphate and
hydroxyl groups are formed on the CNF surface as a result of P
incorporation. The P atoms show three, four, and ve coordina-
tion in the compounds formed. These P atoms replace the two
edge carbon atoms in the graphite structure of the CNFs. The
electrical conductivity of the CNFs was measured by the electro-
chemical impedance spectroscopy (EIS). And the resistance of
CNFs was reduced aer the SOD treatment and the CNF-SOD800
showed the smallest resistance (see Fig. S2 in ESI† for more
details). And these would be attributed from the P incorporation
into the CNFs to increase the conductivity. Thus, we synthesized
the P-incorporated CNFs successfully by combining the unique
methods of electrospinning and SOD procedures.

Fig. 7(a) shows the CV curves of conventional CNFs, CNF-
SOD500, and CNF-SOD800. The CV measurements were
attained using a potentiostat/galvanostat at a scan rate of 10 mV
s�1, and a potential range between 0.0 and 1.0 V in 6 M KOH
solution. The CV curves for all samples showed a quasi-
rectangular shape in the measured potential region, indicating
nd (c) CNF-SOD800. The elementary XPS spectra shown by solid lines
mechanism into CNFs by the SOD method.

RSC Adv., 2016, 6, 58823–58830 | 58827
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Table 1 Summary of the XPS signals for each surface functional group in the CNFs

Samples

–COOH (535.0 eV) –OH (533.6 eV) C–O (532.3 eV) P]O (531.0 eV)

Concentration (%) Concentration (%) Concentration (%) Concentration (%)

Conventional CNFs 8.06 20.07 71.87 —
CNF-SOD500 5.28 33.28 32.15 29.29
CNF-SOD800 5.21 38.11 23.41 33.27
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a capacitive behaviour that mainly arises from the charge and
discharge of the electric double layer. The SOD-treated CNFs
showed larger quasi-rectangular curves than those of conven-
tional CNFs. Also, the quasi-rectangular curve becomes larger
with an increase in the SOD treatment temperature. This is due to
the increased specic surface area and the effect of the functional
groups. The CV curve for CNF-SOD800 showed the largest quasi-
rectangular curve area, and this indicates that CNF-SOD800 has
excellent capacitive properties owing to a high specic surface
area and its functional groups. Fig. 7(b) shows the specic
capacitance of conventional CNFs, CNF-SOD500, and CNF-
SOD800. The specic capacitance can be calculated from the
following equation:40

Csp ¼ 4I/(mdV/dt) (1)

where Csp is the specic capacitance, t is the discharging time
(s), dV/dt is the scan rate, m is the total mass of the active
material (g), and I is the current (A). The specic capacitances of
conventional CNFs, CNF-SOD500, and CNF-SOD800 at a current
Fig. 7 (a) CVmeasurements obtained for the electrode of conventional C
voltage range 0.0–1.0 V. (b) Specific capacitance data obtained for the E
(c) Ragone plot data obtained for the ECs with CNF electrodes in a
measurements obtained for the ECs with CNF electrodes at a current de

58828 | RSC Adv., 2016, 6, 58823–58830
density of 0.1 A g�1 are 76 F g�1, 160 F g�1, and 188 F g�1,
respectively. The discharge time was estimated from the galva-
nostatic charge–discharge curves obtained conventional CNFs,
CNF-SOD500, and CNF-SOD800 using symmetric two-electrode
cells in 6 M KOH at 1 A g�1. And the discharge time for
conventional CNFs, CNF-SOD500, and CNF-SOD800 were 32, 61,
and 71 s, respectively (see Fig. S3 in ESI† for more details). For
all current densities, CNF-SOD800 showed the largest specic
capacitance. This is because CNF-SOD800 has a high specic
surface area and a large amount of benecial functional groups,
such as phosphate and hydroxyl groups, as shown in Fig. 6(c).
Functional groups containing oxygen atoms can improve the
polarization and wettability of the electrolyte.41 In addition, on
increasing the current density, the specic capacitance of the
ECs is reduced due to a decrease in the ion diffusion time
during the charge/discharge processes. However, CNF-SOD800
exhibited an excellent high-rate specic capacitance perfor-
mance of 138 F g�1, even at a current density of 2.6 A g�1, and
the capacitance was maintained at 73% of the initial value.
These results originate from the increased oxygen-containing
NFs, CNF-SOD500, and CNF-SOD800 at a scan rate of 10mV s�1 in the
Cs with CNF electrodes at current densities between 0.2 and 2.6 A g�1.
power density range of 360 and 3600 W kg�1. (d) Cycling stability
nsity of 1.0 A g�1 for up to 1000 cycles.

This journal is © The Royal Society of Chemistry 2016
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functional groups that improve the accessibility of the ions,
even at a high current density. For more analysis about the
capacitance, the electrochemical performance was measured by
using three-electrode system. In the three-electrode system, the
SOD treated CNFs exhibited electric double layer capacitance
and pseudocapacitance behaviours owing to the surface func-
tional groups (see Fig. S4 in ESI† for more details). Fig. 7(c) is
a Ragone plot of the EC energy density (E, W h kg�1) versus
power density (P, W kg�1). The EC energy density and power
density values were calculated from the following equations
based on the galvanostatic charge/discharge measurements:40

E ¼ CspV
2

8
(2)

P ¼ E

dt
(3)

where V is the discharge voltage (V) and dt is the total discharge
time. Typically, the Ragone plot shows that the energy density
decreases with an increase in the power density. The energy
density of the conventional CNFs ranges between 7.7 and 9.3 W
h kg�1 in a power density range between 360 and 3600 W kg�1.
The energy and power densities of the ECs were greatly
enhanced aer SOD treatment, and with an increase in the SOD
treatment temperature. The energy density of CNF-SOD800 was
between 2.2 and 2.5 times larger, and the power density was 1.2
times larger, when compared to conventional CNFs. This
enhancement originates from the combined benecial effects
of an enlarged surface area and the modication of the chem-
ical functional groups on the CNFs during the SOD treatment.
Fig. 7(d) shows the cycling stabilities of ECs fabricated from
various CNFs. Thus, the EC with conventional CNFs had
a cycling ability of 50 F g�1 with a retention of 78% aer 1000
cycles, while that with CNF-SOD800 exhibited the largest
capacitance value (124 F g�1) with a retention of 86% even aer
1000 cycles at 1 A g�1. In this way, the SOD treatment induced P
incorporation also enhances the cycling stabilities of the ECs.
Therefore, the enhancement of the electrochemical properties
of the CNFs aer SOD treatment can be explained by two main
effects: one is the enlargement of the specic surface area to
increase the reaction area between the electrode and the elec-
trolyte, and the other is the formation of benecial functional
groups, such as phosphate and hydroxyl groups, to improve the
CNF polarization and wettability of the electrolyte. The use of
the SOD method can provide benecial effects for the incor-
poration of foreign elements into nanostructures because they
have low diffusion activation energy and all spatial diffusion
directions. This enables the effective incorporation of dopants
into nanostructures with complicated shapes, even at low
temperatures.
4. Conclusion

We fabricated P-incorporated CNFs by combining electro-
spinning and SOD methods. The structural investigations by
FESEM and XRD results showed that there was negligible vari-
ation in the CNF shapes, and no formation of chemical species,
This journal is © The Royal Society of Chemistry 2016
such as carbon oxide, phosphorus oxide, or other impurities,
even aer SOD thermal treatment. Microstructural investiga-
tions by TEM and EDS showed the formation of pores with sizes
ranging between 20 and 40 nm, and uniformly distributed
elemental P for the CNFs aer SOD thermal treatment. The
specic surface areas and total pore volumes of the CNFs greatly
increased aer both simple heat and SOD treatment. Notably,
the SOD-treated CNFs contained many benecial functional
groups, such as phosphate and hydroxyl groups. Because of
these two benecial effects, the ECs with SOD-treated CNF
electrodes showed excellent electrochemical properties, such as
enhancement of the power density, energy density, specic
capacitance, and cycling stability of ECs. Therefore, the
proposed SOD method can provide benecial effects for incor-
poration of foreign elements into carbon-based nanostructures
because they have low diffusion activation energy and all spatial
diffusion directions. These properties enable effective incorpo-
ration of dopants into nanostructures with complicated shapes,
even at low temperatures.
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