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(Abstract: Doping of carbon nanostructures with heteroa-
toms, such as boron or nitrogen, is one of the most effective
ways to change their properties to make them suitable for
various applications. Carbon nano-onions (CNOs) doped
with boron (B-CNOs) were prepared by annealing (1650 °C)
nanodiamond particles (NDs) under an inert He atmosphere
in the presence of B. Their physicochemical properties were
measured using transmission (TEM) and scanning (SEM) elec-
tron microscopy, X-ray photoelectron spectroscopy (XPS), '°B
and "B solid-state magic-angle spinning (MAS) NMR spec-
troscopy, X-ray powder diffraction (XRD), Raman spectrosco-

py, porosimetry, and differential-thermogravimetric analyses

-

(TGA-DTG). These properties were systematically discussed\
for the undoped and B-doped CNO samples. The amount of
substitutional B in the CNO samples varied from 0.76 to
3.21 at.%. The TEM, XRD, and Raman analyses revealed that
the increased amount of B doping resulted in decreased in-
terlayer spacing and polygonization of the structures, which
in turn led to their unusual physicochemical properties. All
synthesized materials were tested as electrodes for electro-
chemical capacitors. The B-CNOs with low concentration of
doping agent exhibited higher reversible capacitances,
mainly owing to the formation of hydrophilic polygonal
nanostructures and higher porosity. D

Introduction

Carbon nano-onions (CNOs) consist of a hollow spherical fuller-
ene core surrounded by concentric spherical graphene layers."
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The temperature annealing of ultradispersed nanodiamond
(ND) particles of approximately 5 nm average diameter results
in the formation of CNOs consisting of a few graphene shells
(6-8 layers)>® Recent studies revealed that the spherical
onion-like structures are superior to other carbon nanostruc-
tures (CNs)™** in terms of thermal stability, reactivity, and con-
ductivity. Owing to their promising properties, CNO materials
are being used in a variety of carbon electrodes.”® One of the
proposed solutions to control the electronic properties of CNs
is to dope them with donors or acceptors. Many elements
such as B, P, N, S, and halogens are potential dopants that can
improve the electronic performance of CNs.”’ Doping of mate-
rials is the most common method to fabricate integrated cir-
cuits with applications in nanooptics, nanoelectronics, and
photovoltaic devices.® In particular, doping certain kinds of
heteroatoms into the CNs can form electron-excess n-type or
electron-deficient p-type (e.g., B-doped CNs) materials."®™
Owing to its oxidation resistance, B is one of the most fre-
quently studied elements. It enters the carbon lattice by substi-
tuting carbon atoms and acts as an electron acceptor because
it only contains three valence electrons. This causes a shift in
the Fermi level towards the conduction band and a modifica-
tion of the electronic structure of the carbon structures.'*'¥ B
has been used as a dopant in carbon and diamond materials
to affect their electrochemical properties."* Doping with B im-
proves field-emission properties when compared with pristine
CNs.™ Sometimes such nanostructures behave as supercon-
ductors."® B-doped CNs therefore show large photoconductivi-
ties!"” as well as catalytic effects toward many oxygen-contain-
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ing species.”'® Thus, they can be used as gas sensors (CO,
H,)."

To our best knowledge, only a few articles have been pub-
lished so far dwelling on doping of CNOs by heteroatoms such
as N and B.”" In these studies, however, the direct chemical
modification of the external graphene layers was performed by
using aggressive reagents, which led to the destruction of the
mt-conductive surfaces. The possibility to dope CNOs during
their actual synthesis, rather than through a post-synthetic
treatment, constitutes an attractive method. The first report in-
volving the direct preparation of CNOs in the presence of a B
source (H;B0,) was published recently.”? The structures of the
onion-like carbon nanotubes proved to be highly defective. In
this article, we demonstrate an effective procedure for doping
the CNOs with B by annealing the former with NDs. As
a result, the B-containing CNOs were prepared with the re-
tained graphitic-layer structures. Such behavior seems to be of
paramount importance for keeping their high conductivity as
well as other desirable properties.

Results and Discussion

B atoms were introduced into the CNO structures by annealing
of CNOs with NDs under an inert He atmosphere. Commercial-
ly available NDs with a crystal size between 4 and 6 nm were
used for the preparation of doped CNOs.” The central fuller-
ene at the core of the CNOs was surrounded by multiple layers
of nested concentric graphitic shells, with an intershell spacing

——————1 5.00 1/inm
10 nm
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estimated from the high-resolution transmission electron mi-
croscopy (HRTEM) diffraction patterns of approximately
0.34 nm,">2¥ similar to that for highly oriented pyrolitic graph-
ite (HOPG).” The standard procedure revealed spherical nano-
structures composed of 6-11 layered CNOs.”®

The doping process occurring during the formation of these
nanostructures led to a high degree of polygonization of the
spherical structures of the CNOs (i.e., a faceting structure as
marked in Figure 1a and b).”?” The TEM diffraction patterns
also indicated that the intershell interactions in pristine CNOs
were much weaker compared to those found in B-CNOs (inset
in Figure 1a), the latter showing interlayer distances of approx-
imately 0.28 nm. B-doping led to an increase in graphitization
of the CNOs. The SEM images of a gold foil covered with the
doped CNOs are shown in Figure 1c-e. The morphology of the
B-doped CNOs differed markedly (Figure 1a), and the struc-
tures exhibited porous morphologies with numerous channels
and outcroppings. All samples were composed of aggregates
of the nanoparticles of sizes below 4 um; however, the average
carbon-particle size increased with the amount of B used in
the starting materials. The 3B-CNO derivatives formed spherical
aggregates with a diameter size of approximately 2-4 um (Fig-
ure 1e). The 1B-CNO particles formed more uniform structures,
consisting of smaller 1 um nanoparticles (Figure 1c). We ob-
served sheet-like regions (marked in Figure 1d and e) of con-
stant contrast, which probably indicate domains of inorganic
components (B,0;). We noted that the amount of these do-
mains increased with the amount of B in the starting materials.
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Figure 1. (a, b) TEM and (c, d, e) SEM images of (a, c) 1B-CNOs, (b, d) 2B-CNOs, and (e) 3B-CNOs. (f) EDX analysis of B-CNOs with different mass ratios of NDs

and B in the synthesis procedure.
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The energy dispersive X-ray (EDX) spectra (Figure 1f) of B-
CNOs revealed that the materials contained C, B, and O, with
different mass ratios of C and B. The series depicted in Fig-
ure 1f also indicates a trend of increasing B amount in the B-
CNOs with increasing the B content in the pristine material.
X-ray diffraction (XRD) studies showed a gradual transforma-
tion of diamond to graphite as a function of B doping. XRD
patterns of pristine NDs, undoped CNOs, and B-doped CNOs
are shown in Figure 2. The ND profile revealed the presence of

Intensity

> N\,
/e

40 50 60
2 Theta (degrees)

1 20
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Figure 2. XRD patterns of (a) NDs, (b) CNOs, (c) 1B-CNOs, (d) 2B-CNOs, and
(e) 3B-CNOs.

a mixture of various phases. In ND materials, the strongest re-
flection around 26=43.8° corresponded to the (111) basal-
plane diffraction of the diamond structure (Figure 2a).*® A cer-
tain amount of a graphite-like and an amorphous phase (260 =
21.5°) was also found.”>* The conversion from NDs to the
graphitized CNOs was observed during the annealing process
of the starting material. For all patterns, an asymmetric broad
reflection in the range between 23-27° and a second one with
a maximum at 43.0° were observed. They were attributed to
the (002) and (100) planes of graphite, respectively (Fig-
ure 2b-e). The broad signal centered around 23-27° suggests
the contribution of some sp*bonded carbons in the CNO sam-
ples and can be assigned to two separate forms of carbon, tur-
bostratic carbon (amorphous) and graphene carbon (graphitic
carbon).®" This signal was relatively broad and weak in intensi-
ty if the B content was higher. The diffraction broadening
arose primarily from the size of the nanoparticles, but it could
also arise from strains and defects present in the crystal materi-
al itself or from the incompletely formed shells of CNOs. All
profiles of the B-doped CNOs showed the presence of small
peaks at 19.6, 22.6, 31.5, 36.0, 45.5, and 53.2° (marked peaks in
Figure 2e). Finally, the two strongest reflections at 35.1 and
37.8° (Figure 2e) corresponded to a graphitic phase®® and
boron carbide.?*3%

Quantitative studies were performed using X-ray photoelec-
tron spectroscopy (XPS). The survey spectra for the undoped
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CNOs and B-CNOs samples are compared in Figure SI1 in the
Supporting Information, and their elemental quantification is
summarized in Table SIT in the Supporting Information. The
XPS spectra contained one peak (C 15s) for CNOs and four
peaks B 1s, C 1s, N 1s, and O 1s5) for B-CNOs, respectively
(Figure SI1 in the Supporting Information). A deconvolution of
the high-resolution C 1s spectrum for the undoped CNOs
showed a main sp*-hybridized carbon peak located at 284.5 eV
and a minor sp>-hybridized carbon peak located at
285.1 eV.*3 The position of the C 1s peak (at 284.5eV;
graphitic C) varied with the degree of B doping. We found that
the C 1 s peak was downshifted by 0.15 eV in B-doped CNOs,
in agreement with the results obtained for B-doped graphite
(Figure SI2 in the Supporting Information).®”* A downshift in
the binding energy and a slight increase in the full width at
half-maximum (FWHM) intensity were detected for the C 1s
peak of the boron atoms in CNOs (Table SI1 in the Supporting
Information). This observation can be rationalized by the low-
ering of the Fermi level owing to the formation of a chemical
bond between C and B.” The C 1s spectrum of B-doped
CNOs could be deconvoluted into five peaks at 283.0, 284.5,
285.1, 286.6, and 290.1 eV, which were assigned to the C—B, C—
C (graphitic sp>-C), C—C (sp>-C), C—N, and C—O bonds, respec-
tively (Table SI1 and Figure SI2 in the Supporting Information).

The XPS data for B-CNOs revealed another peak at approxi-
mately 190 eV corresponding to the B 1s spectrum (Figure 3).
The shift of the B 1s signal toward higher binding energy
compared to that of elemental B (a~187.7 eV) indicates substi-
tution of the B atoms into the sp*carbon network (Table SI1 in
the Supporting Information). A detailed line-shape analysis was
performed for the B 1 s peak to better understand various con-
tributions (Figure 3). The XPS studies showed that in the
doped CNOs, B—C bonds (187.5-189.5 eV), B—O bonds (191-
193 eV), and B—N bonds (188-191 eV) were present.**) As
shown in Figure 3, the B 1 s core signal for 1B-CNOs could be
deconvoluted into peaks at 189.0 (B,,,—C bond, indicating sub-
stitution of B in CNOs), 190.6 (the planar BC; nanodomain and/
or the B—O bond in BC,0), and 192.0 eV, corresponding to the
presence of N in the CNO nanostructures (Table SI1 in the Sup-
porting Information).?®3? The signals at 193.5 and 194.6 eV
were most likely results of the residual B—O (B,Os). The pres-
ence of B,O; can be explained by the oxidation of unreacted B
in the post-annealing process. The level of doping by B (Table
SI1 in the Supporting Information) was determined from the
areas under the C1s,N 15,0 15, and B 1 s peaks. As expect-
ed, the B content increased with the relative amount of B used
in the CNO syntheses. The amount of substitutional B in CNOs,
determined from the total B concentration, was 0.76 (1B-
CNOs), 1.6 (2B-CNOs), and 3.21 at.% (3B-CNOs).

B NMR spectroscopy is frequently used to monitor the
chemical environment of B in various materials, including ele-
mental B,*? B compounds,”" oxides,“*? glasses,*? and zeo-
lites.**! There are two B isotopes with nuclear spins: ''B and
198, with natural abundances of approximately 80 and 20 %, re-
spectively. The corresponding spins are equal to 3/2 and 3,
and the quadrupolar moment of B is two times larger than
that of "B. The magic-angle spinning (MAS)-NMR spectrum of
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Figure 3. XPS spectra of B 1s signals of the B-doped CNOs.

the half-integer "B is affected by the second-order quadrupo-
lar interaction. In the case of '°B, the first-order quadrupolar in-
teraction is dominant and causes a wide spread of signal inten-
sities over the spinning sidebands. For these reasons, '°B NMR
is rarely used."¢4%

For the sample containing the highest amount of boron (3B-
CNOs), the "B MAS-NMR spectra were acquired at two differ-
ent frequencies, 96.2 and 160.5 MHz. The "B spectrum record-
ed at the lower field is depicted in Figure 4a, panel (1). This
spectrum is dominated by a major signal at approximately
—24 ppm, which is surrounded by a series of spinning side-
bands. Because the magnitude of the second-order quadrupo-
lar interaction is inversely proportional to the value of the
magnetic field, more details are revealed in the spectrum at
higher fields; in particular, a new signal at 0.3 ppm appears
[Figure 4b, panel (1)]. Moreover, upon close inspection of the
spectrum, an additional signal can be discerned as a broad
shoulder at approximatel —11 ppm [Figure 4a, panel (2)].

To obtain more information on the system studied, the '°B
spectrum was also acquired at 53.7 MHz [Figure 4 b, panel (2)].
In comparison with the "B spectrum, the signal at —11 ppm
was better resolved. However, the signal at 0 ppm disappeared
completely. Both B isotopes are quadrupolar, and the strength
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Figure 4. (1) "B MAS NMR spectra of 3B-CNOs (a) at 96.2 MHz and (b) at
160.5 MHz. Spinning speed was 11 kHz, and the asterisks denote spinning
side-bands. (2) A comparison of B NMR spectra of the 3B-CNOs sample:
(a) "B MAS NMR at 160.5 MHz and (b) '°B MAS NMR at 53.7 MHz.

of the quadrupole interaction is characterized by the quadru-
pole coupling constant (Cp), whereas the asymmetry parameter
7 is a measure of the departure from the electric-field gradient
(EFG) from axial symmetry. Because in the '°B spectrum the
signal at 0 ppm disappeared, it can be concluded that the B-
site resonance at 0 ppm exhibits a much larger C, than the sig-
nals at —13 and —24.3 ppm. Such a situation is encountered
owing to distribution of the '°B signal intensity over the spin-
ning sidebands according to the ratio Co/vyas, in Which vy,
denotes the sample spinning speed. Using a model B com-
pound (Na,B,0,-10H,0, borax) a similar decrease of the B
signal was observed experimentally.*® Information retrieved
from the 1-dimensional (1D) ''B and '°B MAS NMR spectra can
be summarized as follows. For the B-CNOs, three B sites are
present at approximately. 0, —11, and —24 ppm (Table 1). The
signal at 0 ppm, which is completely absent for the "B spec-
trum [Figure 4b, panel (2)], can be assigned to trigonal B sites
(B atoms doped into CNOs). The signals at approximately —11
and —24 ppm, seen both in the "B and the '°B spectra, are
caused by tetrahedrally coordinated B sites. In Figure 5, the ''B
spectra for the three samples are shown. Three lines are pres-
ent in all samples. The spectra were deconvoluted assuming
Gaussian line shapes, and the results are listed in Table 1. In all
samples, the dominant signals were located at approximately
—24 ppm. Interestingly, the signals at —11 ppm did not change
with the B content, whereas the signals in the 0-1 ppm range
increased upon decreasing the amount of B.
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Table 1. Chemical shift and Gaussian deconvolution™ of the
"B MAS NMR spectra acquired at 160.5 MHz.
Sample Chemical shift [ppm] Signal intensity [%]
1B-CNOs 0.6 18.39
—-11.3 4.00
—24.1 77.61
2B-CNOs 0.9 15.44
-10.8 5.96
—24.2 78.60
3B-CNOs 0.3 7.49
—11.2 6.43
—24.6 86.08
[a] Correlation coefficient R better than 98 %.

* *

100 50 0 -50 -100 =150

ppm from 1 M H,BO,

Figure 5. "B MAS NMR spectra, acquired at 160.5 MHz, of (a) 3B-CNOs,
(b) 2B-CNOs, and (c) 1B-CNOs. Spinning speed was 12 kHz, and the asterisks
denote spinning side-bands.

The Raman spectra of CNOs showed three main features in
the 1000-3000 cm™' region: a G band (~ 1575 cm™), the disor-
der-induced D band (~1335cm™), and the highly dispersive
second-order harmonic of the 2D band (=2670cm™). The
Raman spectra of pristine and B-doped CNO samples at
514.5 nm are shown in Figure 6a, and the data are collected in
Table 2. The doping of the CNs affected the frequency of the
C—C bond vibrational modes (G band). This band reflects the
structural information of the hexagonal graphene plane of the
carbon materials.*”’ B-doping resulted in a characteristic G
band upshift, which increased with the doping level of B.2"
The G band appeared at 1576 cm™' for CNOs (Figure 6a, spec-
trum 1) and shifted to 1593 cm™' for the 1B-CNOs (Figure 6a,
spectrum 2; see also Table 2). The shift of this band is related
to the expansion or contraction of the C—C bonds, owing to
lattice defects arising from B doping.*®*" The doping introdu-
ces holes in graphene sheets and promotes the electron trans-
fer between valence and conduction bands, thus improving
the electric conductance. Resonance Raman data are useful to
monitor the perturbation of the sidewall m-electron density of
CNs; the frequency of their vibrational bands is sensitive to the
density of electrons in the CNs.* A displacement to higher/

Chem. Eur. J. 2017, 23, 7132-7141 www.chemeurj.org
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Figure 6. Raman spectra (recorded at 1., =514 nm) of CNOs, 1B-CNOs, 2B-
CNOs, and 3B-CNOs.

Table 2. Best-fit frequencies for D and G bands obtained at 514 nm laser
excitation energies and relative intensity /p/lg.

7136

Sample D band [cm™] G band [cm™] 2D band [cm™"] In/lg
CNOs 1337 1576 2670 1.33
1B-CNOs 1354 1593 2693 1.36
2B-CNOs 1346 1580 2694 1.44
3B-CNOs 1345 1581 2696 143

lower wavenumbers is related to the interaction of the CN
with the electron acceptor/donor, respectively.*”

The data for the three main bands showed that the vibra-
tional bands of the B-CNOs shifted to higher wavenumbers,
suggesting doping of the CNO cages with B (electron accept-
or). It is important to note that the peak position of the D
band changed from 1337 cm™' for the undoped sample to
1354 cm™' for the B-doped CNOs (1B-CNOs, Figure 6a). The
same trend was observed for the 2B-CNO and 3B-CNO
materials (Table 2). All samples also exhibited broad 2D bands
at approximately 2690 cm™'. These bands were assigned to
overtone scattering (ca. 1354cm™'x2, 1346cm 'x2, and
1345 cm™'x2). The 2D band is an overtone of the D band and
sensitive to changes in the electronic structure, such as those
resulting from the incorporation of dopants.®*? The Raman
spectrum for pristine CNOs showed the lowest D/G intensity
ratio (I/lgc=1.33). B doping increased the intensity of the D
band (1B-CNOs: I/lc=1.36; 2B-CNOs: Ip/lIc=1.38; 3B-CNOs: I,/
Ic=1.43) as a result of the formation of the B-C network. The
effect of B doping primarily led to a systematic increase in the
intensity of the disorder-induced band (D band). This result is
in accordance with previous results, indicating that the
amount of disordered structures (sp’) relative to the ordered
structure (crystalline) increased with increasing B-doping con-
centration. To summarize, B doping of the CNOs leads to an in-
crease of the D peak intensity and a shift of the G peak posi-
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tion to higher wave numbers. This is the result of stronger
clustering of sp’-carbons and a shortening of the average C=C
distance.”

To further confirm the successful doping of B atoms in the
CNO cages, Fourier-transform (FT)-IR spectra of pristine CNOs
and B-CNOs were collected (Figure SI3 in the Supporting Infor-
mation). The IR absorption between approximately 1520 and
1540 cm™" is consistent with hexagonal C—C domains (Fig-
ure SI3 in the Supporting Information).”” The two bands locat-
ed at approximately 1220 and 1370 cm™' can be assigned to
the out-of-plane B—C and the B—C—B in-plane bonding vibra-
tions.”™ The IR band centered at 1220 results from the planar
B—C units.”® The signals at approximately 1370 cm™' can be at-
tributed to B—N®"' or N—C stretching, C—C ring stretching, or
asymmetric B—O stretching.”®

It was of interest to estimate thermal stability of the undop-
ed CNOs and B-CNOs in air, Ar, and O, atmospheres by deriva-
tography. The temperature necessary for the removal of the
amorphous carbon formed during the annealing of NDs in air
is lower than the decomposition temperature of the pristine
CNs. The onset of oxidation, inflection, and end temperatures
are listed in Table SI2 in the Supporting Information, represent-
ing the initial weight loss, the maximum weight loss, and the
final weight in the differential-thermogravimetric analysis
(TGA-DTG) graphs, respectively. The lowest inflection tempera-
ture was observed for the pristine CNOs, /,=650°C (Table SI2
in the Supporting Information and Figure 7a, curve 1), with
a total weight loss of 98% at 700°C. The single sharp mass-
loss transition corresponding to the combustion of CNOs signi-
fies that the material is a homogeneous single phase with no
other carbon-material impurities. According to the results pre-
sented by Chen et al.,”® better graphitized CNs are obtained
at higher oxidation temperatures. A higher inflection tempera-
ture was observed for the B-CNOs (/=680 °C, air atmosphere)
than for the pristine CNOs (I,=650°C, air atmosphere) (Table
SI2 in the Supporting Information). Additional studies in the O,
atmosphere confirmed the formation of B oxide during the an-
nealing process of B-CNOs (Figure 7, curves5 and 6). In an
inert atmosphere, we observed high thermal stability of both
the CNOs and the B-CNOs up to 930 and 1050 °C, respectively
(Table SI2 in the Supporting Information). These results con-
firmed the higher graphitization degree of the CNs upon
doping with B. The percentage of the total B concentration
(substituted and unsubstituted) can be estimated from the
weight loss of the TGA curves. The mass ratios of total boron
(substituted and unsubstituted) to CNOs calculated from the
TGA studies (air atmosphere, Table SI2 in the Supporting Infor-
mation), are similar to those determined from the XPS studies
(Table SI1 in the Supporting Information).

The porosity, pore-size distribution, and specific surface
areas all affect the specific capacitances of electrodes.®®®" The
adsorption and desorption characteristics of an inert gas, the
micro- and mesopore structure, the pore volume, and the spe-
cific surface area of the CNO samples were determined using
the BET static N, adsorption technique.®” The samples were
characterized by N, sorption isotherms at 77 K (Figure SI4 in
the Supporting Information). The doping process resulted in
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Figure 7. (a) TGA and (b) DTG curves for (1) CNOs, (2) 1B-CNOs, (3) 2B-CNOs,
and (4) 3B-CNOs in air, (5, 6) O,, and (7, 8) Ar atmosphere at 10°Cmin~".

a remarkable reduction of N, adsorption, which is indicative of
a decrease in the specific surface area (Sg), external surface
area (S.) (without microporous structures), and microporosity
(Table 3). The specific surface areas were between 288 (1B-
CNOs) and 205 m?g~" (3B-CNOs). Doping of the CNOs with B
also resulted in a decrease of their microporosity (Table 3). An
increase in the B content led to significant transformation of
the CNO microstructures. The total surface area of the micro-
pores decreased from 46 m?’g~" (undoped CNOs) to 41 (1B-
CNOs), 26 (2B-CNOs), and 16 m*g~" (3B-CNOs). The same ten-
dency was observed for the total volume area of the micro-
pores, decreasing from 1.559 (undoped CNOs) to 0.967 cm*g™"
(3B-CNOs) (Table 3). To conclude, doping with B significantly af-
fects the microporous/mesoporous structure of the carbon ma-
terials studied.

To explore the potential application of B-doped materials in
energy-storage devices, the synthesized samples were used as
supercapacitor electrodes and characterized by using cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge-discharge measurements in
1 moldm ™ H,SO, aqueous solution.

CV measurements of the undoped and B-doped CNO elec-
trodes performed in a three-electrode cell are visualized in Fig-
ure 8a. These electrodes were stable within the applied poten-
tial window, and all CV curves showed pseudo-rectangular pro-
files, indicating a nearly ideal double-layer capacitor (EDLC) be-
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Table 3. Physicochemical parameters of CNOs, B-CNOs (1:10), B-CNOs (1:5), and B-CNOs (1:2).

Sample Sger® Se® t-plot micropore area Pore volume V, Average pore size
m?g'] m*g] m*g] [em’g ] [nm]

CNOs 454 408 46 155919 13

B 1 14 n.d. 0.0179 6

1B-CNOs 288 245 4 1.305% 17

2B-CNOs 237 211 26 1.103" 16

3B-CNOs 188 172 16 0.9679 16

[a] Sger = BET specific surface area; [b] S, = external surface area, based on t-plot. Single-point-adsorption total pore volume of pores less than [c] 1193 A di-
ameter at p/p°=0.9836; [d] 1232 A diameter at p/p°=0.9842; [e] 1176 A diameter at p/p°=0.9834; [f] 1216 A diameter at p/p°=0.9839; [g] 1268 A diameter
at p/p°=0.9846. n.d.=not determined.
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Figure 8. (a) CV at 5 mV 5! (three-electrode cell); (b) specific capacitance versus sweep rates (two-electrode cell); (c) specific capacitance versus frequency de-
pendence; (d) galvanostatic charge-discharge curves at 100 mAg™' (two electrode cell); (e) specific capacitance versus current density; (f) Ragone plot.

havior.®™ It was found that doping increased the capacitance  higher than that of the positive one by 30 Fg~'. CNOs and the
of both the negative and the positive electrodes. The capaci- doped CNO nanostructures exhibited excellent capacitive be-
tance of the negative electrode in the case of 1B-CNOs was  havior even under quick charge-discharge conditions (Fig-
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ure 8b). There was a gradual decrease in the specific capaci-
tance with increasing sweep rates. When the sweep rate was
increased from 1 to 100 mVs™', the capacitive current de-
creased to approximately 80% of the starting value. Moreover,
the specific capacitance of 1B-CNOs could reach values of ap-
proximately 30 Fg~' for low sweep rates, which was almost
completely retained after 5000 cycles. These results demon-
strate convincingly that B-CNOs exhibit excellent cycling stabil-
ity when used as the electrode materials for supercapacitors.

There is a clear correlation between the concentration of B
in the CNO structure and the specific capacitance. As shown in
Figure 8b, the specific capacitances of B-doped CNOs are 2
(3B-CNOs), 22 (2B-CNOs), and 31 Fg™' (1B-CNOs) at 1 mVs™'.
The first interesting observation is an enhancement of the spe-
cific capacitance of the CNO materials, from 22 Fg™' found for
the pristine CNOs to 31 Fg™' for the B-doped CNs (1B-CNOs in
acidic media). This is in good agreement with a previous
report on B-doped graphenes exhibiting higher capacitance
than their undoped counterparts, owing to the modification of
their electron donor/acceptor properties.® The observation is
also consistent with the fact that the B-doped CNOs exhibited
a wider pore-size distribution in comparison with the pristine
carbon nanoparticles (Table 3). This possibly increased the ac-
cessibility of the ions. Doping with B was also responsible for
the formation of defects (Table 2), which in turn could partici-
pate in electro-adsorption of ions from the electrolyte. The
specific capacitance values obtained from the CVs are in good
agreement with those obtained from EIS (Figure 8c). The best
performance was observed for the supercapacitors based on
the 1B-CNOs sample. The specific capacitance increased with
decreasing frequency and reached a value of 27 Fg™'.

Figure 8d shows the charge-discharge curves of pristine
and B-doped CNOs at a current density of 100 mAg™~". These
reasonably symmetric and linear curves indicate good capaci-
tive behavior. It should be noted that the specific capacitance
of 1B-CNOs was 27 Fg™' at 0.1 Ag™', which agrees well with
the results obtained by CV and EIS. Moreover, the specific ca-
pacitance of 1B-CNOs remained at 13 Fg™' even at a loading
current density of 10 Ag™' (Figure 8e).

The Ragone plots of pristine and B-doped CNOs shown in
Figure 8f illustrate the corresponding specific energy/power
densities. As the power density increased from 20 (0.1 Ag™") to
4900 Wkg™' (30 Ag™") for 1B-CNOs and from 20 (0.1 Ag™") to
980 Wkg™" (5 Ag™") for CNOs, the energy densities decreased
more slowly for 1B-CNOs. In fact, the energy density of 1B-
CNOs calculated at 0.1 Ag™' was 0.59 Whkg™, higher than that
of the pristine CNOs (0.44 Whkg™"). These results indicate that
the B-doped CNs exhibit good power characteristics.

Analysis of the specific capacitances shows that B-doping
changes the electrochemical properties of the supercapacitors
(ca. 30% increase of capacitance). Our results indicate that B-
doped nanostructures exhibit excellent cycling stability and
good power characteristics when used as electrode materials
in supercapacitors. Finally, it should be noted that B doping is
a promising alternative for the design of supercapacitors as
well as for the development of new materials used for con-
struction of energy-storage devices.
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Conclusion

We have shown that annealing nanodiamond (ND) particles
under an inert He atmosphere in the presence of B resulted in
the formation of polygonal B-doped carbon nano-onions
(CNOs). X-ray photoelectron spectroscopy (XPS) and '°B and "'B
solid-state magic-angle spinning (MAS) NMR results indicated
that a wide range of doping levels could be achieved simply
by changing the mass ratio of NDs to B. A limited amount of B
species could be incorporated into the CNO structure (max.
~3.21 at.%) during the transformation period. TEM results in-
dicated that crystalline graphitic sheets were formed during
the annealing of NDs in the presence of B, and polygonal B-
doped CNOs were formed without disruption of their graphitic
layers. These analyses also revealed that increased amounts of
B doping resulted in decreased interlayer spacing and in-
creased crystallite size of the B-doped carbon structures.
Owing to good power characteristics and excellent long-term
charge-discharge stability, these B-doped carbon materials are
very promising for the development of new electronic devices.
Finally, we note that the active sites could also play a vital role
in enhancing the catalytic activity of oxygen reduction.

Experimental Section
Materials

All chemicals and solvents were commercially available and used
without further purification: ND powder (Carbodeon pDiamond®-
Molto) with a crystal size between 4-6 nm and ND content larger
than 97 wt.%, boron (Aldrich, amorphous powder, submicron),
NaCl (ca. 98%, Sigma-Aldrich), and anhydrous ethanol (99.8%,
Poch, Poland). All aqueous solutions for electrochemical studies
were prepared using deionized water, which was further purified
with the Milli-Q system (Millipore).

Synthesis of pristine CNOs and B-CNOs

Pristine CNOs: Commercially available ND powder with a crystal
size between 4-6 nm was used for the preparation of CNOs. NDs
were placed in a graphite crucible and transferred to an Astro car-
bonization furnace. The air in the furnace was removed by apply-
ing a vacuum followed by purging with He. The process was re-
peated twice to ensure complete air removal. Annealing of the ul-
tradispersed NDs was performed at 1650°C under a 1.1 MPa He at-
mosphere with a heating rate of 20°Cmin~"'*® The final tempera-
ture was maintained for 1 h, then the material was slowly cooled
to room temperature over a period of 1h. The furnace was
opened, and the CNOs were annealed in air at 400°C to remove
any amorphous carbon.

Boron-doped (B-CNOs): NDs (500 mg) and B (50, 100, or 250 mg)
were placed in a graphite crucible and the same annealing proce-
dure was applied. B-CNO nanostructures with the following mass
ratios resulted: meyo/ms [Mgmg~'1=500:50 (10:1); 500/100 (5:1);
and 500/250 (2:1), labelled as 1B-CNOs, 2B-CNOs, and 3B-CNOs, re-
spectively.

Methods

The films were imaged by secondary-electron SEM using a FEI
Tecnai S-3000N (Tokyo, Japan). The accelerating voltage of the elec-
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tron beam was 30 keV. The EDX analyses were performed with the
ASPEX System, fully integrated and automated with the SEM.TEM
images were recorded using the FEI Tecnai™ G2 20 X-TWIN instru-
ment. The TEM point resolution was 0.25 nm, the TEM line resolu-
tion was 0.144 nm, the maximum diffraction angle was +12°, and
the working distance was 10 mm. The accelerating voltage of the
electron beam was 200 keV.

Thermogravimetric experiments were performed using a SDT 2960
Simultaneous TGA-DTG (TA Instruments company). The thermogra-
vimetric spectra were recorded at 10°Cmin' in air, Ar, or O, at-
mosphere (100 mLmin™).

The powder diffraction data were measured at 293 K using a Super-
Nova diffractometer (Agilent) with a CCD detector and a CuKa ra-
diation source at a 148 mm sample-to-detector distance. Prior to
the experiment, all samples were loaded into capillaries with a di-
ameter of 0.5 mm.

N, gas-adsorption measurements were performed using a Micro-
meritics apparatus (ASAP2020 automatic sorption analyzer, Micro-
meritics Corp., USA) at —196°C. Prior to gas-adsorption analysis, all
samples were degassed at 350°C at 10 umHg vacuum for 20 h to
remove any adsorbed species.

XPS measurements were performed in an ultra-high vacuum (UHV)
chamber (base pressure: 6x10 ' mbar) using a non-monochro-
matic AlKa (1486.7 eV) radiation source (VG Scienta SAX 100) and
monochromator (VG Scienta XM 780). The AlKa source was operat-
ed at 12 kV and 30 mA. For all samples, a low-resolution survey run
(0-1200 eV) was performed. The pristine CNO and B-CNO powder
samples were placed on naturally oxidized Si wafers (ITME, Poland)
precovered with approximately 50 nm of Au (purity 99.999%)
using molecular beam epitaxy (MBE) (PREVAC). The measurements
were performed at room temperature. The peaks were fitted using
the CasaXPS software (Casa Software Ltd).

'8 and "B solid-state MAS NMR spectra were acquired at 53.7 and
160.47 MHz on a Bruker Advance Ill 500 MHz WB spectrometer, op-
erating at a magnetic field of 11.7 T. "B MAS NMR spectra were re-
corded with short single-pulse excitations of 0.4 us (250 kHz) and
repetition times of 0.1-1s. The samples were spun in zirconia
rotors at 12 kHz. Typically, 8192 transients were acquired for each
spectrum. Short pulses were used to obtain quantitative spectra.’®”
"B chemical shifts are reported in ppm from external 1m boric
acid solution. To estimate the magnitude of quadrupolar effects,
a supplementary "B MAS NMR spectrum of the 3B-CNOs sample
was measured at 96.2 MHz, using the Tecmag Apollo console oper-
ating at a magnetic field of 7.0 T. The spinning speed was equal to
11 kHz, and a single 2 ps RF excitation pulse was used, which cor-
responded to the 45° flip angle for the liquid. 1000 scans were ac-
cumulated with a repetition time of 1 s.

Room-temperature Raman spectra in the range between 100 and
3500 cm™' were investigated with a Renishaw Raman InVia Micro-
scope equipped with a high-sensitivity ultra-low-noise CCD detec-
tor. The radiation from an Ar ion laser (514 nm) at an incident
power of 1.15 mW was used as the excitation source. Raman spec-
tra were acquired with 3 accumulations of 10 s each, 2400 Lmm™'
grating, and using a 20X objective.

FT-IR spectra were recorded in the range between 4000 and
100 cm™' with a Nicolet 6700 Thermo Scientific spectrometer at
room temperature under a N, atmosphere. The spectra were col-
lected at a resolution of 4 cm™’, apodized with a triangular func-
tion, and a zero-filling factor of 1 was applied. All spectra were cor-
rected with conventional software to cancel the variation of the
analyzed thickness with the wavelength.
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For electrochemical studies, the capacitors were assembled in Swa-
gelok®-type cells by using two electrodes and fiber glass material
as a separator. The pellets for electrochemical measurements con-
sisted of 85% of the active electrode material, 10% of binder (poly-
vinylidene fluoride, PVDF Kynar Flex 2801), and 5% of acetylene
black (Super C65, IMERYS). The mass of the electrodes was in the
range of 8-10mg, with a geometric surface area of 0.8 cm?
1 moldm 3 H,SO, was used as an electrolyte for electrochemical
measurements. All potentials were measured using three-electrode
configuration and are reported versus the normal hydrogen elec-
trode (NHE). All capacitors were examined using CV (1-100 mVs™),
galvanostatic cycling, and EIS (100 kHz-1 mHz) using a VMP3 Bio-
logic.

The specific capacitances (C,) of the undoped and B-doped CNOs
using CV were determined from the following Equation (1):

Ey

"i(E)dE

Cs _ Ey ( ) (-I)

vm(E,—E,)

in which E; and E, are the initial and final potentials [V] respective-

ly, the integral term is the integrated current in the potential

window, v is sweep rate [Vs~'], and m is the mass of the active ma-
terial.

The specific capacitance (per electrode) was also evaluated by gal-
vanostatic charge-discharge measurements, based on Equation (2):

24t

=0 (2)

G
in which I [mA] is the current, At [s] is the time elapsed for the dis-
charge cycle, m [mg] is the weight of the active electrode material,
and AU [V] is the voltage reduced by Ohmic drop.

To determine the electrochemical performance of B-doped materi-
als, the energy density and power density were estimated by using
the following Equations (3) and (4):

G (4
E=—5 3)
P=7(®)

in which C, [Fg™ "] is the measured device capacitance, AU [V] is
the voltage change within the discharge time At [s], E [Whkg '] is
the energy density, and P [Wkg '] corresponds to the average
power density.
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