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Incorporating heteroatoms into onion-like carbon (OLC, average size ~5 nm) with a fullerene-like structure
and investigating its peculiar properties are fascinating challenges. Here, we present straightforward
fabrication of doped OLC samples with a high concentration of boron (0.63-4.57 at%) via a high-
temperature thermal diffusion method. The highest proportion of substitutional boron of the boron
species reaches 29%, which far exceeds most of the reported boron-doped carbon materials. The
influence of boron on the fullerene-like layers and electronic properties of OLC is systematically
investigated using Raman spectroscopy with different excitation energies (1.58-3.8 eV) and ultraviolet
photoelectron spectroscopy (UPS). The as-prepared boron-doped OLC samples exhibit a perfect four-
electron process for the oxygen reduction reaction (ORR), which is similar to commercial Pt/C. It is
worth noting that the intrinsic relationship between the electronic properties and catalytic performance

of doped samples is explored based on experimental studies instead of theoretical calculations. The
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Accepted 4th September 2015 results indicate that the lower work function, lower valence band edge and higher density of states
(DOSs) of doped OLC are crucial to improve the catalytic performance. Our work can provide valuable

DOI: 10.1039/c5ta03141a information on the design of doped metal-free materials and give new evidence for enhanced ORR
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Introduction

Since onion-like carbon (OLC) was found and described for the
first time by Iijima, its structure has been envisioned to be
quasi-spherical nanoparticles consisting of multilayer concen-
tric fullerene-like shells."® In contrast to those of graphene,
carbon nanotubes (CNTs) and carbon fibers (CNFs), OLC has
specific p and 7 electronic structures due to its high curva-
ture.*® Over the past few years, OLC as a fascinating material
has stimulated a great deal of research in various fields,
including supercapacitors,® supports,” Li-ion batteries,®
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catalysis,” tribology'® and electromagnetic shielding."* There are
many synthetic methods for OLC-related materials such as
plasma spraying," laser irradiation," chemical vapor deposi-
tion (CVD)" and arc-discharge,' but the annealing of detona-
tion nanodiamond powders (UDD) in an inert atmosphere or in
a vacuum (7 > 1200 °C) is the only widely used one that allows
the synthesis of a large amount of OLC at low cost.*
Chemical doping in carbon materials using heteroatoms
(e.g. N, S, O and P) is a common strategy to effectively modulate
their intrinsic electronic characteristics, surface and local
chemical features.””™ Boron atoms could be incorporated into
the carbon matrix because they have a comparable atomic size
and three valence electrons for binding with carbon atoms. The
formed B-C bond is longer than the C-C bond (ca. 0.5%),
leading to the chemical disorder of graphite layers, and
obtaining p-type (or hole) doped carbon materials.?® Recently,
the fabrication of boron-doped carbon materials with excellent
physicochemical properties has been the research hotspot by
using the traditional annealing treatment (7 < 1200 °C), CVD
method and plasma etching.* For instance, Park et al
described that the boron-doped graphene exhibited a higher
specific capacitance than typical carbon-based supercapacitor
materials after surface area-normalized capacitance, attributed
to the effect of boron atoms on the electronic structure.* Cheng
and co-workers reported that boron-doped graphene as an
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anode material had high rate capability and large capacity in
lithium ion batteries.” Kim et al. showed that boron-doped
CNTs could effectively improve electron-hole transport in solar
cells.”® Despite these great achievements, the low doping level of
boron, the low yield, the deficiency of substitutional boron (BC;)
and the vague identification of boron species still hinder the
study of these doped carbon materials to a great extent.
Therefore, it is very meaningful to explore a novel heteroatom-
doped carbon material (e.g. OLC) with a high concentration of
BC; species and the mixed textures of planar graphene and
curved CNTs, and further investigate its unique electronic
properties.

The oxygen reduction reaction (ORR) is a very important
process in many fields, including energy conversion,* corro-
sion*® and biosensing.” Recently, metal-free electrocatalysts
have attracted a great deal of interest due to their potentially
low-cost, high abundance and much better stability toward CO
and methanol poisoning than the state-of-the-art Pt catalyst.>*>¢
In some cases, the obtained catalysts in the presence of
heteroatoms exhibit excellent catalytic activity (onset potential)
comparable to that of Pt/C.*”** Wang et al. summarized the
current progress of the ORR mechanism in metal-free electro-
catalysis and believed that the presence of heteroatoms would
change the atomic spin, charge densities, band structure and
electronic states of carbon materials and hence could improve
the ORR activity.* However, the understanding of the ORR
mechanism and electronic structure of the doped metal-free
carbon catalysts is still limited to predictions based on theo-
retical calculations. Experimental studies for insight into the
relationship between ORR activity and electronic properties are
still rare.

In the present study, we report a systematic study on the
preparation of boron-doped OLC (B-OLC) samples via a high
temperature thermal treatment (1500-2400 °C) starting from
nanodiamonds in a graphite furnace. The boron content in
B-OLC samples could be simply tuned by varying the amount of
boron source. The detailed preparation process is shown in
Scheme 1. Our aim is to investigate the effect of the enriched
substitutional boron atoms on the ordered structure and elec-
tronic properties of fullerene-like layers, and then use experi-
mental studies to systematically correlate the impact of

*5-20 wt %

« Boric acid 5
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‘ 1800°C :

:2100°C ¢
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Scheme 1 Schematic illustration of the fabrication of various B-OLC
samples (seven fullerene-like shells as an ideal structure represent the
sp? carbon shells of OLC).
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heteroatom doping in nanocarbons with enhanced ORR activity
instead of theoretical calculations.

Experimental section
Materials

Purified ultra-dispersed nanodiamonds (UDDs) were bought
from Beijing Grish Hitech Co. (China), produced by detonation
and followed by acid washing. The average particle size was
about 5 nm. Boric acid (H3BO;3) (Aladdin Co. high purity,
99.999%) was chosen as the dopant.

Sample preparation and activity test

The various boron-doped samples were produced by the
following procedures: (1) the mixture with 5 wt% boric acid and
ultra-dispersed nanodiamonds (UDDs) was produced by
manual mixing for 1 h and then the sample was thermally
treated from 25 °C to 100 °C at a very slow heating rate of 0.5 K
min " in a graphite furnace under an argon atmosphere. (2) The
obtained mixture was further annealed at 1500 °C, 1800 °C,
2100 °C and 2400 °C for 30 min at a heating rate of 5 K min~" in
a graphite furnace under an argon atmosphere. The final
products were labeled as B-OLC-1-5, B-OLC-2-5, B-OLC-3-5 and
B-OLC-4-5. The undoped samples OLC-1, OLC-2, OLC-3 and
OLC-4 were synthesized by the same procedure without adding
the boron dopant. Moreover, the 10 wt% and 20 wt% boric acid
were manually mixed with the UDDs and then annealed at
1500 °C for 30 min at a heating rate of 5 K min~' in a furnace
under an argon atmosphere. These two products were denoted
by B-OLC-1-10 and B-OLC-1-20, respectively.

High-resolution transmission electron microscopy (HRTEM)
images and electron energy loss spectroscopy (EELS) spectra
were recorded on a FEI Tecnai G2 F20 microscope. The Bru-
nauer-Emmett-Teller (BET) specific surface area measurement
was conducted on a Micromeritics ASAP2020 analyzer. X-ray
diffraction (XRD) patterns were measured by using a Rigaku
D/Max-2500PC diffractometer with Cu Ko radiation operating at
50 kv, 300 mA. N, adsorption-desorption analysis was con-
ducted on the Micromeritics ASAP2020 analyzer. The X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) were carried out on an ESCALAB 250 XPS
system with a monochromatized Al Ka X-ray source and a He
discharge lamp (He I: iv = 21.22 eV). The corresponding XPS
spectra were divided by fitting the peak maximum within +
0.1 eV and applying a full width half-maximum (FWHM) of 1.2-
1.6 eV using Avantage analysis soft. The value of the mixed
Gaussian-Lorentzian was fixed at 30%. The skeletal density of
the samples was determined with a TD-2200 density analyzer
(Biaode, China). The content of boron in doped samples was
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES). The electrical conductivity of all the
samples was obtained on a conventional four probe system. The
Raman spectra of samples on SiO,/Si were recorded with a
LabRam HR800 spectrometer and a He/Ne laser at 325 nm (15X
objective), various Ar-Kr ion lasers at 532 nm (50x objective),
633 nm (50x objective) and 785 nm (50x objective) were

This journal is © The Royal Society of Chemistry 2015
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selected as the excitation source. Moreover, the laser power and
exposure time were maintained well to avoid the damage of
samples and the heating effects.

Electrochemical measurements were performed using an
Epsilon Electrochemical Station (PAR2273) in a conventional
three-electrode electrochemical cell. To avoid any potential
contamination of a non-precious metal catalyst by platinum,
experiments were carried out using a graphite rod as the
counter electrode. An Ag/AgCl electrode in 3.0 M KCI (0.220 V vs.
NHE) was used as a reference electrode. All potentials were later
converted to the RHE scale. The experiments were carried out at
room temperature (25 °C). The boron-doped OLC samples were
transferred onto the glassy carbon electrode (GCE, 5 mm
diameter) according to the following procedures: (1) 18 mg
catalysts were added into the solution mixture of 1 mL iso-
propanol and 100 pL nafion (5% w/w solution), and then
ultrasonicated for 30 min. (2) 10 uL of the as-made solution
mixture was dropped on the GCE surface and dried at room
temperature in air without any heating process. The final
loading of the catalyst on the electrode is about 0.83 mg cm 2.

The activity of the electrocatalysts was evaluated by the linear
sweep voltammetry (LSV) techniques on rotating disk electrodes
(RDE) in an oxygen- and nitrogen-saturated aqueous solution of
0.1 M KOH and maintained at 5 mV s~ * scan rate. The tolerate
ability of the catalyst (B-OLC-1-10 and 20% Pt/C) was tested by
adding methanol (3 M, 10 mL) at a constant voltage of 0.6 V in
an O, bubbled 0.1 M KOH electrolyte. The durability evaluation
of Pt/C and B-OLC-1-10 samples was maintained for 10 000 s at
0.6 V and a rotation rate of 900 rpm. Here, the loadings of
B-OLC-1-10 and 20% Pt/C catalysts on the electrode were about
0.055 mg cm ™.

The Koutecky-Levich equation is

Jfl _ BwfoAs +JK71

where Jx is the kinetic current and w is the electrode rotation
rate. B represents the slope of the curves in Fig. 5C. Besides, the
transferred electron number (7) can then be calculated by the
following equation:

B = 0.62nF(Do)** (") Co,

where F is the Faraday constant (F = 96 485 C mol '), n is the
number of electrons transferred per oxygen molecule, Do, is the
diffusion coefficient of O, in the electrolyte (1.9 x 107°
em® s1), v is the kinetic viscosity (0.01 em® s™), and Co, is the
oxygen concentration (solubility) in the electrolyte (1.2 x 10 °
mol cm?). The constant 0.62 is adopted when the rotation
speed is expressed in rpm.

Results and discussion

X-ray photoelectron spectroscopy (XPS) was used to investigate
the boron species in the samples. As displayed in Fig. 1A, the
spectrum of B1s can be deconvoluted into the seven regions that
correspond to the boron atom cluster (B1, ~186.5 eV), B,C (B2,
~187.6 eV), substitutional boron species BC; (B3, ~188.8 €V),

This journal is © The Royal Society of Chemistry 2015
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BC,0 (B4, ~190.1 eV), B-N (B5, ~190.7 eV, originating from the
chemical bonding between the inherent trace nitrogen species
and boron source after annealing), BCO, (B6, ~191.3 eV) and
B,0; (B7, >192.8 eV), respectively.**** The detailed results of
XPS are summarized in Fig. 1B, S1A and Table S1 (ESI}). We find
that on increasing the calcination temperature, the total
concentration of boron atoms consecutively decreases from
1.0 at% for B-OLC-1-5 to 0.63 at% for B-OLC-4-5. Among all the
doped samples, the B-OLC-4-5 has the highest content of B1
(0.27 at%), and yet the highest concentration of substituted
boron species, B3 (0.3 at%) exists in B-OLC-1-5. This result
indicates that the B1 species can be favorably formed at elevated
temperature, leading to the decrease of the B3 species. There-
fore, the optimized calcination temperature for boron doped
OLC is conducted at 1500 °C to obtain highly substitutional
boron species B3. Fig. 1C and D show that the concentration of
boron species increases from 1.0 to 4.57 at% by simply varying
the amount of boron source from 5 to 20 wt% at 1500 °C. It is
worth noting that the proportions of the substitutional boron
species B3 remain at 21-29%, which far exceed the doping level
of the reported boron-doped carbon materials.>*?** The
ordered graphitic structure can be revealed by the full width at
half maximum (FWHM) of XPS Ci1s.* Compared with the
undoped OLC-1 (1.21 eV), the C1s peak of the doped sample at
284.6 eV is gradually broadened (1.30 eV and 1.34 eV, respec-
tively) demonstrating that the introduction of boron affects the
ordered structure of fullerene-like layers due to the formation of
the longer boron-carbon bonds (Fig. S2A}). This result is
further supported by a small carbidic boron-carbon spectral
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Fig. 1 (A) XPS B1s spectra and (B) the B,/C distribution diagram of the
B-OLC samples under different calcination temperatures (from 1500
to 2400 °C) with the same content of boron source (5 wt%). (C) XPS
B1ls spectra of the B-OLC samples prepared at the same temperature
(1500 °C) using different amounts of boron source (5, 10 and 20 wt%).
(D) The B,/C distribution diagram and proportional graph of the
substitutional boron species B3 on B-OLC samples. The XPS Bls
spectra were deconvoluted by fitting the peak maximum within
+0.1eV and applying a full width half-maximum (FWHM) of 1.2-1.6 eV.
The value of the mixed Gaussian—Lorentzian was fixed at 30%.
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Table 1 Skeletal density and boron content of various samples
measured via a density analyzer and ICP-OES, respectively

Sample Skeletal density (g cm ™) Boron (wt%)
OLC-1 2.15 0.008
B-OLC-1-5 2.21 0.852
B-OLC-1-10 2.29 1.631
B-OLC-1-20 2.40 3.312

feature at about 282.7 eV, corresponding to the presence of
boron atoms in fullerene-like layers. Fig. S2B7 illustrates that
the specific surface area of pristine OLC-1 decreases from
463 m* g ' to 383 m® g~ for B-OLC-1-20. In contrast, a slight
increase in skeletal density after the incorporation of boron can
be seen in doped samples (Table 1).

The thermostability of pristine and doped OLC under dry air
and an inert atmosphere was studied by using thermogravi-
metric analysis (TGA). As shown in Fig. S3A,} there are no
obvious changes in the combustion onset temperature
(~560 °C) after boron species are introduced. The combustion
residue of pure OLC is about 0.89 wt%, which is mainly
attributed to the unpurified BaKxSO, in the original commercial
UDDs (Fig. S41). The residues of doped OLC samples are

View Article Online
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basically consistent with the amount of boron source, implying
that most of the boron is introduced into the OLC. This result is
further supported by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES, Table 1). In addition, the intro-
duction of boron has no obvious influence on thermostability
compared with undoped OLC under an inert atmosphere
(Fig. S3Bt). The mass loss slightly increases from 0.96 wt% of
undoped OLC to 1.23 wt% of doped OLC. Various doped
samples with different concentrations of boron species exhibit
the same thermostability performance. A certain amount of
mass loss of various samples can be ascribed to the surface-
adsorbed water or the desorption of oxygen groups under
elevated temperature conditions.

The HRTEM images in Fig. 2B-D show that the structures of
OLC and doped OLC samples are composed of multilayer sp>
fullerene-like shells. The identified interlayer spacing of
0.340 nm in the shell of OLC corresponds to the (002) of tur-
bostratic carbons-graphite. We did not observe an obvious
increase in the interlayer spacing regardless of the value varying
from 0.34 nm of OLC-1 to 0.348 nm of B-OLC-1-20. However, the
excessive incorporated boron may disrupt the order of curved
fullerene-like shells, as explained by the slight change in the
structure of the B-OLC-1-20 (Fig. 2D). The particle sizes of
nanodiamonds, the pristine and doped OLC samples are about
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Carbon K edge Boron K edge
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(A)-(D) HRTEM images and SAED patterns (insets) of fresh UDDs, pristine OLC-1, B-OLC-1-10 and B-OLC-1-20 samples, respectively.

The red arrows present the defects or amorphous carbon on the fullerene-like shells. The SAED patterns show the typical graphite and diamond
structure diffraction rings in all the samples. The scale bar of SAED patterns is 2 nm ™. (E) and (F) EELS profiles of three different B-OLC samples.
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5-8 nm. Selected area electron diffraction (SAED) pattern (inset
in Fig. 2A and B) results indicate that the UDDs convert effec-
tively into the sp> carbon phase because of the disappearance of
three characteristic diffraction rings (111), (220), and (311) of
UDDs and the appearance of an apparent graphite (002)
ring.'>** Besides, we did not find more diffuse diffraction rings
after the boron species are incorporated into OLC (Fig. 2B-D).
Some defects or amorphous carbon derived from the recon-
struction of the fullerene-like structure appear on the surface of
samples (marked by red arrows in Fig. 2B-D). Electron energy
loss spectroscopy (EELS) was considered to be an efficient
analysis method for doped carbon materials owing to their
spectra corresponding to the excitation of the C1s and B1s core
electrons to the empty conduction band states which show the
local conduction density of states at that site.*>*® The results of
EELS show the well-defined w* (~285 eV) and the o* (~292.3
eV) fine structure features of the carbon K-edges (see Fig. 2E),
which are characteristic of well-graphitized sp>-bonded hexag-
onal networks.* As depicted in Fig. 2F, the ©* peak at about
190.3 eV in the boron K-edge corresponds to the sp* bonding of
boron in hexagonal boron/carbon conformation (BC;).*”** By
systematically quantifying the chemical compositions from the
EELS spectra, it is found that the as-made doped OLC samples
contain 1.15, 2.24 and 3.98 at% of boron in the bulk, respec-
tively. Moreover, the very similar spectral features between
carbon and boron K-edge also reveal the incorporation of boron
atoms into the carbon sp® network, which are well consistent
with the XPS results.

Raman scattering was an excellent probe for studying the
electronic and phonon structure in pristine and doped carbon

[
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>
Q

View Article Online

Journal of Materials Chemistry A

materials.* Raman spectra of different samples using a 532 nm
laser source exhibit various main feature bands in the 1000-
2800 cm ™ ' region as shown in Fig. 3: the defect-induced D-band
(~1334 cm™'), the amorphous carbon structure A-band
(~1490 cm™ "), the ideal graphite lattice G-band (~1579 cm™?)
and the 2D-band (~2660 cm™'). The D-band represented the
breathing mode of the aromatic ring in the carbon network and
was assigned to the TO phonons of A;; symmetry at the K point
of the Brillouin zone.*® The intensity and line width of the
D-band were allowed as probes for the formation of a disor-
dered structure. The value of the Ip/I; ratio was frequently used
for a quantitative measure of structural defects. The 2D-band
was related to a phonon near the K point in carbon materials
and could be activated by double resonance processes. It was
responsible for the dispersive nature and caused a strong
dependence on any perturbation to the electronic and/or
phonon structure of carbon materials. Therefore, the 2D feature
provided a very sensitive probe for characterizing specific sp>
nanocarbons.*** The behavior of the I,p/I ratio does not solely
depend on the w-m stacking order of the graphite layers, but
also is a function of the Fermi level energy. Besides, the G-peak
corresponded to the high-frequency E,, phonon at I' and the
position of the G-band implied the formation of point-like
defects, the doping of holes and electrons, and thus was also
highly sensitive to the doping state of carbon materials and
strain effects in sp” nanocarbon.>*** After the introduction of
boron species (Fig. 3A), the wider line width of the D-band
(increases from 97 cm ™! of OLC-1 to 121 cm ™ of B-OLC-1-20) on
doped samples are observed, indicating that the boron species
changes the order of the fullerene-like structure to some degree.
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Fig. 3 (A) The deconvolution of the first- and second-order for Raman spectra of different samples using a He—Ne laser (1 = 532 nm) and (B) the

enlarged spectra of the 2D band in the 2550-2750 cm™ region. (C) The integrated area ratios of the D band (/p//g), A band (/a/lg) and 2D band
(I,p/lg). (D) Raman spectra of the representative B-OLC-1-10 sample using different excitation sources (A = 325 nm, 532 nm, 633 nm and 785
nm). (E) and (F) Line positions of the D band and 2D band frequencies in the B-OLC-1-10 sample as a function of excitation energy, respectively.
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Moreover, the value of I/I; increases from 1.9 to 2.6, revealing
that the introduction of boron produces much more structural
defects compared with the undoped OLC-1 sample as shown in
Fig. 3C. The same phenomenon had also been reported on
B-doped graphite fibers.>® On the other hand, the lower ratio of
I,p/Ig and the lower intensity 2D-band on the doped samples
verify that the successful incorporation of boron species will
disturb the stacking order of the fullerene-like layers.***” Fig. 3B
further shows that the 2D-band frequency downshifts from
2662 cm™* for undoped OLC to 2654 cm ™ for B-OLC-1-20. This
downshift presumably is that Er moves away from the Dirac
point (the level will shift to a lower energy) and leads to the
opening of the energy gap because of the change of electronic
states near the K-M direction.””*° In addition, we find that the
presence of boron cannot improve the amorphous carbon phase
of the OLC sample, which is supported by the weak change of
the I /Ig value from 0.19 of the undoped OLC to 0.3 of the
B-OLC-1-20 sample. Interestingly, compared with undoped
OLC, we did not observe a distinctive upshift change (~3 cm™")
of the G-band frequency on the B-OLC-1-5 and the B-OLC-1-10
samples, which may be attributed to the p-type boron doping
(stiffening) partially counteracting the tensile strain effect
induced by the larger carbon-boron bond length (soft-
ening).?***** When the concentration of boron is further
increased, an apparent upshift of the G-band that varied from
1579 cm " to 1587 cm™ " can be observed in the B-OLC-1-20
samples (see Fig. 3A). These results signify that boron has been
successfully doped in the sp> carbon framework of OLC and
further influences the electronic structure of fullerene-like
layers.

In Fig. 3D, lasers with a wavelength from 325 nm to 785 nm
were employed to further investigate the vibrational modes of
the representative B-OLC-1-10 sample. With increasing excita-
tion wavelengths, the peak position of the D-band decreases
from 1400 cm ™" to 1303 cm™ " and the dispersive 2D-band varies
from 2792 cm ™! to 2605 cm . All these dispersion behaviors
can be explained by a phonon double resonance process.*’ In
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contrast, the peak frequency of the G-band almost remains
unchanged under different laser wavelengths, which is attrib-
uted to a first-order mode. Moreover, we plotted the positions of
the D- and 2D-band of B-OLC-1-10 versus the excitation energy
as shown in Fig. 3E and F. A good linear relationship is found
and the slope of the D-band (45.3 4 1.7 cm™'/eV) is about half of
that of the 2D-band (85.8 + 1.6 cm™ '/eV). This result signifies
that the incorporation of boron only partly changes the order of
the fullerene-like structure instead of complete destruction. In
addition, such a low value of the D-peak dispersion slope
supports the hole-doped OLC by substitutional boron doping,
which is further revealed by the theoretical calculation of the
Raman D-peak dispersion as a function of doping.** The strong
slope behavior of the 2D-band is related to its second-order
process of a phonon branch near the K point in the Brillouin
zone.>**

Ultraviolet photoelectron spectroscopy (UPS) was employed
as a credible measurement for further investigating electronic
structures, valence band edges and work functions of doped
OLC samples. As displayed in Fig. 4A, three peaks can be
observed for undoped and doped samples. A broad peak at
around 3 eV is assigned as a 2p-m state.®* As the content of
boron increases, the 2p-m peaks of doped OLC catalysts slightly
shift to the lower binding energy (~2.5 eV). This may be
attributed to the electron transfer from carbon to boron (elec-
tron deficiency), leading to a lower shift of the Fermi level (Eg).
The weakening of the 2p-m + ¢ peak of doped samples at about
7 eV can be explained by the p-doping effect. For boron doping,
all three valence electrons of boron will participate in the o
bonding with neighboring carbons, while the additional elec-
tron for w bonding will vanish.** Additionally, a more prom-
inent 2s-c peak of B-OLC-1-10 compared with that of OLC-1,
B-OLC-1-5 and B-OLC-1-20 at the nominal binding energy
(about 13 eV) is due to a higher density of states (DOSs) in the
unoccupied states originating from the interlayer band that has
larger charge densities between boron and carbon planes.*®>%
The downshift of this peak in doped samples as compared to
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(A) UPS spectra of the undoped OLC and various doped OLC samples without bias. (B) Valence band photoemission spectra of undoped

OLC and various doped OLC samples (the enlarged view of the circle at (A)). (C) UPS spectra of the undoped OLC and various doped OLC
samples with bias. UPS spectra are obtained at room temperature using a He discharge lamp (He I: hv = 21.22 eV). The samples are biased by
about —6 V during the work function measurements to accelerate the low energy secondary electrons (SE) and nickel metal is used as reference.
The work function (@) = 21.22 eV — |Esg — E¢l. Ef is the Fermi edge. The valence band edge is calculated by the cross-over point between the

tangent of photoemission spectra and the X axis.
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pristine OLC-1 (13.1 eV) suggests that DOSs located in an energy
region are more close to the Ex. Moreover, Fig. 4B shows that the
valence band edge decreases from the 1.27 eV for the undoped
OLC to 0.84 eV for the B-OLC-1-10 sample.

The work function (@) is the needed minimum energy of
inner electrons that can escape from their nucleus, that is, the
lower work function implies that the electrons of samples have a
lower energetic barrier and are more likely to be motivated
under reaction conditions.®” As shown in Fig. 4C, the calculated
@ value of B-OLC-1-10 is 4.10 eV, which is far less than that of
OLC (4.42 eV), B-OLC-1-5 (4.48 eV) and B-OLC-1-20 (4.28 eV) as
well as that of most of the reported boron or other heteroatom-
doped carbon materials (3.9-5.1 eV).'7%%%°

In Fig. 5, with the increase of boron content, the electrical
conductivity increases from 0.8 Q' ecm " for OLC-1to 1.62 Q"
cm ' for B-OLC-1-10. However, the decreasing electrical
conductivity of B-OLC-1-20 is probably due to the disruption of a
fullerene-like layer structure. In a word, the introduction of
boron species changes obviously the electronic properties of
pristine OLC and hence it may find potential applications in the
catalytic field.

The electrocatalytic activity of various B-OLC samples was
examined in an O,-saturated 0.1 M KOH electrolyte with a
rotation rate of 900 rpm at a scan rate of 5 mV s~ . As shown in
Fig. 6A, the two limiting current platforms in the LSV curve of
the undoped OLC catalyst indicate that the ORR catalyzed by
OLC is not a four-electron process, but a typical feature of a two-
electron pathway with two onset potentials of about 0.80 V and
0.48 V, where the first onset is assigned to the two-electron
reduction of O, to HO,-process. In contrast, after introducing
boron species into OLC, the doped OLC catalysts exhibit a more
positive onset potential and a clear sign of the direct four-
electron process for the ORR, which is similar to the reference
Pt/C sample (Fig. 6A). In terms of onset potential and limiting
current density, both the optimum values are found on B-OLC-
1-10 (0.835 V and 3.75 mA cm?). The polarization curves of
B-OLC-1-10 at different potentials and rotation speeds are
shown in Fig. 6B. Interestingly, B-OLC-1-20 with the highest
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Fig. 5 Electrical conductivity of various samples.
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concentration of boron species exhibits a lower current density
than B-OLC-1-10. It may be ascribed to the high-level boron that
leads to the lower conductivity and a more disordered fullerene-
like layer structure (Fig. 3 and 5). To get insight into the reaction
mechanism of boron-doped OLC, the linear sweep voltammetry
(LSV) curves of different catalysts at various electrode rotation
rates ranging from 400 to 2500 rpm, and the corresponding
ORR performance in the diffusion and the kinetically limited
regions are evaluated by using Koutecky-Levich (K-L) plots, a
typical relationship between the current density (), kinetic
current density (Jx) and rotation speed (w) as shown in Fig. 6C.
All LSV curves of catalysts show a linear relationship between
j ' and w ' at a potential of 0.6 V. By calculating, a Jx value of
18.5 mA cm ™2 at 0.6 V on B-OLC-1-10 is obtained, and which is
much higher than that of pristine and doped OLC. The detailed
equation can be found in the Experimental section. Moreover,
the electron-transfer number in one ORR process is 3.95 for
B-OLC-1-10, revealing its perfect selectivity for the efficient four-
electron-dominated ORR pathway (see Fig. 6D). This excellent
electrocatalytic efficiency is much higher than that of OLC-1
(n = 2.71), B-OLC-1-5 (n = 2.96) and B-OLC-1-20 (n = 3.69), and
even as well as that of the commercial Pt/C catalyst (n = 3.97-
3.98).”°

The results in Fig. 6E indicate that the B-OLC-1-10 catalyst
exhibits a much better stability than the commercial Pt/C
catalyst in alkaline solution. Moreover, the tolerability of cata-
lysts toward methanol is further investigated as can be observed
in Fig. 6F. After a certain amount of methanol is added into the
electrolyte, the relative current density (J/Jo) of the Pt/C catalyst
shows a sharp loss of 25% in activity, whereas the B-OLC-1-10
catalyst exhibits a more stable current response under the same
conditions. These results clearly show that the B-OLC-1-10 as a
cathode material for alkaline fuel cells has a better catalytic
performance in withstanding methanol crossover and in the
long-time stability compared with the commercial Pt/C catalyst.

Actually, there are some related reports on boron-doped
carbon materials as electrocatalysts toward the ORR.”""> Yang
et al. demonstrated that the boron-doped CNTs exhibited
excellent electrocatalytic performance for the ORR. By using
DFT calculations, the authors thought that the transferred
charge of incorporated boron can weaken the O-O bond of the
adsorbed oxygen molecules and thus facilitate the ORR.” Wang
and co-workers proposed that the presence of boron could
reduce the band gap and promote the rate of electron transfer.
The atomic spin and charge densities also were considered to
determine the catalytic capability of materials for ORR to some
degree.” When boron species, especially B3, were introduced
into the carbon network, the nature of surface charged sites
stemming from the different electronegativity of carbon and
boron atoms was emphasized and hence the intrinsic rela-
tionship between the electronic properties and the corre-
sponding catalytic performance was ignored. Moreover,
theoretical calculation has always been the only tool for
studying the ORR process on doped metal-free catalysts and
thus lacks persuasion for the origin of the reaction mechanism.
To this end, it is desired to get insight into the effects of boron
on the reaction process using effective physical characterization
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(A) Rotating disk electrode (RDE) voltammograms recorded with OLC-1, B-OLC-1-5, B-OLC-1-10, B-OLC-1-20 and Pt/C in O,-saturated

0.1 M KOH at 900 rpm, scan rate: 5mV s~2. (B) Linear sweep voltammetry (LSV) curves of B-OLC-1-10 with a rotation rate from 400 to 2500 rpm,

1

scan rate: 5 mV s . (C) Koutecky—Levich plot of J~

Lvs. w2 for OLC-

1, B-OLC-1-5, B-OLC-1-10 and B-OLC-1-20 in 0.1 M KOH at 0.6 V. (D)

Electrochemical activities given as the kinetic-limiting current density (Jx) at 0.6 V for all four electrodes. (E) Durability evaluation of 20% Pt/C and
B-OLC-1-10 samples for 10 000 s at 0.6 V and a rotation rate of 900 rpm. (F) Chronoamperometric responses of B-OLC-1-10 and 20% Pt/C
electrodes with 3 M methanol added into an O,-saturated KOH electrolyte at a constant potential of 0.6 V with a rotation rate of 900 rpm.

tools. Joo et al. reported that the work function (®) of N-, O- and
S-doped ordered mesoporous carbons (OMCs) could be
measured by Kelvin probe force microscopy and found an
interesting relationship between the electron transfer number
and @ toward ORR.” Nevertheless, due to the difference of
material structures and a single study for work function, these
results may not provide a convincing evidence for other metal-
free carbon catalysts (e.g. CNTs and graphene). In the previous
section, UPS was successfully used as an effective measurement
for studying the electronic properties of doped OLC catalysts.
Here, in order to understand the ORR origin of doped catalysts,
the correlation among the work function, valence band edge,

DOS intensity and electron transfer number is studied. A linear
relationship between the @ value and electron transfer number
(n) can be observed in Fig. 7A. We find that a lower @ on the
catalyst is accompanied by a higher n, implying a more efficient
electrocatalytic performance under the given reaction condi-
tions. Moreover, a good linear relationship between the valence
band edge and electron transfer number (n) is also found in
Fig. 7B, indicating that the introduction of boron is capable of
extracting the electrons from the valence band to facilitate the
reduction of oxygen molecules. Higher DOS intensity represents
higher charge density around the Ey (Fig. 7C). So, it is reason-
able to believe that the lower work function, lower valence band
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edge (namely, closer to Eg) and higher DOS of doped samples
are accountable for the better catalytic performance. These
factors are energetically favorable to activate electrons origi-
nating from the valence band of the catalyst under a low energy
condition, thus leading to the facile formation of activated
complexes for any potential reactions. In addition, when
various low contents (0.1-0.18 at%) of BC; species are obtained
deliberately, there is no obvious difference in the work function,
valence band edge and catalytic activity (onset potential) as
shown in Fig. S5 and Table S2.7

Conclusions

In summary, a class of boron-doped onion-like carbons (B-OLC)
with tunable boron doping levels has been developed via a one-
step approach using boric acid as the source. The incorporation
of boron could effectively change the electronic structure and
properties. Such novel metal-free doped nanomaterials exhibit a
higher catalytic activity than pristine OLC for the ORR. Its good
electrocatalytic efficiency (four-electron pathway, n = 3.95),
higher tolerance for methanol, activity and stability and rela-
tively lower cost than those of commercial Pt/C make it a
promising candidate for the next generation of cost-effective
ORR electrocatalysts. It is noteworthy that the work function,
valence band edge and DOS measured by UPS could be corre-
lated with the ORR activity. The lower work function of B-OLC-1-
10 (4.10 eV) with a moderate boron content (2.3 at%) as
compared to those of reported heteroatom-doped carbon
materials makes it an interesting material for research in
semiconductors, quantum dots (QDs), supercapacitors and
battery in the future. We believe this insight concerning the
work function, valence band edge and DOS of the doped
nanocarbons can be generally used as an activity descriptor for
the ORR as well as other catalytic reactions.
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