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ABSTRACT: Two kinds of boron and nitrogen co-doped
carbon nanotubes (CNTs) dominated by bonded or
separated B and N are intentionally prepared, which
present distinct oxygen reduction reaction (ORR)
performances. The experimental and theoretical results
indicate that the bonded case cannot, while the separated
one can, turn the inert CNTs into ORR electrocatalysts.
This progress demonstrates the crucial role of the doping
microstructure on ORR performance, which is of
significance in exploring the advanced C-based metal-free
electrocatalysts.

xygen reduction reaction (ORR) is a critical process in

fuel cells,"> which is normally catalyzed on cathodes by
Pt-based catalysts. Its sluggish reaction kinetics requires high Pt
loading to ensure the efficiency of the whole system. The
limited natural reserves and high price of Pt, together with the
issues of instability and deactivation by CO poisoning and
crossover effect, have hindered the large-scale application of
fuel cells.>* Therefore, great efforts have been devoted to
reducing Pt consumption by alloying or structural regula-
tion,”® and searching for non-precious metal'>"' or even
metal-free catalysts for ORR.">~"*

The sp® carbon materials have abundant free-flowing x
electrons, which make them potential catalysts for reactions
needing electrons, such as ORR. However, these 7 electrons are
too inert to be used directly in ORR. In recent years, it has been
revealed that, for N-doped electron-rich carbon nanostructures,
the carbon 7 electrons can be activated by conjugating with the
lone-pair electrons from N dopants; thus, O, molecules get
reduced on the positively charged C atoms neighboring N.">~>°
Very recently, we found that, for B-doped electron-deficient
carbon nanotubes (CNTs), the 7 electrons can also be
activated for use in ORR.>" Specifically, the vacant 2p, orbital
of B conjugates with the carbon 7 system to extract the
electrons. These electrons become quite active due to the low
electronegativity of B, and thus O, molecules are reduced on
the positively charged B sites. According to these experimental
results and theoretical calculations, we summarized two key
factors to transform sp” carbon into metal-free ORR electro-
catalysts by doping: (1) breaking the electroneutrality of sp’
carbon to create charged sites favorable for O, adsorption
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despite whether the dopants are electron-rich (as N) or
electron-deficient (as B); and (2) activating carbon 7 electrons
for effective utilization by O,.*' With this strategy, intuition
suggests that co-doping with B and N is a possible route to
further optimize the carbon-based metal-free ORR electro-
catalysts. Recently there have been a few explorations of B and
N co-doped sp®> carbon materials which demonstrate an
irregular variation of ORR activities with respect to the B/N
ratios and contents.”>** For example, the ORR performance of
a certain B and N co-doped graphene is even better than that of
a commercial Pt/C catalyst, while some others are much worse
despite having higher B and N contents.”> The peculiar
behaviors of B and N dopants in the co-doped sp’ carbon
materials indicate there is some underlying factor yet to be
discovered, which is critically related to the performance
optimization and doping efliciency.

Indeed, a fundamental issue arises when B and N coexist in
sp2 carbon, ie, B and N are bonded together or located
separately. Due to the compensation effect between the p- and
n-type dopants,>* these two cases correspond to totally
different electronic structures, and therefore different con-
jugation effects within the carbon 7 system, which eventually
leads to distinct ORR activities. Based on this consideration, we
have synthesized two kinds of B and N co-doped CNTs by
different procedures, which are dominated by either bonded or
separated B and N. Electrochemical measurements show that
the ORR performance for the bonded case gradually drops to
the inert level of the pristine CNTs with increasing the B/N
ratio, while the onset potential and current density for the
separated case gets better and better with increasing B and N
contents. Theoretical calculations reveal that neutralization
occurs between the extra electron from N and the vacant orbital
from B for the bonded case, leading to unfavorable
chemisorption of O, on the co-doped CNTs. The experimental
and theoretical results jointly indicate that the bonded case can
hardly break the inertness of CNTs, while the separated case
can turn CNTs into excellent ORR electrocatalysts. These
results demonstrate the crucial role of the doping micro-
structure on ORR performance, which is of significance in
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designing and optimizing advanced metal-free electrocatalysts
by multi-doping sp” carbon nanostructures.

Two different routes were employed to prepare the B and N
co-doped CNTs with tunable dopant contents. The first one
was to dope B and N sequentially: the B-doped CNTs were
first synthesized by chemical vapor deposition (CVD) using the
mixture solution of triphenylborane (TPB, as B source),
benzene, and ferrocene as precursor and catalyst, and then
treated at 400 °C in NH; to dope N. By NH; post-treatment,
the N dopant usually occupies the defective sites;** hence the
pre-formed B-doping configuration could be preserved, which
favors forming the separated B and N. The products from this
route are denoted as B;CNTs-NH; B,CNTs-NH;, and
B,CNTs-NH;, with increasing B (0.84—1.93 at%) and N
(0.58—2.19 at%) contents. The second route was to dope B
and N simultaneously: the B and N co-doped CNTs were
directly synthesized by CVD using the mixture solution of TPB
(as B source), benzylamine (BA, as N source), and ferrocene as
precursor and catalyst. As a Lewis acid, TPB could be
complexed by BA (a Lewis base) with a stable B—N bonding
configuration, which favors forming the bonded B and N.%® The
products with different dopant contents are denoted as
B,CNTs-BA, B,CNTs-BA, and B;CNTs-BA. The N contents
in these samples are at the same level within 1.39—1.57 at%,
while the B contents gradually increase from 0.35 to 1.68 at%.
Apparent morphological differences are observed between
B,CNTs-BA and B,CNTs-NH; (x = 1, 2, 3), suggesting their
different microstructures. For comparison, two different N-
doped CNTs from these two routes were also prepared and
denoted as NCNTs-BA and CNTs-NH;. (Supporting
Information S1—S4)

X-ray photoelectron spectroscopy (XPS) was performed to
characterize the contents and configurations of the dopants in
the samples, and the typical spectra for B;CNTs-NH; and
B;CNTs-BA are shown in Figure 1. The spectra of both B 1s
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Figure 1. Typical XPS spectra of B 1s (a,c) and N 1s (b,d) of the B
and N co-doped samples. Top, B;CNTs-NH;; bottom, B;CNT-BA.
B1—B6 correspond to B cluster, B,C, BC;, N—B—C moiety, BC,0,
and BCO,. N1-N4 correspond to N—B—C moiety, pyridinic N,
pyrrolic N, and quaternary N.

and N 1s display distinct characteristic peaks for the two
samples from the different preparation routes, indicating the
totally different chemical states of the B and N dopants.

The B 1s spectrum of B;CNTs-NHj is highly similar to that
of the sample before NH; treatment, ie., the B mono-doped
CNTs (B;CNTs) in our previous work,”" which presents two
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regions of 186—190 and 190—194 eV, correspondin§ to the
characteristic B—C and O—B—C species (Figure 1a).>"*” This
similarity suggests that the NH; post-treatment does not
significantly change the B doping configuration, and the later
doped N atoms mainly bond with C (Figure S4, Supporting
Information). This is also exhibited in the N 1s spectrum of
B,CNTs-NHj, which is comprised of the typical pyridinic and
pyrrolic N’s peaked at 398.8 and 400.3 eV, respectively,”>*>*’
without the signal at the lower binding energy around 398.2 eV
for N—B bonding (Figure 1b).**~* For the samples made by
the second route, a series of XPS spectra for B 1s and N 1s is
obtained for NCNTs-BA, B,CNTs-BA, B,CNTs-BA, and
B,CNTs-BA to check the correlation between N and B
dopants. A gradual increase of peak intensity at 398.4 eV is
observed with increasing B content, while the N contents stay
at the same level (Figure SS, Supporting Information). This
clearly indicates that the N 1s peak at 398.4 eV and the major B
Is peak at 191.0 eV can be attributed to the N—B—C moiety
(Figure 1¢,d).>°7>* The shoulder peak of B 1s at 192.5 eV
comes from BCO, species (Figure 1c), while the N Is signals at
398.8 and 401.0 eV come from the pyridinic and quaternary
N’s, respectively (Figure 1d).

According to the preceding experimental results, two kinds of
co-doped CNTs dominated by bonded or separated B and N
respectively have been obtained as expected, which demon-
strate distinct ORR performances as presented below.

For the B,CNTs-BA (x = 1, 2, 3) samples featuring bonded
B and N, with similar N doping levels (1.39—1.57 at%) but
variable B contents (0.35—1.68 at%) (Table S1, Supporting
Information), the cyclic voltammetry (CV) and rotating disk
electrode (RDE) voltammetry curves are shown in Figure 2,

-]
—

b)

5 B4CNTs-BA _NCNTs-BA 151

NCNTs~EA»~H_

i

Current Density /mA mg™

=

0.6 03 0.6 09
E(V) vs. SCE

0.3
E(V) vs. SCE

Figure 2. Electrocatalytic capabilities of the BCNTs-BA catalysts for

ORR in O,-saturated 1 mol L™ NaOH electrolyte. (a) CV at a scan

rate of 50 mV s™'. (b) RDE at a scan rate of 10 mV s™! and rotation

speed of 2500 rpm. CV and RDE curves for pristine CNTs and

NCNTSs-BA are also presented for comparison. On the vertical scale, 1
-2

mA mg™' corresponds to 0.1 mA cm™%.

referenced to the saturated calomel electrode (SCE) (—0.24 V
vs NHE). Corresponding NCNTs-BA (only N dopant) and
pristine CNTs were also examined for comparison. Interest-
ingly, the onset and peak potentials as well as the peak currents
progressively decrease with increasing the B content in the
order of NCNTs-BA, B;CNTs-BA, B,CNTs-BA, and B;CNTs-
BA, approaching the level of the pristine CNTs. In this series of
samples, increasing B/N ratio means decreasing of the separate
N dopant. Therefore, the deterioration of the ORR perform-
ances with increasing B/N ratio indicates that the bonded B
and N (N—B—C moiety) contribute little to the ORR activity.

For the B,.CNTs-NH; (x = 1, 2, 3) samples featuring
separated B and N, a monotonic relationship between ORR
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activities and B and N contents is observed from CV and RDE
measurements, as shown in Figure 3 (Supporting Information
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Figure 3. Electrocatalytic capabilities of the BCNTs-NHj catalysts for
ORR in O,-saturated 1 mol L™ NaOH electrolyte. (a) CV at a scan
rate of 50 mV s™'. (b) RDE at a scan rate of 10 mV s™" and rotation
speed of 2500 rpm. CV and RDE curves for CNTs-NH; and
commercial Pt/C catalyst (20 wt% Pt loading) are also presented for
comparison.

SS). With increasing B and N contents, the maximum peak
currents increase obviously from 3.2 (CNTs-NH;) to 4.1
(B,CNTs-NH;), 5.0 (B,CNTs-NH;), and 8.9 mA/mg
(B;CNTs-NHj;), accompanied by a progressive positive shift
of the peak potentials from —0.38 (CNTs-NH;) to —0.35
(B,CNTs-NH;), —0.34 (B,CNTs-NH;), and —0.31 V
(B;CNTs-NHj;) (Figure 3a). Similar evolution is also observed
for the steady-state diffusion currents and the onset potentials
in RDE voltammetry curves (Figure 3b). The B;CNTs-NH,
catalyst with the highest B (1.93 at%) and N (2.19 at%)
contents presents the best ORR performance with excellent
stability and immunity toward methanol crossover and CO
poisoning (Supporting Information S6). Rotating ring-disk
electrode (RRDE) measurements show that the transferred
electron number (n) per O, involved in ORR is 2.5 for
B;CNTs-NHj;, indicating a dominant two-electron process
(Supporting Information S7). Therefore, in contrast to the case
for the bonded B and N species with little ORR activity, the
separated B and N dopants boost the ORR catalytic ability.
This clearly demonstrates the significant influence of the
doping microstructure on ORR performance.

The excellent ORR performance for the separated B and N
co-doped CNTs is understandable since the mono-B or N
doped CNTs have superb ORR activities as revealed by
abundant experimental and theoretical studies.'>'®*"** In
other words, the separation of B and N in the co-doped
CNTs can preserve their intrinsic ORR activity. Thus, for the
counterpart of the bonded case, the absent ORR activity is
academically interesting and practically instructive since it
should be avoided in optimizing this kind of advanced
electrocatalysts. Therefore, theoretical efforts have been focused
on the O, adsorption on the bonded B and N co-doped CNTs.
Density functional theory (DFT)***® calculations demonstrate
that the lowest-energy O, adsorption configuration on the co-
doped CNT(S,5) has an adsorption distance of 3.30 A, and the
adsorbed O, keeps the same bond length (1.21 A) as the
gaseous O,, indicating a physisorption mode as shown in Figure
4. The highest occupied molecular orbital (HOMO) plot shows
a weak interaction between O, and the co-doped CNT with
little charge transferred to O,; thus, the O, cannot be reduced
(Figure 4b).
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Figure 4. (a) Bonded B and N co-doped CNT(5,5). (b) HOMO plot
of the corresponding O, adsorption configuration (isodensity value of
0.007 au). N, blue; B, pink; C, black; H, gray; O, red.

The inertness of the bonded B and N co-doped CNT is also
revealed by the second order orbital perturbation analysis for
the model in Figure 4a.*® The results indicate that the lone-pair
electrons from N dopant are largely neutralized by the vacant
orbital of B dopant, and few electrons or vacant orbitals are left
to conjugate with the carbon 7 system (Supporting Information
S8). With little conjugation, the activation of carbon 7 electrons
could hardly occur; thus, the ORR activity becomes like that for
the undoped CNT with poor ORR performance. This result is
in accordance with the recent report about the B and N co-
doping effect on electronic transport by Khalfoun et al.,, which
shows that the bonded B and N are transparent to conduction
electrons, and hence the bonded B and N co-doped CNTs act
like the pristine ones.>’

By contrast, the situation for the separated B and N co-doped
CNT is totally different. The separation of B from N prevents
the neutralization between the electron donor (N) and
acceptor (B), so they remain capabile of con]ugat1n§ with the
carbon 7 system, as in the mono-doped CNTs.">*' This is
supported by Khalfoun’s calculations that the localized
transport phenomena for isolated B or N doping are recovered
when B and N atoms are far apart in the co-doped CNTs.>’
Hence, the separated B and N co-doped CNTs could
demonstrate excellent ORR performance. These results also
support the strategy to turn sp® carbon into metal-free ORR
electrocatalysts by doping, in which the activation of carbon /1
electrons is a critical step, as proposed in our recent study.”'

Now we could rationally understand the difference in
catalytic ability for the bonded and separated B and N co-
doped CNTs demonstrated in the experimental measurements.
The neutralization degree between B and N dopants dominates
the ORR performances of the B and N co-doped CNTs, which
depends on the bonded or separated configuration of the B and
N dopants in the C matrix. With this viewpoint, the irregular or
peculiar performances of the B and N co-doped carbon
nanomaterials could also be speculated.”>**

In summary, two kinds of B and N co-doped CNTs
dominated by the bonded or separated B and N have been
intentionally prepared by CVD growth or post-treatment,
respectively, which demonstrate distinct ORR performances.
The experimental and theoretical results indicate that the
bonded case can hardly break the inertness of CNTs, while the
separated one can turn CNTs into excellent ORR electro-
catalysts. This progress demonstrates the crucial role of the
doping microstructure on ORR performance, which is of
significance in designing and optimizing advanced C-based
metal-free electrocatalysts for fuel cells. The results in this study
also show that the strategy to turn sp’ carbon into metal-free
ORR electrocatalysts deduced from the mono-doped cases™” is
applicable for the multi-doped situations. More attention
should be devoted to regulating the dopants’ configuration in
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exploring the promising metal-free ORR electrocatalysts of
multi-doped carbon nanostructures.
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