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Fuel cells are clean, sustainable energy conversion devices for
power generation, and they most commonly use platinum as
the electrocatalyst.[1] However, Pt-based catalysts suffer from
very limited reserves, high cost, and inactivation by CO
poisoning; these are major obstacles that fuel cells have to
overcome for commercialization.[1–6] Thus, exploring non-
precious metal or even metal-free catalysts to rival platinum
in activity and durability is absolutely crucial, with a
potentially revolutionary impact on fuel-cell technologies.
Very recently, metal-free PEDOT[6] and nitrogen-doped
carbon nanotubes (NCNTs)[7,8] have shown a striking electro-
catalytic performance for the oxygen reduction reaction
(ORR). These breakthroughs have activated an exciting
field for exploring the advanced metal-free electrocatalysts
and understanding the related mechanism.

As one of the most important carbon nanostructures,
carbon-based nanotubes have been widely studied as the
support of electrocatalysts for fuel cells in recent years.[9–12]

Recent progress involving doping carbon nanotubes (CNTs)
with electron-rich nitrogen to transform CNTs into superb
metal-free electrocatalysts for the ORR[7, 8] has motivated our
curiosity to examine the corresponding performance of its
counterpart by doping CNTs with electron-deficient boron.
Intuitively, the adsorption of O2 on boron dopant should be
quite easy owing to the large difference of electronegativity
between boron and oxygen, which is the precondition for the
subsequent O2 dissociation. In this study, BCNTs with tunable
boron content of 0–2.24 atom% were synthesized. The ORR

onset and peak potentials shift positively and the current
density increases noticeably with increasing boron content,
indicating a strong dependence of the ORR performance on
boron content. Moreover, the origin of the electrocatalytic
activity of BCNTs including the role of the boron dopant has
been revealed by density functional theory (DFT) calcula-
tions. The experimental and theoretical results provide a new
strategy to explore carbon-based metal-free electrocatalysts
that are significant to the development of fuel cells.

Using chemical vapor deposition (CVD) with benzene,
triphenylborane (TPB), and ferrocene as precursors and
catalyst, BCNTs were synthesized with tunable boron content
of 0–2.24 at% by using different TPB concentrations. BCNTs
with boron content of 0.86, 1.33, and 2.24 at%, as determined
by X-ray photoelectron spectroscopy (XPS), were denoted as
B1CNTs, B2CNTs, and B3CNTs, respectively (Supporting
Information, S1.1). Boron doping into CNTs will lead to the
broken hexagonal symmetry of graphite, and thus induce an
increased D band in the Raman spectrum[13–17] (Figure 1). The

ratio of the D mode and G mode intensities (ID/IG) increases,
while that of the 2D and G mode (I2D/IG) decreases with
increasing boron dopant (Figure 1b), accompanied by the
gradual red-shift of the 2D peaks[15–17] (Figure 1a). These
results indicate that the boron-doped CNTs with tunable
boron content have been successfully prepared, which
provides us a suitable platform for exploring the electro-
catalytic performance of BCNTs for the ORR (Supporting
Information, S2).

The electrocatalytic capabilities of these samples were
first evaluated by cyclic voltammetry (CV; Figure 2a). With

Figure 1. Raman spectra and derived parameters. a) Raman spectra for
CNTs, B1CNTs, B2CNTs, and B3CNTs. Lines are fitted to the data.
b) The derived profiles of ID/IG (~) and I2D/IG (&) versus boron
content.
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increasing boron content, the maximum peak current clearly
increases from 2.8 (CNTs) to 3.2 (B1CNTs), 3.8 (B2CNTs),
and 8.0 mAmg�1 (B3CNTs), accompanied by a progressive
positive shift of the peak potentials from �0.43 (CNTs) to
�0.41(B1CNTs), �0.38 (B2CNTs), and �0.35 V (B3CNTs) in
reference to the saturated calomel electrode (SCE). Similar
evolutions are also observed for the steady-state diffusion
currents and the on-set and half-wave potentials in rotating
disk electrode (RDE) voltammetry (Figure 2b). These results
indicate that the electrocatalytic activities of the catalysts for
the ORR increase with increasing boron content, with the
highest activity for B3CNT catalyst. Furthermore, rotating
ring-disk electrode (RRDE) measurements reveal that the
transferred electron number per oxygen molecule involved in
ORR increases slightly from 2.2 for CNTs to 2.5 for B3CNTs,
indicating a dominant two-electron process (Supporting
Information, S3). From these experimental data, it is con-
cluded that the much improved catalytic performance of
BCNTs with respect to CNTs originates from the boron
doping (Supporting Information, S4). Though the present
performance of BCNTs is not yet as good as the commercial
Pt/C catalyst (Figure 2b), the proportional relationship
between ORR performance and boron content suggests the
great potential of BCNTs for further improvement.

Along with the electrocatalytic activity for the ORR, the
B3CNT catalyst presents excellent stability and immunity
towards methanol crossover and CO poisoning, which over-
comes another main challenge faced by the metal-based
catalysts in fuel cells. The chronoamperometric responses to
methanol or CO introduced into the O2-saturated electrolyte
were performed for B3CNT and Pt/C catalysts (Figure 3).
After the addition of 1.5 mL of methanol, the ORR current
for B3CNT catalyst does not show obvious change; in
contrast, the ORR current for the Pt/C catalyst suffers a
sharp decrease and even changes to a negative current as a
result of the mixed potential[18, 19] (Figure 3a). When addi-
tional CO with the same flow of O2 is introduced, the ORR
current for Pt/C is greatly weakened by about 56.9% from 130
to 56 mA, which is much larger than the decrease by about
26.3% for B3CNTs (Figure 3b). The great current decrease
for Pt/C mainly results from the CO poisoning, while the
small decrease for B3CNTs is from the decreased solubility of
O2 in the electrolyte owing to the decreased partial pressure

of O2 (Henry�s Law).[20, 21] This result is confirmed by the
results of replacing the CO with the same flow of N2 to
eliminate the poisoning effect. On introducing N2, the ORR
current for Pt/C decreases only by about 24.6%, which is
much smaller than about 56.9 % for the case of CO, while the
decreasing for B3CNTs keeps the same level as the case of CO
(ca. 27%).

The preceding experimental results indicate that electron-
deficient boron doping can also turn CNTs into metal-free
ORR catalysts with positively shifted potentials and elevated
reduction current, as well as high stability and immunity
towards methanol crossover and CO poisoning.

To further understand the electrocatalytic activity of
BCNTs, DFT calculations[22, 23] were performed on boron-
doped armchair (5,5) single-walled CNT (BCNT(5,5)) before
and after O2 adsorption, including the geometry optimization
and the subsequent natural bond orbital (NBO) analysis[24,25]

(Supporting Information, S1.2). The results are shown in
Figure 4 and the Supporting Information, S5. NBO charges
were adopted in the population analysis.

In the optimized structures, the substitutional boron atom
is three-coordinate (BC3), and exhibits sp2-like hybridization
in B�C s bonds. The B�C s bonds are considerably polarized
owing to the larger electronegativity of carbon with respect to
boron, which induces quite an amount (0.56e) of positive

Figure 2. Electrocatalytic capabilities of the BCNT catalysts for the
ORR in O2-saturated 1m NaOH electrolyte. a) CV curves (scan rate
50 mVs�1). b) RDE voltammetry with a rotation speed of 2500 rpm
(scan rate 10 mVs�1). For comparison, corresponding examinations
for CNTs and commercial Pt/C catalysts (20 and 40 wt% Pt loading)
were also carried out.

Figure 3. Chronoamperometric responses in the O2-saturated electro-
lyte for Pt/C (black) and B3CNT (dark gray) catalysts. a) Methanol
crossover tests by introducing 1.5 mL methanol into the electrolyte at
1200 s. b) CO poisoning tests by introducing additional CO with the
same flow of O2 into the electrolyte at 520 s. Parallel experiments for
Pt/C (40 wt % Pt loading) and B3CNT catalysts are carried out by
replacing CO with the same flow of N2 (light gray).

Figure 4. Important molecular orbitals involved in the O2 adsorption
on BCNT(5,5). a) Spin-down HOMO�1 of BCNT(5,5). b) LUMO of
triplet O2. c) Spin-down HOMO�2 of O2-BCNT(5,5).
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charge on the boron atom (Supporting Information, S5, S6.1).
This positively charged boron atom is favorable to capture of
the O2 molecule, which is slightly negatively charged upon
approaching the tube.[26] With a decreasing adsorption
distance, the O2 molecule acquires more and more negative
charge and the interaction between the boron and O2 is
further strengthened, which eventually leads to a chemisorp-
tion of O2 on BCNT(5,5). In contrast to the N-doped CNTs
(NCNTs), where O2 is adsorbed on the three carbon atoms
neighboring the nitrogen dopant,[27] for the boron-doped
CNTs, O2 is adsorbed on the boron dopant itself (Supporting
Information, S6.2). Their common feature is that O2 adsorp-
tion favors the positively charged sites; that is, the carbon
connected to the nitrogen dopant in NCNTs[7, 27] and the
boron dopant in BCNTs. For the pristine CNTs, this process
could not be achieved as there is no charged site on the tube,
and the ground state triplet O2 would have repulsion force
with spin-singlet pristine CNTs owing to orbital mismatch
(Supporting Information, S6.3). Thus, the positively charged
boron dopant in BCNTs plays a significant role in enhancing
the O2 chemisorption for the ORR.

Incorporating boron into carbon matrix could transform
electron-deficient boron to electron-donating site by taking
advantage of the rich p electrons in the carbon conjugated
system. This is achieved through transferring the active
electrons from C�C p* antibonding orbital to vacant 2pz

orbital of boron, as indicated in our NBO calculations.
Consequently, a fraction of lone pair electrons with amount of
0.51e appears in 2pz of the boron atom. The frontier orbital
calculations suggest that this partially filled 2pz orbital
constitutes the main protruding lobe in the two highest
occupied molecular orbitals of BCNT(5,5); that is, HOMO
and HOMO�1, acting as the electron-donating site for the
ORR (Supporting Information, S6.4).

Upon adsorption, the lowest unoccupied molecular orbi-
tal (LUMO) of a triplet O2 (Figure 4b) would have maximal
overlap with the protruding lobe of spin-down HOMO�1 of
BCNT(5,5) (Figure 4a) to form an end-on adsorption (Fig-
ure 4c, Supporting Information, S7). This process is energeti-
cally favored, with an exothermic adsorption energy of
�0.11 eV. With that, 0.45 e of charge transfers to O2,
accompanied by a elongation of the O�O bond length from
1.21 � for the gas phase to 1.32 � for the absorbed state,
which indicates the weakening of the O�O bond of the
absorbed O2. The adsorption distance of 1.55 � is much
smaller than that of about 3.0 � for the physisorption of O2 on
CNT.[27,28] Thus, chemisorption occurs between O2 and
BCNT(5,5), which is the precondition for the ORR. It is
worth noting that upon adsorption, the charge on the boron
atom does not change much (from 0.56 e to 0.61 e), while the
adjacent carbon atoms lose quite an amount of electrons
(0.46 e; Supporting Information, S5). This result indicates that
the 0.45 e accumulated charge in O2 actually comes from the
carbon atoms, with boron acting as a bridge.

Based on the preceding analysis, the origin of the catalytic
ability of BCNTs for ORR could be rationally understood;
that is, the positively charged boron dopant induces chemi-
sorptions of O2 on BCNTs; some p* electrons in the
conjugated system accumulate on the boron dopant, which

can easily transfer to the chemisorbed O2 molecules for the
ORR with boron as a bridge. When the boron dopant is in
oxidized states, that is, BC2O or BCO2, this mechanism is still
valid (Supporting information, S8). Thus boron doping plays
the crucial role in forming this advanced metal-free ORR
catalyst.

In conclusion, a new kind of metal-free electrocatalysts of
boron-doped carbon nanotubes has been developed that
exhibits quite a good performance for the ORR in electro-
catalytic activity, stability, and immunity towards methanol
crossover and CO poisoning. The electrocatalytic perform-
ances are improved progressively with increasing boron
content, as reflected in the increased reduction current and
the positively shifted onset and peak potentials (Figure 2).
Theoretical calculations indicate that boron doping enhances
the O2 chemisorption on BCNTs. The electrocatalytic ability
of BCNTs for ORR stems from the electron accumulation in
the vacant 2pz orbital of boron dopant from the p* electrons
of the conjugated system; thereafter, the transfer readily
occurs to the chemisorbed O2 molecules with boron as a
bridge. The transferred charge weakens the O�O bonds and
facilitates the ORR on BCNTs. The experimental progress
and theoretical understanding in this study point out the two
key factors for the doped CNTs as metal-free ORR catalysts:
1) Breaking the electroneutrality of CNTs to create the
charged sites favorable for O2 adsorption despite whether the
dopants are electron-rich (as N) or electron-deficient (as B);
and 2) effective utilization of carbon p electrons for O2

reduction. This work suggests further exploration of the
metal-free electrocatalysts in the heteroatom-doped carbon
nanostructures with one or more dopants, such as B, N and P,
which should be a hopeful strategy for developing the
advanced practical electrocatalysts for fuel cells.
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