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creening of transition-metal
doped boron nanotubes as efficient
electrocatalysts for water splitting†

Jiajie Lu,a Xiuli Hou, *a Beibei Xiao, b Xuejian Xu,a Jianli Mi a

and Peng Zhang ac

The search for efficient and low-cost electrocatalysts for the oxygen evolution reaction (OER) and the

hydrogen evolution reaction (HER) is of utmost importance for the production of hydrogen and oxygen

via water splitting. In this work, the catalytic performance of the OER and HER on transition metal doped

boron nanotubes (BNTs) was investigated using density functional theory. It was found that the doped

transition metal atoms determine the catalytic activity of the BNTs. Rhodium-doped BNTs exhibited

excellent OER activity, while cobalt-doped BNTs displayed great catalytic activity toward the HER.

Volcano relationships were found between the catalytic activity and the adsorption strength of reaction

intermediates. Rhodium- and cobalt-doped BNTs exhibited great OER and HER catalytic activity due to

the favorable adsorption strength of reaction intermediates. This work sheds light on the design of novel

electrocatalysts for water splitting and provides helpful guidelines for the future development of

advanced electrocatalysts.
Introduction

Due to the dwindling global reserves of fossil fuels and the
harmful effects of greenhouse gases, the development of alter-
native clean energy fuels has been considered as one of themost
concerning topics in the past few decades.1 Hydrogen is ex-
pected to be a clean energy alternative to traditional fossil fuels
due to its high energy density and lack of carbon emissions.2–4

Among current hydrogen production technologies, producing
hydrogen through electrochemical water splitting has received
an increasing level of attention due to the absence of environ-
mental pollution compared with other methods such as steam
reforming and coal gasication. Electrochemical water splitting
can be divided into two half-reactions: the oxygen evolution
reaction (OER) at the anode side and the hydrogen evolution
reaction (HER) at the cathode side. Both half-reactions require
highly active electrocatalysts to accelerate the reaction process
and reduce the overpotential.5,6 Presently, the commonly used
HER and OER electrocatalysts are the noble metal platinum (Pt)
and noble metal oxides such as ruthenium dioxide (RuO2) and
aterials Science and Engineering, Jiangsu
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iridium dioxide (IrO2).6 However, these materials are scarce and
expensive, which severely limits their large-scale application.7

Therefore, during the last few decades, numerous efforts have
been devoted to nd the low-cost and non-noble metal elec-
trocatalysts for electrochemical water splitting.

Single-atom catalysts (SACs) consist of dispersed single
metal atoms and a support species. These catalysts make the
most efficient use of metal atoms to signicantly enhance the
catalytic activity.8–10 Lv et al. evaluated the HER and OER cata-
lytic performance of holey graphitic carbon nitride (g-CN) sup-
ported transition metal (TM) atoms (Ti, V, Cr, Mn, Fe, Co and
Ni) based on density functional theory (DFT) and found that
Co1/g-CN and Ni1/g-CN exhibited the best catalytic activity with
HER/OER overpotentials of 0.15/0.61 and 0.12/0.40 V, respec-
tively.11 Ling et al. Also reported that isolated nickel atoms
supported on a b12 boron monolayer (Ni1/b12-BM) achieved
water splitting with overpotentials of 0.40 V for OER and 0.06 V
for HER based on DFT calculations.12 Li et al. successfully
activate an inefficient OER catalyst by a simple atom tailoring
strategy and found that the achieved SACs (Cu2O-RhSA)
exhibited signicantly enhance catalytic activity toward OER
in alkaline media in experiment.13 Liu et al. reported that single-
site Co in a well-dened brookite TiO2 nanorod (210) surface
presents turnover frequencies that are among the highest for
Co-based heterogeneous catalysts in experiment.14 These results
show that SACs supported by various nanostructures can exhibit
excellent catalytic activity and reduce the cost of the catalyst.

Carbon nanotubes (CNTs) have been proved to be an excel-
lent support for SACs due to their unique physical and chemical
RSC Adv., 2022, 12, 6841–6847 | 6841
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Fig. 1 Atomic structure of transition metal-doped BNTs.
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properties. From the perspective of conductivity, CNTs are
usually divided into three types: metal, semiconductor, and
insulator, which results from the chirality and leads to a large
difference in the electrical conductivity of CNTs.15–17 In order to
overcome the large differences in the conductivity of CNTs,
many investigations have been performed to nd new alterna-
tive nanotubematerials with consistent electronic properties. In
recent studies, alternative nanotubes containing pure elements
(B, Au, Si) have been successfully synthesized, which have
consistent electronic properties.18–20 Boron is close to carbon in
the periodic table and it is one of the few elements that has
independent monolayer allotropes. Boron-based structures
exhibit special chemical and physical properties, such as low
density, high melting point, excellent chemical stability, high
thermal and electrical conductivity.21–31 Theoretical calculations
indicate that the density of states (DOS) of boron nanotubes
(BNTs) is similar to that of metal, showing its excellent metal
properties.32 Individual BNTs also exhibit excellent eld emis-
sion properties, with a high stable current of approximately 80
mA and a current density close to that of CNTs (2 � 1011 A
m�2).31 The pore structure of BNTs is uniform and stable, which
can act as the adsorption site for transition metal atoms. The
special physical and chemical characteristics of BNTs indicates
that BNT may be a promising support for SACs.14,33 However, if
the BNTs can act as a good substrate in SACs for OER and HER
is unclear.

In this work, the catalytic activity of twelve transition metal
(Cr, Co, Ir, Mn, Mo, Ni, Os, Pd, Pt, Rh, Ru andW) doped BNTs for
OER and HER was systematically investigated using DFT calcu-
lations (Fig. 1). It was found that the central transition metal
atom determines the catalytic activity of OER and HER. Volcano-
type curves were found between the catalytic activity and
adsorption strength of the reaction intermediates. Among the 12
TM-doped BNTs, Rh/BNTs exhibited the best OER catalytic
activity and Co/BNTs displayed the best HER catalytic activity.
Computational methods

All calculations were performed within DFT framework by
DMol3 code.34 The generalized gradient approximation (GGA)
6842 | RSC Adv., 2022, 12, 6841–6847
with PW91 was selected as the exchange and correlation func-
tionals.35 The all-electron relativistic method was selected for
core treatment, which includes all electrons explicitly and
introduces some relativistic effects into the core.36 Double
numerical plus polarization (DNP) was selected as the basis
set.37 A smearing value of 0.005 Ha was used to accelerate the
electronic convergence. The actual truncation radius was set as
5.2 Å. The van der Waals (vdW) interaction is very important for
the adsorption of the adsorbate on the substrate.38 In order to
describe the vdW interaction, the DFT + vdWmethod within the
Grimme scheme was employed.39–41 The convergence tolerances
of energy, maximum displacement and displacement were 1.0
� 10�5 Ha, 0.005 Å, and 0.002 Ha/Å, respectively. The conver-
gence tests for truncation radius and energy convergence
tolerance was shown in Tables S1 and S2 of ESI.† The vacuum
layer was set to 20 Å to eliminate the interaction between two
periodic images.

In this work, the catalytic activity of BNTs doped with 12
different transition metal atoms (Co, Cr, Ir, Mn, Mo, Ni, Os, Pd,
Pt, Rh, Ru and W) for water splitting was systematically inves-
tigated. Previous work has shown that a-SWBNTs are all
metallic, regardless of their diameter and chirality.42 Therefore,
in this work, (6,0) zigzag a-SWBNT with one single cell was used
to describe the structure of born nanotube. The optimized
lattice constants for Co-, Cr-, Ir-, Mn-, Mo-, Ni-, Os-, Pd-, Pt-, Rh-,
Ru- and W-doped BNTs were 26 � 26 � 6.76, 26 � 26 � 6.76, 26
� 26 � 6.79, 26 � 26 � 6.77, 26 � 26 � 6.76, 26 � 26 � 6.79, 26
� 26 � 6.75, 26 � 26 � 6.79, 26 � 26 � 6.8, 26 � 26 � 6.79, 26
� 26 � 6.77 and 26 � 26 � 6.75 Å3, respectively. During the
process of water splitting, O2 was produced on the anode side
via the 4e� pathway and H2 was produced on the cathode side
via the 2e� pathway. For the OER reaction on the anode side, the
elemental reaction steps can be written as:

H2O(l) + * / OH* + H+ + e�

OH* / O* + H+ + e�

O* + H2O / OOH* + H+ + e�

OOH* / O2(g) + H+ + e�

For the HER reaction occurring on the cathode side, the
basic reaction steps can be written as:

2H+ + 2e� / H* + H+ + e�/ H2(g)

The adsorption energy (Ead) of the reaction intermediates on
TM/BNT was calculated as:

Ead ¼ Emol-TM/BNTs � Emol � ETM/BNTs (1)

where Emol, ETM/BNTs, and Emol-TM/BNTs represent the electronic
energies of the isolated molecule, the TM-doped BNTs and the
adsorption system, respectively.38,43,44 Based on this denition,
a negative Ead value indicates an exothermic adsorption
© 2022 The Author(s). Published by the Royal Society of Chemistry
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process. The reaction free energy (DG) of each elemental step in
the OER and HER processes was calculated based on the
computational hydrogen electrode (CHE) model.45 The DG value
was calculated as:

DG ¼ DE + DZPE + D
Ð
CpdT � TDS (2)

where DE was the change in total energy determined by the DFT
calculations, DZPE was the change of the zero-point energy,
D
Ð
CpdT was the contribution of heat capacity, DS was the

change of entropy and T represented temperature (298.15 K in
this case).10,46 The calculated free energy corrections were
summarized in Tables S3 and S4.† The OER overpotential (h)
was calculated with Nørskov's assumption:47

h ¼ DGmax/e � 1.23 V (3)

The aqueous environment was represented by the
conductor-like screening model (COSMO), and the dielectric
constant of the solvent was set to 78.54.

Results and discussion

The catalytic activity of pristine BNTs was rst checked. Three
different adsorption sites of pristine BNTs were considered
here. Fig. 2 shows the Gibbs free energy diagrams of the OER
and HER on pristine BNTs with three different adsorption sites.
The adsorption structures of reaction intermediates on BNTs
were summarized in Fig. S1 of ESI.† The overpotential values of
OER were calculated to be 1.50, 1.56, and 2.50 V, respectively,
and the overpotential values of HER were calculated as 0.26,
1.00, and 0.36 V. It is clear that the overpotential values of
pristine BNTs are signicantly higher than the benchmark
Fig. 2 Adsorption sites of pristine BNTs (a), free energy diagrams for theO
diagram for the HER on pristine BNTs (e).

© 2022 The Author(s). Published by the Royal Society of Chemistry
overpotentials of RuO2 (0.56 V) and Pt (0.09 V),47,48 indicating
that the catalytic activity of pristine BNTs is not as good as RuO2

or Pt.
Doping is one of the promising strategies to modify the

electronic structure of catalyst by changing the composition of
the active site. Introducing heterogeneous atoms into the
surface of catalysts can signicantly enhance the catalytic
performance. In order to further improve the catalytic activity of
the BNTs, the effect of dopants on the catalytic activity of BNTs
was investigated.

In the following step, the adsorption of free transition metal
atoms on BNTs was calculated. The adsorption energies are
summarized in Table S5.† The more negative the adsorption
energy is, the more stable the adsorption is. As shown in Table
S5,† the transition metal atoms can adsorb on the vacancy site
of BNTs stably. In other word, the vacancy of BNTs can anchor
the free transition metal atoms stably. Furthermore, the
adsorption energies of metal atoms on BNTs respect to bulk
metal were also calculated (shown in Table S6 of ESI†). Obvi-
ously, the values are larger than those based on free metal
atoms.

According to the Sabatier principle, the favorable adsorption
of the reaction intermediate on the surface of a catalyst is
a prerequisite for the catalytic reaction.49 Therefore, the
adsorption energies of the reaction intermediates on different
TM-doped BNTs were calculated and summarized in Table S7.†
It was found that the adsorption energy of the reaction inter-
mediates gradually decreased as the TMs varying from group 6
to group 10. As the adsorption strength of reaction intermedi-
ates determines the catalytic activity, the different adsorption
properties of the reaction intermediates on the TM-doped BNTs
will lead to different reaction kinetics. Furthermore, scaling
ER on pristine BNTswith site1 (b), site2 (c), and site3 (d), and free energy

RSC Adv., 2022, 12, 6841–6847 | 6843
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relationships between the reaction intermediates were found.
Three nearly linear relationship were observed between Ead-OH,
Ead-O, and Ead-OOH (Fig. 3). The tting equations are as follow:

Ead-O ¼ 1.34 Ead-OOH � 1.87 (4)

Ead-OH ¼ 0.58 Ead-OOH � 2.19 (5)

Ead-OH ¼ 0.44 Ead-O � 1.35 (6)

Where, the coefficient of determination values are 0.94, 0.87,
and 0.95, respectively. Therefore, the adsorption energy of OOH
can be used as a descriptor to characterize the catalytic activity
of the OER reaction. As shown in Fig. S2 of ESI,† the reaction
intermediates of OER adsorb an the top site of the doped
transition metal atoms. The TM–O bond controls the adsorp-
tion strength of the OER intermediates. The transition metal
atoms are the active centers for OER. The intrinsic property of
transition metal atoms determines the adsorption strength of
OER intermediates, and then results in the scaling relationships
between the reaction intermediates. The rst ionization energy,
which is dened as the amount of energy needed to remove an
electron from an isolated atom, represents an intrinsic property
of elements. As shown in Fig. 3(c), scaling relationships were
also found between the rst ionization energy and the adsorp-
tion energies of the OER intermediates. Generally, the smaller
the rst ionization energy, the stronger the adsorption of the
OER intermediates is.
Fig. 3 The relationship between the adsorption energy of OOH, O, an
adsorption energy of OH and the first ionization energy (c).

6844 | RSC Adv., 2022, 12, 6841–6847
The thermodynamic potential of water oxidation to produce
oxygen under standard conditions is 1.23 V. In the case of an
ideal catalyst, the DG of the four coupled proton and electron
transfer (CPET) steps is 1.23 eV. However, in practice, there is at
least one CPET step with a DG value larger than 1.23 eV. Fig. 4
shows the Gibbs free energy diagrams of OER on 12 different
TM-doped BNTs. As can be seen, the potential-determining step
of Cr-, Mn-, Co-, Mo-, W-, Os- and Pt-doped BNTs is the last step
(the decomposition of OOH), leading to DG values of 3.66, 2.71,
1.80, 3.57, 4.87, 3.37 and 2.37 eV, respectively. The formation of
OOH is the potential-determining step for Ru-, Rh- and Ir-doped
BNTs, with DG values of 2.32, 1.79 and 2.39 eV, respectively. The
potential-determining step of Ni- and Pd-doped BNTs is the
second step (the decomposition of OH), with DG values of 1.88
and 2.07 eV, respectively. The Gibbs free energy diagram shows
that Rh-doped BNTs exhibit the highest OER catalytic activity
due to the smallest reaction free energy of the potential-
determining step and the smallest overpotential (0.56 V).

A volcano curve exists between the overpotential and the
adsorption energy of the OOH intermediate species (Ead-OOH). As
shown in Fig. 5, the volcano curve can be divided into two
regions. Pd- and Rh-doped BNTs are located on the le branch,
while Co-, Ni-, Ru-, Ir-, Pt-, Mn-, Os-, Cr-, Mo- and W-doped BNTs
are located on the right branch. For Mn-, Os-, Cr-, Mo- and W-
doped BNTs, that located in the outlying right region of the
volcano curve, the strong adsorption energy of OER intermediates
makes it difficult to renew the catalysts and the active site is easily
poisoned. Rh-doped BNTs are located at the top of the volcano
d OH on TM-doped BNTs (a) and (b), the relationship between the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Gibbs free energy diagram of the OER on TM-doped BNTs.

Fig. 5 The volcano relationship between the Ead of OOH and the
overpotential of the rate-determining step of the OER on TM-doped
BNTs.
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curve due to the favorable adsorption energies of the reaction
intermediates, indicating that Rh-doped BNTs display the best
OER catalytic activity among the twelve TM-doped BNTs.

Next, the HER catalytic performance of TM-doped BNTs was
studied. The Gibbs free energy diagram of HER was shown in
Fig. 6(a). The adsorption structure of H atom on TM-doped BNTs
were summarized in Fig. S3.† It was found that the Gibbs free
energies for the reduction of H+ on Co-, Ni-, Pd-, Rh-, Mo-, Ru-, Ir-,
Cr-, Mn-, Pt-, Os- and W-doped BNTs were �0.02, �0.05, �0.06,
Fig. 6 (a) Gibbs free energy diagram of the HER on TM-doped BNTs, (b)
HER on TM-doped BNTs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
�0.18, �0.24, �0.26, �0.59, �0.76, �0.79, �0.81, �0.89 and
�0.98 eV, respectively. The overpotential values of HER on Co-,
Ni-, and Pd-doped BNTs are smaller than those on other TM-
doped BNTs, indicating that Co-, Ni-, and Pd-doped BNT cata-
lysts can exhibit better HER catalytic activity. The overpotential of
HER on Co/BNTs is very small (only 0.02 V), indicating excellent
HER catalytic performance. The adsorption energy of H also
plays an important role in the activity of HER. As shown in
Fig. 6(b), a volcano relationship also was found between the
overpotential of HER and the adsorption of H on TM-doped
BNTs. Co/BNTs display the best catalytic activity due to the
optimum adsorption energy of H. Note that the volcano rela-
tionship for HER on TM-doped BNTs in this work is different
from the classical volcano curve for transition metal catalysts,
where Pt exhibits the best HER catalytic activity.50 This is because
TM-doped BNTs can be characterized as single atom catalysts
and the transitionmetal atoms in TM-doped BNTs are separated,
which results in different electronic structures compared with
bulk transition metals. Recently published works have shown
that the adsorbates from the electrolyte can adsorb on the active
site and play a important role in the catalytic activity.51,52 In this
work, the HER process viaH2O on Co-doped BNTs, which exhibit
the best HER catalytic activity with the Volmer–Heyrovsky
mechanism, was considered. As shown in Fig. S4,† the free
energy for HER process via H2O is 1.06 eV, which is very high to
overcome, indicating that HER process on Co-doped BNTs
prefers to through Volmer–Heyrovsky mechanism.
the volcano relationship between the Ead of H and the overpotential of

RSC Adv., 2022, 12, 6841–6847 | 6845
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Fig. 7 The partial density of states (PDOS) of the transition metal doped BNTs.
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It is well-known that the catalytic activity of catalysts is
determined by the adsorption strength of the intermediates,
which can be affected by the surface electronic states of the
catalysts. In order to further explore the origin of the interaction
between the reaction intermediates and the TM-doped BNTs,
the electronic structures of three TM-doped BNTs were inves-
tigated. The partial density of states (PDOS) of transition metal
doped BNTs are shown in Fig. 7. The relative reaction perfor-
mance of the catalyst surface is reected by the position of the
d-band center, which can be understood as the average energy
of d electrons (dividing the total energy by the number of
electrons to get the average energy of d electrons).53 As can be
seen from Fig. 7, the d-band center is shied to the le relative
to the Fermi level as the central metal varying from le to right
in a period, which results in a downward shi of the anti-
bonding states and leads to a decrease in the adsorption
energy of the intermediate on the central metal atom. This is
consistent with the adsorption energies of the reaction inter-
mediates in Table S7.† The PDOS states based on GGA + U
approach were also calculated, as shown in Fig. S5.† Although
the calculated d-band center values of transition metals based
on the GGA + U method are different from those based on GGA
approach, they show the similar trend.
6846 | RSC Adv., 2022, 12, 6841–6847
Conclusions

In this work, the catalytic performance of TM-doped (Cr, Co, Ir,
Mn, Mo, Ni, Os, Pd, Pt, Rh, Ru and W) BNTs as a new type of
water electrolysis catalyst was investigated using DFT calcula-
tions. It was found that the catalytic performance of OER and
HER is closely related to the doped TM atoms. Co/BNTs exhibit
the best HER catalytic activity with an overpotential of only
0.02 V. For OER, the catalytic activity of Rh/BNTs was signi-
cantly higher than other TM-doped BNTs. This work provides
insight into OER and HER reaction mechanisms on TM-doped
BNTs and provides guidance for the design of high-
performance water electrolysis catalysts.
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