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ABSTRACT: Developing an efficient catalyst that can reduce CO to economically
viable products provides a pathway to achieve carbon neutrality. For this purpose, we
introduce and characterize boron phosphide nanotubes, a class of materials that allow
one to reach a goal without costly and toxic metal atoms. The tubular configuration
imparts a confining effect, facilitating CO adsorption and catalytic reduction into
ethanol. By calculating the transition state conditions under different charging and
using grand canonical potential kinetics, we establish the transition state energy
barriers in the system at different electrochemical potentials. We further elucidate the
kinetics and mechanism of the entire reaction process at the microkinetics level and
predict the onset potential to be −0.30 V with the Tafel slope of 93.69 mV/dec.
Finally, we demonstrate control over concentrations of the products and intermediate species by the choice of pH and the applied
potential. The characterized material class and established chemical mechanisms guide design of electrocatalysts for producing
multicarbon products.

■ INTRODUCTION
Fossil fuels, as the primary sources of energy, have facilitated
industrial development over the past few centuries. However,
they have also led to excessive emissions of greenhouse gases,
such as carbon dioxide, further exacerbating climate change
and other global environmental issues. Reduction of carbon
dioxide (CO2) and carbon monoxide (CO) provides a
promising method for converting alternative, renewable energy
sources, such as solar energy, into chemical energy in the form
of fuel and raw materials.1−8 Currently, catalytic reduction of
CO2 is considered as a green and environmentally friendly
approach to produce a range of multicarbon products,
including carbon monoxide, methane, methanol, ethanol, and
ethylene.9−19 The process both solves the problem of carbon
imbalance and generates important industrial and medical
products, e.g., methane and ethanol, making it a win-win
solution to the environmental and energy problems faced by
modern society. However, several key challenges need to be
addressed to make the catalytic reduction of CO a viable
solution. The process has been limited by the high over-
potential required for the CO reduction, as well as by the
competitive hydrogen evolution reaction (HER), which has
resulted in low production efficiency and unfavorable energy
utilization.15,20 Therefore, it is particularly important to find
catalysts with high activity, stability, and selectivity.
In recent years, significant progress has been made in the

reduction of CO2 and CO.21,22 Since the successful synthesis
of graphene in 2004,23 significant research efforts have been
dedicated to two-dimensional materials, such as transition
metal carbides and nitrides (MXenes)24 and transition metal
dichalcogenides (TMDCs).25 Two-dimensional materials have

a high specific surface area and are therefore promising for
applications in electrochemical reactions.26 In comparison with
traditional two-dimensional planar materials, nanotubes have
been proven a promising platform for promoting catalysis due
to their unique tubular structure that facilitates mass diffusion,
promotes charge transfer, and provides ultrahigh specific
surface area.27−29 Further, transition metal phosphides have a
great potential for applications in catalysis.30,31 Boron
phosphide nanoparticles can be used for CO reduction
reactions,32 and the boron and phosphorus chemical elements
can enhance the catalytic properties of materials.33,34

Currently, traditional quantum mechanical (QM) calcu-
lations are performed under the assumption of a fixed number
of electrons, while there may be significant changes in the
number of electrons during the reaction. Grand canonical
quantum mechanics allows the charge to vary continuously
during the calculation of the reaction properties, representing
the constant applied potential experimental conditions.
Formulation of the grand canonical potential kinetics (GCP-
K) allows one to obtain accurate description of catalytic
reactions.35 The accuracy of the GCP-K approach has been
validated in recent studies on single-crystal Co/TiO2 nano-
particles, with the experimental results showing a close
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agreement with the predicted relationship between turnover
frequency (TOF) and applied potential, as well as the Tafel
slope.36

In this study, we design and characterize boron phosphide
nanotubes (BPSWNT), a class of materials for the catalytic
reduction of CO, as illustrated in Figure S1. We demonstrate
the thermodynamic and dynamic stability of the material using
ab initio molecular dynamics (AIMD) and phonon spectros-
copy. Leveraging the unique tubular structure of the BPSWNT,
we propose a strategy to enhance the CO reduction reaction
(CORR) within the confinement of the tube, thereby
promoting catalytic performance. The curvature of the inner
and outer walls of the tube facilitates favorable CO molecule
adsorption as well as subsequent coupling and protonation
steps. Employing the GCP-K approach, we report detailed
microkinetic simulations, yielding an onset potential of −0.30
V and a Tafel slope of 93.69 mV/dec for the boron phosphide
nanotube material at a current density of 10 mA/cm2.

■ METHODS
Spin-polarized density functional theory (DFT) calculations were
conducted using the Vienna ab initio simulation package (VASP),
employing the Perdew−Burke−Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) to describe exchange-
correlation energy.37 Electron−ion interactions were treated with the
projector augmented wave (PAW) method,38 while van der Waals
interactions between atoms were considered using the DFT-D3
method with Becke−Jonson damping.39 A plane-wave basis with a
cutoff energy of 450 eV was utilized. Brillouin zone sampling was
achieved employing the Gamma scheme with a 1 × 1 × 3 k-point grid
for structural optimizations. Convergence thresholds for energy and
forces on each atom were set to 10−5 eV and 0.05 eV/Å, respectively.
To account for solvation effects, the VASPsol model40 was integrated,
employing a water dielectric constant of 78.50.

In this study, ab initio molecular dynamics (AIMD) simulations
were conducted to evaluate the thermodynamic stability of the
system. The NVT ensemble was utilized, maintaining a temperature
of 300 K over a duration of 10 ps with a time step of 1 fs.
Concurrently, we employed phonon spectroscopy software to
simulate and assess the dynamic stability of the system. Additionally,
the crystal orbital Hamiltonian population (COHP) analysis was
conducted using the Lobster 4.0.0 code.41−43 We employed the
climbing-image nudged elastic band (CI-NEB) method44 to locate the
transition state (TS) and determine the reaction pathway.

Subsequently, we utilized JDFTx45 to compute the single-point
energy of the optimized structure obtained from VASP, employing the
CANDLE46 solvation model. For the single-point energy calculation

in JDFTx, we employed the USPP pseudopotential, set the free
energy convergence threshold to 10−6 Hartree, used a k-point grid of
1 × 1 × 3, specified a system cutoff energy of 15 hartree, and the spin
type was designated as spin-polarized.47

■ RESULTS AND DISCUSSION
Structure. Previous studies showed that boron phosphide

nanoparticles have emerged as promising catalysts.32 In this
work, we have designed boron phosphide nanotube
(BPSWNT) structures by transforming two-dimensional
nanosheets into tubular configurations, aiming to enhance
the material’s catalytic activity. The material depicted in Figure
S1 consists of a B atom and a P atom. The inner radius of the
tube is approximately 5.70 Å. Boron phosphide nanotubes
feature a hexagonal honeycomb structure composed of boron
and phosphorus atoms with an average B−P bond length of
around 1.90 Å.
Boron phosphide nanotubes, composed of boron and

phosphorus atoms, share structural similarities with carbon
nanotubes. The inner space of these nanotubes provides space
for accommodating the CO molecules and the ethanol
molecules generated during the reduction reaction. Through-
out the carbon monoxide reduction process, the structure of
the nanotubes undergoes subtle changes as the reaction
proceeds, eventually regaining its original shape after the
ethanol is produced. This also indicates that phosphorus boron
nanotubes have a certain degree of flexibility, allowing them to
withstand certain fluctuations while maintaining their overall
integrity.
To determine the stability of boron phosphide nanotubes,

the thermodynamic stability of the material was explored
through AIMD. Considering that electrochemical CO
reduction reactions typically occur in aqueous solutions at
room temperature and pressure, we simulated the energy and
temperature fluctuations of the material at 300 K over a
duration of 10 ps with a time step of 1 fs. Figure 1a presents
the geometric structure of the material at 0 and 10 ps during
AIMD, revealing minimal structural changes. This observation
underscores that under room temperature conditions, boron
phosphide nanotube materials maintain a stable state. In
addition, phonon spectrum calculations were conducted to
evaluate the dynamic stability of the material, as shown in
Figure 1b. The calculation results indicate that the material has
almost no imaginary frequency under the 0 scale, which
provides additional evidence for the dynamic stability of the

Figure 1. Stability of the BPSWNT. (a) AIMD of BPSWNT at the temperature of 300 K. Left and right coordinate axes represent temperature and
energy, respectively. Initial structure of the calculation and the completed structure are shown in the illustration. (b) Phonon dispersion spectrum
of BPSWNT.
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material. In summary, these findings confirm the stability of the
boron phosphide nanotubes.
CO Adsorption. Adsorption serves as a pivotal initial step

in reaction pathways, and without adsorption, subsequent
reactions will not occur; therefore, determining the adsorption
site is crucial. Considering that the material is a repetitive
tubular structure composed of boron and phosphorus atoms,
two types of CO adsorption scenarios can be considered: one
with single B and P atoms acting as active sites and the other
with adjacent B and P atoms or two P atoms acting as a two-
site mode. In the case of two-site CO adsorption, the distance
between the two adsorption sites must match the length of the
C−O bond. In the case of double-site CO adsorption, the
distance between the two adsorption sites must match the
length of the C−O bond. However, the distance between the
two B or P atoms is about 2.20 Å, while the C−O bond
distance in CO is about 1.14 Å, which is a large difference, thus
preventing the successful adsorption of CO. Consequently,
such scenarios are excluded from consideration. Subsequently,
we optimized the structures for the remaining six config-
urations individually, as shown in Figure S2. Through
calculations, it was determined that when a B atom acts as a
single active site for vertical CO adsorption, successful fixation
of CO onto the substrate occurs, while other configurations fail
to achieve CO adsorption.
After confirmation of the CO adsorption based on B atoms,

distinctions arise between the inner and outer walls of the
catalyst material due to its tubular structure. Subsequently, we
conducted calculations to evaluate the CO adsorption on both
the inner and outer walls of the tube with B atoms as the active
site. The computational results are depicted in Figure 2.
Observations reveal successful CO adsorption on both
surfaces; the free energy of the structure adsorbing CO inside
the tube wall is −1.18 eV at an applied potential of 0 V.
However, when the material adsorbs CO on the outer side, the
free energy is −0.99 eV at an applied potential of 0 V, which is
0.19 eV higher than that of the inner side adsorption. This
difference indicates that CO is more conducive to reaction

inside the tube wall. It is worth noting that during CO
adsorption, there is a significant atomic position shift on the
substrate, resulting in a boron atom in the material showing a
tendency to approach the adsorbed CO molecules, while
adjacent phosphorus atoms shift in the opposite direction.
At the same time, we calculated the free energy of the

adsorption of H on the inner and outer sides of the BPSWNT
material, respectively, as shown in Figure 2. It can be found
that the free energy of the material is −0.03 eV in the inner
adsorption of H, which is 0.26 eV higher than that of −0.29 eV
in the outer adsorption of H. However, both cases are higher
than that of the material’s adsorption of CO, so that the
BPSWNT material is more likely to be subjected to CORR,
and it can effectively inhibit the occurrence of HER.48−50 We
also calculated the free energy changes of the HER and CORR
at different potentials, as shown in Figure S3. It can be
observed that under an applied voltage of −0.3 V, the free
energy of CORR is −1.15 eV, while that of HER is −0.43 eV,
which also proves that the activity of the CORR is still superior
to that of the HER at different potentials.
An insight into the electronic properties of this system can

be gained by calculating the integrated crystal orbital
Hamiltonian population (ICOHP) and Bader charge, as
shown in Figures S4 and S5. It is worth noting that the
ICOHP value of the C−O bond is highest at −9.90 eV when
CO is adsorbed inside the tube. The outer adsorbed C−O
bond has an ICOHP value of −9.96 eV, which is lower than
the ICOHP value of the inner part of the tubular structure,
which also suggests that adsorption of CO in this case presents
the highest degree of activation of the C−O bonding state, and
its bonding state is located at the rightmost of the two cases as
proof, as shown in Figure S4. This observation indicates that
the C−O bond is maximally activated in this case, achieving
the best adsorption effect, confirming our early findings, as
shown in Figure 2.
In addition, the study of Figure S5 reveals interesting

insights into the Bader charge distribution when CO is
adsorbed on the inner side of the tubular structure. It is worth

Figure 2. (a) Structures of BPSWNT with CO and H adsorbed on the inner and outer sides, respectively. (b) Free energies of the four structures in
Figure 2a at 0 V.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c02106
Chem. Mater. 2025, 37, 1382−1392

1384

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


noting that this configuration exhibits the lowest total Bader
charge value of the CO molecule, which is −0.48 |e|, lower
than the −0.31 |e| adsorbed on the outer side of the tubular
structure, indicating that the maximum electron supply from
the tubular structure to the adsorbed CO molecules can be
achieved on the inner side. This difference illustrates the
excellent electron supply capacity of the tubular structure,
which further enhances its effectiveness in adsorbing CO.
C−C Coupling. Building upon the successful adsorption of

CO, the pivotal step in generating a multicarbon product
containing two carbon atoms is C−C coupling. By combining
the carbon atoms from two single carbon structures are
combined in a coupled form, a dual carbon product can be
formed. This paper primarily focuses on the coupling step of
two CO molecules, ultimately yielding COCO, from which
subsequent multicarbon products are generated. Given the
significance of coupling in the reaction pathway, this section
specifically conducts transition state calculations on the
coupling steps to further investigate the mechanism of
coupling.
The coupling method considered in this paper is to adsorb a

CO molecule on a B atom and then directly capture another
free CO with the adsorbed CO and then couple to form
COCO, which is shown in Figure S6, with a calculated
transition-state barrier of 0.43 eV. From the transition state
structure in Figure S6, it can be seen that the free CO initially
approaches the adsorbed CO from the air, and at this time, the
C−C distance between them is 3.60 Å. Then, the C atom in
the two CO molecules couple, so that the free CO is captured
by the adsorbed CO, and the transition state structure is
formed; at this time, the C−C distance is 1.99 Å. After the C−
C coupling to form COCO, the C atom is finally adsorbed by
the P atom of the neighboring B atom. Finally, the boron and
phosphorus nanotubes adsorb the two C atoms of COCO
onto the neighboring boron and phosphorus atoms, complet-
ing the reaction step with a C−C distance of 1.59 Å.
At the same time, we also considered the addition of more H

to the reaction environment, as shown in Figures S7 and S8. It
can be seen that in the path calculations under two H
environments, the highest required energy is −0.60 eV, and
then, the highest energy required for H to react with
intermediates is −0.71 eV, indicating that it is more likely to
occur. Further, our calculations indicate that the interaction
between H and CO−CO coupling intermediates is better than
that between H and the material, as shown in Figure S9.
Following the discussion of adsorption and coupling

reactions above, we performed transition state search
calculations for the subsequent 8-electron pathway to the C2
product ethanol (CH3CH2OH) over boron phosphide nano-
tube catalysts. The transition state barriers for the subsequent
hydrogenation and protonation steps are all close to zero,
except for the hydrogenation of *CH3COH to *CH3CHOH,
which has a higher transition state barrier of 0.42 eV. The main
reason for the generation of the high-energy barrier is the
change in the reaction site, the C atom on the substrate of the
CH3COH linkage is in a tetra-coordinated state, and the
reaction site needs to be reduced by one to provide a position
for the H in the process of hydrogenation, as shown in Figure
S10. Also, Figures S11−S16 show the structure of the initial,
transition, and final states with transition state energy barrier
close to 0.
Grand Canonical DFT Calculation. At the same time, we

also carried out calculations for the transition states with

different charges and listed the change of the transition states
with different charges for the steps with higher energy barriers,
as shown in Figures S17−S18. From the figures, it can be
found that for the transition state energy barriers of different
steps, the effects of different charges on them are different, the
step of coupling has a smaller change for the charge effect, and
the transition state energy barriers are almost similar to the
change of charge, which basically remains at 0.43 eV from
−0.25 to 0.25 e. For the step of *CH3COH hydrogenation to
*CH3CHOH, the transition state energy barrier is affected by
the change of charge, as shown in Figure S14, the transition
state energy barrier is more affected by the charge, and in the
case of going from −0.25 to 0.10 e, the transition state energy
barrier decreases from 0.49 to 0.40 eV. In the discussion above,
the transition state energy barrier of the coupling is the highest
in the case of zero charge. However, from the calculations of
different charges, it can be found that in the case of −0.25 e,
the *CH3COH hydrogenation is 0.06 eV higher than the
transition state barrier of the coupling step. The transition state
barrier of *CH3COH hydrogenation is 0.03 eV lower than the
transition state barrier of the coupling step at 0.10 e. Therefore,
the study of the situation at different charges can be beneficial
to a more in-depth understanding of the reaction mechanism
of the catalytic process.
In order to further investigate the effect of different charges

on the transition state, we plotted the effect of charge on the
structural change of the transition state, as shown in Figure
S19. O−H bond distance versus net charge change for the
transition state structure of *CO*COH hydrogenated to
generate *COH*COH. It can be found that for the transition
state for the hydrogenation of COCOH to generate
COHCOH, its O−H bonding distance changes from 2.72 to
2.67 Å in the range of charge change from 0 to 1 e, which is a
shortening of the distance by 0.05 Å. This also indicates that
the bonding distance required for the transition state decreases
gradually with the increase of charge, which means that the
reaction gets closer to the product and vice versa to the
reactant.
In traditional density functional theory (DFT), it typically

employs a fixed number of electrons. However, real
experimental responses tend to keep the potential constant.35

In our study, we introduced GCP (U) to consider electronic
changes of the system by establishing an invariant potential,
thereby obtaining a more realistic representation of catalytic
reactions. Initially, we optimized the structure of systems with
different charges by using VASP software. Subsequently, we
derived the free energy of the system using the JDFT method45

for grand canonical DFT energy calculations under the
CANDLE46 implicit solvent model conditions.
Recently, the grand canonical potential kinetics (GCP-K)

methodology has been developed to characterize the change in
response with an applied potential as the independent
variable.51 GCP-K transforms F(n), which describes the free
energy in terms of charge as a variable, into G (n; U) in terms
of applied potential and charge by means of the Legendre
transformation, which is defined as52,53

=G n U F n ne U U( ; ) ( ) ( )SHE ((1))

where G is the grand canonical potential free energy, which is
obtained from the function F(n) describing the total free
energy in terms of charge as a variable, the number of electrons
( n ) , t h e e n e r g y o f t h e e l e c t r o n s
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= =( )U , 4.66 eVSHE e e,SHE
e,SHE at the standard hydrogen

electrode (SHE), and the applied potential (U vs SHE). In
order for G to be described by an applied potential, this would
require matching the electron Fermi energy level with the
energy level of the applied potential by varying the occupation
of the electron band and thus the number of electrons.46 And
that means

= =dG n U
dn

dF n
dn

e U U
( ; )

0 or
( )

( )SHE ((2))

Therefore, according to formulas S21−S23, the grand
canonical potential as a function of U can be defined as

= = [ ]

= + + +

U G n U F n ne U U

a
b eU c n n eU

GCP( ) min ( ; ) min ( ) ( )

1
4

( )

n n

e e

SHE

,SHE
2

0 ,SHE 0

((3))

Following these calculations, we observed a linear relationship
between the reaction free energy F(n) obtained through the
JDFT method and the net charge of the system, as shown in
Figure 3a. Subsequently, by subtracting the contribution of

Figure 3. Relationship between free energy and net electron number of the structure of *CH2COH in BPSWNT under the grand canonical
potential. (a) Relationship between total free energy and the net number of electrons. (b) Relationship between free energy and the net number of
electrons after removing electron contributions under standard hydrogen electrode (SHE) conditions. (c) Relationship between free energy and
net electron number obtained by increasing the potential to −0.30 V.

Figure 4. Reaction (a) transition state energy barriers and (b) free energy of FS-IS for the three key steps of C−C coupling to generate *CO*CO,
*CO*CO hydrogenation to achieve *CO*COH and *CH3COH hydrogenation to generate *CH3CHOH in BPSWNT at pH = 0 under applied
voltages of −0.10, −0.30, and −0.50 V.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c02106
Chem. Mater. 2025, 37, 1382−1392

1386

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02106/suppl_file/cm4c02106_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02106?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


each electron at the standard hydrogen electrode (SHE), a plot
of the corrected free energy against the net charge of the
system was constructed, as shown in Figure 3b. It can be found
that the free energy of the system at this point is quadratically
related to the net charge. The minimum value of free energy is
at −0.50 e net charge, which reduces it by 0.44 eV compared
to the free energy at 0.75 e net charge. Lastly, the reaction
continues to occur and proceeds under an external potential.
As shown in Figure 3c, G(n) also exhibits a quadratic
relationship with net charge. At this point, the lowest point
of the quadratic function is located near the 0 net charge,
which is shifted to the right by 0.50 e net charge compared to
the case without an applied potential, which also indicates that
for the *CH2COH intermediate, the application of an external
potential of −0.30 V is equivalent to an increase of the system
by approximately 0.50 e net charge. At the same time, it can be
noticed that the quadratic relationship between energy and
charge in the system is enhanced and made more pronounced
with the introduction of the applied potential.
By fitting the relationship between the free energy and

charge of the system, we obtained the corresponding
parameters a, b, and c for each intermediate species, as
shown in Tables S1−S3. Using these parameters, we
established the relationship between the applied potential
and energy. After completing the calculation of intermediates,
we also performed corresponding calculations on the transition
states of each step in the entire reaction and obtained similar
patterns. We have listed in Figure 4 the free energy and
transition state barriers of key steps under applied potentials of
−0.10, −0.30, and −0.50 V. It can be observed that the
influence of the transition state barrier of the coupling step on
the potential change is relatively small. With the increase of the
applied potential, the transition state barrier basically remains
at 0.43 eV, but the free energy will decrease under the
influence of potential, from the original 0.11 to 0.07 eV. At
potential of −0.10 V, the highest energy barrier step is the step
of *CH3COH hydrogenation to generate *CH3CHOH, it is
greatly affected by potential changes, and as the applied
potential is more negative, its transition state energy barrier
will decrease from 0.72 to 0.46 eV.
All of the intermediates and transition state free energies in

the reactions are calculated using the quadratic transformation
of the energy obtained through grand canonical calculations.
Given that the reaction rate for each step is directly influenced
by the applied potential, we derived rate equations to
understand the variation rates at each step of the reaction.
Finally, we established a microkinetic model to obtain the

overall reaction rate and concentrations. The rate equation for
each intermediate state in the reaction is shown in formulas
S1−S10 in the Supporting Information.
Microkinetics. The Eyring rate equation is used to express

the rate constant of a chemical reaction and is given by the
following expression: =k ek T

h
G k T/B B . Among them, kB is the

Boltzmann constant, h is the Planck constant, T is the reaction
temperature (room temperature = 298.15 K), and ΔG is the
energy barrier for each transition state of the reaction. xi
represents the concentration of each species in the reaction,
and we have established constraint conditions ∑ixi = 1. At the
same time, because we are considering steady-state conditions,
the left side of the above rate equation is 0, so we can solve for
the species concentration in each step of the reaction. By
solving the above equation, we obtained the reaction rates of
each intermediate state in the total reaction under steady-state
approximation conditions. We ultimately derived the function
of the current density variation with applied external potential,
represented as the I−V curve and Tafel slope plot, as shown in
Figure 5. From the graph, it is observed that at a current
density of 10 mA/cm2, the onset potential of the system is
−0.30 V, with a corresponding Tafel slope of 93.69 mV/dec.
Meanwhile, as shown in Tables S4 and S5, we listed the

relevant values of the onset potential and Tafel slope for
electrocatalytic reduction of CO or CO2 with other materials,
thus illustrating the superior performance of the BPSWNT
material for the electrocatalytic reduction reaction. The onset
potential of the BPSWNT material was −0.30 eV, the Tafel
slope was 93.69 mV/dec, and both the onset potential and the
Tafel slope of BPSWNT are better than most of the current
electrocatalysts.
We plotted Figure 6 to obtain the concentration of species at

a key step of the reaction at different potentials. As seen from
Figure 6, the highest concentration of intermediate structures
in *CH3COH was observed under low potential conditions. It
can also be seen from Figure 4 that the hydrogenation of
*CH3COH is the highest energy barrier to be crossed among
all the intermediates, under 0 to −0.30 V applied potential
conditions. As a result, at an applied potential of 0 V, the
highest concentration fraction of the *CH3COH intermediate
is close to 1 and the concentration fractions of the other
intermediates are near 0. Then, when the applied potential
reaches the onset potential of −0.30 V, the reaction starts to
proceed and the concentration fractions of the other
intermediates begin to increase. Because the energy barrier
of the coupling step is less affected with potential and basically

Figure 5. (a) Relationship between applied potential and current density of BPSWNT under acidic conditions. (b) Corresponding Tafel curve.
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stays at 0.43 eV and the energy barrier of the *CH3COH
hydrogenation step is greatly affected by potential, the *CO

concentration starts to increase at an applied potential of
−0.43 V. It can be found that at an applied potential of −0.60

Figure 6. Changes in the concentration components of reaction intermediates at different potentials at pH = 0 (concentrations normalized to 1).
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Figure 7. Changes in the concentration composition of reaction intermediates (concentration normalized to 1) at different pH values with applied
potentials of −0.10, −0.30, and −0.50 V.
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V, the *CO intermediate has become the main component.
*CO intermediate has become the main component with a
concentration of 59%, and the concentration component of
BPSWNT-CH3COH intermediate decreases from 100% to
39%.
From Figure 7, it can be found that at an applied potential of

−0.10 V, there is almost no change in the intermediate species
except that the concentration starts to change when
approaching the neutral condition. This is because it can be
found in Figure S20 that at −0.10 V applied potential at pH =
3.50, the energy barrier for the hydrogenation of *CH3COH
still remains the highest at 0.57 eV, so the concentration of
*CH3COH intermediate has been dominant and close to 1. At
pH 7, the energy barrier for the hydrogenation of *CH3COH
to form *CH3CHOH is 0.45 eV, and the coupling energy
barrier is 0.43 eV, so the *CH3COH intermediate no longer
dominates and the CO intermediate fraction starts to increase,
but since it is still 0.02 eV lower, the *CH3COH and *CO
concentrations are 82% and 18%, respectively, at pH = 7.
When the applied potential reaches −0.30 V, it can be found

that at pH = 0, the energy barrier of *CH3COH hydrogenation
stays the highest at 0.58 eV in Figure S21, so the concentration
fraction of *CH3COH is close to 1. At a pH of 3.5 and an
applied voltage of −0.30 V, the energy barrier of *CH3COH
hydrogenation is still the highest at 0.46 eV, but the coupling
barrier is just lower by 0.03 eV, so the *CO intermediate
component starts to increase to 16%. When pH is 7, the energy
barrier of *CH3COH hydrogenation becomes 0.36 eV, the
coupling energy barrier is 0.43 eV, and the hydrogenation
energy barrier after coupling is 0.51 eV. So, *CH3COH
intermediate component decreases, and the concentration
components of *CO and *COCO intermediates increase,
which are 78% and 22%, respectively.
When the applied potential reaches −0.50 V, at pH = 0, the

coupling energy barrier is close to that of CH3COH
hydrogenation to produce CH3CHOH, which is 0.43 and
0.46 eV, respectively, as shown in Figure S22. CH3COH
intermediate no longer directly dominates as before, and its
concentration fraction is 86%. When the pH is 3.50, its
transition state energy barrier of 0.36 eV has been the smallest
of the three key transition state energy barriers, so its
concentration component in this interval decreases rapidly.
The energy barrier of hydrogenation after coupling is 0.07 eV
higher than the coupling energy barrier, so the concentration
of *CO intermediate begins to decline and the concentration
of *COCO intermediate begins to rise. Until pH = 7, *CO and
*COCO intermediates together occupy the main position, and
the concentration components are 49% and 51%, respectively.
In the meantime, we also considered the possibility of

generating C1 and C2 products. For the C1 product, we
considered CO hydrogenation to form COH and CHO, and
we determined that the BPSWNT material is more likely to
produce CHO. The energy required to produce COH is higher
than that for the rate-determining step of the C2 pathway. On
this basis, we calculated the free energy of each reaction step in
the subsequent generation of CH4 products, as shown in
Figure S23. We also calculated the transition states of the CO
hydrogenation to generate CHO and the transition states of
the CHO and CO coupling, as shown in Figure S24. These
energy barriers at zero charge are 2.18 and 1.06 eV,
respectively, while the transition state energy barrier for the
CO−CO coupling is 0.43 eV. This indicates that the two CO

couplings are more likely to occur, proving that for BPSWNT
materials, C2 reactions are more favorable.
On this basis, we also considered ethylene and calculated its

path structure free energies, as shown in Figure S25. We find
that ethylene can adsorb on the substrate, while ethanol cannot
adsorb on the substrate and will be directly desorbed, as shown
in Figure S26. This also indicates that for BPSWNT materials,
producing ethylene is more difficult than producing ethanol.
Therefore, this article mainly discusses the reaction pathway
for producing ethanol. Similarly, we calculated alternative
pathways for generating ethanol and considered using *C*CO
instead of *COH*COH to generate *C*COH, as shown in
Figure S27. The energy required to generate *C*COH
through *COH*COH is −0.95 eV, and the energy required
to generate *C*COH through *C*CO is −0.66 eV. Therefore,
*COH*COH is more easily formed. Hence, we adopt the
current pathway to generate ethanol.

■ CONCLUSIONS
In summary, we have designed a boron phosphide nanotube
material for catalytic CO reduction reactions. The thermody-
namic and dynamic stability of the material has been confirmed
through ab initio molecular dynamics and phonon spectros-
copy, demonstrating feasibility for experimental synthesis.
Subsequently, we have reported an extensive investigation of
the electronic characteristics of CO adsorption on the tubular
structure. Our results show that the material is able to adsorb
CO more easily on the inner side by utilizing the confinement
effect unique to its tubular structure, which improves the
adsorption performance. Subsequently, we characterized the
coupling methodology of the material, ultimately identifying
the optimal coupling approach. Lastly, we have established the
reaction mechanism and kinetics of boron phosphide nano-
tubes in CO reduction reactions using a grand canonical
potential kinetic approach (GCP-K). Through this method, we
have predicted that the onset potential of the material for the
CORR is −0.30 V, and the Tafel slope is 93.69 mV/dec. We
have demonstrated control over the reaction step barriers, free
energies, and concentration of reaction intermediates by the
applied potential and pH value. The designed material is
efficient and stable, providing a promising route to electro-
chemical CO reduction and related chemical processes.
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