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The synthesis of high-value multi-carbon products through the electrochemical reduction of carbon
monoxide (COER) is one of the promising avenues for carbon utilization and energy storage, in which
searching for efficient electrocatalysts that exhibit moderate CO intermediate binding strength and low ki-
netic barrier for C-C coupling is a key issue. Herein, by means of comprehensive density functional theory
(DFT) computations, we theoretically designed three synergistic coupling catalysts by co-doping transition
metal (TM = Fe, Co and Ni) and boron (B) into the two-dimensional black phosphorene (BP), namely TM-
B@BP for COER to C, products. DFT computations and ab initio molecular dynamics simulations reveal
the good stability and high feasibility of these proposed TM-B@BP catalysts for practical applications and
future experimental synthesis. More interestingly, high-value ethylene (C;H,), ethane (C;Hg) and ethanol
(C;HsOH) products can be obtained on these three designed electrocatalysts with ultra-small limiting
potentials (—0.20~-0.41 V) and low kinetic energy barriers of C-C coupling (0.52~0.91 eV). Meanwhile,
the competitive one-carbon (C;) products and hydrogen evolution reaction can also be effectively sup-
pressed. The promising activity and selectivity of these three designed electrocatalysts render them ideal
candidates for CO electroreduction, thus providing a cost-effective opportunity to achieve a sustainable

production of high value C, chemicals and fuels.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemical conversion of carbon dioxide (CO,) has been
regarded as an attractive solution to reduce carbon emission called
for by the Paris Agreement, as well as a renewable and sustainable
carbon cycle route [1-3], in which green renewable electricity with
low cost can be used to produce valuable carbon-based fuels and
chemicals using high-efficiency electrocatalysts [4-6]. In this field,
the technologies of converting CO, to CO have already reached the
level of industrial application [7], because many synthetic electro-
catalysts can achieve this process with high-efficiency and low en-
ergy consumption, such as various Ni single-atom catalysts [8-11].
However, it is difficult to obtain C, products (e.g., C;Hy, C;Hg and
C,Hs0H) with higher economic value and wider industrial appli-
cations, due to the limitations of C-C coupling process during the
CO, electroreduction [12,13].
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Therefore, the electrocatalytic reduction of CO (COER) to pro-
duce C, chemicals has become an effective alternative to the di-
rect CO, conversion, because CO has been an increasingly low-cost
feedstock through CO, electroreduction, as well as the key reaction
intermediate for the C-C coupling process through two possible
mechanisms, including the direct CO dimerization and “carbene”
mechanism, in which a second CO molecule couples with some
carbon-containing intermediates, such as CHO*, CH* and CH,* [13-
16]. Remarkably, many theoretical and experimental works have
recently explored the high feasibility and attractive prospects of
CO reduction (including the improved reaction selectivity and yield
compared with direct CO, reduction), to obtain valuable C, prod-
ucts with high energy density and value [14-19]. However, in order
to drive the direct electrochemical conversion of CO molecules, it
is highly desirable to develop efficient electrocatalyst to overcome
the huge kinetic barrier of CO coupling.

Currently, the exploration and fabrication of efficient electrocat-
alysts for COER are mainly focus on transition metals (TM) and
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boron (B) atoms due to their coexistence of empty and occupied
orbitals, following the “acceptance-donation” mechanism to acti-
vate and convert CO molecules [20-24]. However, the CO coupling
process is difficult to be achieved on the single isolated TM or B
catalytically active site [18,25-27]. Especially, during the CO, elec-
troreduction, the products obtained by effective single-atom cata-
lysts are mainly concentrated in C; products [8-10,28], which can
be ascribed to the lack of more active sites to promote CO cou-
pling. Therefore, it is very promising to construct high-efficiency
electrocatalysts with dual active sites to boost the C-C coupling
process [29-31].

With this in mind, we proposed three low-cost electrocatalysts
with dual active sites for CO coupling and reduction via co-doping
TM and B atoms into the two-dimensional black phosphorus (BP),
namely TM-B@BP, in which the low-cost Fe, Co and Ni atoms were
taken as examples. Notably, the 2D BP has been widely chosen as a
suitable substrate for single atom deposition due to its consecutive
gully structure, and excellent optical/electrical properties, as well
as the facile preparation by mechanical exfoliation or liquid phase
exfoliation [32-34]. In particular, the single B doped BP has been
theoretically reported to exhibit wide applications in catalysis field,
which could be synthesized in the future under suitable condi-
tions due to its low formation energy [18,35-37]. Based on the con-
structed TM-B@BP catalysts, we theoretically investigated the syn-
ergistic effect of the dual active sites composed of TM and B atom
for the CO coupling, as well as corresponding catalytic activity and
product distribution for COER. Our DFT results demonstrate that
moderate Kinetic energy barriers and significant exothermicity dur-
ing the CO coupling process can be observed on the three designed
dual-site catalysts, implying the high feasibility for C-C coupling
process. Furthermore, the formed CO*-dimer intermediates can be
easily hydrogenated to various C, products, such as C;H5OH, C,Hy
and C,Hg, with very low limiting potentials of —0.41, —0.20 and
—0.28 V, respectively, on the designed Fe-B@BP, Co-B@BP and Ni-
B@BP catalysts, suggesting their superior catalytic performance for
COER to C, products. Besides, the three proposed electrocatalysts
can greatly suppress the production of the competing C; products
and hydrogen, indicating their high selectivity towards C, products.
Thus, our findings propose that the TM-B@BP (TM = Fe, Co and Ni)
can be utilized as efficient electrocatalysts for the capture and con-
version of CO molecules into high-value C, chemicals, which opens
a new door for effective and sustainable carbon-cycle utilization.

The Vienna Ab Initio Simulation Package (VASP) code was used
to perform all spin-polarized DFT calculations [38]. Perdew-Burke-
Ernzerhof (PBE) functional was employed to describe the exchange
correlation interactions within the generalized gradient approxi-
mation. The electron-ion interactions were represented by the pro-
jector augmented wave (PAW) method [39,40]. The kinetic energy
cutoff of the plane wave was set to be 500 eV. The convergence
criterion for forces on each atom and electronic structure iteration
were set to be 0.03 eV/A and 105 eV, respectively. Van der Waals
interaction was described by the empirical correction in Grimme’s
method (DFT+D3) [41]. A 3 x 4 supercell of BP monolayer consist-
ing of 48 P atoms was constructed for the co-doping of TM (Fe,
Co and Ni) atom and B atom. The vacuum space in the z direc-
tion was set to be 15 A, which is large enough to minimize the
interaction between periodic images. The k-point in the Brillouin
zone was sampled with a 3x3x1 Monkhorst-Pack. The climbing
image nudged elastic band (CI-NEB) method was used to search
for transition state with only one imaginary frequency [42]. Ab
initio molecular dynamics simulations (AIMD) were performed in
the canonical ensemble (NVT) with Nose-Hoover thermostat at 300
K for a time period of 5 ps [43,44]. The charge population and
transfer were calculated by using the Bader Charge analysis [45].
Other computational details including adsorption energy, cohesive
energy, formation energy, and free energy calculations as well as
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Fig. 1. (a) Schematic diagram of designed TM-B co-doped BP catalysts with para-
configuration. (b) The calculated formation energies and cohesive energies of de-
signed Fe-B@BP, Co-B@BP and Ni-B@BP catalysts.

the influence of strong correlation interaction and solvation effect
were summarized in Supporting information.

The structural stability and experimental feasibility of a given
catalyst are the prerequisite for its long-term applications. To this
end, based on the 2D structure of BP with gully feature [18], we
substituted two separate P atoms with one TM atom and one B
atom by considering three configurations, including para-, meta-
and ortho-doping configuration (Fig. S1 in Supporting information).
After fully structural relaxation without any constraint, we found
that the para-doping configuration is more energetically favorable
than other two structures by about 0.20~0.50 eV (Table S1 in Sup-
porting information), suggesting that the former is more stable.
Notably, a negative correlation between the computed total energy
and the TM-B distance can be obtained. For example, the Fe-B dis-
tance in the para-configuration with the lowest total energy is 3.66
A, which is larger than those of meta- (3.37 A) and ortho-doping
one (1.85 A), and similar phenomenon can also be observed for
Co-B@BP and Ni-B@BP. Thus, in the following discussion, the para-
doping configuration will be mainly focused (Fig. 1a).

After confirming the structures of the three designed TM-B@BP
catalysts, we further examined their corresponding formation ener-
gies and cohesive energies to evaluate their experimental feasibil-
ity and structural stability. As shown in Fig. 1b, the formation en-
ergies of Fe-B@BP, Co-B@BP and Ni-B@BP catalyst were calculated
to be 2.15, 1.82 and 1.58 eV, respectively, which are significantly
lower than those of experimentally synthesized Fe@N, and Co@N,
catalysts (2.26 eV and 2.27 eV, respectively) [46], implying their
high synthesis feasibility under experimental conditions. Further-
more, their cohesive energies are calculated to be 3.62, 3.63 and
3.64 eV per atom, respectively, which are slightly higher than that
of pure 2D BP (3.57 eV per atom), indicating the high structural
stabilities of the three catalysts. In addition, the AIMD simulations
were also performed to evaluate their thermodynamic stabilities.
As shown in Fig. S2 (Supporting information), the atomic structures
of the three TM-B@BP are well preserved after 5 ps AIMD simula-
tions, further verifying their outstanding structural stabilities.

Since the electronic properties of one designed catalyst play an
important role in its catalytic performance, we further examined
the total density of states (TDOS) of Fe-B@BP, Co-B@BP and Ni-
B@BP with corresponding local density of states (LDOS) of TM and
B dopants as presented in Fig. S3 (Supporting information). As ob-
viously shown here, Fe dopant shows higher occupied and unoc-
cupied states near the Fermi level, indicating that it can adsorb
the target CO molecule more stably, based on the “acceptance-
donation” mechanism, followed by Co and Ni dopant. Furthermore,
regarding the B dopants in these three designed catalysts, basically
the same LDOS (B-LDOS) can be observed, with obvious unoccu-
pied orbital above the Fermi level, implying their similar capture
ability for CO molecule. In general, combined with excellent sta-
bilities and electronic properties, three designed catalysts are ex-
pected to be highly possible for subsequent CO adsorption, cou-
pling and reduction.
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Fig. 2. (a) The calculated relative energy changes of CO adsorption and coupling
process on the designed Fe-B@BP, Co-B@BP and Ni-B@BP catalysts, in which * rep-
resents catalytic active site. (b) The corresponding atomic structures of 2CO*, tran-
sition state (TS) and CO*-dimer.

According to previous studies [17-19], the coupling of two CO
molecules into a CO*-dimer is a key elementary step to affect and
determine the reduction of CO to C, products due to its possible
huge energy barrier for the C-C bond formation. Therefore, to eval-
uate the possibility of CO coupling to CO-dimer species under re-
action conditions, we explored this process on the three TM-B@BP
catalysts from both the viewpoints of thermodynamics and kinet-
ics. As shown in Fig. 2, we found that the first CO molecule is more
stably adsorbed on the TM sites, with the adsorption energies of
—1.81, —1.59 and —1.18 eV on Fe, Co and Ni site, respectively.
Subsequently, the second CO molecule can be captured at the B
sites, with the correspondingly released energies of —0.89, —0.93
and —0.93 eV. Our DFT results clearly reveal that the designed
TM-B@BP catalysts show a strong capture capability towards two
CO molecules. Remarkably, the calculated adsorption strengths of
CO molecules on the TM and B active sites are fully consistent
with our speculations based on the DOS analysis. Besides, detailed
LDOS and COHP (crystal orbital Hamilton population) after two CO
molecules adsorption and further analysis can be found in Fig. S4
(Supporting information).

Furthermore, we examined the C-C bond formation via the cou-
pling of the two separately adsorbed CO molecules. According to
the CI-NEB method, moderate kinetic energy barriers of 0.91, 0.77
and 0.52 eV should be overcome for the CO coupling to generate
C-C bond (i.e., CO*-dimer) on the designed Fe-B@BP, Co-B@BP and
Ni-B@BP catalysts, respectively. Interestingly, these kinetic energy
barriers of CO coupling on the TM-B@BP catalysts (0.91, 0.77 and
0.52 eV) are comparable (even lower) to other potential catalysts
for CO coupling, such as B/C,N (0.73 eV) [17], B-N@BP (0.60) [18],
Cu-B@g-C3N,4 (0.99 eV) [30], boron nitride nanoribbon (1.30 eV)
[47] and Cu (211) surface (1.62 eV) [48]. Thus, the direct dimeriza-
tion of two adsorbed CO* species on TM-B@BP catalysts can eas-
ily proceed in kinetics. In addition, this step of 2CO(g) — CO*-
dimer is highly exothermic by 1.99, 1.96 and 1.70 eV, respectively,
on the designed Fe-B@BP, Co-B@BP and Ni-B@BP catalysts, respec-
tively (Fig. 2). After considering the contribution of zero-point en-
ergy and entropy, the free energy changes for the formation of
CO*-dimer species are computed to be —0.86, —0.83 and —0.56 eV,
respectively, on the three catalysts. Especially, the newly formed
C-C bond lengths of CO*-dimer on Fe-B@BP, Co-B@BP and Ni-B@BP
are 1.56, 1.63 and 1.66 A, respectively, which is slightly longer than
that of ethane (1.54 A), further testifying the formation of stable
C-C bond via CO coupling. Overall, the low kinetic barrier, high
exothermicity, and short C-C bond length indicate that the CO cou-
pling is favorable on these three designed catalysts both kinetically
and thermodynamically, which normally help to trigger the gener-
ation of multi-carbon products.

To gain deep insight into the CO coupling, we further com-
puted the difference charge density of the two separated adsorbed
CO* and CO*-dimer (Fig. 3). Our results demonstrate that obvious
charge accumulation (yellow color) occurs between the TM dopant
and the adsorbed CO molecule, while both the charge accumula-
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Fig. 3. The difference charge density plots for 2CO* and CO*-dimer on the designed
(a) Fe-B@BP, (b) Co-B@BP and (c) Ni-B@BP catalyst. The isosurface value is set to be
0.003 e/A3, the charge accumulated and depleted regions are shown in yellow and
cyan, respectively.
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Fig. 4. Free energy diagrams of CO reduction into C, products at 0 V potentials on
the designed (a) Fe-B@BP, (b) Co-B@BP and (c) Ni-B@BP catalyst, in which the dash
lines represent the proton-coupled electron transfer processes and the solid lines
indicate the pure adsorption or desorption processes.

tion and charge depletion appear between the B dopant and an-
other adsorbed CO molecule, especially the obvious surrounding
charge depleted regions (cyan color). Such coexisting charge accu-
mulation and depletion regions will greatly promote the C-C cou-
pling due to the attraction of positive and negative charges be-
tween each other. In addition, significant charge transfer (about
0.83, 0.72 and 0.68|e|, respectively) can be observed between the
CO*-dimer and the designed Fe-B@BP, Co-B@BP and Ni-B@BP cata-
lysts, implying the high chemical reactivity of the three TM-B@BP
catalysts towards the C-C bond formation. Therefore, the co-doping
of TM (Fe, Co and Ni) and B can lead to the CO coupling to form
stable C-C bond on three TM-B@BP catalysts, which will play an
important role on yielding the multi-carbon products through the
continuous hydrogenation processes.

Since the CO coupling can be easily achieved in terms of ther-
modynamics and kinetics on the three designed electrocatalysts,
we further examined the subsequent hydrogenation step of CO*-
dimer to generate C, products via multiple proton-coupled elec-
tron transfer steps (H* + e™). Fig. 4 summarizes the most energet-
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ically favorable reaction pathway of CO reduction (with the low-
est positive free energy change (AG) between any two elementary
steps) towards C, products on these TM-B@BP catalysts, and the
corresponding atomic structures of the involved reaction interme-
diates are presented in Figs. S5-S7 (Supporting information).

As discussed above, two CO molecules are firstly coupled to
form CO*-dimer species with the AG values of —0.86, —0.83 and
—0.56 eV on Fe-B@BP, Co-B@BP and Ni-B@BP, respectively. Subse-
quently, on the three designed TM-B@BP catalysts, various hydro-
genation reaction pathways will proceed, thus generating differ-
ent C, products. Specifically, on the Fe-B@BP catalyst (Fig. 4a and
Fig. S5), the first few steps of reducing CO*-dimer to C, products
are as follows: *CO-dimer — *COHCO — *COHCOH — *CHOHCOH
— *CHCOH — *CH,COH, with the AG values of —0.16, +0.05,
—0.03, —0.49 and —0.45 eV, respectively. Subsequently the formed
*CH,COH species will be hydrogenated to *CH3COH or *CH,CHOH.
As shown in Fig. 4a, along the *CH3COH path, the final prod-
uct is ethanol (CH3CH,OH), while ethylene (CH,CH,) will be
achieved along *CH,CHOH pathway. Especially, the hydrogenation
of *CH,COH species to *CH3COH or *CH,CHOH is identified as
the potential-determining step (PDS) during the whole CO elec-
troreduction due to its largest positive free energy change (0.39
or 0.41 eV) among all elementary reactions. Therefore, due to the
small difference in the free energy change for the two steps, these
two valuable products can be achieved through CO electroreduc-
tion on the designed Fe-B@BP catalyst at a low limiting potential
of —0.41 V. Notably, the obtained CH3CH,OH and CH,CH, prod-
ucts can be spontaneously separated due to their different phases
at room temperature.

As for the Co-B@BP catalyst (Fig. 4b and Fig. S6), via
the continuous hydrogenation processes, CO*-dimer is finally
reduced to CH,CH, product, following the reaction paths
as: CO*-dimer — *COHCO - *COHCOH - *CHOHCOH -
*CHCOH — *CH,COH — *CH,CHOH — *CH,CH — *CH,CH,, in
which the first hydrogenation of CO*-dimer to produce *COCOH
species is the potential-determining step, with the uphill free en-
ergy change of 0.20 eV, corresponding to the limiting potential
of —0.20 V. In addition, on the Ni-B@BP catalyst, as presented in
Fig. 4c and Fig. S7, the CO*-dimer species is gradually hydrogenated
to achieve *CH3CH,OH species, in which the formation of *COHCO
species exhibits the largest free energy change of 0.28 eV. Subse-
quently, there are two competing reactions for the further hydro-
genation of obtained *CH3CH,OH species: (1) it will release from
the catalyst surface to produce ethanol, or (2) be further hydro-
genated to generate CH3CH3 + *OH. According to their free en-
ergy changes (0.16 eV vs. —0.06 eV), we predicted that CH3CH;
is the dominant product for COER on the Ni-B@BP catalyst with a
very low limiting potential of —0.28 V. Finally, the remaining *OH
species can be easily reduced to H,O molecule with the free en-
ergy change of —0.81 eV.

Overall, on the three electrocatalysts (Fe-B@BP, Co-B@BP and
Ni-B@BP), extremely low energy inputs (0.41, 0.20 and 0.28 eV, re-
spectively) are required to boost the conversion of CO molecules
into multiple valuable C, products (ethanol, ethylene and ethane,
respectively), which are lower than (or comparable to) those of
previously reported Cu (100) surface (0.31 eV) [49], defective
Mo,TiC,0, (0.32 eV) [50], Cu-B@g-C3N,4 (0.45 eV) [30], and cop-
per/borophene interface (0.61 eV) [51], thus suggesting their high
catalytic activities of COER to generate high-value C, products.

In addition to their high catalytic activities of the three electro-
catalysts for achieving C, products during the COER, another im-
portant issue is their selectivity towards C, products in the practi-
cal applications. In this regard, two competing reactions should be
considered, including the COER to C; products and the hydrogen
evolution reaction (HER) at the active sites [18]. For the former, the
free energy change for the hydrogenation of the single CO at dif-
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ferent active sites to form *CHO species was examined. As shown
in Table S2 (Supporting information), we found that the AG values
for *CO — *CHO are at least 0.55 eV at both TM and B active sites,
which are always larger than the maximum AG value for COER to
C, products (0.20~0.41 eV), suggesting their higher selectivity for
C, products. On the other hand, for the HER, we calculated the ad-
sorption energy of proton (H*) to evaluate the competitive adsorp-
tion with CO molecules (Table S2). Our results show that the H*
species is unstably adsorbed at the TM sites with the adsorption
energies ranging from —0.06 eV to +0.24 eV due to the repulsion
between the positively charged TM and H*. On the contrary, the
B site show a strong interaction with H* species with the adsorp-
tion energy of —0.67 eV. These adsorption energies of hydrogen are
less negative than those of two CO molecules on TM and B sites (at
least —0.89 eV), suggesting that the active sites are more energeti-
cally favorable to be covered by CO molecules, greatly suppressing
the competitive HER and thus suggesting high selectivity for CO
electroreduction towards C, products.

In summary, by performing comprehensive DFT computations,
we designed a new kind of electrocatalyst for the CO reduction to
generate valuable C, chemicals via co-doping the 2D BP with the
TM (TM = Fe, Co and Ni) and B atoms. Our results demonstrate
that two CO molecules can be effectively coupled into the key CO*-
dimer species both thermodynamically and kinetically, due to the
synergistic effect between the TM and B active sites. Furthermore,
based on the free energy computations, we found that all three
TM-B@BP catalysts exhibit the desired high catalytic activities for
COER with the rather low limiting potentials (—0.41, —0.20 and
—0.28 V), and ethanol, ethylene and ethane were identified as the
main products. In addition, due to the lower energy inputs dur-
ing COER to C, products and the stronger interactions between
designed catalysts and CO molecules, the competing C; products
in COER and H, product in HER can be effectively suppressed, en-
dowing our proposed TM-B@BP electrocatalysts high selectivity for
C, products. Therefore, our simulations show that the three as-
designed TM-B@BP catalysts can be utilized as a new type of low-
cost electrocatalysts with high activity and selectivity for CO con-
version to high-value multi-carbon products, providing useful guid-
ance for sustainable carbon fixation and energy storage in future.
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