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Rational design of graphdiyne-based single-atom
catalysts for electrochemical CO, reduction
reactionf

Liyun Jiang, © 2 Mengdie Zhao @ t° and Qi Yu*®

Graphdiyne (GDY) has achieved great success in the application of two-dimensional carbon materials in
recent years due to its excellent electrochemical catalytic capacity. Considering the unique electronic
structure of GDY, transition metal (TM;) (TM = Fe, Ru, Os, Co, Rh, Ir) single-atom catalysts (SACs) with
isolated loading on GDY were designed for electrochemical CO, reduction reaction (CO,RR) with
density functional theoretical (DFT) calculations. The charge density difference and projected densities of
states have been systematically calculated. The mechanism of electrochemical catalysis and the reaction
pathway of CO,RR over Os;/GDY catalysts have also been investigated and high catalytic activity was
found for the generation of methane. The calculated results provide a theoretical basis for the design of
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Introduction

The increasing concentrations of CO, in the atmosphere has
caused a series of environmental problems such as global
warming, extreme weather, and land desertification. Therefore,
the efficient conversion and utilization of CO, is a current focus
of international research."® Compared to thermal-catalysis,
photocatalysis, and biological catalysis, electrocatalysis has
certain advantages in terms of economical benefits and the effi-
ciency of electron transfer.*” The industrialization of electro-
chemical carbon dioxide reduction reactions (CO,RR) is a win-
win endeavor that can not only reduce carbon dioxide concen-
trations, but also generate valuable alcohols, ketones, and
aldehydes.'*** The key is to design catalysts with high efficiency,
high selectivity, low cost and easy industrialization.**™®

Since Zhang, Li and Liu et al. proposed a new concept of
single-atom catalyst (SAC) in 2011," the research of which is
increasingly extensive in catalysis because of the unique elec-
tronic structure and high atomic utilization."®>* Although the
atom utilization of highly dispersed metal SACs achieves 100%,
the large surface energy of metal mono-atoms makes it easy to
produce agglomeration effects to form nanoparticles. There-
fore, the selection of suitable substrates is key to obtaining
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efficient GDY-based SACs for electrochemical CO,RR.

stable metal SACs.*®?* Compared with conventional metal
catalysts, transition metal (TM) atoms have the advantage of
controllable coordination geometry of the active center. Due to
the geometry, electronic, spin, and magnetic states can be fine-
tuned to achieve the desired catalytic activity and selectivity,>**
TM  SACs have been  extensively studied in
electrochemistry.****-*¢ Usually, single atoms of the same period
are chosen to be loaded on the catalyst substrate, and based on
this, we would like to study the variation between the group VIII
B. Six single-atom catalysts Fe, Ru, Os, Co, Rh and Ir were
selected for further computational screening of single-atom
catalysts that are more suitable for performing CO,RR. Among
carbon materials, GDY is a new isomer of carbon consisting of
both sp®> and sp-hybrid carbon atoms, in which sp-hybrid
carbon atoms can form strong covalent bonds with metal
atoms.*” Metal atoms could exist stably in GDY because of the
high electrical conductivity and specific surface area.**** GDY-
loaded TM SACs have higher catalytic activity than GDY,**
which has significance for the activity and selectivity of CO,RR.

Herein, the stability of SACs loaded with TM; (TM; = Fe, Ru,
Os, Co, Rh, and Ir) on GDY was theoretically investigated by using
density functional theoretical (DFT) calculations. Os;/GDY was
used as a typical to explore the chemical interaction of TM; and
GDY surface. The electronic structure and electrochemical catal-
ysis properties of Os;/GDY for CO,RR were investigated in detail.

Computational details

The classical calculations are based on the spin polarization
DFT implemented in the Vienna ab initio Simulation Package
(VASP).**** Electron exchange and correlation energy are
approximated by Perdew-Burke-Ernzerhof (PBE) exchange-
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correlation functional.® Projector augmented wave (PAW)
pseudopotential is used to describe the interaction between
core and valence electrons,*® projected electronic densities of
states (PDOS),” and charge density difference (CDD).** GDY
cluster is composed of 72 carbon atoms with a cell of 19.6 A x
19.6 A x 14 A, o = 8 = 90°, v = 60°. All carbon atoms in the cell
were fully relaxed during the structural optimization, and it
stopped the optimization when the force was smaller than
0.006 €V A%, The energy cut-off of the plane wave base is set to
620 eV, the electron convergence criterion is 1 x 107> eV, and
the ion relaxation continues until the atomic force is less than
0.05 eV A™". The entire calculation is geometrically optimized
using a 3 x 3 x 1 k-point density, and the van der Waals (vdW)
is evaluated using the DFT-D3 method.*

The binding energy (E;,) was calculated to check the stability
of the TM in GDY. The definition equation is as follows

Ey(TM) = Ermucpy — Egpy — Etms

where Ervy/gpy 1S the total energy of the whole system when the
single metal atom is in the best adsorption position, Egpy is the
total energy of GDY substrate, Ety is the total energy of the
single transition metal atom.

Adsorption energy (E,q) is the energy released by the rate
reduction during CO, adsorption. The E,4 of CO, on TM;/GDY-
CO, (TM = Fe, Ru, Os, Co, Rh, Ir) catalyst is calculated to
compare the stability of CO, adsorption on different carriers.
The adsorption energy is as follows

E.q = Ermicpy-co, — Ermuepy — Eco,

Here, Etmajepy-co, 1S the energy of CO, adsorbed on TM;/GDY
catalyst, Ermigpy IS the energy of TM,;/GDY stable structure,
and Eco, is the energy of CO, molecule.

The charge transfer before the formation of TM1/GDY is
analyzed by differential charge analysis. The differential charge
map is mostly applied to analyze the bonding between atoms of
the model after structural optimization in the first nature
principle calculations, especially in the interface calculations,
where the bonding mode of the interface can be initially visu-
alized by CDD analysis.> The common definition of differential
charge is

Ap = pTMI/GDY — PGDY — PTM>

where pryvi/6py denotes the optimized structural charge density
of TM;/GDY, pgpy denotes the charge density of the structurally
optimized GDY substrate, and prys denotes the structural charge
density of the transition metal single atom.

The free energy (AG) distribution of CO,RR is described by
the computational hydrogen electrode (CHE) model pioneered
by Nerskov et al.*“** In the CHE method, AG is calculated as
follows

AG = AE + AEZPE — TAS +eU + kBT pH In 10

herein AE is the total reaction energy, AE,pg is the correction of
zero-point energy (ZPE), TAS is the entropy contribution, and eU
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denotes the energy contributed by the applied electrode
potential. The pH in our work is set as zero, considering the
strong acid environment. The free energy of H + ™ is equal to
1/2H, under the standard conditions.

Results and discussion
Structure and stability of TM,/GDY

The protocell of GDY is composed of 18 carbon atoms, six of
which are located on a hexagonal ring with sp> hybridization
and others on a linear acetylene chain with sp hybridization.
The network structure of the graphite alkyne has Cy hexagon
consisting of an acetylene bond linking two adjacent sp-
hybridized carbon atoms.**** The C-C bond length in the
hexagon is 1.43 A, which is alternately distributed as a single
bond, a triple bond, and a single bond with bond lengths of 1.40
A and 1.23 A. TM, SACs (TM = Fe, Ru, Os, Ni, Rh, and Ir) were
loaded and optimized on the optimized GDY. The TM,/GDY
structure with stable adsorption was obtained by screening
three possible binding sites for the TM; loading in the GDY
including the corner site of the large triangular acetylene ring,
the central cavity site of the acetylene ring, and the cavity site
above the center of the hexagonal ring. As shown in Fig. 1, it can
be seen that all transition metals are located within the cavities
of the sp bonds in GDY. By measuring the distances between the
TM; and the adjacent C atoms, the results are distributed from
1.85 A to 2.10 A. Among them, the Rh atom locates with the
largest distance of 2.102 A and the Co atom with the smallest
distance of 1.852 A. Os, Ru, and Ir exhibit a distance of around
1.93 A ~2.07 A. The distance between Fe and the adjacent
carbon atoms is around 1.88 and 1.98 A, which are shorter than
that of Os, Ru, and Ir.

It can be seen from Fig. 2 that the charge density accumu-
lation between the top of Ru and Co atoms and carbon atoms is
enhanced, which is weakened for Os. The charge density at the
top is also weakened. Charge transfer on GDY occurs mainly
from the p-orbital of carbon atoms to the d-orbital of metal
atoms. The charge on the vertical orbitals accumulates on Ru
and Co, and is consumed on Fe, Os, Rh, and Ir. The results
indicate that the charge transfer occurs mainly on the carbon
atoms adjacent to the transition metal atoms on GDY, and also
on the sp hybridized carbon atoms where the sp bonds on the
benzene rings are involved in the redistribution of the charge
density.

The stability of GDY transition metal composites was
quantified by measuring the binding energy of GDY-loaded
transition metal SACs. The larger the negative value of the
binding energy, the more stable the bonding of TM, single-
atoms with GDY. As seen from Fig. 3, the binding energy of
Ru,/GDY is —3.88 eV, which is the highest binding energy
among the six TM; SACs. But Ir;/GDY is more stable with
a binding energy of —4.88 eV. First-principles adsorption energy
calculation is a quantum mechanics-based measurement
method that can be applied to materials design, catalyst
development, and gas separation. In the development of cata-
lyst, the adsorption capacity and catalytic activity can be
scientifically and rationally predicted by calculating the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Co/GDY
Fig. 1 Optimized TM;/GDY geometry (TM = Fe, Ru, Os, Ni, Rh, Ir).
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Fig. 2 The CDD of TM;/GDY. The yellow and blue equivalence surfaces represent charge accumulation and charge depletion, respectively.

adsorption energies of different catalyst surfaces or interfaces
with molecules. It can also help to design and develop new
catalysts and continue to optimize their performance. By
calculating and comparing the adsorption energies of TM;/GDY
and CO,, the results listed in Fig. 3 showed that Os;/GDY has an
adsorption energy of —1.20 eV with CO, which is the most stable
one among the TM; SACs.

Structure of Os,;/GDY

The density of states as a visualization result of energy band
structure, which can reflect the distribution of electrons in each
orbital and reveal the bonding nature between atomic chemical
bonds, is a key parameter to further investigate the electronic
structure of SACs.>**® The spin-polarized PDOS and CDD of Os;/
GDY and Os;/GDY adsorbed CO, are calculated and shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4a, from which we can see that the DOS between the spikes of
Os near the Fermi energy level is not zero and the 5d orbital of Os
plays a dominant role in bonding with the GDY surface. The
pseudopotential gap near the Fermi level due to the p orbitals of C
and O in CO, interact with the d orbitals of Os indicates that the
addition of CO, makes the covalence of Os,/GDY enhanced and
facilitates the further of CO,RR. At the same time, the CDD of Os,/
GDY adsorbed by the stable configuration Os;/GDY and CO, was
investigated (Fig. 4b and c). Because of the doping of transition
metal atoms, the system spin polarization becomes larger to
promote the activation of CO,, and also lead electrons to mainly
flow from Os atoms to CO, molecules. When *CO, is hydroge-
nated to *COOH, electrons transfer from H to the lone pair of
electrons of CO,, which further weakens the C-O bond and makes
it more conducive to the subsequent electrocatalysis with H'.
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Fig. 3 The binding energy of GDY-loaded Fe, Ru, Os, Co, Rh, and Ir
single atoms and CO, adsorption energy.

Hydrogen evolution reaction

The competition between the hydrogen evolution reaction
(HER) and CO,RR is crucial in aqueous electrolytes because the
first step in CO,RR is the protonation of CO, to *COOH or
*OCOH, consuming *H and electrons. And the HER starts with
the synthesis of *H with a catalyst, where *H and electrons are
essential. On TM,/GDY, the transition metal interacts with *H.
The predicted overpotential of HER is lower than that of Fe,/
GDY and Co,/GDY. When U = 0 V, Fe;/GDY acts as a great HER
catalyst candidate (Fig. 5a). As shown in Fig. 5b, we found that
the lower free energy changes showed higher selectivity through
comparing the adsorption free energy changes (AG) of *CO, and
*H. Among them, Fe, Ru, Os, Co, Rh, and Ir are all located below
the parity line which defines the selectivity between CO,RR and
HER. Therefore, the resistance of TM;/GDY to HER can be
effectively used as CO,RR catalysts. The loading of transition
metal single-atoms improved the activity and selectivity of CO,
initial reduction. For Os;/GDY, the adsorption of *CO, is better
than *H, which means that it favors to become a catalyst for

a PDOS
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CO,RR. Because the active site is easily occupied by *CO, and
*CO, is more negative than *H, the Os;/GDY catalyst can
effectively adsorb and further catalyze CO,.

Electrochemical CO,RR

In the CO,RR, the C; products including CO, HCOOH, CH,, and
CH;0H are frequently generated. CO, is first reduced over
a catalyst into *COOH or *OCOH, which forms *CO or *HCOOH
by further electrochemical reduction.?” Followed by desorption
of *CO and *HCOOH from the SACs, CO and HCOOH is
generated, respectively.®**°

CO, —» *COOH — *CO — CO

CO, — *OCOH — *HCOOH — HCOOH

The basic reaction step of further protonation of *CO inter-
mediates on the catalyst surface is currently the rate-
determining step for most electrocatalysts, and this process
may form either *CHO or *COH. Peterson et al. have concluded
that the process of *CO protonated to form *CHO would more
efficient when the catalyst surface bind both *CO and *CHO
strongly.”> The research group of Nie proposed that the final
product is strongly dependent on two key intermediates *CHO
and *COH.* If *CO is protonated to form *CHO, then *CHO
continues to be protonated to form *OCH, and *OCHg3, and the
location of further hydrogenation of *OCH; may affect the
selectivity of the final product, which eventually forms CH, on
the catalyst surface.”® There are usually two pathways to
generate CH,. Based on studies of the initial reduction of CO,,
CO,RR involves more steps of proton-electron pair transfer,
leading to an end product that is often not monolithic.

*CHO/*COH — *CHOH — *CH — *CH, — *CH; — *CH,4

*CHO/*COH — *OCH, — *OCH; — *OCH4 — *OH + CH,4
- H20

PDOS
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Fig. 4
(c) Os;/GDY-CO,.
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(a) The schematic diagram of projected electronic densities of states of Os;/GDY, Os;/GDY-CO,, and CO,. CDD plots of (b) Os;/GDY and
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Fig. 5 (a) The free energy diagrams for HER at equilibrium U = 0 V on TM;/GDY. (b) The change of AG in the first protonation step of CO,RR

adsorption and HER on TM;/GDY catalysts. The region below/above the parity test represents CO,RR/HER selectivity, respectively.

*CHO/*COH — * CHOH — * CH,OH — CH;0H

One process of CH, formation is the continuous protonation
of C into *O and CH, and the further hydrogenation of *O to
H,O. In another process, the O is protonated to form H,O and
*C, and then *C is deoxidized to form CH,.**** However,
hydrogenation reactions should also be considered for
processes that occur between C and O. The free energy pathways
involving the protonation of *COH and *CHO were shown in
Fig. 6. It can be seen that the protonation of *CO to *COH on the
surface of the Os;/GDY catalyst is the step with the maximum
free energy variation (AG = 0.61), and the protonation of *CHO
to *CH,O is the reaction step with the optimal energy. Subse-
quently, *CH,O is more energetically inclined to form *CH;O
relative to *CH,OH. Eventually, *CH;0 was further protonated
to form *OCH, intermediates, which further produce CH,.

= o 0
: a q o ¢~
co, N =
adsorption H'+e H*+e

Os/GDY + CO,

*CO, *COOH *CO + H,0
Q 0
MBo C) i H+e o
. (338 qf O
‘d ) H*+ e H*+e" ‘£ i H*+e %E
*0 + CH, *CH40 *CH,0 *CHO
b2
% Os/GDY
2 | ~co .
S —
) S OOH, ; *CHOH ¢y, *CH30H
@ \ || — e JOH | e
£ L0 ICHO Nomem T
g2 = Cho .-, T
fra *O+CHg

Reaction Coordinate

Fig. 6 Reaction mechanism of CO,RR to CH4 on Os;/GDY. (a) The
structure of the reaction intermediates; (b) different energy profiles
CHE model and the DFT method of PBE functional are used to
calculate the path.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Synthesizing the previous discussion on the electronic structure
of Os,/GDY, doping Os on GDY changes the charge density and
state density, which is more conducive to the adsorption of CO,,
and thus has better performance for electrocatalytic CO,RR to
generate CH,.

Conclusions

In this paper, DFT calculations were used to investigate the
selectivity of CO,RR activity of GDY-loaded transition metal
SACs by screening TM;/GDY (TM = Fe, Ru, Os, Co, Rh, and Ir)
monatomic catalysts. By studying the electronic structure
including DOS and CDD, it was found that the sp-hybridized
carbon atoms on GDY have a great potential to tune the elec-
tronic structure of SACs and participate in the adsorption
process of TM. The CO,RR of the Os;/GDY catalysts showed
high performance towards CH, with an energy potential barrier
of 0.61 eV. Therefore, the GDY-loaded transition metal SAC may
be a promising catalyst for application in other reduction
reactions.
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