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Atomically dispersed Cu and Fe on N-doped carbon
materials for CO, electroreduction: insight into the
curvature effect on activity and selectivityf

*

Yue Zhang, Lei Fang and Zexing Cao

CO; electroreduction reaction (CO,ER) by single metal sites embedded in N-doped graphene (M@N-Gr, M
= Cu and Fe) and carbon nanotubes (M@N-CNT, M = Cu and Fe) has been explored by extensive first-
principles calculations in combination with the computational hydrogen electrode model. Both
atomically dispersed Cu and Fe nanostructures, as the single atom catalysts (SACs), have higher
selectivity towards CO,ER, compared to hydrogen evolution reduction (HER), and they can catalyze
CO,ER to CO, HCOOH, and CHzOH. In comparison with Cu@N-Gr, the limiting potentials for generating
CO, HCOOH, and CHzOH are reduced obviously on the high-curvature Cu@N-CNT. However, the
curvature effect is less notable for the single-Fe-atom catalysts. Such discrepancies can be attributed to
the d-band center changes of the single Cu and Fe sites and their different dependences on the
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1 Introduction

In recent decades, the optimal utilization of CO, has been
drawing continual attention from both industrial and academic
communities, because it is not only mainly responsible for
handling the greenhouse effect," but also an abundant, non-
toxic and recyclable C1 resource. Therefore, an enormous
amount of effort has been devoted to the catalytic conversion of
CO, into high value-added chemicals and reduction of
greenhouse-gas emissions.>® The electrochemical reduction
reaction of CO, (CO,ER) can produce a variety of platform
chemicals and liquid fuels through renewable electricity, such
as formic acid (HCOOH), carbon monoxide (CO) and methanol
(CH3;0H). However, there are still many challenges for the large-
scale application of CO,ER, including slow kinetics, low product
selectivity, low Faraday efficiency and high overpotentials,>**®
and it is thus highly required to find suitable electrocatalysts to
improve selectivity and efficiency of CO,ER.

In the catalytic conversion of CO,, the heterogeneous catal-
ysis stands out due to the better durability of catalyst used and
reaction conditions,*'*'* in which the conventional catalysts
mainly include metals,”™** alloys, single-atom catalysts
(SACs),*®2° etc. Since the pioneering work on the SAC by Zhang
and coworkers,”>** the heterogeneous catalysis with the SACs
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curvature of carbon-based support materials.

has received great interest owing to its prominent electro-
catalytic performance (e.g., high catalytic activity, stability, and
selectivity) and the maximal utilization of metal atoms. Hence,
SACs has been considered to be a promising alternative in
various electrocatalytic reactions (e.g., CO,ER, NRR, HER,
etc.).**?” As important components of the SAC system, the single
atom as the active site and its supported substrate are the key
factors to influence the catalytic efficiency of CO,ER.

Recently, one of the most representative SAC substrates is
the carbon-based two-dimensional (2D) material.*®*** For
example, the N-doped graphene monolayer with a large specific
surface area and a conjugated structure has been widely used as
a substrate for SACs.***"*** Last year, Zhang et al. reported
experimentally the catalytic activity of Fe-embedded N-doped
graphene for CO,-to-CO reduction and the plausible reaction
pathway, in combination with theoretical calculations.” Zhou
et al. theoretically studied the catalytic activity of Co-embedded N-
doped graphene towards CO,ER, based on the predicted free-
energy profile,* and their results demonstrate that different Co-
centered nanostructures can catalyze the electrochemical reduc-
tion of CO, to CO. Besides, the N-doped graphene and N-doped
nanotubes (CNT) have also been confirmed to possess good cata-
Iytic properties for CO,ER.*** On the other hand, the most
common atomically dispersed active sites in SACs are transition-
metal atoms, such as Fe, Co, Ni and Cu,” and the corresponding
products and catalytic efficiencies are usually metal dependent.
Previous reports have revealed that Cu is a rather unique metal that
produces CO as well as various hydrocarbons (such as alcohols),
which has been widely applied in several types of catalysts.***>

Very recently, Yang et al. have synthesized a highly stable
CO,ER electrocatalyst, CuSAs/TCNFs with the single-atom-Cu
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active site, which can catalyze conversion of CO, into CH;0H
with a high Faraday efficiency of 44%.** According to the results
of Extended X-ray Absorption Fine Structure (EXAFS), the
copper-centered Cu-N, unit was proposed as the catalytic active
site. Generally, the surface curvature of catalysts has a great
effect on the selectivity of the product and the reaction paths, as
shown in previous studies,****** For example, Chai et al.*®
investigated the CO,ER catalyzed by the N-doped graphene/CNT
by the first-principles calculations, and their results indicate
that the surface curvature can effectively tune the CO,ER
selectivity and the limiting potentials of specific products. Fan
et al.** explored the catalytic performance of Bi nanosheets and
nanotubes in electrochemical reduction of CO,, and they found
that the increase of curvature may enhance the activity of Bi
catalyst towards the CO, reduction to HCOOH over a wide
potential range. On the contrary, the energy barrier for the CO
product increases with the curvature.

Inspired by these important contributions, herein, we con-
structed the Cu- and Fe-embedded N-doped nanotube (Cu@N-
CNT & Fe@N-CNT) and N-doped graphene (Cu@N-Gr &
Fe@N-Gr) with the M-N, (M = Cu and Fe) active site, and their
structural and electronic properties, as well as the CO,ER
catalytic performance of these single-atom Cu/Fe catalysts have
been systematically investigated by first-principles calculations.
Finally, the exerting effects of curvature on the selectivity and
the limiting potentials have been discussed.

2 Computational details

2.1 Energy calculation

The binding energy (Ep) of a metal atom in M@N-Gr and M@N-
CNT (M = Cu and Fe) can be defined as:

Eb = Elotal - (Esubslrate + EM)

where Egupstrates Em and Erora) are energies of the substrate, the
metal atom, and the metal-embedded substrate, respectively.
According to the computational hydrogen electrode (CHE)
model proposed by Nerskov et al,* the Gibbs free energy
change (AG) of each elementary step in the CO,ER is defined as:

AG(U) = AG(0 V) + neU

where U is the applied potential relative to the reversible
hydrogen electrode (RHE) and 7 is the number of proton-elec-
tron pairs (H' + e7) transferred. When U = 0 V, AG can be
expressed as:

AG = AE—l—AZEP—O—JdeT— TAS + AGpn

where AE is the electron energy difference directly obtained by
DFT calculations, AZEP, [C,dT, and TAS are the zero-point
energy change, enthalpy change contributed by molecular
vibration and entropy change at 298 K, respectively, and AG,y
represents the free energy correction caused by variations in H"
concentration, which can be expressed as AGpy = kgT'In 10 x
pH, and the pH value is set to be 0 in this work. As shown in
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Table S1,t the free energy of gaseous species is calculated at the
standard atmospheric pressure of 1 bar, while the free energy of
liquid species is obtained by using the corresponding vapor
fugacity (f), based on the ideal gas-model calculations. Accord-
ing to previous studies,”” the chemical potential corrections of
—0.09, —0.22, and —0.07 eV for H,O (aq), HCOOH (aq), and
CH;0H (aq), respectively, have been considered in determina-
tion of the Gibbs free energy change.

To evaluate the influence of solvent on the reaction, we apply
an implicit solvent model to mimic the solvation of H,O. In this
case, AG can be expressed as:

AG = AE + AZEP + JcpdT — TAS + AEy,

where AE is the correction of solvation effect. The limiting
potential (Up) for the hydrogenation step is defined by the
maximum free energy change (AGwax) as follows: Up, =
—AGmax/e”, where e~ is the elementary charge.

2.2 Models and DFT calculations

Based on 5 x 3 graphene monolayer and (8, 0) carbon nano-
tubes doped with four N atoms, we constructed the Cu/Fe@N-
Gr and Cu/Fe@N-CNT models by replacing a C, moiety of gra-
phene and CNT with the single Cu/Fe atom, as shown in Fig. 1.
The structures of Cu/Fe@N-Gr and Cu/Fe@N-CNT were opti-
mized by Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function within the generalized gradient approximation
(GGA).*® The energy cutoff was set to be 450 eV, and the elec-
tronic energy and the force on each ion were converged to
10" eVand 0.01 eV A, respectively. To consider van der Waals
interaction, the dispersion corrected DFT-D3 method* was
used in all calculations. The k-points of the Brillouin zone were
setto3 x 3 x 1and 1 x 1 x 4 for Cu/Fe@N-Gr and Cu/Fe@N-
CNT, respectively. The projected density of states (PDOS) of Cu/
Fe@N-Gr and Cu/Fe@N-CNT were also calculated under opti-
mized geometries to deeply analyze the electronic properties.
Furthermore, the implicit water solvent model in VASPsol*® was
considered, and the electron transfer features were discussed by
using the Bader charge analysis.** All the above spin polariza-
tion density functional theory (DFT) calculations were carried
out using the plane-wave code of Vienna ab initio simulation
package (VASP).>>%*

3 Results and discussion

3.1 Electronic structure and stability of M@N-Gr and M@N-
CNT (M = Cu & Fe)

The optimized Cu-N bond length of Cu@N-Gr is 1.93 A (see
Fig. S1t), which is in good agreement with the experimental
value (1.94 A) measured by the EXAFS.* Due to the existence of
curvature in CNT, the Cu-N bond length of Cu@N-CNT extends
to about 2.02 A. The calculated Fe-N bond length of Fe@N-Gr
(1.89 A) is in good agreement with the previously reported
value (1.89 A),” while the Fe-N bond length of Fe@N-CNT
increases to 1.95 A. The projected density of states (PDOS) of
Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT (Fig. S1t)

This journal is © The Royal Society of Chemistry 2020
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©C ON O M(Cu,Fe)

Fig.1 Top and main views of nanostructures (a) M@N-Gr and (b) M@N-CNT (M = Cu & Fe), where gray, blue, and yellow balls represent the C, N,

and metal (Cu or Fe) atoms, respectively.

show considerable overlap between the Cu/Fe(3d) and N(2p)
orbital levels in both nanostructures, suggesting strong
bonding interactions between Cu/Fe atom and adjacent pyri-
dine-N atoms. It is well known that the inherent electronic
structure of SACs determines their catalytic properties, in which
the d-band center (¢4) has been widely used to describe the
surface activity.*****” From Cu@N-Gr to Cu@N-CNT, the ¢4 of
Cu rises by about 0.55 eV (see Fig. S17), indicating that Cu@N-

(a)

(b)

Cu@N-Gr

Cu@N-CNT

Fig. 2
Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT.

This journal is © The Royal Society of Chemistry 2020

CNT may has a single-atom-Cu site with higher activity,
compared to Cu@N-Gr. As for Fe@N-Gr and Fe@N-CNT, the &4
of Fe is less changed, and both d-band centers are higher than
the &4 of Cu in Cu@N-Gr and Cu@N-CNT.

Fig. 2a shows the differential charge density of Cu@N-Gr,
Cu@N-CNT, Fe@N-Gr and Fe@N-CNT, where yellow and blue
regions denote increase and decrease of electron density,
respectively. As Fig. 2 shows, for all nanostructures, the charge

Fe@N-Gr Fe@N-CNT

(a) The differential charge density (yellow and blue represent the electron accumulation and depletion) and (b) electron spin densities of
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density around the Cu and Fe atoms decreases, while the charge
density on the pyridine N increases, suggesting that the electron
is transferred from the central Cu/Fe to the adjacent N atoms.
The Bader charge analyses reveal that there are charge transfers
of 0.93e™ and 0.88¢™ from the Cu atom in Cu@N-Gr and Cu@N-
CNT to its surrounding atoms, respectively, indicating that the
Cu atom is positively charged (about +1), which is consistent
with the experimentally measured valence state of the Cu
atom.”> And the charges transferred by the Fe atom in Fe@N-Gr
and Fe@N-CNT are 1.12¢- and 1.09e, respectively, more
notable than those by the Cu atom. From the electron spin
densities in Fig. 2b, it can be seen that the net spins are mainly
localized on the metal (Cu & Fe) and N atoms. Obviously, these
charge and spin populations indicate that both single metal
atoms Cu and Fe have strong bonding interactions with the N-
doping graphene and carbon nanotube, and the atomically
dispersed Cu and Fe may be served as the active site in catalysis.

Stability is one of the essential factors to evaluate the SAC
performance. Herein, taking Cu@N-Gr and Fe@N-Gr as exam-
ples, the phonon spectra were calculated to confirm the
dynamic stability of Cu/Fe nanostructures. As shown in Fig. S2,t
none of Cu@N-Gr and Fe@N-Gr have imgainary phonon
branch, indicating that both nanostructures are dynamically
stable. Besides, the predicted binding energies (E},) of Cu@N-
Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT are —1.2, —0.4,
—2.2 and —1.1 eV, respectively, i.e., both Cu and Fe embedding
into the substrates are thermodynamically favorable, suggest-
ing that Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT have
relatively high thermodynamic stability.

3.2 CO,ER on M@N-Gr and M@N-CNT (M = Cu & Fe)

The electrochemical reduction reaction of CO, catalyzed by
Cu@N-Gr, Cu@N-CNT, Fe@N-Gr, and Fe@N-CNT has been
explored by the first-principles calculations here. Based on the
optimized stable intermediate configurations, we proposed two
possible reaction pathways for four nanostructures (Fig. 3). First
of all, the initial step of the CO,ER process—CO, adsorption
was explored. As shown in Fig. S3,f the adsorption of CO, on
Cu@N-Gr and Cu@N-CNT has a physisorbed linear configura-
tion, in which the distances between Cu and CO, in both
adsorption configurations are slightly larger than 3 A, which is
similar to the situation on the Cu (111) surface.*® Similarly, the
adsorption of CO, on Fe@N-Gr is also physical adsorption, and
the distance between CO, and Fe is 3.4 A. On the contrary, the
CO, adsorption on Fe@N-CNT shows a chemisorbed configu-
ration with the Fe-CO, bond length of 2.27 A and the £ 0OCO
bond angle of 158°.

3.2.1 Initial protonation steps (CO,ER vs. HER). The initial
protonation process in CO,ER may produce two different
intermediates from the O and C sites of CO,, ie., *COOH/
*OCHO (*CO, + H' + e~ — *COOH/*OCHO). The proposed
CO,ER pathways catalyzed by all nanostructures are shown in
Fig. 3, and the predicted relative free energies for the corre-
sponding elementary steps involved in CO,ER are compiled into
Table S2.1 However, the hydrogen evolution reaction (HER) is
a competitive side reaction during CO,ER, and thus we
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Cu@N-Gr

,—» HCOOH

,—* *COOH — *CO+H,0 — *CHO — *CHOH — *CH,0OH

*CO, co CH,0H
I_' *QCHO ~——> HCOOH
Cu@N-CNT
Fe@N-Gr co
Fe@N-CNT |

I'_> *COOH — *CO+H,0 —> *CHO — *CHOH — *CH,0H

*CO, I_‘I_’ *HCOOH —"—v*CHZO—>*CH30—’ CH;0H
|—‘ *OCHO l

HCOOH

Fig.3 Proposed reaction paths for CO,RR on Cu@N-Gr, Cu@N-CNT,
Fe@N-Gr and Fe@N-CNT.

evaluated the competition among the initial protonation steps
for COER and HER generated by the Volmer-Heyrovsky
mechanism.* Simultaneously, we calculated the CO,ER process
under vacuum and water solvent to evaluate the solvent effect
on the reaction intermediates and CO,ER process, and the
corresponding AG values are listed in Table S2.7 Similarly,
Table S37 lists the solvation energy (AE;,) of the main reaction
intermediates in CO,ER catalyzed by Cu@N-Gr, Cu@N-CNT,
Fe@N-Gr and Fe@N-CNT, where a negative AE;, value repre-
sents an enhancement of adsorption.

Fig. 4 depicts the correlation relationship between the free
energy changes (AG) for the formation of *COOH/*OCHO and
*H at the Cu/Fe site, where the smaller the AG, the more
favorable the process. As the results in Fig. 4 show, both Cu@N-
Gr and Cu@N-CNT have higher selectivity towards CO,ER in
both vacuum or aqueous solution, compared to HER, and the

o @® O (*COy+H'+e — (*COOH) e
81 R
R A A (*CO)+H'+e — (*OCHO) /./
% O A ---- Inwater solvent 7
C e
g i3 o " @0 Cu@N-Gr
. .2 Cu@N-CNT
8 HER selective s 0
Re A
E 7 a
= ’
T 0.6 /./' A
2
&} @ Fe@N-Gr A
= /./' @ Fe@N-CNT
2 0.0 v ; CO,ER selective
.
o
'/
T T T T
0.0 0.6 1.2 1.8

AG [*H] (eV)
Fig. 4 Comparison of the free energy changes (AG) for the first

hydrogenation to *COOH or *OCHO in CO,ER and *H in HER in
vacuum and water solvent.

This journal is © The Royal Society of Chemistry 2020
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formation of *OCHO intermediate (CO, + H" + e~ — *OCHO)
should be dominant in the initial protonation. Similarly, both
Fe@N-Gr and Fe@N-CNT have higher selectivity toward CO,ER
than HER in aqueous solution, and the free energy changes in
the initial protonation to form *OCHO and *COOH interme-
diates are very close. In addition, the solvation effect on the
relative energies of the intermediates (*COOH/*OCHO) was also
studied. As shown in Table S3,} the solvation energies (AE;o;) of
*COOH are —0.15 eV for Cu@N-Gr and —0.17 eV for Cu@N-
CNT, respectively, while the corresponding AE, values of
*OCHO are —0.28 and —0.33 eV, indicating that there is rela-
tively stronger solvent effect on the *OCHO intermediate for
Cu@N-Gr and Cu@N-CNT, compared to *COOH. For Fe@N-Gr
and Fe@N-CNT, the effects of solvation on the intermediates
*COOH and *OCHO are similar, and the corresponding AE
values varies from —0.08 to —0.15 eV. Accordingly, the solvent
effect in CO,ER cannot be ignored. In the following discussion,
the free energy changes involved are all solvent-based.

As shown in Fig. S4,f the PDOS and differential charge
density of COOH/OCHO-adsorbed on Cu@N-Gr and Cu@N-
CNT indicate that there are relatively strong orbital interac-
tions of C/O(p) of *COOH/*OCHO with Cu(d) of Cu@N-Gr and
Cu@N-CNT. Compared with the *COOH species, there are
stronger charge-transfer interactions between *OCHO and
Cu@N-Gr or Cu@N-CNT, and the formation of *OCHO is more
favorable thermodynamically, as shown in Fig. S4 and S5.7

3.2.2 CO,ER to CO. As we all know, CO,ER is the multiple
protonation and electron-transfer process. For the production
of CO on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr, and Fe@N-CNT,
a two-electron reduction through consecutive electron/proton
transfers, i.e., CO, + H + e —>*COOH + H' + e” > *CO +
H,O0, is involved. The detailed free energy profiles for COER to
CO catalyzed by Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-
CNT are shown in Fig. 5. Note that the rate-limiting step for
the channel to CO on Cu@N-Gr and Cu@N-CNT is CO, + H" +
e~ — *COOH, and the corresponding reaction AG is 1.51 eV for
Cu@N-Gr and 1.35 eV for Cu@N-CNT. As Fig. S11 shows, the ¢4
of Cu in Cu@N-CNT is notably higher than that of Cu@N-Gr,
and closer to the Fermi energy level, which is consistent with
the order of relative activities and reaction AG values in Fig. 5.
Unlike atomically Cu-embedded nanostructures, the rate-
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limiting step for the CO production on Fe@N-Gr and Fe@N-
CNT is the desorption process of CO (*CO — * + CO), and
the corresponding reaction AG values are close each other
(1.02 eV for Fe@N-Gr and 1.07 eV for Fe@N-CNT).

Followed by the proton-electron transfer to the *COOH
species, the *CO is formed with the release of H,O. As Fig. 5
shows, the adsorbed state of *CO on the Fe-embedded nano-
structure is much more stable than that on the Cu-embedded
nanostructure, and its desorption is difficult accordingly. Here
the *CO on Cu@N-Gr, CU@N-CNT, Fe@N-Gr, and Fe@N-CNT
generally has a vertical adsorption configuration through Cu/
Fe-CO bonding interactions, as observed in previous
studies,®®* where the C-O bond length on the Cu- and Fe-
embedded nanostructures slightly increases to 1.16 and 1.17
A, respectively, compared to the free CO (1.15 A), indicating that
the CO bond is weakened to some extent. We note that 50 and
2m* orbitals of CO are mainly contributed by p, and p,/p, of the
C atom (Fig. S6t), respectively, and there are similar bonding
interactions for the chemisorption of CO on all nanostructures,
as shown in Fig. 6. The ¢ bonding interaction between C(p,) and
Cu/Fe(d,”) and the weak back-donation bonding interaction
between C(p./p,) and Cu(d,./d,;) account for the CO chemi-
sorption on nanostructures. Although the bonding mechanism
is similar for both systems, the Cu-CO (1.79 A) and Fe-CO (1.72
A) bonds have different strengths. The ¢4 of Fe in Fe nano-
structures is closer to the Fermi level than the d-band center of
Cu, as shown in Fig. 6 and S1,T and thus there are stronger
bonding interactions between Fe and CO, compared to *CO on
Cu@N-Gr and Cu@N-CNT, resulting in stronger CO adsorption
on Fe nanostructures with the binding free energies of —0.64 eV
for Fe@N-CNT and —0.69 eV for Fe@N-Gr than that on Cu
nanostructures with the binding free energies of —0.13 eV for
Cu@N-CNT and 0.62 eV for Cu@N-Gr. Linear correlation
between the *CO binding energy (E},) and ¢4 of the metal atom is
shown in Fig. S7.f The present results show that the CO
adsorption on the Cu/Fe-embedded nanostructures is enhanced
with the increase of &q.

3.2.3 CO,ER to HCOOH. As for the generation of HCOOH,
plausible reaction pathways from different initial protonation
steps and predicted relative free energy profiles are depicted in
Fig. S5.f For Cu@N-Gr, since there is no stable *HCOOH

Cu@N-Gr
Cu@N-CNT
2 -
1.51
= R
3 *COOH*,
= 1 d
o0
3 -,
= ~._0.62
H 062
@ 0.43
2 o
i i : - *+CO
ol 3 013
*+CO, E

Fe@N-Gr
- Fe@N-CNT
l_
s 0.44
P 0.39 043
& 4
o K
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1
3 L
g “+CO,
3
2 -0.69
=

064
*CO
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Fig. 5 The predicted free energy diagram of CO,ER to CO on Cu@N-
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Fig. 6 The PDOS after *CO adsorbed on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT.

intermediate, HCOOH can be produced directly by a two- *OCHO — *HCOOH — HCOOH, and the corresponding
electron reduction process. For both Cu@N-CNT and Cu@N- energy limiting step is formation of the *OCHO intermediate, as
Gr, the low-energy route to HCOOH formation is CO, — shown in Fig. 7. For Cu@N-CNT, the hydrogenation of the
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Fig. 7 The free energy diagram of CO,ER to HCOOH on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT.

*OCHO intermediate in the low-energy pathway yields *HCOOH
and its desorption produces HCOOH with the reaction AG of
—0.45 eV. Note that for Fe@N-CNT and Fe@N-Gr, the low-
energy pathway to form HCOOH is the same as Cu@N-Gr
(CO, — *OCHO — *HCOOH — HCOOH), and their limiting
energy step is also the formation of *OCHO. The corresponding
AG of the limiting energy step for CO,ER to HCOOH on Cu@N-
CNT is 0.70 eV, which is 0.18 eV lower than that on Cu@N-Gr,
indicating that Cu@N-CNT is more favorable to generate
HCOOH thermodynamically, compared to Cu@N-Gr. The AG
values of the limiting energy steps for CO,ER to HCOOH on
Fe@N-Gr and Fe@N-CNT are very close, and both are lower than
those on Cu nanostructures.

3.2.4 CO,ER to CH30H. Unlike the production of CO and
HCOOH, the formation of CH;0H requires six hydrogenation
steps, and the whole reaction process is more complicated. On
Cu@N-Gr, the pathway of CH;OH formation starts from *CO, as
shown in Fig. S8.1 The initial hydrogenation of *CO may lead to
*COH or *CHO, and the former is quite unfavorable thermo-
dynamically. The *COH formation requires the reaction AG of
2.33 eV, much higher than 0.71 eV for the *CHO generation (see
Fig. S871), suggesting that the *CO hydrogenation to *CHO is
dominant channel. Accordingly, the low-energy process of
CO,ER to CH;O0H on Cu@N-Gr follows consecutive single-
electron reductions, i.e., CO, - *COOH — *CO — *CHO —
*CHOH — *CH,OH — CH3;O0H, as shown in Fig. 8.

For the electrochemical reduction of CO, to CH;OH on
Cu@N-CNT, there are several plausible routes to CH;OH, as
depicted in Fig. S8.1 The pathway starting from the key inter-
mediate *CO is the same as that on Cu@N-Gr, but the strong
binding of *CO on Cu@N-CNT makes its initial hydrogenation,
ie,CO+H'+e — *CHO/*COH, requires relatively high free
energies (see Fig. S81), and thus the intermediate *CO may tend
toward desorption to CO, compared to the initial hydrogenation
through one electron reduction (see Fig. 5). We note that
another pathway to generate CH;OH through intermediates
*OCHO and *HCOOH on Cu@N-CNT is much favorable ther-
modynamically, as shown in Fig. S81 and Fig. 8. The formation of
*CHO through the intermediate *HCOOH is much easier than
that through the *CO species. Accordingly, the low-energy route for
CO,ER to CH;OH on Cu@N-CNT, ie., CO, — *OCHO —
*HCOOH — *CHO — *CH,0 — *OCH, — CH,OH, is different
from that on Cu@N-Gr, as shown in Fig. 8. Clearly, the curvature of
Cu@N-CNT can promote its catalytic activity and adjust the CO,ER
selectivity. The optimized structures of reaction intermediates
involved in CO,ER to CH3;OH are shown in Fig. S9.f

Similar to CH3;OH production on Cu@N-CNT, the *HCOOH
intermediate on Fe@N-CNT and Fe@N-Gr has also been
located, and their low-energy pathways to form CH3;OH are: CO,
— *OCHO — *HCOOH — *CHO — *CHOH — *CH,OH —
CH;0H for Fe@N-Gr and CO, — *OCHO — *HCOOH —
*CHO — *CH,O0 — *OCH,; — CH;OH for Fe@N-CNT. Here the
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Fig. 8 The free energy diagram of CO,ER to CHzOH on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT.
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Table1 Rate-limiting steps (RLS) and limiting potentials (U, V) for generating specific products on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-

CNT in water solution

(o]0) HCOOH CH,;0H
Products RLS Uy, RLS Uy, RLS Uy,

Cu@N-Gr CO, +H'+e~ — *COOH —1.51 CO, +H' +e~ — *OCHO —0.88 CO,+H"+e  — *COOH —1.51
Cu@N-CNT CO, + H' + e~ — *COOH —1.35 CO, + H + e~ — *OCHO —0.70 CO, + H + e~ — *OCHO —0.70
Fe@N-Gr *CO — *+ CO —1.02 CO, +H" + e~ — *OCHO —0.35 CO,+H"+e~ — *OCHO —0.35
Fe@N-CNT *CO — *+ CO —1.07 CO, + H" + e~ — *OCHO —0.31 CO, + H" + e~ — *OCHO —0.31

limiting energy step for CO,ER to CH3;0H on Fe nanostructures
is different from that on Cu@N-CNT, and the corresponding AG
of the limiting energy step is also smaller (Fig. 8). Such
discrepancies in the low-energy mechanism for CO,ER to
CH,OH on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT
can be mainly ascribed to the formation of key intermediate
*HCOOH, and the presence of the stable *HCOOH on Cu@N-
CNT, Fe@N-Gr and Fe@N-CNT provides a new channel to
CH,;OH, instead of *CO as the initial precursor for Cu@N-Gr.
As shown in Fig. S9, the O-Cu and O-Fe distances of
*HCOOH adsorbed on Cu@N-CNT, Fe@N-Gr and Fe@N-CNT
are 2.28, 2.32, and 2.12 A, respectively. The corresponding
adsorption energies (E,qs) are —0.38, —0.50, and —0.60 eV,
indicating the relatively strong interactions between HCOOH
and Cu@N-CNT, Fe@N-Gr and Fe@N-CNT, which are beneficial
to the following catalytic reaction to yield CH;OH. Taking the
*HCOOH intermediate on Cu@N-CNT as an example, the pre-
dicted differential charge density and PDOS of *HCOOH on
Cu@N-CNT in Fig. S107 also reveal that the O atom of HCOOH
and the Cu center have relatively strong bonding interactions,
differing from the situation of Cu@N-Gr without the curvature.

3.3 The limiting potential

The limiting potentials (U) of generating CO, HCOOH, and
CH;0H on Cu@N-CNT and Cu@N-Gr in water solution are
shown in Fig. S11,7 and the corresponding rate-limiting steps
and Uy, values are compiled into Table 1. Here the required
limiting potentials to produce HCOOH and CH;0H on Cu/Fe
nanostructures are generally lower than that for the CO
product (except for CH;0H on Cu@N-Gr), and this is because
the initial protonation is more conducive to the formation of
*OCHO. For Cu@N-Gr, the production of CO and CH;OH
possess the same limiting potential of —1.51 V, and corre-
sponding rate-limiting step is CO, + H" + e” — *COOH. For
Cu@N-CNT, the U, values of CO, HCOOH and CH;OH are
significantly lower than that of Cu@N-Gr. As Table 1 shows, the
limiting potential difference for the same product on Cu@N-Gr
and Cu@N-CNT is: CO = HCOOH < CH3;0H, suggesting that
the curvature of CU@N-CNT may improve the catalytic perfor-
mance of CO,ER, especially for the selectivity of CH;OH.

For Fe@N-Gr and Fe@N-CNT, the Uj, values of CO, HCOOH
and CH;OH are smaller than those on Cu nanostructures, the
corresponding limit potential differences (Fe@N-Gr vs. Fe@N-
CNT) are generally small, indicating that the curvature effect
is less remarkable for Fe nanoparticles in comparison with the

43082 | RSC Adv,, 2020, 10, 43075-43084

corresponding Cu-embedded N-doped carbon materials. We
note that the U, values of CO on Cu@N-CNT, Fe@N-Gr, and
Fe@N-CNT are larger than those of CH;OH, suggesting rela-
tively high selectivity toward CH;OH, compared to Cu@N-Gr.

4 Conclusions

In summary, we have systematically investigated the catalytic
activity and possible CO,ER pathways on the single Cu/Fe
embedded N-doped graphene and carbon nanotube by means
of first-principles calculations. Here the atomically dispersed
metal catalysts of CU@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-
CNT are predicted to be stable, both thermodynamically and
dynamically, and they exhibit higher selectivity toward CO,ER,
compared to HER. Our calculations indicate that different
initial hydrogenation steps account for CO,ER to CO, HCOOH,
and CH;OH, respectively. The main reaction pathway for CO,ER
to CO on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT is
composed of the consecutive hydrogenations, ie., CO, —
*COOH — *CO — CO, where the energy limiting step is
formation of the key intermediate *COOH for Cu@N-Gr, Cu@N-
CNT and the desorption of CO for Fe@N-Gr and Fe@N-CNT.
The *OCHO intermediate from the initial protonation and
one electron reduction is responsible for the HCOOH product.
The intermediates *COOH and *OCHO are the precursors to
CH;0H on Cu@N-Gr and Cu@N-CNT and Fe nanostructures,
respectively. The predicted limiting potentials for the formation
of CO, HCOOH, and CH;OH reveal that Cu@N-CNT, Fe@N-Gr
and Fe@N-CNT generally have higher activity towards CO,ER
than Cu@N-Gr. For CO,ER to CO, HCOOH, and CH;OH on
these single metal-atom embedded catalysts, Cu@N-Gr has
higher selectivity to HCOOH, while Cu@N-CNT, Fe@N-Gr, and
Fe@N-CNT have higher selectivity to both HCOOH and CH;0H.
The present results show that the curvature of the N-doped carbon
materials notably elevate the d-band center of single Cu atom and
promote the catalytic performance of CO,ER, especially for the
selectivity of CH;OH. On the contrary, the curvature has less
influence on the ¢4 of Fe, and the activity of the atomically
dispersed Fe catalysts is changed indistinctively. As a consequence,
the d-band center of metal atoms can be modified by the curvature
of catalyst supports, but its exerting influence depends on the
electronic structure of embedded single metal atoms.
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