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ABSTRACT: The carbon dioxide electrochemical reduction (CO,RR) to
useful fuels and chemicals with renewable electricity offers a promising strategy
for resolving energy security and environmental issues. Searching for low-cost
catalysts with high efficiency and high selectivity is crucial to achieve this goal.
Here, by means of comprehensive density functional theory computations, wc
systematically investigated the potential of several transition metal diicrs
supported on a porous C,N layer (Cu,@C,N) as the CO,RR electroc=*a.<*s.
Our results revealed that the Cu dimer can be stably embedded i th. o rous
C,N monolayer because of the strong hybridization between Cu 3d ¢ bitals and
N 2p orbitals, thus ensuring its high stability. On the basis of .ne computed free
energy changes, we found that Cu,@C,N exhibits superior oc cormance for the
CO,RR with a small limiting potential of —0.23 V and ¢ae C ), - HCOO* —
HCOOH* - H,COOH* — H,CO* - H,COH* > C."." — CH;* —» CH,
route is the most favorable, among which the hya. genation of HCOO* to
HCOOH?* is the potential-determining step. In - 1dition, C,H, can also be yielde ™ as t'.e formed CO™* provides active sites for
the coupling with another CO species with t1i2 1 mi.ng potential of —0.76 V. Tkeirtce, Cu,@C,N layer is a quite promising bi-
atom catalyst for the electrochemical reduct.an of CO, to hydrocarbons.

1. INTRODUCTION wiras)' * 77 O- or S-derived Cu,'® > and Cu nanoparticles
suzported on carbon-based nanostructures.””** Nevertheless,
‘ne activity of the above Cu-based catalysts is strongly
dependent on the size, shape, grain boundary, crystal facets,
and so on,” which would impose extra difficulties in synthetic
methods and mechanism analyses. Therefore, downsizing these
metal nanostructures to singly dispersed metal atoms is highly
desirable for maximizing the efficiency of catalytically active
metal sites.

Depositing single metal atoms on a certain substrate with

In recent years, the CO, electroreduction reaction (CO,RR)
to useful fuels and value-added chemicals using electricity
generated from renewable sources, such as sunlight and win/
has gained considerable research interest since th. (ver
increasing CO, emission from the unprecedented ¢or bu tion
of fossil fuels poses a severe threat to the global enireninent.
However, efficient, stable, and inexpensive calaly ts for the
CO,RR are highly desired because (>f *h¢ extremely
thermodynamic stability of CO, molecule.. Pist years have ) ; " 3
witnesseg tremendous tfoorts toward de\=leping ef}I’icient and ﬁne. dispersion bas bee.n rezvée_eglsd to be highly active for a
less-energy-intensive CO,RR catal@Q® To date, various variety of catalytic reactions. For example, Zhang and co-

transition metals (TMs) (ie, Cu " Fe, Ni, and Au) have workers first demonstrated that the single Pt atom deposited
' 4N Py on iron oxide surface can present remarkably high activity

toward CO oxidation.”® Afterward, the catalytic performance
of the experimentally available single-atom catalysts on other

been widely utilized as electrocatar, sts for CO,RR;" especially
the copper catalysts, firstntaposed by Hori et al,” have

demonstrated their unique verformance in reducing CO, to 1 by b
hydrocarbons, mainly CH,, C,H, CO, and HCOOH. metal oxides substrates, such as Ru;/Co;0,°" Au,/CeO,,
Ag;/MgO,”* has been extensively explored. The successful

fabrication of single-atom catalysts also inspired many

theoretical efforts to study the corresponding reaction
. 35-38 . . .

mechanisms. For example, Li et al. systemically examined

However, the eleCrocatalytic performance of Cu is still
unsatisfactory :cansc, of several fundamental challenges,
such as tht /nizh“overpotential (~1 V) and low faradaic
efficiency as a result of the competitive hydrogen evolution
reaction (HER).'”'" Hence, during the last few decades,
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the stability and catalytic performance of various FeO,-
supported single-atom catalysts for CO oxidation.” Liang et
al. demonstrated that Ni;/FeO, has a hlgh catalytic activity at
room temperature for CO ox1dat10n In particular, single-
atom catalysts have been widely employed for various
electrochemical reactions,”” as they not only minimize
materials usage to meet the goal of cost-effective catalysis,
but also possess outstanding activity because of their high ratio
of low-coordinated metal atoms.

As compared to the single-atom catalysts, using a few metal
atoms as active sites was revealed to possess improved catalytic
performance because of the synergistic effect of two adjacent
adsorption sites.””*" For example, Liu et al. showed that Cu,
cluster supported on Al,O; thin films may be an excellent and
efficient catalyst for CO, reduction in the presence of
hydrogen.*” Liu et al. theoretically proposed that Fe; cluster
anchored on the 6-Al,0,(010) surface can be utilized as a
promising heterogeneous catalyst for ammonia synthesis."'
Similar improvements have also been observed in metal dimers
anchored on an appropriate substrate.””*> For example,
Matsushita et al. fabricated Mo dimers embedded within the
rectangular-shaped expanded phthalocyanines (Pc).*” He et al.
successfully synthesized the Fe dimers embedded into
graphene with adjacent single vacancies,”® while Yan et al.
fabricated Pt, dimers on graphene using atomic layer
deposition that exhibited a ~17- and 45-fold higher catalytic
activity toward hydrolytic dehydrogenation of ammonia borane
than isolated sites and nanoparticles.”* Very recently, Tian et
al. successfully synthesized highly dispersed Fe, clusters that
are supported on mesoporous carbon nitride (mpg-C;N,; and
demonstrated that the obtained Fe,/mpg-C;N, saripl L
superior catalytic performance for alkene epoxia:iion.*
Theoretically, Sun and co-workers revealed that th= Cu dimers
on graphene or Mn dimers on a phthalocyanine “he ¢ exhibit
higher catalytic activity than their single-ctom counter-
parts.%_48

Very recently, a novel nitrogenated h<ie | graphene, that is,
C,N, was successfully synthesized by a siziple bottom-up wet-
chemical reaction.”” Interestingly, a C,N layer is featured with
evenly distributed cavities terminated by sp*-bonded nitrogen
atoms, which can provide coordination sites to anchor rata.
atoms, since the lone-pair electrons of N atoms can st.ongly
couple with metal atoms and prohibit metal drift.0.7n
addition, a C,N layer exhibits high thermal stability«u e air,
and has a rather high kinetic stability™® and %igh “electric
conductivity due to its continuous network-siri. tu e.” Quite
recently, the catalytic performance of a -iigl metal atom
anchored on C,N monolayers began tocattracc attention. For
example, Li et al. proposed that ti -« :ingle metal atoms
anchored on a C,N monolayer are vion..sing oxygen evolution
electrocatalyts® and Ma et al. shuw >a that the single Sc, Ti, V,
Cr, and Mn atoms embedd ¥ into a C,N monolayer are
promising for CO oxidat’or.~ " +hile Mo@C,N possesses good
catalytic performance for “he ammonia synthesis.

The extensive explointion of a single metal atom supported
by a C,N layer as -ow:sust, high-performance catalysts and the
outstanding cataly*ic acuvity of metal dimers inspires us to ask
an interesting qucstion: Can the metal dimer supported on a
C,N monolayer be utilized as a good bi-atom catalyst for
CO,RR? Actually, very recent theoretical investigations
showed that the dimers of Co, Ni, and Cu atom supported
on a C,N layer present much improved ORR activity as
compared with their single-atom counterparts’ and the Cu

dimer supported on a C,N layer also exhibits much enhanced
catalytic performance for CO oxidation.>

However, to date the catalytic performance of a TM dimer
on C,N layers toward the CO,RR has not been addressed
experimentally or theoretically. Therefore, a theoretical study
on this issue is highly desirable, which will open up a new
strategy for developing efficient CO,RR catalysts with the least
metal atoms on porous low-dimensional materials, as the
theoretical advances in recent years make it possible to search
for efficient catalysts and to describe the corresponding
catalytic mechanisms with adequate accuracy.”*"’

In this work, we systematically studied the potential of a Cu
dimer on a C,N layer (Cu,@C,N) as the CO,RR electro-
catalyst under an acidic environment by means of compre-
hensive density functional theory (DFT) computations. Cu,@
C,N was selected to study because (1) it has moderate binding
strength with the CO,RR intermediates, as revealed by our
screening computations; (2) Cu is the best metal catalyst for
CO,RR reported so far. Our computations demonstrated that
Cu,@C,N monolayer exhibits excellent CO,RR catalytic
activity with a low limiting potential, in which CH, and
C,H, are the main products. Therefore, Cu,@C,N can be a
promising, (~iididate for the next generation of low-cost
CO,RR cutulvsts with high efficiency and high selectivity.

~. COMMPUTATIONAL METHODS

Ovu: spin-polarized DFT compuuitions were performed by
using the DMol® code.”®*” " he electron interactions were
described by Perdew—Burle- Ernzerhof exchange—correlation
functional®® within ths. sercralized gradient approximation.
The empirical correci'on in Grimme’s scheme (ie, DFT +
D2)°" was utilized te treat the (possible) van der Waals
interactions be.vean CO,RR intermediates and catalysts. The
relativistic eftec's of transition metals were con31dered through
the densi(y fuactional semicore pseudopotential,”* in which a
singleeL2sdve potential and some degree of relativistic
cor'eciions replace the core electrons, while the double
nunerical plus polarization basis set was used for other
eloaents. Self-consistent field computations were performed
+vith a convergence criterion of 10~ au on the total energy and
electronic computations. To ensure high quality results, the
real-space global orbital cutoff radius was chosen as high as 5.2
A in all of the computations.

The Cu,@C,N-based catalysts were built by depositing a Cu
dimer on a 2 X 2 C,N supercell containing 24 C, 12 N, and 2
Cu atoms. The vacuum space was set to 20 A, which was
enough to avoid the interactions between periodic images. The
Brillouin zone was sampled with a Monkhorst—Pack mesh with
a 5§ X S X 1 grid in reciprocal space during geometry
optimizations. The Hirshfeld charge analysis was employed to
compute the charge transfer.”’

The free energy diagrams in the CO,RR were computed
using the computational hydrogen electrode model, > in
which the chemical potential of (H* + ™) at pH = 0 is related
to the chemical potential of 1 bar H, in the gas phase at 298 K.
The adsorption energies of CO,RR intermediates (E,4 or AE)
were first determined according to the following expression:
E.gs = Er — Ecatalyst - Especies) where Eq, Ecatalyst) and Especies are
the total energies of an adsorbed system, catalyst, and isolated
CO,RR species, respectively. Furthermore, the Gibbs free
energy change (AG) can be derived from these adsorption
energies as follows: AG = AE + AZPE — TAS + AGy, where
AE is obtained directly from DFT calculations, AZPE is the
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Figure 1. (a) Optimized structure, (b) band structure, and (c) partial density of states (PDOS) of a Cu dimer supported on a porous C,N layer

The Fermi level was set at 0.

Scheme 1. Proposed Reaction Paths for CO, Electrochemical Reduction on Cu-Based Catalysts, Producing Methane (CH,)
and Methanol (CH;0H)“
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Figure 2. Optimized geometric structures of various states (HCOO*, HCOOH*, H,COOH*, H,CO*, H,COH*, CH,*, and CH,*) along the
most favorable reaction path of the CO,RR proceeded on a Cu,@C,N monolayer.
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Figure 3. Free energy profile for the CO,RR to CH;OH and CH, on Cu,@C,N at (a) 0.00 V and (b) —0.23 V.

change in zero-point energies, and TAS is the entropy change
at room temperature (T = 298.15 K), AGy, is the contribution
of electrode potential (U) to AG. The zero-point energies and
entropies of the CO,RR species were computed from the
vibrational frequencies, in which only the adsorbate vibrational
modes were computed explicitly, while the catalyst was fixed.
The entropies of the free molecules gas-phase molecules were
obtained from the standard thermodynamic database. To
simulate the real H,O solvent environment, a conductor-like
screening model was used, in which the dielectric constant wag
set as 78.54 for H,O solvent.*®

3. RESULTS AND DISCUSSION

3.1. Structures and Stability of Cu,@C,N. V.~ first
examined the structures and stability of the  Tu dimer

-1.00 Ni,
-1.05 -
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-1.30 |
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Figure 4. Correlation between ... 'HCOO*) and E, 4(HCOOH*)
for TM,@C,N.

supported on a. .13 layer, and two initial structures were
considered,. in-wiicu tne two Cu atoms are located on the
same side (laheled as Con-1) and different sides (labeled as
Con-2) of the C,N surface, respectively. After full atomic
relaxations, however, we found that Con-1 is not stable as it
would be optimized to Con-2, which is well consistent with
previous theoretical report.”* As shown in Figure la, each Cu
atom in Cu,@C,N interacts strongly with two N atoms with
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the bond length of 1.99 A and the Cu—Cu bond length is 2.35
A.

To evaluate the structural stability of a Cu dimer on a C,N
layer, we computed the corresponding adsorption energy. The
computea acsor ption energy (—3.58 eV) is larger than the Cu
bulk coliesive energy (—3.38 eV), indicating the high stability
and - eimental feasibility for the anchoring of Cu on a
oorces C)N layer. Meanwhile,‘the local charge density of
Cu.@C,N mainly localizes on the Cu dimer (+0.62 ), while
the Cu-bonded N atoms (—5:19 ¢) are slightly polarized. In
general, adsorption sites-=nch large charges typically have
strong interactions with reuction intermediates. Thus, the
anchored Cu bi-atom. ar: expected to be the active sites for
CO,RR.

The electror < structures can provide a good description of
electron dist 1t ~tions in molecules and solids, which are useful
tools for i 2niical bond classification. Thus, we computed the
band st =t.re and partial density of states (PDOS) of Cu,@
C, \Figure 1), and in particular examined its band gap and
chiyrg> distribution in the bands near the Fermi level, since
toese bands are active in the CO,RR and will interact with
reaction intermediates. Our computed band gap of a pristine
C,N layer is 1.77 eV. A Cu,@C,N layer does not contain any
magnetic moment. Because the occupied d bands of the Cu
atoms lie in the gap of the band structures of C,N, the band
gap of a Cu,@C,N layer is greatly reduced to 0.58 eV,
suggesting an improved electroconductivity. Furthermore, the
computed PDOS suggested strong hybridization between Cu
3d and N 2p orbitals, further testifying the strong interaction of
a Cu dimer with the C,N layer.

3.2. CO, Electrocatalytic Reduction. After examining the
geometric structures, stabilities, and electronic structures of the
Cu dimer supported on a porous C,N layer, we investigated
the CO,RR catalytic activity on Cu,@C,N. Two possible
pathways, namely the C, and C, pathways, have been
considered. Special attention was given to identify the
kinetically most favorable reaction routes (the lowest-energy
pathway) on Cu,@C,N, which has the lowest positive
elementary free energy change between any two elementary
steps, and to determine the thermodynamic limiting potential,
the least-negative potential at which all of the elementary steps
become exergonic (downhill in free energy).

3.2.1. C; Pathway. We first studied the C, pathway and
considered different possible channels (Scheme 1), in which
various C1 products, such as CH,, CO, HCOOH, and
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Figure 5. Optimized geometric structures of various states (COOH*, CO*, CQLQ+,"COCOH¥*, C,0%, C,0H*, HC,0H*, C,H*, C,H;*, and
C,H;*) along the most favorable C, pathway in the CO,RR proceeded or'2 Cu,@ C,N monolayer.
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Figure 6. Free energy profile for the CO,RR to C,H, o=, @C,N at
0.00 and —0.76 V.

CH,0H, could be formed.®” For brevity; the proton—electron
couple (H* + e”) was omitted. Figurc 2 displays the atomic
configurations at various states. :long the lowest-energy
pathway, and the key structuriisrrameters are summarized
in Table S1. In addition, the ¢ = sponding free energy profiles
are presented in Figure Q.

As shown in Schem: 1, the CO,RR starts by the
hydrogenation of €U, <o form either adsorbed carboxyl
(COOH*, path .} ¢+ formate (HCOO*, path II) on the
catalyst, which.is crucial to determine or influence the entire
reaction path.zays. It is well established that the hydrogenation
of COOH* species will produce CO*, which can then either
release from the catalyst surface (CO* — * + CO) or be
further protonated to CHO* (path Ia)/COH* (path 1b)
(CO* + H' + e — CHO*/COH*). Once the CO,RR
proceeds along the HCOO* pathway, the adsorbed HCOO*

*+2H"+2e” %, M

o 041
3 . ;
> =, U=000V .
2 08Ff H*+H +e’
o
$ ¢\
2
N

L2

U=-071V
-16

n (H" + ¢) transferred)

Figure 7. Free energy profile for the HER on Cu,@C,N at 0 and
—-0.71 V.

species can be hydrogenated to HCOOH*, which could be
further hydrogenated (path IIa) or desorb off from the catalyst
surface (path IIb).

For the COOH* species on Cu,@C,N, we found that it
prefers to adsorb on the Cu—Cu bridge site, resulting in the
formation of two C—Cu bonds with the bond length of 2.03 A.
On the contrary, the HCOO® species prefers to adopt a
bidentate adsorption mode, forming two O—Cu bonds with
the distance of 1.94 A (Figure 2). Meanwhile, the adsorption
of COOH* and HCOO* species pulls the two Cu atoms out
the C,N plane. Remarkably, the HCOO* formation is
exothermic in the free energy profile by 0.20 eV (Figure 2),
while the COOH* formation is endothermic by 0.18 eV,
suggesting that energetically the formation of HCOO™ is more
favorable than that of COOH™.

Providing that the CO,RR proceeds along the path I, the
COOH* species can be hydrogenated to form CO* species by

DOI: 10.1021/acs.jpcc.8b06494
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Figure 8. Projected density of states (PDOS) o' > Je,@C,N and Cu,@C,N with | dsc'bed HCOO and HCOOH species. The Fermi level is

referenced at 0 eV.

reacting with a proton coupled with an electron transfer.
Remarkably, this reaction, that is, COOH* + H* + e~ — CO¥*
+ H,0(g), is exothermic in the free energy profile by 1.12 eV,
Following the production of CO, the next key step i w2
hydrogenation of the adsorbed CO to form either al'sciber.
CHO* (path Ia) or COH* (path Ib). However; ttese two
processes are uphill in the free energy profile by 1.16 wna 1.44
eV, respectively, suggesting that the further hy(roy euiation of
the adsorbed CO species to CHO* or C( H*"'s cnergetically
unfavorable on Cu,@C,N. Thus, the following nydrogenation
of CHO* or COH* species was not cens.deied. In addition to
the formation CHO* and COH* speu s, the adsorbed CO*
could couple with another CO ta ¢=. rate C2 products, which
will be discussed in Section 2.2.2.

On the other hand, on-ecvtre HCOO* species is formed
along path II, it can be further hydrogenated to form various
products. Thus, we cwsefuliy investigated these hydrogenation
steps to determin “ti.> I west-energy pathway and the product
selectivity. On tus busis of the computed free energies of each
elementary . ep at zero potential (Figure 3a), our results
revealed that the CO, — HCOO* — HCOOH* —
H,COOH* — H,CO* —» H,COH* —» CH,* —» CH;* —
CH, path is the most favorable path from a purely
thermodynamic perspective. Note that there is also a
thermodynamically less favorable pathway from H,COH¥,

19717

lealing to the CH;OH formation (H,COH* — CH;OH).
Dyuring the whole 8e transfer process, the hydrogenation of
HCOO* to HCOOH* is the potential-determining step
(PDS), since this step has the most positive free energy
change (AG = +0.23 €V), and the limiting potential of the
whole process is —0.23 eV (Figure 3b). Such a preferable
reaction pathway and the PDS are different from those on
Cu(111) surface®” or Cug nanoparticles supported defective
graphene,® in which a gas-phase CO, molecule is reduced to
CH, via the following pathway: CO, - COOH* — CO* —
CHO* — CH,0* — CH;0* — CH,, and the formation of
CHO¥* species is the PDS. The difference between Cu,@C,N
and Cugs/graphene may be ascribed to the stronger adsorption
on Cu,@C,N (—2.01 eV), which makes the free energy barrier
required to surmount this step (1.16 eV) much higher than
that on Cug,/graphene (0.68 eV).%

According to our above discussions, the computed over-
potential for CH, production on Cu,@C,N is —0.23 V, which
is much lower than that on Cu(111) surface (—0.97 V)*” and
the graphene-supported Cug; cluster (—0.68 V).°® The obvious
decrease in the free energy barrier results in an about 0.45—
0.74 V reduction in the applied potential, making the whole
reaction step exothermic, in other words, smaller overpotential
and less power consumption. Therefore, Cu,@C,N exhibits
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much higher catalytic activity for the CO,RR than the Cuss/
graphene or Cu(111) surface.

Another interesting question is the product distribution, that
is, CH, vs CH;OH, which is greatly dependent on the
adsorption energy of O on catalyst surfaces. On Cu,@C,N
surface, the significantly strong O adsorption (E,q = —1.86 €V,
evaluated by using half of the O, molecule as a reference)
makes it more difficult for Cu—O bond dissociation (leading to
CH;0H formation), as compared with the C—O bond
breakage (leading to CH, formation). Therefore, CH,
production is ~0.52 eV more favorable than that of CH;OH
(Figure 3). To estimate the distribution of CH, vs CH;OH,
the Boltzmann distribution formula exp[—(AG)/(ksT)] can
be utilized according to the computed free energy difference,
where AG is —0.52 eV and T is 298.15 K. Thus, the CH,/
CH;OH molecular ratio is ~(6.2 X 10%):1 at ambient
temperature, suggesting a high selectivity of Cu,@C,N toward
CH, production.

Note that the Ni, Fe, or Co atoms supported on N-doped
carbon nanostructures have been widely used as nonprecious
electrocatalysts for the CO,RR.**"" For example, Li et al.
demonstrated that the Ni—N,—C structure exhibits excellent
activity for electrochemical reduction of CO, with particularly
high selectivity and high faradaic efficiency (over 90%) for CO
production.”” Zhang et al. synthesized atomic iron dispersed
on nitrogen-doped graphene as an efficient electrocatalyst for
CO, reduction to CO, which has a low reduction overpotential
with high faradaic efficiency up to 80%.”° Pan et al
demonstrated that single-atom Co—Nj site anchored on
polymer-derived hollow N-doped porous carbon spl eres
exhibits a robust electrocatalytic activity for CO, ridu:tier
with nearly 100% CO selectivity.”' Then, the tc'owing
interesting questions arise naturally: Can the Fe, 7o, and Ni
dimers on a C,N layer (Figure S1) be used 2s QR <2 If yes,
as compared with Cu,@C,N, will these three diners exhibit
similar catalytic activity for the CO,RR?>

To answer these questions, we ‘=aiupated the CO,RR
pathways on Fe, Co, and Ni dimers suppcited on a C,N layer,
in which we determined only the free energy of the
hydrogenation of HCOO* to HCOOH* since it is the
potential-determining step on Cu,@C,N. Our computatiane
showed that the free energies of the above step are 0.81,.0.50
and 0.34 eV, respectively, on these three catalysts, whic’: re il
larger than that on Cu,@C,N (0.23 eV). Thus, wein.»d cted
that a C,N-supported Cu dimer exhibits highe:. CO,RR
catalytic activity than Fe, Co, and Ni dimszo sioported on a
C,N layer.

To gain deeper insight into the differencc of the CO,RR
catalytic activity on Fe, Co, Ni, and C. “='mers, we computed
their adsorption strengths with.}'CCO* and HCOOH*
species that are two important ini=nnediates in the PDS. A
good correlation exists betw =t the adsorption energies of
these two intermediaté: an“ our TM dimers (Figure 4).
Remarkably, Cu,@C,N e.hibits a relatively moderate binding
ability to HCOO* (&, = —3.57 eV) and HCOOH* (—1.09
eV), relatively w. ke:han those on Fe,@C,N (—4.17 and
—1.32 eV) and.Lu-wC,N (—3.90 and —1.27 eV) but stronger
than those o.. N;;@C,N (—3.16 and —0.79 eV, respectively,
for HCOO* and HCOOH*). According to the Sabatier
principle, Cu,@C,N with a moderate adsorption strength with
HCOO* and HCOOH™ should have higher CO,RR catalytic
activity than other three TM,@C,N, which is well consistent
with their limiting potentials for the CO,RR (—0.81, —0.50,

—0.34, and —0.23 V on Fe, Co, Ni, and Cu dimers supported
by C,N).

To what extent does the bi-atom catalyst Cu,@C,N improve
the CO,RR catalytic performance with respect to the single-
atom catalyst? To address this question, we investigated the
single-atom catalyst, Cu@C,N, in which an individual Cu atom
is adsorbed on a C,N layer. However, checking the first few
steps of CO, electroreductions on Cu@C,N can already
eliminate it as a good catalyst: the free energy changes for the
formation of COOH* and HCOO%* are 1.18 and 0.83 eV,
respectively (Figure S2), which are much larger than the
maximum free energy change of the CO,RR on Cu dimer
(0.23 eV). Obviously, the bi-atom catalyst Cu,@C,N has
much better catalytic performance for the CO,RR than its
single-atom counterpart.

3.2.2. C, Pathway. Previous theoretical studies showed that
the C, hydrocarbon species could be generated on Cu-based
catalysts, which generally begins from the CO* dimeriza-
tion.”””? Can C, species be generated on Cu,@C,N? To
address this question, we examined C, species formation
pathway.

Figure S presents the atomic configurations at various states
along the, C ) athway, and the corresponding free energy
profiles it summarized in Figure 6. Our results demonstrated
that #.» ©.tom in the CO* species, which can be yielded from

ne ‘CCOH* hydrogenation, hos formal three-coordination
(rioure S), making it highly active to couple with another CO
molecule to form COCO* s ecivs. In the formed COCO*
species (Figure S), the twe.. D species are separately adsorbed
on the Cu sites with the “u- C bond length of 1.81 A and the
C—C distance betwee. two CO species is 2.79 A. Remarkably,
at zero potential, *Lis reaction from (CO* + CO) — COCO*
is uphill by 0.7.7ev_i'i the free energy profile (Figure 6), which
is lower thar. thav'of CO* hydrogenation to CHO* (1.16 eV)
or COH*/1.14 V).

Subseqiently, the hydrogenation of O atoms in COCO*
specicr cculd produce COCOH¥* species, in which one C atom
(¢onuted as Cl1) is adsorbed on the Cu—Cu bridge, while the
¢ther C atom binds with C1 atom with the length of 1.34 A,
caggesting the formation of a stable C—C bond. The approach
of a second hydrogen induces the dissociation of COCOH*
species into C,0* and H,0. The C,0* would be further
hydrogenated to the final product C,H, by six hydrogenation
steps. During the whole C, pathway, the formation of COCO*
species is the PDS because of its maximum positive free energy
change (0.76 eV), suggesting the high catalytic activity of
Cu,@C,N for the CO,RR to C,H,.

3.2.3. Side Reaction Analyses. In addition to CH, and
C,H, production, the occurring CO,RR in an aqueous solution
would compete with the hydrogen evolution reaction (HER)
because H* can also adsorb on the catalysts under the same
reaction conditions by consuming the same proton—electron
pair (H" + e7).”* Clearly, the HER greatly affects the faradaic
efficiency at low pH region. Thus, an effective CO,RR catalyst
should exhibit poor activity for the competitive HER.”*”®

To examine the effect of the HER on the CO,RR, we
studied the free energy changes (AG) of the HER on Cu,@
C,N. Our results showed that a free energy barrier of 0.71 eV
is required in the H, gas desorption step (H* + H — H,)
(Figure 7), which is larger than that of CH, production in the
CO,RR (0.23 eV) and is only slightly lower than that of C,H,
generation (0.76 eV). Notably, compared to the free energy
barrier of the HER on a typical metal electrode (0.05—0.15
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meV),”’ the free energy barrier of the HER on Cu,@C,N is
rather high. Considering that adjusting the electrolyte pH and
adopting nonaqueous solutions are capable of effectively
suppressing the HER,” it is possible to minimize the influence
of this side reaction on the CO,RR under real experimental
adjustments.

3.2.4. Electronic Structures Analyses. On the basis of the
aforementioned analyses, it is clear that the Cu, dimer
supported on a C,N layer exhibits high catalytic activity for
the CO,RR because of its moderate interaction with the
CO,RR species. To deeply understand the remarkable
difference in the CO,RR catalytic activity among different
TM,@C,N, we investigated the electronic structures of TM,@
C,N.

Figure 8 shows the calculated partial density of states
(PDOS) of two key CO,RR intermediates, that is, HCOO*
and HCOOH?, on the deposited TM dimers on C,N surface,
where the Cu and Fe dimers were chosen as the representative,
since the Cu dimer shows the lowest limiting (—0.23 V) and
the Fe dimer has the highest limiting potential (—0.81 V) for
CH, production. To facilitate their comparison, the PDOS
were plotted for the same energy window from —10 to 4 eV.

Our results show that on Fe,@C,N, the 2p states of the
adsorbed HCOO* species are delocalized and have a strong
hybridization with Fe 3d states in a rather broad energy range
from —8.54 to —3.78 eV. In contrast, the Cu,@C,N layer and
HCOO* have much weaker hybridization in a limited range
between —8.13 and —7.33 eV. The similar phenomenon was
also found in the case of the HCOOH* adsorption on Cu.@
C,N and Fe,@C,N surfaces (Figure 8). The mich-
pronounced hybridization on Fe,@C,N indicates it ‘it
interaction with the CO,RR species is too strong, resuiiiig in a
higher limiting potential.

4. CONCLUSIONS

In summary, by means of DFT simv'iio.s, ‘ve studied the
possible pathways for electrochemica.-ied iction of CO, on
several TM dimers supported on C,N. Our results showed that
Cu,@C,N exhibits a moderate adsorption ability to CO,RR
species intermediates, endowing its higher catalytic perform-
ance for the reduction of CO,. Remarkably, Cu,@C,N huca
high selective generation of CH, rather than CH;OH, in" shicl
the hydrogenation of HCOO* to HCOOH?* is identulza as
the potential-determining step with the limiting nCten#al of
—0.23 V. In addition, the effective coupling Uatieen CO
species leads to the generation of C,H,. Tiies.. fiidings not
only offer theoretical insights into the reaucao 1 pathways of
CO,RR, but also open a new avenue t¢ design metal-dimer-
based and related bi-atom electrocata'y s for CO, electro-
reduction. Note that the cooperative =ftects of the metal dimer
in the bi-atom catalysts may gr=uti 7 improve the activity and
selectivity of a catalytic, rea :n. Further studies on the
deposition of different n.et.l acpant pairs or alloys on porous
nanomaterials would lead to even better improvement of the
CO,RR activity.
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