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A microscopic understanding of the mixed-functionalized MX enes (M2X − Tx; Tx = O, OH, and F)
are extremely important to the design of efficient CO2 catalytic activity. Here, we report a first-principles
study of the CO2 activation on pure O, OH, and F and mixed-functionalized Sc2C MX ene surfaces. We
find that CO2 adsorption energy can be tuned by changing the coverage of O, OH, and F functional
groups on the surface. Fully terminated O and F Sc2C forms weak interactions with CO2 molecules (bind-
ing energy −0.136 and −0.168 eV) whereas mixed-functionalized Sc2C surface exhibits higher binding
energy(−0.364 eV). In the mixed-functionalized Sc2C case, only O sites allow CO2 reduction (F and OH
are inactive) and finally converts into methane (CH4). Ab-initio-based Bader charge analysis and projected
density of state calculations reveal strong bonding between the C atom of CO2 and O functional group.
The Gibbs free-energy calculation confirms the conversion of HCO into H2CO to be a rate-limiting step
with the limiting potential 1.387 eV. In the mixed-functionalized surface, as we increase the number of
OH groups in the vicinity of O sites, the binding energy increases (transiting from a physisorption to a
chemisorption regime). However, increasing the amount of O coverage turns out to be detrimental to the
catalytic activity. Our study highlights the role of different functional groups in achieving efficient CO2

catalytic activity on Sc2C MX ene, which can further help us to design experiments accordingly.

DOI: 10.1103/PhysRevApplied.18.024020

I. INTRODUCTION

Photo/electrochemical CO2 reduction reaction (CO2RR)
is one of the main potential methods to convert CO2 into
value-added chemicals and fuel products [1]. Yet, this is
also a challenging reaction due to the linear and highly sta-
ble structure of CO2 molecules. The dissociation energy of
the C=O bond is 750 kJ/mol, much higher than that for
C−H (430 kJ/mol) and C−C (336 kJ/mol). This implies
that a large amount of energy will be required for CO2 to
convert into formic acid, methane, and methanol [2]. Thus,
several efforts have been taken to develop efficient cata-
lysts for the photo/electrochemical CO2RR [3] but expand-
ing the technology to an industrial scale is still far away
[4–10]. Despite the widespread efforts to develop efficient
catalysts for CO2RR, there still exists several challenges
such as high overpotential, high activation energy, low
energy efficiency, low selectivity, and high onset potential
[7,11].
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Cu metal has been a benchmark for electrochemical
CO2RR [7,12–14]. Inspired from this, several other cata-
lysts have been proposed for CO2RR [10,15]. Neverthe-
less, lower catalytic performance, high overpotential, and
low product selectivity has made these materials unsuit-
able for industrial purposes. MX enes (2D transition metal
carbide/nitride) are relatively new class of materials which
have been synthesized recently by selective HF/HCl chem-
ical etching of the A layer from MAX phases (here M
represents transition metal, A represents IIIA/IVA ele-
ments, and X is C or N)]. The chemical etching of MAX
phases results in oxygen (O), hydroxyl (OH), and fluo-
rine (F) terminated MX ene [16–20] and have lower surface
energy compared with bare MX ene surface [21]. High sur-
face area and excellent chemical and mechanical stability
make MX enes extremely suitable for wide array of appli-
cations such as energy storage involving supercapacitors
[22], batteries [22], and water splitting [23]. In the last
few years, several interesting studies have been presented
on these and related materials which suggest that it could
be a potential candidate for electrochemical CO2RR [24].
However, these studies involve either bare MX enes or
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monofunctionalized surface for CO2RR studies. For exam-
ple, 2D M3C2-type MX enes (M =Sc, V, Cr, Mn, Zr, Nb,
Mo, Mo2Ti, Hf, Ta, and W) have been explored towards
CO2RR for CH4 conversion using a first-principles method
[25]. The IV, V, and VI group-based M2C MX enes are
investigated to understand their electrocatalytic activities
[26]. The study on bare IV, V, and VI group M3C2 MX enes
for CO2RR [27] suggests Mo3C2 and Cr3C2 to be the most
promising catalysts with limiting potentials of 1.05 and
1.31 V, respectively, and further reduced to 0.35 and 0.54
eV by the addition of an O or OH group. There are also a
few studies using density functional theory (DFT) calcula-
tions which revealed the role of O- or OH-functionalization
towards CO2RR processes [26,28,29].

It is well known, both theoretically [21] and experi-
mentally (chemical etching method) [16–19], that mixed-
functionalized surfaces are more stable and likely to form
in a real system. Despite all the theoretical investigations,
mixed-functionalized surface studies are extremely lim-
ited [30]. We found only a single report which depicted
the two (O+F) functionalized MX ene surfaces for CO2RR
[31]. According to this study, Ti- and Mo-based cata-
lyst surfaces show that the O+F terminated surface with
lower amounts of F termination gives better activity
compared with high F terminated surfaces [31]. Thus,
it can be suspected that the presence of mixed func-
tional group has a crucial effect on surface properties.
From the point of view of CO2RR, CO2 activation at
catalyst is a vital and challenging task. In this regard,
surface morphology has crucial influence on CO2 activa-
tion. This is exemplified in several systems where intrin-
sic defects and the electron/atom (e/a) ratio sensitively
dictates CO2 adsorption (chemisorption and physisorp-
tion) processes [32–35]. Thus, a deeper insight into these
aspects of CO2 activation on the mixed-functionalized
surface of MX enes is highly desirable which can guide
future experiments to achieve more efficient catalyst for
CO2RR.

In this report, we perform a detailed investigation of the
electrocatalytic CO2RR activity of mixed-functionalized
(F, O, OH) Sc2C MX ene, which is a more realistic choice
of surface for catalytic process. The study unfolds vari-
ous distinctive chemical features of mixed-functionalized
surface as compared with the unmixed ones when CO2
is adsorbed. Apart from a significant effect on the bind-
ing energy of the CO2, a careful analysis of mixed-
functionalized Sc2C MX ene reveals that HCO to H2CO
conversion is the rate limiting step. Our Ab initio simula-
tion shows that the O-site acts as an active site for CO2
adsorption whereas the presence of OH group improves
CO2 binding. It was found that as we increase the clus-
tering of OH group in the vicinity of the active O-site, the
binding energy increases rapidly. The present work cate-
gorically explains the response of each functional group
during CO2 activation process thus provides an effective

way to modulate the surface terminations and, hence, to
obtain the most efficient catalyst for CO2RR

II. COMPUTATIONAL DETAILS

The first-principles calculations are carried out using
DFT as implemented in Vienna Ab initio Simulation Pack-
age (VASP) code [36,37]. The generalized gradient approx-
imation [38] with Perdue-Burke-Ernzerhof (PBE) [39] is
employed to capture the exchange and correlation effects.
The electron-ion interaction is incorporated within the
projector augmented wave (PAW) method [40] with an
energy cutoff of 500 eV. The �-centered Monkhorst-Pack
9 × 9 × 1 k-mesh is used for the Brillioun zone integration
[41,42]. The force (energy) is converged up to a tolerance
level of 0.05 eV/Å(10−7 eV). The Bader charge analysis
is performed using the method developed by Henkelman
[43,44]. The van der Waals correction (DFT-D3) [45,46] is
included in all the calculations. A 4 × 4 supercell of Sc2C
slab and a vacuum of 15 Åalong z direction is used for
catalysis-based simulation.

The stability of functionalized Sc2C surface is evaluated
by calculating the formation energy

�Hf = Etot(Sc2CTn) − Etot(Sc2C) − (n/2)Etot(T2), (1)

where Etot(Sc2CTn) and Etot(Sc2C) represent the total
energy of functionalized and bare Sc2C surface. Here,
Tn = O, OH, F groups, hence Etot(T2) corresponds to total
energy of F2, O2+H2, or O2.

The surface energy (γ ) of bare and functionalized Sc2C
are calculated using the expression

γ = 1
2A

(
Eslab −

∑
i

niμi

)
, (2)

where Eslab is the total energy of the slab, and ni and μi are
the number of species in the slab and their chemical poten-
tial. The fraction represents two sides of slab. A represents
surface area of the slab.

The adsorption energy is computed using the following
formula,

Eads = Eadsorbate@slab − Eslab − Eadsorbate (3)

where Eads is the adsorption energy CO2 and other inter-
mediates observed during reduction process, Eadsorbate@slab,
Eslab, and Eadsorbate are the total energies of the molecules
adsorbed on the surface, surface slab, and free adsor-
bate molecule, respectively. The adsorption energies of
intermediates are calculated using the total energy of the
intermediate molecules in gas phase. The gas molecules
employed for calculations are 1/2H2, H2O, HCOOH,
H2CO, CH3OH, and CH4.
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The free energy of the CO2 reduction process is calcu-
lated using the computational hydrogen electrode model
[47]. The chemical potential of the H+/e− pair is equal
to half of the chemical potential of the H2 molecule
under standard conditions (pH = 0, fugacity f(H2) =
101,325 Pa, T = 298 K). The free energy of each system
can be obtain using G = EDFT + ZPE − TS. Here, EDFT is
the total electronic energy of each species obtained using
DFT calculation, ZPE is the zero-point energy, T is tem-
perature, and S is entropy. ZPE can be given by ZPE =
1/2hνi, where h is Planck’s constant and νi is vibrational
frequency. The S correction can be expressed as a sum
of electronic (Se), translational (St), rotational (Sr), and
vibrational (Sv) term:

S = Se + St + Sr + Sv . (4)

At the fundamental electronic level Se becomes 0. For
molecular species, major contributions come from trans-
lational, rotational, and vibrational terms, whereas for
solids both St and Sr become negligible. For both ZPE
and S, the contribution from vibration is computed using
phonon calculations. Consequently, the change in Gibbs
free energy of each step of the CO2 reduction reaction
are calculated using G = EDFT + ZPE − TS and �G =
�EDFT + �ZPE − T�S + eU, where �EDFT is the change
in total energy between reactants and products (adsorp-
tion energy). Here �ZPE and T�S are the change in
the zero-point energy correction and vibrational entropy,
respectively, at room temperature and e and U are the
number of electrons transferred and applied potential for
each step. We use U = 0 eV for free energy calculation at
equilibrium. The liming potential is the energy required to
make all the elementary steps exergonic is determined by
UL = −�Gmax/e, where �Gmax is the most positive value
of change in free energy.

III. RESULTS AND DISCUSSION

The bare Sc2C and functionalized Sc2C MX enes are
usually extracted from hexagonal bulk Sc2AlC unit cell
possessing P63/mmc symmetry. The structure of the later
is shown in Fig. 1(a). The optimized lattice parameters of
Sc2AlC are a = b = 3.29 Å and c = 15.15 Å which match
fairly well with the previous report [48]. Figure 1(b) shows
bare Sc2C which consists of a carbon layer as a middle
layer sandwich between two Sc layers. From top view,
H1 and H2 correspond to hollow sites just above Sc and
C atoms, respectively. We first simulated the 100% cov-
erage of each functional groups (F/O/OH) at H1 and H2
sites of Sc2C MX ene surface [see Fig. 1(c)]. The O, OH,
and F functionalization occupying H1 site is referred to as
Sc2C–O, Sc2C–OH, and Sc2C–F, whereas geometry with
H2-site occupancy is referred as Sc2C–Ob, Sc2C–OHb, and
Sc2C–Fb, respectively. On the basis of total energy it was

a b

C
O
F
H

Sc

Al

(a)

(b)

(c) Sc2C-F

Sc2C-O

Sc2C-OH

Sc2C-mix

FIG. 1. Schematic side view of optimized (a) bulk Sc2AlC, (b)
4 × 4 supercell of Sc2C, and (c) different functionalized Sc2C
surfaces. The black dotted line in (a) shows the cleaved portion
of bulk Sc2AlC unit cell whereas red dashed lines in (b) indicate
the position of two hollow sites (H1 and H2) for O, OH, and F
adsorption.

found that F and OH prefer to occupy the H1 site, whereas
O prefers to occupy the H2 site (see Table S1 of the Sup-
plemental Material [50]) which is consistent with previous
reports [49].

To study the effect of mixed functionalization on MX ene
surface, we considered a coverage of 34.375% F (11 out of
32 sites), 34.375% OH (11 out of 32 sites), and 31.250%
O (10 out of 32 sites). This is labeled as “Sc2C-mix” and
shown in Fig. 1(c). Following Ref. [21] we constructed
Sc2C-mix using approximately equal coverage of func-
tional groups, i.e., 10 O, 11 OH, and 11 F atoms. In the
later section, we varied the amount of O functional. For
the construction we placed five O, five OH groups, and six
F atoms on the top side [as shown in the Fig. S1(a) of the
Supplemental Material [50]] whereas five O, six OH, and
five F were placed on the bottom side. This is the sim-
plest configuration where four F, four OH, and four O are
adsorbed in the adjacent line, whereas the remaining OH,
O, and F atoms were placed on the next line (see Fig. S1(a)
of the Supplemental Material [50]). Next, to check the
effect of changing the order of alignment of O–OH–F, we
designed three more configurations maintaining the same
stoichiometry of O, OH, and F atoms. These are shown in
Figs. S1(b)–(d) of the Supplemental Material [50]. Inter-
estingly, the energetics of all these configurations remain
close to each other (within 1 meV/atom). In the present
work, the energetically most stable configuration is cho-
sen for more detailed study. Apart from this, two more
configurations of Sc2C-mix were created, one where all
O, OH and F occupy the H1 site and the other ‘’Sc2C-
mix(b)” where F and OH sit at the H1 site whereas O
atoms sit at the H2 site. The optimized “Sc2C-mix” (all
O, OH, and F at the H1 site) configuration is considered
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TABLE I. Formation and Surface energy of bare Sc2C,
Sc2C−Ob, Sc2C−OH, Sc2C−F, and Sc2C-mix (34.374% F,
34.375% OH, and 31.250% O).

Slab model Formation energy Surface energy
(eV/atom) (meV/Å2)

Sc2C – 29.6
Sc2C−F −2.359 −596.4
Sc2C−Ob −1.667 −411.1
Sc2C−OH −1.440 −491.0
Sc2C-mix −2.026 −510.0

for further investigation because it exhibits lower energy
compared with Sc2C-mix(b). Figure S2 of the Supplemen-
tal Material [50] displays the total density of states (DOS)
of Sc2C–F, Sc2C–O, Sc2C–OH, and Sc2C-mix using the
PBE functional. The purely F and OH terminated Sc2C
turn out to be semiconducting with band gaps of 0.97
and 0.98 eV, respectively, whereas O terminated Sc2C
and Sc2C-mix are metallic, which matches with a previ-
ous report [49]. Functionalized Sc2C turns out to have
lower surface and formation energies as compared with
the bare version, as listed in Table I. The formation ener-
gies of the functionalized surfaces follow a certain trend, in
the order of Sc2C−O < Sc2C−OH<Sc2C-mix<Sc2C−F,
with large negative values indicating strong bond forma-
tion between Sc and O/OH/F, consistent with a previous
report [51]. The lower surface energy of all the functional-
ized surfaces compared with bare Sc2C engenders the sta-
bility/formation of functionalized surface. High negative
value of formation and surface energy of Sc2C−F suggest
F functionalization to be most favorable at 0 K. However,
depending on the temperature and synthesis environment,
the relative stability of different functionalization groups
may vary, as evidenced experimentally [15–19].

Next, the CO2 molecule is placed over different func-
tionalized Sc2C surfaces and the structures were relaxed.
The optimized structures show some reconstruction. The
relaxed bond distance (CCO2−OSc2C) between the CO2
molecule and O, F, and OOH (O of OH group) of
Sc2C−F, Sc2C−O, and Sc2C−OH surface [as shown
in Figs. 1(a)–1(c)] turn out to be 2.79, 2.96, and 2.60
Å, respectively. In the case of Sc2C−F, Sc2C−O, and
Sc2C−OH there is no major change in the bond angle
of the CO2 molecule observed after relaxation as indi-
cated in Table II. To further confirm CO2 binding on
Sc2C − OH, the adsorption of CO2 molecule at different
positions was checked. For example, CO2 molecule was
placed above the H atom in an inverted-V shape making
bond between O of CO2 molecule and H of OH group
(as shown in Fig. S3 of the Supplemental Material [50]),
and then relaxed. After optimization, even this configu-
ration does not show any significant interaction between
CO2 molecule and Sc2C−OH surface. Out of various

(a)

(b)

(a)

(d)

FIG. 2. Optimized configuration of CO2 adsorbed on (a)
Sc2C−F, (b) Sc2C−O, (c) Sc2C−OH, and (d) Sc2C-mix termi-
nated surfaces. The blue, brown, yellow, red, and white spheres
are Sc, C, F, O, and H atoms.

such possible configurations, the configuration shown in
Fig. 2(c) is energetically the most stable. Interestingly, the
mixed-functionalized surface “Sc2C-mix” results in bend-
ing of the linear CO2 molecule into V-shape with the bond
angle transition from 180◦ (gaseous CO2 molecule) to
130.3◦ [see Fig. 2(d)]. The bond length between OSc (O
of Sc2C-mix) and CCO2 (C of CO2) is also affected drasti-
cally (1.44 Å) bringing the CO2 molecule much closer to
the Sc2C surface [see Fig. 2(d)].

The enhanced CO2 activation on Sc2C-mix surface fur-
ther leads to O=C and C=O bond elongation (1.267 and
1.247 Åfrom 1.176 Å), thus weakening C–O bonding. This
is further confirmed by a charge transfer of 0.321|e| from
Sc2C-mix surface to CO2 molecule, mediating the forma-
tion of anionic COδ−

2 . Figure S4 of the Supplemental
Material [50] shows the atom/orbital projected DOS of
molecular orbitals (1πg , 2πu) of CO2 in free and adsorbed
states. The molecular orbital has significant change in
the orbital distribution near the Fermi level. Comparison
between the atom/orbital DOS of C-p and O-p of CO2
molecule and OSc-p orbital of Sc2C-mix surface shows
strong hybridization, further confirming the CO2 activa-
tion at OSc of Sc2C-mix. The CO2 prefers physisorption
with the adsorption energy −0.135 and −0.168 eV when
placed at F and O sites, respectively (listed in Table II),
whereas in the case of OH, CO2 adsorbs with a binding
energy of 0.748 eV hinting towards an endergonic process.
The moderate displacement of the H atom of the OH group
from its original position is also an indication of the pos-
sibility of an endergonic process. This can be clearly seen
in Fig. 2(c). Thus, one can conclude that the interaction
of CO2 molecule with Sc2C − OH surface is mediated by
CCO2 and OOH.

As mixed-functionalized MX enes are more likely to
form during the experimental synthesis, we chose the
Sc2C-mix configuration for further investigation of CO2 to
CH4 conversion. The product selectivity strongly depends
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TABLE II. Bond distance between CCO2−Ob, CCO2−OH, and CCO2 –F of Sc2C surface, CO2 bond angle, and binding energy CO2
adsorbed surface with different terminations.

Configurations Bond distance between O–C–O bond angle (deg) Binding energy
CCO2−O/OH/F of Sc2C surface (Å) (eV)

Sc2C−F 2.79 179.6 −0.135
Sc2C−Ob 2.96 179.3 −0.168
Sc2C−OH 2.60 173.3 0.748
Sc2C-mix 1.44 130.3 −0.364

on subsequent elementary steps and adsorption energy of
reaction intermediates formed. In this regard, the Gibbs
free energies of different reaction intermediates formed
during the subsequent electron coupled protonation steps
on Sc2C-mix at room temperature is an important descrip-
tor. This is displayed in Fig. 3. In general, for the first
hydrogenation (H+/e−) step, there are two possible sites,
namely C and O of CO2 molecules where H atom can
attack resulting in the formation of *COOH or *HCOO
(see Fig. 4), where * indicates the boundedness of CO2
and its intermediates on Sc2C-mix surface. However, in
the Sc2C-mix case, CO2 gets adsorbed via the formation of
CCO2 − OSc bond thus endows both the O of CO2 slightly
above the surface plane. Owing to the steric advantage
associated with OCO2, the (H+/e−) attacking both the oxy-
gen is more favorable in comparison with CCO2 site. Our
calculations also show that H prefers to bind at the O
site and converts CO2 into *COOH with an adsorption
energy of −0.80 eV, indicating the exergonic nature of
the reaction (Fig. 3). In contrast to this, CO2 adsorption on
bare M2C MX enes (M = IV, V, and VI transition metal)
reported by GuO et al. [25] shows OCO2–M bond forma-
tion, whereas the C atom of CO2 remains slightly above the
basal plane. Owing to the steric advantage with C of CO2
in the case of bare M2C-MX ene, formation of *OHCO
is found to be energetically favorable on first hydrogena-
tion in contrary to the present scenario. Thus, this study
further depicts that the surface functionalization has cru-
cial effect on CO2 binding and the formation of reaction

intermediates. The generated *COOH further undergoes
reduction by H+/e−. The H+/e− attacking at O of the OH
site (present in *COOH) can form CO with the removal
of H2O, whereas if it attacks at the C site this can result
in *HCOOH; a reaction usually observed in metal, metal
oxide/chalcogenides catalysts [11,33,34]. Interestingly, the
CO2 adsorption at the OSc site of the functionalized surface
is distinctly different as compared with the corresponding
reaction on bare metal catalysts [10,11,24,25] because of
the formation of three C–O bonds (one C − OSc and two
C−OCO2) in the former as opposed to two. Thus, conver-
sion of COOScOH into CO by formation of H2O molecule
is difficult and it results in reverse CO2 evolution. Our cal-
culations show that the reaction for reverse formation of
CO2 is less favorable (by 0.58 eV) as compared with sub-
sequent *HCOOScOH formation with a binding energy of
0.41 eV, which suggests endergonic nature. Hence, for fur-
ther calculation we proceed with *HCOOScOH. After the
first hydrogenation, C−OSc distance decreases, which can
also be inferred from the binding energy value that increase
from −0.37 to −0.80 eV. With the second hydrogenation
(hydrogenation of COOH), C−OSc bond length increases
to 1.46 Å. In the next hydrogenation step, H2O removal
results in stronger *HCOOSc binding energy (−3.016 eV)
indicating exergonic reaction (as shown in Fig. 3). The
enhanced binding energy mainly attributed to C–O bond
breaking and removal of H2O leads to enhanced C−OSc
interaction. The change in the free energy required for con-
version of *HCOOSc into *HCOOScH (formic acid) and

(a) (b)

FIG. 3. (a) Calculated free energy of the reaction pathway starting from CO2 adsorbed Sc2C-mix surface. Here, red colored O refers
to OSc of the functionalized surface. Blue and pink shaded region indicates exergonic and endergonic process. (b) Change in free
energy for the hydrogen evolution reaction on Sc2C-mix surface.
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*H2COOSc are 1.20 and 1.02 eV, respectively, indicating
H+/e− attack at the C site is energetically favorable. The
binding energy of *HCOOScH is found to be 0.82 eV. The
distance between OSc and Sc2C surface of Sc2C-mix itself
increases to 2.55 Å (from 2.18 Å). The increased OSc–Sc
bond length indicates *HCOOScH is loosely bound to the
surface. In other words, this hints towards a possible evo-
lution of *HCOOScH during CO2 reduction reaction which
may result in O vacancy on Sc2C-mix surface.

The H2COOSc with binding energy 0.312 eV under-
goes a further reduction process with H+/e− pair attack-
ing at O site and converting it into *H2COScOH. In the
following steps, H+/e− can attack either at OSc or O
sites. The hydrogenation at OSc leads to the formation
of methane diol (CH2(OH)2) with the binding energy
+0.85 eV, whereas hydrogenation at O gives out H2O
molecule with strongly bound *H2COSc having a binding
energy −3.63 eV. Here, in this step, C bind to another
OSc of Sc2C-mix surface because of loss of OCO2 in order
to complete its valency. The H2C binds with two OSc
of Sc2C-mix surface with higher binding strength (bind-
ing energy −3.63 eV). Subsequent hydrogenation of H2C
results in continuous attack on the C site of *H2COSc and
it converts into *H3COSc and H4C. Attack of H at OSc of
CH3OSc is also checked and it confirms the formation of
CH3OScH. However, CH3OScH evolution results in further
OSc vacancy. To check the selectivity towards C1 prod-
uct (compound with 1 carbon atom: CH4, CH3OH, CO,
HCOOH, etc.) evolution, the binding energies of CH4 and
CH3OScH were calculated which turn out to be 0.52 and
0.74 eV, respectively. Lower binding energy of CH4 com-
pared with CH3OScH, CH2(OH)2, and HCOOScH suggest
high selectivity towards CH4 evolution during CO2 reduc-
tion reaction. Figure 4 displays the free energy diagram
which clearly shows that hydrogenation of *COOScOH,
*HCOOSc, and *H2COScOH is endothermic while the
remainder are exothermic reactions. Thus, the conversion
of HCOOSc into H2COOSc is the potential liming step with
a limiting potential of 1.387 eV.

The hydrogen evolution reaction (HER) is known to be
one of the competing reactions during the CO2 reduction
process. We considered HER at different sites of Sc2C-
mix. To initiate HER, H atoms were placed at the O and F
sites of Sc2C-mix. After optimization, it was found that H
prefers the O site with HER change in free energy (�GH)
of −0.819 eV, whereas H placed at the F site moves to
the O site. The lower value of �GH implies that the side
reaction HER will be more favorable compared with CO2
reduction at pH = 0. However, HER also depends on the
pH value, hence HER activity can be tuned by changing
the pH value.

We explore further to gain a microscopic understand-
ing of the effect of mixed-functionalized group (Sc2C-mix)
on CO2 activation by varying the amount of O, OH, and
F. The CO2 adsorption on Sc2C−O shows physisorption.

However, in the case of Sc2C-mix, the CO2 activation
occurs exclusively at O site. Though F and OH of Sc2C-
mix surface does not act as active site for CO2 activation,
the presence of F and OH alters the electronic charge dis-
tribution at the surface. The coverage geometry considered
so far in Sc2C-mix surface consists of OH groups sitting
at the nearest neighbor of the OSc site. In reality, however,
this may not happen and F and/or O atoms may also occupy
the nearest neighbor sites. In order to check the effect
of such an environment, we have replaced the OH group
at both the nearest neighbors by F and O group, labeled
as Sc2C-mix–F and Sc2C-mix–O in Fig. 5. The black
arrow indicates the sites where OH group was replaced.
Replacing the nearest OH by F and O has a crucial effect
on the formation energy of Sc2C-mix–F (−173.3069 eV)
and Sc2C-mix–O (−171.7709 eV), compared with Sc2C-
mix surface (−184.3608 eV). Interestingly, the presence
of O and F in place of OH site has a significant effect
on CO2 adsorption. The CO2 molecule binds with energy
−0.291 and −0.297 eV on Sc2C-mix–F and Sc2C-mix–O,
respectively (as compared with −0.364 eV in the orig-
inal OH-occupied configuration). This clearly indicates
that presence of OH group in the vicinity of OSc (as an
active site) helps to bring the adsorption energy within
the moderate chemisorption region. To check the charge
transfer mechanism between CO2 molecule and Sc2C-
mix–F and Sc2C-mix–O surfaces charge density difference
is calculated using [52]

�ρ = ρ(CO2@surface) − ρ(surface) − ρ(CO2), (5)

where ρ(CO2@surface), ρ(surface) and ρ(CO2) are the
charge densities of CO2 adsorbed on Sc2C-mix/Sc2C-
mix–F/Sc2C-mix–O surface, pure Sc2C-mix/Sc2C-mix–F/
Sc2C-mix–O surface, and isolated CO2 molecule, respec-
tively. Figures 5(c) and 5(d) display the charge density
difference of the Sc2C-mix–F, Sc2C-mix, and Sc2C-mix–O
configurations. The region of charge depletion and accu-
mulation are depicted using cyan and yellow color, respec-
tively.

Among all the three cases, Sc2C-mix exhibits a sig-
nificant interaction between H atom of OH group and O
of OCO2 which causes a localized charge-deficient region
at H atom, whereas F or O atoms do not have any sig-
nificant contribution. The Bader charge analysis shows a
charge transfer of 0.0776|e| and 0.0503|e| by both the H
of OH group (nearest to the active site) to the OCO2 atom.
This charge transfer to OCO2 weakens C–O charge sharing.
Hence, it is quite plausible that C takes a charge of 0.05|e|
from OSc to complete its valency which results in strong
interaction between CO2 and Sc2C-mix surface, whereas
OCO2 does not takes any charge in the other two cases
[Figs. 5(c) and 5(e)]. This might be due to the similar elec-
tronegativity of O and F. Atom/orbital projected DOS of
H of OH group and O of CO2 molecule located near OH
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FIG. 4. Proposed CO2RR mechanism pathway to different products on Sc2C-mix surface. Here Eb implies binding energy.

functional in Sc2C-mix is shown in Fig. S5 of the Sup-
plemental Material [50]. This clearly confirms significant
hybridization between the two.

We have also evaluated the effect of the number of OH
in the vicinity of OSc (active site) on CO2 bond angle,
CCO2−OSc bond length, and CO2 binding energy. In order
to do this, the Sc2C-mix surface with active OSc site
is taken and all the neighboring sites within a distance
3.27–3.35 Å(see Fig. S6 of the Supplemental Material
[50]) are replaced by O atoms. Next, we replaced each
O atom by OH one by one and simulate the effects under
each environment. Table III lists the change in CO2 bond
angle, CCO2−OSc bond length, and CO2 binding energy
with increase in the number of OH group. As the num-
ber of OH groups increases from zero to two, the CO2
bond angle and CCO2−OSc bond distance decreases indi-
cating enhanced interaction between CO2 molecule and
Sc2C-mix surface which is also reflected by the increased
binding energy value. Moving from one OH to two OH,
CO2 molecule rotates from first H of OH group (HOH) to
middle of first and second HOH atom, as shown in Fig.
S7 of the Supplemental Material [50]. Both HOH donate
a charge of 0.07|e| and 0.06|e| to OCO2. When a third O

was replaced by the OH group, OCO2 closer to the third
OH rotates towards the third HOH whereas the oxygen
near the first and second OH remains unperturbed. In this
case OCO2 near the third OH group takes up a charge of
0.074|e| from HOH, and increases the binding energy to
−0.364 eV. On adding a fourth OH group there is small
shift in OCO2 position towards fourth HOH, which in turn
causes further increase in CO2 bond angle with the adsorp-
tion energy −0.60 eV. Interestingly, adding a fifth and
sixth OH group does not have any significant effect on
the bond angle/length but the binding energy increases to
−0.682 and −0.750 eV, respectively. After 3OH, further
increase of OH content does not show any significant effect
on bond angle, however bond distance decreases remark-
ably suggesting enhanced CO2 interaction with the surface.
This enhanced interaction, in turn, arises due to the suffi-
cient electron (0.05–0.07 e) charge transfer from each HOH
to OCO2. Thus, it can be concluded that addition of first few
OH group highly influence O–C–O bond angle due to CO2
activation. Nevertheless, after two OH groups the change
in bond angle crucially depends on OCO2 movement.

Next, we studied the effect of increased oxygen content
(from 10 O atoms (31.25%) to 14 O atoms (43.75%) on

TABLE III. Bond distance between CCO2 and OSc of Sc2C surface, CO2 bond angle, and binding energy of Sc2C-mix with increasing
the number of OH group.

Configurations Bond angle (deg) CCO2 − OSc (Å) Binding energy (eV)

Sc2C–32O 179.31 2.957 −0.17
Sc2C-mix with no OH in the nearest neighbor site 177.69 2.878 −0.18
Sc2C–1OH 177.52 2.891 −0.19
Sc2C– 2OH 131.96 1.451 −0.29
Sc2C–3OH 130.21 1.436 −0.36
Sc2C– 4OH 130.56 1.433 −0.60
Sc2C–5OH 130.57 1.431 −0.68
Sc2C– 6OH 130.48 1.430 −0.75
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(a) (b)

(c) (d) (e)

FIG. 5. Optimized configuration of CO2 adsorbed on (a)
Sc2C–F, (b) Sc2C–O, (c) Sc2C–OH, and (d) Sc2C-mix termi-
nated surfaces. The blue, brown, yellow, and red spheres are
Sc, C, F, and O atoms. Here, cyan and yellow region represents
charge loss and gain, respectively.

Sc2C-mix surface) on CO2 adsorption ability. The fully
oxygen functionalized MX ene (Sc2C-O) does not favor
CO2 binding. The Bader charge analysis of mixed and pure
F, O, and OH functionalized Sc2C shows a charge trans-
fer of 0.826|e|, 1.306|e|, and 1.101|e| from Sc to F, O and
O of OH, respectively. Although F is most electronega-
tive, the O atom draws more charge as compared with F
atom in order to complete the octet. We also believe that
as the coverage by O atoms increases, the charge dona-
tion ability of functionalized surface decreases. This is also
evident from the DOS plot [see Fig. 6(a)], as the number
of states at the Fermi level increases [inset of Fig. 6(a)].
One should note that it is not only the states at the Fermi
level that contribute to the charge transfer, but also the
lower-energy states modulated by the Fermi-Dirac distri-
bution function (at a given temperature) that play a role.
At a given temperature T, the total charge transfer can be
calculated as

n = 1
V

∫ EF

−∞
f (E)g(E) dE (6)

f (E) = 1 − F(E) = 1 − 1
1 + eE−EF/kBT (7)

electrons, respectively, is the number of states between
energy E and E + dE, V is the volume of the cell, and
EF , kB, and T are the Fermi energy, Boltzmann constant,
and temperature in kelvin. The carrier concentration thus
evaluated at 300 K for different numbers of O atoms at
Sc2C surface is shown in Fig. 6(b). At 300 K, one can see
that carrier concentration decreases as we increase the O
termination. It should be noted that this is not a purely
O-terminated surface but a mixed-functionalized surface
which is used to study the effect on carrier concentration.
As our mixed-functionalized surface has 10 O atoms, the
trend of increasing it to 14 O atoms is considered, which
decreases the carrier concentration as shown. The carrier
concentration decreases with increasing oxygen content

(a) (b)

FIG. 6. (a) Total DOS and (b) Carrier concentration versus
number of O atoms for different oxygen coverage at 300 K
on Sc2C-mix surface without CO2 interaction. Here, 11O, 12O,
13O, and 14O represents the number of oxygen atoms.

on Sc2C-mix surface for a temperature of 300 K, indicat-
ing a decreasing ability of charge donation. In short, our
comprehensive theoretical study shows that the presence
of O termination in a mixed-functionalized (Sc2C-mix)
environment plays a crucial role in catalyzing the CO2
reduction. It is also observed that when CO2 is adsorbed
on fully OH terminated Sc2C surface, the CO2 binds after
the formation of H vacancy. We confirm that O atom acts
as active site for CO2 activation. However, the presence of
excess oxygen coverage on the surface may be detrimental
to CO2 reduction ability.

IV. CONCLUSIONS

In summary, we have systematically examined the CO2
catalytic activity of mixed-functionalized (including O,
F, and OH group) Sc2C MX ene (labeled as Sc2C-mix).
Purely –F, –O, and –OH terminated surface result in phys-
ical adsorption of CO2 with binding energies of −0.136,
−0.168, and 0.748 eV, whereas the mixed-functionalized
Sc2C surface (34.375% F, 34.375% OH, and 31.250%
O coverage) results in moderate chemisorption of CO2
(binding energy of −0.364 eV) with a charge transfer
of 0.31|e| from Sc2C-mix to CO2 molecule. The CO2
conversion on Sc2C-mix follows the HCOOH route and
eventually converts into CH4 with reasonably high selec-
tivity. The conversion from HCO to H2CO is found to
be the rate limiting step. The end results are extremely
sensitive to the neighboring environment (occupancy of
the content and type of functional group) of the active
site (oxygen in this case) for CO2 reduction. For instance,
increase in the amount of OH group in the vicinity of O-
atom improves the binding energy, which in turn affects
the intermediate formation steps. Our study proposes an
efficient strategy to down select an optimal configuration
for the mixed-functionalized surface coverage on Sc2C
MX ene for CO2 activation. We strongly believe that such
a strategy can be useful to guide the choice of optimal sur-
face functionalization for efficient CO2 reduction in other
2D materials.
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