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Summary

In heterogeneous catalysis, space-confined microenvironment can help to

modulate catalytic performance and stabilize reaction intermediates. Recently,

two-dimensional (2D) confined catalysis opens a new path for enhancing the

performance of catalysts. The restricted space between metal surface and 2D

overlayer acts as an ideal environment to promote catalytic reactions. By den-

sity functional theory calculations, we reveal the significant effect of graphene

overlayer to boost CO2 reduction reaction (CO2RR) on metal surfaces.

Graphene overlayer exhibits strong influence on COOH* and CHO*, as well

as suppression to the side reaction of HCOOH. With higher Fermi level than

the molecules, the graphene overlayer injects electrons into the nonbonding

orbitals of COOH* and CHO*, resulting in charge redistribution and electro-

static interaction between molecules and graphene. Such effect reduces reac-

tion free energies and onset potentials of crucial reaction steps. Our findings

reveal a new way to the design of catalysts for CO2RR.
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1 | INTRODUCTION

The ever-increasing CO2 emission has led to global
warming and given rise to severe environmental prob-
lems. To find possible solutions to this problem, CO2

reduction reaction (CO2RR) has gained massive atten-
tion.1-7 On the basis of electrocatalysis, CO2 can be
converted into CH4 or other hydrocarbons, which is con-
sidered to be a green chemistry approach to deal with
CO2 emissions. However, CO2RR, which requires the
participation of multiple electrons, is endothermic and
inefficient. On metal surfaces, onset potential is usually

required to proceed CO2RR. According to previous stud-
ies, large onset potential (−0.5 V or more negative) is
needed to reach high reaction rate on a variety of metal
surfaces.8-10 Furthermore, hydrogen evolution reaction
(2H+ + 2e ! H2) competes with the CO2RR and makes
it less selective. For decades, several kinds of electro-
catalysts for CO2RR had been examined, and Cu has
been found to be the most effective in transition
metals.11-15 However, on Cu electrode, the onset potential
of CO2RR is on the order of −1 V.16 Until now, the selec-
tivity of catalysts in CO2RR remains a challenge. Feasible
ways to convert CO2 are in demand.
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Emerging two-dimensional (2D) materials, which are
rapidly developed in recent years, exhibit rich new phys-
ics. 2D materials have open double-sided surfaces with
all atoms subject to surface reactions. Many important
advances in the chemistry of 2D materials have made use
of the open surfaces.17-21 Over the last decade, possible
applications of 2D materials in catalysis have been
attracting considerable interest.22-26 In the field of
CO2RR

27,28 and water splitting,29,30 2D materials were
considered as promising catalysts. 2D materials are char-
acterized by their weak interlayer interaction. Accord-
ingly, new chemistry is suggested to be done under the
surfaces of the 2D materials. Under the 2D layers, small
molecules may be trapped and reactions will occur
underneath. By virtue of the confinement effect of 2D
overlayer on metal surface, the barriers of catalytic reac-
tions are greatly reduced.31-36 Graphene and hexagonal
boron nitride overlayers on transition metal surfaces are
able to facilitate reactions involving small molecules,31,32

with the interface between graphene and metal surface
playing a role of confined “nano reactor.” Graphene over-
layer is not uniform but full of cracks. Reactant mole-
cules pass through the cracks and perform reactions
underneath graphene.31,32 Recently, highly ordered SnO2

nanoparticles assembled between thin TiO2 nanosheets
were utilized to realize efficient CO2RR with excellent
electrochemical stability.37 Considering the feasible inter-
calation into the interface between 2D material and solid
surface, there should be plenty of room for developing
new chemistry for CO2RR in the confined space under
2D overlayer.

In this paper, density functional theory (DFT) calcula-
tions are used to investigate the catalytic performance of
graphene-covered metal surfaces (Ag, Au, Cu, Ni, Pd, Pt,
and Rh) on electrochemical CO2RR. The improvement of
graphene overlayer on CO2RR catalytic performance of
metal surfaces is revealed via the comparison of calcula-
tion results between bare and graphene-covered metal
surfaces. By free energy diagram, we demonstrate that
the reaction free energies of key intermediate steps of
CO2RR are reduced by the confinement effect of
graphene overlayer. Accordingly, the onset potentials for
CO2RR to hydrocarbons are lowered by graphene, as well
as suppression to side reaction. To uncover the mecha-
nism of graphene overlayer to promote catalytic perfor-
mance, charge redistribution between graphene and key
intermediate molecules is investigated. We find that the
promotion effect of graphene originates from the electron
injection from graphene to the nonbonding orbitals of
COOH* and CHO*. These findings demonstrate that 2D
van der Waals overlayer is effective and stable platform

for enhancing the catalytic performance of transition
metals for CO2RR.

2 | THEORETICAL METHODS

2.1 | DFT calculations

All the spin-polarized DFT calculations are performed
using the Vienna Ab initio Simulation Package
(VASP).38-41 The projector-augmented wave (PAW)
pseudopotentials42,43 and the generalized gradient
approximation for the exchange and correlation of elec-
trons are used. To describe van der Waals interactions,
optB88-vdW dispersion-corrected functional,44,45 which is
reliable for describing dispersive forces in 2D
systems,46,47 is employed. Plane-wave basis set is used
with a kinetic energy cutoff of 400 eV. The Brillouin-zone
integration is performed with a 5 × 5 × 1 Monkhorst-Pack
grid. The total energy convergence is achieved until total
energy difference of successive steps is less than 10−5 eV.

2.2 | Simulation model

Repeated slab model is employed to simulate graphene-
covered metal surface, in which a graphene layer is cov-
ered on metal fcc (111) facet. To minimize lattice mis-
match between graphene and metal slabs, lattice
constant of 3 × 3 graphene supercell is adjusted to

match that of 3 × 3 Ni and Cu supercells or
ffiffiffi
7

p
×

ffiffiffi
7

p
Pd, Rh, Pt, Au, and Ag supercells (Scheme 1A,B). The lat-
tice mismatch between graphene and metal substrates is
0.5% to 3.8%. The metal slabs have four atomic layers,
with the bottom two layers fixed. Replicas of the system
are separated by a vacuum layer of larger than 12 Å. The
geometries are relaxed until the Hellmann-Feynman
forces are below 0.01 eV/Å. To find the most stable con-
tact geometries of graphene on metal surfaces, we con-
sider different symmetric positions, including C hexagon
of graphene above fcc hollow, hcp hollow, atop, and
bridge sites (Scheme 1C). By structure relaxation of sev-
eral different initial configurations, graphene on Cu and
Ni (111) surfaces is found to prefer atop site, while on Pd,
Rh, Pt, Au, and Ag (111) surfaces is found to prefer fcc
hollow site.

2.3 | Free energy

Gibbs free energy calculations are performed according
to statistical thermodynamics. With harmonic oscillator
approximation, zero-point energies, entropies, and heat
capacities are determined by vibrational mode calcula-
tions.48 At T = 300 K, free energies are calculated by
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G=EDFT +EZPE +
ðT
0
CpdT –TS, ð1Þ

where EDFT is total energy, EZPE is zero-point energy,Ð T
0 C pdT is integrated heat capacity, and S is entropy. For

molecules in gas phase,
Ð T
0 C pdT and S are calculated by

ideal gas methods.48 In above calculations, the fugacity of
CO2 is set 101 325 Pa. The fugacity of H2O gas is set 3534
Pa, ie, the vapor pressure at 300 K. The aqueous activity
of HCOOH is set 0.01, which correspond to a fugacity of
19 Pa.15,49

2.4 | Hydrogen electrode model

Computational hydrogen electrode (CHE) model50,51 is
employed to evaluate the chemical potential of H+ and
e−. CHE assumes that the chemical potentials of elec-
trodes in equilibrium are measured relative to reversible
hydrogen electrode (RHE). In equilibrium, the reaction

H + + e− $ 1
2
H2 gð Þ ð2Þ

is at 0 V. At electrode potential U (relative to RHE), the
energy of e− is elevated by −eU. The free energy of H+

and e− reads

G H+ð Þ+G e−ð Þ= 1
2
G H2ð Þ – eU: ð3Þ

Therefore, free energy change of a reaction

A*+H+ + e− $AH* ð4Þ

is written as

ΔG=G AH*ð Þ –G A*ð Þ –G H+ð Þ –G e−ð Þ
=G AH*ð Þ –G A*ð Þ – 1

2
G H2ð Þ+ eU:

ð5Þ

By Equation (5), the reaction free energy of every ele-
mentary step can be evaluated.

3 | RESULTS AND DISCUSSION

3.1 | Reaction mechanism and free energy

Figure 1A shows the reaction process of electrochemical
CO2RR underneath graphene overlayer. On transition
metal surface, CO2 molecules are transformed into
hydrocarbons via important intermediates COOH*, CO*,
and CHO*. The complete reaction path is shown in
Scheme 2. The key steps are

CO2 gð Þ+H+ +e− !COOH* ð6Þ

COOH*+H+ +e− !CO*+H2O lð Þ ð7Þ

CO*+H+ + e− !CHO* ð8Þ

Under different conditions, CO2RR may result in dif-
ferent hydrocarbons, eg, CH4 and CH3OH. For any
hydrocarbon production, the COOH* ! CO* ! CHO*
path is the necessary way that must be passed.16

Figure 1B exhibits a sketch of free energy landscape for-
these reaction steps. Reactions (6) and (8) are uphill
(ΔG > 0), while the free energy in reaction (7) is
downhill (ΔG < 0). The free energies of subsequent steps
to hydrocarbons are usually downhill or even uphill but
with highest free energy below G (COOH*) and
G (CHO*). So reactions (6) and (8) are the rate-

SCHEME 1 The configurations of graphene-covered metal surfaces. A,
ffiffiffi
7

p
×

ffiffiffi
7

p
metal supercell for Pd, Rh, Pt, Au, and Ag. B, 3 ×

3metal supercell for Ni and Cu. The supercell boundary is indicated by red lines. C, Considered possible graphene-metal stacking modes in

calculations [Colour figure can be viewed at wileyonlinelibrary.com]
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determining steps of the overall CO2RR process. There
also exists a path of side reactions CO2 + H+ + e− !
HCOO* and HCOO* + H+ + e− ! HCOOH, which leads
to HCOOH production. But these two side reactions are
all uphill in free energy and thus thermodynamically

unfavorable. In the metal-graphene systems, “catalysis
under cover” takes place in the confined space between
graphene and metal surface. In the following text, the
effect of graphene overlayer on reducing reaction free
energy is shown.

FIGURE 1 The intermediates and free energy of CO2RR under graphene overlayer. A, A sketch of CO2RR under graphene. B, A

schematic free energy diagram. C, Free energy diagram of CO2RR on bare Cu (111) surface (at U = 0 and −1.08 V) and graphene-covered Cu

(111) surface (at U = 0 and −0.93 V). D, Onset potentials of CO2RRon Ag, Au, Cu, Ni, Pd, Pt, and Rh (111) surfaces with/without graphene

overlayer [Colour figure can be viewed at wileyonlinelibrary.com]

SCHEME 2 The reaction path of electrochemical reduction from CO2 to CH4 or CH3OH. The asterisks * in reaction formulas denote

transition metal substrate [Colour figure can be viewed at wileyonlinelibrary.com]

LIN ET AL. 787

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


To realize the effect of graphene on reactions (6) and
(8), we pay attention to the free energy data. For the sake
of comparison, let us set the free energies of initial reac-
tants (clean metal substrates and gas-phase molecules) as
zero. The detailed data are listed in Table A1 (A2) in
Appendix S1 for bare (graphene-covered) metal surfaces.
For free energy diagram, see Figure A1 in Appendix S1.
Then, the calculated reaction free energies

ΔG CO2 +H+ + e− !COOH*ð Þ

=G COOH*ð Þ−G CO2*ð Þ−G
1
2
H2

� � ð9Þ

and

ΔG CO*+H+ + e− !CHO*ð Þ
=G CHO*ð Þ−G CO*ð Þ−G

1
2
H2

� � ð10Þ

are exhibited in Tables 1 and 2, respectively. Compared
with bare metal surfaces, ΔG (CO2 + H+ + e− !
COOH*) and ΔG (CO* + H+ + e− ! CHO*) (shown by
arrows in Figure A1 in Appendix S1) on graphene-cov-
ered metal surfaces become even lower. It has been
reported that molecular adsorption energies and binding
strength on metal surfaces are weakened in 2D confined
space.32,36 Indeed, the confinement effect tends to
enhance G (CO2*) (CO2 adsorbed on metal surface) and
G (COOH*). But the graphene-molecule interaction may
be a factor of lowering G (COOH*), and two factors work
together. On Ag, Au, and Cu surfaces, the increase of
G (COOH*) is smaller than the increase of G (CO2*). On
graphene-covered Ni, Pd, Pt, and Rh surfaces,
G (COOH*) are even lower than the values on bare metal

surfaces. Such effect leads to the decrease of ΔG (CO2 +
H+ + e− ! COOH*). Similar effect has also been found
in Mu et al.33 The same effect is also found in CO* + H+

+ e− ! CHO*. On graphene-covered Ag and Au sur-
faces, the increase of G (CHO*) is smaller than the
increase of G (CO*). On graphene-covered Cu, Ni, Pd, Pt,
and Rh surfaces, G (CHO*) are even lower than the
values on bare metal surfaces. On Ni, Pd, Pt, and Rh sur-
faces, graphene also leads to lower G (CO*), but the
decrease is not lower than the decrease of G (CHO*). In
general, the total effect leads to the decrease of ΔG (CO*
+ H+ + e− ! CHO*).

On bare metal (111) surfaces, ΔG (CO2 + H+ + e− !
COOH*) is in the range of 0.11 to 1.25 eV (Table 1), and
ΔG (CO* + H+ + e− ! CHO*) is in the range of 0.21 to
1.13 eV (Table 2). Accordingly, on graphene-covered
metal (111) surfaces, ΔG (CO2 + H+ + e− ! COOH*) is
in the range of −0.08 to 1.20 eV (Table 1), and ΔG (CO*
+ H+ + e− ! CHO*) is in the range of 0.17 to 0.97 eV
(Table 2). To evaluate the extent of decrease in reaction
free energy, we define the decrease ratio

R= ΔGwithout graphene−ΔGwith graphene
� �

=ΔGwithout graphene

ð11Þ

for both reactions. For CO2 + H+ + e− ! COOH*,
R (CO2 + H+ + e− ! COOH*) = 153% on Rh (111) sur-
faces is the largest. For CO* + H+ + e− ! CHO*,
R (CO* + H+ + e− ! CHO*) = 19% on Au and Ni (111)
surfaces are the largest. It is well known that Cu is a
decent electrode in making hydrocarbons. As an exam-
ple, Figure 1C shows the full free energy landscape on
Cu (111) surface with/without graphene overlayer (the
free energy of CO2* is set as zero point), in which

TABLE 1 ΔG (CO2 + H+ + e− ! COOH*) with/without
graphene

ΔG (CO2 + H+ + e− !
COOH*)/eV

Substrate
without
Graphene

with
Graphene

Decrease
Ratio R

Ag 1.25 1.20 4%

Au 0.77 0.71 8%

Cu 0.75 0.69 8%

Ni 0.11 −0.01 109%

Pd 0.24 0.10 58%

Pt 0.18 −0.04 122%

Rh 0.15 −0.08 153%

The decrease ratio is defined as R = (ΔGwithout graphene − ΔGwith graphene)/Δ
Gwithout graphene.

TABLE 2 ΔG (CO* + H+ + e− ! CHO*) with/without
graphene

ΔG (CO* + H+ + e− !
CHO*)/eV

Substrate
without
Graphene

with
Graphene

Decrease
Ratio R

Ag 0.53 0.52 2%

Au 0.21 0.17 19%

Cu 1.08 0.93 14%

Ni 1.13 0.91 19%

Pd 1.08 0.97 10%

Pt 0.67 0.64 4%

Rh 0.76 0.66 13%

The decrease ratio is defined as R = (ΔGwithout graphene − ΔGwith graphene)/Δ
Gwithout graphene.
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reaction (8) is rate-determining in the whole process. We
also consider CH3OH production in the final step. By
contrast, the free energy for CH4 production is lower than
CH3OH production, which means CH4 is more thermo-
dynamically favorable.

In free energy diagram, we can see that ΔG (CO2 +
H+ + e− ! COOH*) and ΔG (CO* + H+ + e− ! CHO*)
are rate-determining steps of CO2RR. The larger one of
them decides onset potential φ, ie, φ = −max (ΔG (CO2

+ H+ + e− ! COOH*), ΔG (CO* + H+ + e− ! CHO*))/
e (see the inset of Figure 1D). By the resulting ΔG (CO2 +
H+ + e− ! COOH*) and ΔG (CO* + H+ + e− ! CHO*),
we determine onset potential of CO2RR on Ag, Au, Cu,
Ni, Pd, Pt, and Rh (111) surfaces with/without graphene
overlayer (Figure 1D). The calculated data (Table 3) indi-
cate that graphene overlayer reduces onset potential of
CO2RR by 4% to 19%. The largest decreases of onset
potential are found in Ni and Cu (111) surfaces. On bare
Cu (111) surface, an onset potential of −1.08 V is needed
for CO2RR. By contrast, on graphene-covered Cu (111)
surface, the onset potential is reduced to −0.93 V
(Figure 1C). In the free energy diagram, it can be seen
that G (HCOOH) is higher than G (CO*), which means
hydrocarbon production via CO* is more thermodynami-
cally favorable than HCOOH production. In addition, CO
molecule may escape from metal surface into gas phase.
But CO* ! CO(g) is not a redox reaction with electron
participation. By the free energy suppression eU of nega-
tive electrode potential U, the free energy landscape of
the whole CO2RR process can be much lower than the
free energy of CO(g) production, and then CO2RR to
hydrocarbons becomes the main reaction.

3.2 | The effect of graphene on COOH*
and CHO*

In the confined space between graphene overlayer and
metal surface, the decrease of ΔG (CO2 + H+ + e− !
COOH*) and ΔG (CO* + H+ + e− ! CHO*) originates

from the coupling of graphene to these intermediate mol-
ecules (Figure 2A). In confined spaces, the perturbation
from microenvironment always enhances system ener-
gies. However, graphene overlayer exhibits an effect that
leads to smaller free energy increase or even free energy
decrease of COOH* and CHO*. To reveal such effect,
electron density redistribution between graphene and
COOH*/CHO* is displayed in Figure 2B/C, respectively.
Calculation results reveal that electrons in the π orbitals
of graphene partially transfer to COOH* and CHO*.
Redistributed electrons mainly come from the C hexago-
nal ring of graphene near COOH* or CHO*. To uncover
the mechanism, we focus on the coupling between
molecular orbitals and metal 3d bands. For detailed theo-
retical analysis on the orbitals of COOH*, see Appendix
S2. The orbitals of σ bonds in COOH* lie in low energy
far away from metal 3d bands. Nonbonding ngO2p and

nuO2p orbitals of lone-pair electrons on O atoms and

πgC2p-O2p and πuO2p orbitals lie in higher energy

(Figure B1(b) in Appendix S2). With energies close to the
bottom of metal 3d bands, ngO2p and πuO2p strongly couple

with metal 3d bands, resulting in molecular orbital states
extending into bands. As an example, projected density of
states (PDOS) of Ni-COOH* system and graphene are
plotted in Figure 2D, in which the Fermi levels are
shown by dashed lines and the PDOS of n2p and π2p is
shown by red and blue, respectively. By coupling with Ni
3d bands, the PDOS of n2p and π2p is extended into peaks
locating around the Fermi level (for the wavefunctions of
original and extended ngO2p states, see Figure B2(c) in

Appendix S2). With higher Fermi level than Ni-COOH*
system, graphene overlayer injects its π2p electrons into
the extended molecular ngO2p orbitals of COOH*. These

injected electrons transfer from high-energy states to low-
energy states, resulting in a tendency to resist the repul-
sion between graphene and molecules.

The same mechanism is also suitable for Ni-CHO*.
For detailed theoretical analysis on CHO* molecular
orbitals, see Appendix S2. nO2p and πC2p - O2p orbitals of
CHO* lie in metal 3d bands, resulting in string coupling
and molecular state extension. In Figure 2D, it can be
seen that nO2p and πC2p - O2p states in Ni-CHO* extend
into PDOS peaks around the Fermi level (for the
wavefunctions of original and extended nO2p states, see
Figure B3(c) in Appendix S2). With graphene overlayer,
electrons inject into the extended molecular orbitals of
CHO* and the reaction free energy is then decreased.

In addition, the effect of graphene on the side reaction
intermediate HCOO* is weaker than on COOH* and
CHO*. On bare metal (111) surfaces, ΔG (CO2 + H+ +
e− ! HCOO*) is in the range of −0.09 to 1.03 eV

TABLE 3 Onset potential of CO2RR with/without graphene

Onset Potential/V

Substrate without Graphene with Graphene

Ag −1.25 −1.20

Au −0.77 −0.71

Cu −1.08 −0.93

Ni −1.13 −0.91

Pd −1.08 −0.97

Pt −0.67 −0.64

Rh −0.76 −0.66
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(Table A1 in Appendix S1), while on graphene-covered
metal (111) surfaces, ΔG (CO2 + H+ + e− ! HCOO*) is
in the range of −0.13 to 1.01 eV (Table A2 in Appendix
S1). The decrease in ΔG (CO2 + H+ + e− ! HCOO*)
caused by graphene overlayer is much smaller than the
decrease in ΔG (CO2 + H+ + e− ! COOH*) and ΔG
(CO* + H+ + e− ! CHO*). Graphene overlayer favors to
lower the free energies of COOH* and CHO*. Such ten-
dency benefits CO2RR to hydrocarbons via COOH* and
CHO*, and the side reaction via HCOO* is depressed.

To analyze the bonding type between graphene and
COOH*/CHO*, electron localization functions (ELFs) of
metal-COOH*-graphene and metal-CHO*-graphene are
plotted in Figure 2E. It can be seen that electrons are
localized in graphene and COOH*/CHO*. The trans-
ferred electrons do not form delocalized states between
graphene and COOH*/CHO*. Graphene, which partially
loses electrons, is positively charged. On the contrary,
COOH*/CHO* that gains electrons is negatively charged.
So the interaction between graphene and COOH*/CHO*
is mainly electrostatic attraction. Since COOH* and
CHO* are polar molecules, the gained electrons concen-
trate on O and H atoms.

3.3 | The scaling law of stabilization
energy

To study graphene-molecule interaction strength, the sta-
bilization energy of graphene to molecule is scaled with
charge transfer. For COOH*, the stabilization energy on
a metal surface is defined as

EG COOH*ð Þ= G COOH*ð Þwith graphene

−G COOH*ð Þwithout graphene
−G grapheneð Þ

ð12Þ

Accordingly, the stabilization energy to CHO* reads

EG CHO*ð Þ= G CHO*ð Þwith graphene

−G CHO*ð Þwithout graphene
−G grapheneð Þ

ð13Þ

To scale graphene-molecule interaction strength, EG

(COOH*)/EG (CHO*) are plotted with electron transfer
Q from graphene to COOH/CHO* (Figure 3A/B),

FIGURE 2 The interaction between graphene overlayer and COOH*/CHO*. A, The effect of graphene on COOH* and CHO*. B/C,
Electron density redistribution in between graphene and Ni(111)-COOH*/Ni(111)-CHO* system. Isosurfaces of electron redistribution are

plotted with values of ±0.001 e/Å3 (yellow/cyan respectively). D, Orbital coupling and projected density of states (PDOS) of bare Ni(111)-

COOH* system, isolate graphene and bare Ni(111)-CHO* system. Occupied states are shown by fill areas. The Fermi levels are shown by

dashed lines. E, Electron localization function (ELF) in Ni(111)-graphene-COOH* and Ni(111)-graphene-CHO* systems [Colour figure can

be viewed at wileyonlinelibrary.com]
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respectively. According to the data, we can see a rough
dependency between EG (COOH*)/EG (CHO*) and
charge transfer Q. In Figure 3A,B, linear fitting to the
data is shown. With more charge transfer from graphene
to COOH*/CHO*, the electrostatic interaction between
graphene and COOH*/CHO* is stronger, and therefore,
the metal-molecule-graphene system gains more energy
decrease, ie, lower EG (COOH*)/EG (CHO*). The extent
of charge transfer may relate to the influence of metal

substrate, which controls the Fermi level of the system.
Metal substrate with low Fermi level might lead to strong
charge transfer from graphene to molecule.

Furthermore, steric hindrance is also a factor to influ-
ence reaction free energy. In metal-CO-graphene system,
the distance of graphene to metal surface d (CO*) is
larger than d (CHO*) in metal-CHO-graphene system
(Figure 3C) because CO* molecule stands on metal sur-
face. Since the binding energy of graphene and metal

FIGURE 3 Scale the

interaction between graphene

and adsorbed intermediate

molecule. A/B, The stabilization

energy EG (COOH*)/EG (CHO*)
of graphene to COOH*/CHO*,
respectively. C, Upper: the

distance d of graphene to metal

surface. Lower: average

graphene binding energy with

d. D, The decrease in ΔG (CO*
+ H+ + e− ! CHO*) caused by

graphene overlayer, and the

distance difference Δd between

metal-CO-graphene and metal-

CHO-graphene system. E, The

distance d of graphene to metal

surface during CO2RR process

[Colour figure can be viewed at

wileyonlinelibrary.com]
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surface varies with graphene-metal distance d, it leads to
additional energy difference between metal-CO-graphene
and metal-CHO-graphene system. In the lower panel of
Figure 3C, graphene binding energy (average value on
Ag, Au, Cu, Ni, Pd, Pt, and Rh (111) surfaces) is plotted
with d. The difference Δd = d (CHO*) − d (CO*) is
signed in the figure. For the reaction CO* + H+ + e− !
CHO*, the decrease Δd < 0 in graphene-metal distance
leads to extra free energy decrease, which is defined as

EΔG =ΔG CO*+H+ + e− !CHO*ð Þwith graphene

−ΔG CO*+H+ +e− !CHO*ð Þwithout graphene
ð14Þ

Figure 3D plots EΔG on Ag, Au, Cu, Ni, Pd, Pt, and Rh
(111) surfaces with corresponding Δd. With more nega-
tive Δd, EΔG gets lower and a rough linear relation
between Δd and EΔG can be seen. This result indicates
that spatial factor is also an important feature in confined
catalysis. To show a full view in the change of d in
CO2RR, Figure 3E plots d for every graphene-metal sys-
tem with CO2*, COOH*, CO*, and CHO*. Cu and Ni
show downtrend of d along the direction of reaction,
meaning that the geometric factor may be advantageous
to CO2RR on graphene-covered Cu or Ni surfaces. On Au
surface, d obviously decreases in the CO2 ! COOH*
step, while slightly increases in the CO* ! CHO* step.
So the geometric factor has a little favor to CO2RR on
graphene-covered Au surface.

4 | CONCLUSION

In this work, 2D confined catalytic CO2RR is investigated
by DFT calculations. On Ag, Au, Cu, Ni, Pd, Pt, and Rh
surfaces, graphene overlayer exhibits superiority in facili-
tating CO2RR. The interactions between graphene and
key intermediates (COOH* and CHO*) result in suppres-
sion to the reaction free energies of two main steps (CO2

+ H+ + e− ! COOH* and CO* + H+ + e− ! CHO*)
and decrease in onset potential. On Cu (111) surfaces, the
CO2RR onset potentials are decreased by 0.15 V. The
facilitation effect of graphene overlayer on CO2RR origi-
nates from charge transfer to surface molecules. With
higher Fermi level than COOH* and CHO*, graphene
injects π2p electrons into molecular nonbonding orbitals,
resulting in weakening of molecular bonds and electro-
static interactions to lower the reaction free energies. A
linear scaling relation between charge transfer and stabi-
lization energy is found. In the step CO* + H+ + e− !
CHO*, steric hindrance is also a reason to lower reaction
free energies. The results indicate important features to

determine reaction free energies in 2D confined catalysis.
Our research would provide guidance to future explora-
tion in 2D confined catalysis.
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