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The deeper reduction of CO to multi-carbon-based fuels with higher energy densities and wider

applicability has recently triggered extensive experimental and theoretical research. However, present-

day catalysts for the generation of multi-carbon products (C2+) suffer from ultra-high energy barrier for

C–C bond formation and poor selectivity, which poses great challenges for practical application. Herein,

we propose and evidence with first-principles calculations a novel catalyst for the conversion of CO into

more value-added ethylene and ethanol under visible light, consisting of active Cu–B atomic pair

decorated graphitic carbon nitride (Cu–B@g-C3N4). Our results show that the low coordinated Cu–B

atomic pair anchored on g-C3N4 could effectively reduce the CO dimerization free energy barrier to

a record value of 0.63 eV. This high catalytic performance stems from the moderate binding strength of

the intermediates modulated by the asymmetric synergy of the atomically dispersed metal Cu and non-

metal B that can break the linear scaling relationship of traditional transitional metal catalysts. Moreover,

the low-coordinated Cu–B active site with synergistic d–p coupling can significantly suppress the

parasitic hydrogen evolution reaction. Compared to pure g-C3N4, the Cu–B@g-C3N4 catalyst also

becomes more optically active under visible and even infrared light. Ab initio molecular dynamics

simulations suggest that the Cu–B@g-C3N4 catalyst possesses a high thermal stability. Considering that

efficient catalysts for C2+ production are currently essentially limited to Cu-bimetallic systems, our work

highlights a fully new concept towards the development of novel CO reduction catalysts based on

synergistic coupling between metal Cu and non-metal atoms.

1. Introduction

The conversion of carbon dioxide into valuable carbon-based

fuels by means of renewably generated electricity offers

a green and sustainable way to address the existing energy and

environment crisis brought by the burning of fossil fuels.1

Although the reduction of CO2 to carbon products, such as CO,

HCOOH and CH4, has been well investigated and established,2

these simple single-carbon compounds are usually not the

desirable products due to their relative lower value and energy

density. Numerous efforts have therefore been made to explore

means of deeper converting CO2/CO to more value-added

carbon products, in particular ethylene (CH2CH2) and ethanol

(CH3CH2OH).3 However, prohibitively high activation barriers

for C–C coupling and the undesired hydrogen evolution side

reaction pose a grand and hitherto unmastered challenge.4

Copper is currently accepted as the best candidate for cata-

lysing CO2/CO to high-carbon alcohols and hydrocarbons, but

the high overpotential (over 1.0 V) and low selectivity prevent its

commercial application.5,6 To improve the activity and selec-

tivity, various Cu-based strategies have been pursued, such as

changing the morphology,7 tailoring different facets,8 control-

ling the size,9 pre-oxidizing the surface10 and using nanosized

copper.11,12 Kanan et al. rstly proposed to construct oxide-

derived nanocrystalline copper to reduce CO to ethanol and

acetate, which can achieve a higher faradaic efficiency than that

of polycrystalline Cu foil.13 The improved performance was

attributed to the grain boundaries in the oxide-derived Cu that

can provide unique active sites for CO adsorption. Then Sargent

et al.modied the copper catalyst by introducing hydroxide ions

on or near the copper surface to lower the C–C coupling acti-

vation barriers.14 Wang et al. reported that different Cu facets

can modulate the energetics of initial C–C coupling and

concluded that Cu(100) and stepped Cu(211) facets are more

favourable to form C2 products than prevalent Cu(111).15 Even

though these strategies could improve the catalytic perfor-

mance to some extent, the observed faradaic efficiencies are still
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below 40%.6,16–18 Aer extensive investigations, both experi-

mental and theoretical results suggested that CO dimerization

is the most energy consuming step for generating C2 prod-

ucts.19,20 Follow-up studies showed that the CO binding energies

on the active sites need to be moderate to promote the C–C

coupling reaction. On one hand, the CO should bind to the

catalyst strong enough for further reduction, on the other hand,

a too strong binding energy will result in very high activation

barriers for the CO dimerization step.21 Accordingly, recent

works try to develop Cu-based bimetallic catalysts to tune this

binding strength between the active sites and the adsorbate.

Corresponding CuSn,22 CuPd23 and CuAg24 bimetallic alloy

catalysts have indeed shown improved catalytic performance for

ethylene and ethanol production. In the alloyed metals the d-

band of Cu moves to lower energies, which leads to a boost of

the faradaic efficiencies toward C2 products. Although tuning

bimetallic systems is thus effective to modulate the binding

strength, the achieved selectivity and activity for C2 products

remain far from the requirements. This is mainly attributed to

the strong scaling relations between the adsorbates at extended

transition metal catalyst surfaces, which severely limit the

possibilities to signicantly reduce the overpotentials.25 More-

over, the comparatively large amount of noble metal required in

these condensed bimetallic systems also prevents their future

large-scale application.26 Therefore, impending work is required

to design novel catalysts which are capable of addressing these

challenges.

According to the d-band model, the binding energies of the

adsorbates are closely associated with the electron density of

the metal d-states. If we introduce p-elements to hybridize with

these states, the above mentioned scaling relations could

possibly be broken. Recent experiments indeed demonstrated

that a boron-modied Cu(111) surface could signicantly

improve the C2 faradaic efficiency to 79%, while the boron

doping could also enhance the stability of the catalyst during

the electrochemical process.27 Unfortunately, the free energy

barrier for CO dimerization was still as high as 1.6 eV. In this

situation, we recall that some works have shown that decreasing

the size of the catalytic surface to the atomic level generally

leads to unexpected, non-scalable catalytic properties.28–30 The

minimum catalytic surface is a single atom site, and corre-

sponding single-atom catalysts have indeed attracted great

interest following their experimental realization in 2011.31

However, single-atom sites can only provide one active center to

generate H2,
32–34 O2,

35,36 NH3 (ref. 37 and 38) and at best catalyse

simple single-carbon products.39 To produce more value-added

C2+ products, more than one active site is needed to adsorb the

intermediates for C–C coupling.

Stimulated by the above studies, we here propose isolated

Cu–B atomic pairs for this task. Porous optically active graphitic

carbon nitride g-C3N4 can stably host such Cu–B atomic pairs

within its structure.40 Our rst-principles calculations indeed

suggest the resulting novel photocatalyst based on the concept

of synergistic coupling between single copper and boron atoms

to boost the conversion of CO to the C2 products ethylene and

ethanol. As expected, the asymmetric d–p orbital coupling in

the Cu–B@g-C3N4 catalyst signicantly reduces the CO

dimerization cost. Notably, the undesired competing hydrogen

evolution reaction could be signicantly suppressed during the

CO reduction process. The high catalytic activity mainly attri-

butes to the asymmetry synergy between metal Cu and non-

metal B which overall leads to a moderate CO binding energy.

Moreover, the light absorption of the Cu–B@g-C3N4 hybrid is

greatly extended to the visible and infrared light region, and

thus enables a solar-driven CO reduction. Additionally,

preliminary ab initio molecular dynamics simulations per-

formed at 1000 K suggest a rather high thermal stability of the

Cu–B@g-C3N4 photocatalyst and thus a great potential for the

experimental realization. The proposed synergy concept

between single metallic and non-metallic asymmetric coupling

could thus open a way to the rational design of novel catalysts

for the reduction of CO to C2 products under visible light.

2 Computational details

The Vienna ab initio simulation package (VASP) code was

employed to perform the spin-polarized density-functional

theory (DFT) calculations.41,42 The projector-augmented wave

(PAW) method was used to describe the ion–electron interac-

tions.43 Electronic exchange and correlation was treated at the

generalized-gradient approximation (GGA) level as implemented

in the Pardew–Burke–Ernzerhof (PBE) functional.44,45 The DFT-

D3 (ref. 46) approach was used in all calculations to address

dispersive interactions. Solvation effects were considered by

using the implicit solvation model implemented in VASPsol.47,48

We used a periodic supercell containing a 2 � 2� 1 surface unit

cell of one planar porous g-C3N4 sheet, cf. Fig. 1 below, with

a vacuum layer of 20 Å decoupling the sheet from its periodic

images. The kinetic energy cutoff was set to 500 eV, and the rst

Brillouin zone was sampled by a 3 � 3 � 1 Monkhorst–Pack k-

point grid. The convergence criteria for the force and energy

difference were set to 0.005 eV Å�1 and 10�6 eV. The computa-

tional hydrogen electrode (CHE) model4,49 was employed to

include the electrode potential correction to the free energy of

each state (details are in ESI†). Zero-point energies (ZPE),

enthalpy and entropy contributions to the free energies were all

considered and calculated as described in the ESI.† All struc-

tures were fully relaxed until residual forces fell below 0.005 eV

Å�1. Transition state searches were conducted with the

climbing-image nudged elastic band (CI-NEB) method.50 On the

relaxed ground-state structures, optical adsorption spectra were

calculated xed-point with the Heyd–Scuseria–Ernzerhof (HSE)

hybrid functional51 and using a 6 � 6 � 1 k-point grid. In addi-

tion, canonical ab initio molecular dynamics simulations

(AIMDs) with a Nosé thermostat and integrating time with the

Verlet algorithm at a time step of 2 fs were employed to inves-

tigate the thermodynamic stability of the catalyst.

3 Results and discussions
Stability of Cu–B@g-C3N4

The stability of the Cu–B@g-C3N4 catalyst is rst examined by

calculating the formation energies of single Cu and B atoms

deposited on the g-C3N4 substrate. As shown in Fig. 1a, single
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Cu and B atoms can be steadily anchored by the N-coordinating

cavities aer geometric optimization. The exothermic binding

energies of Cu@g-C3N4 and B@g-C3N4 are �2.73 and �4.63 eV,

which are in good agreement with previous experiments and

calculations that equally obtained that single Cu or B can be

stabilized on a g-C3N4 substrate.
52,53 For a co-deposited Cu and B

atom pair on the g-C3N4 substrate, the calculated binding

energy (�5.66 eV) becomes even more negative than the sum of

the binding energies of an isolated Cu and B atom, cf. Fig. 1a.

For comparison, the formation energy of (the experimentally

realised)40 Cu2 and Fe2 atomic pairs on g-C3N4 were also

calculated and their binding energies are only �2.12 eV and

�3.87 eV, respectively. Clearly, the adsorption of a Cu–B atomic

pair on g-C3N4 is substantially more stable than that of Cu2 and

Fe2 pairs. To further assess the thermodynamic stability of the

formed Cu–B@g-C3N4 system, short-term canonical AIMD

simulations were performed at an elevated temperature of 1000

K. As can be clearly seen in Fig. 1c, the energy is always oscil-

lating around the equilibrium state and there is no signicant

structural destruction in the Cu–B@g-C3N4 nanohybrid (see

Fig. 1b). It should be noted that the simulation temperature is at

1000 K which is higher than that of experimental temperature

(900 K) for g-C3N4 fabrication.
54 The above evidences collectively

indicate that asymmetric Cu–B pair can be steadily entrapped in

the g-C3N4 substrate, demonstrating great potential for the

experimental realization. In terms of recent experimental

progress in the synthesis of the dispersed Fe2 atomic pair on the

g-C3N4 substrate by a “precursor-preselected” wet chemistry

strategy,40 the synthesis of the Cu–B@g-C3N4 catalyst appears

highly feasible.

CO activation and dimerization

The activation of CO on the catalytically active sites is the rst

step for CO reduction. As presented in Fig. 2a and b, two CO

molecules chemisorb on the Cu–B site pair with a combined

binding energy of �2.19 eV. For comparison, the adsorption of

two CO molecules on a Cu–Cu atomic pair is calculated as

�3.52 eV, i.e. signicantly stronger. This is also visible in the

electron density difference plot in Fig. S1,† revealing an

apparent electron transfer between the atomic pair and the CO

molecules. For an optimum catalytic performance, the active

sites should neither bind the *CO too weak (which will prevent

further reduction) nor too strong (which will lead to high acti-

vation barriers) according to the Sabatier principle. Recent work

by Zhou et al. suggests an optimum CO binding around �0.8 to

�1.0 eV.27 The average CO adsorption energy (Eavg¼ Ead(nCO)/n)

on the Cu–B@g-C3N4 catalyst is with �1.09 eV much closer to

this optimal value than the one at a Cu–Cu atom pair (�1.76 eV).

Moreover, the distance between a Cu–B pair is with 2.21 Å much

shorter than the one between a Cu–Cu pair (2.79 Å), which

should further facilitate the ensuing C–C coupling step. We also

examined the N site adjacent to the Cu atom as potential active

site to active CO molecules. However, the Co cannot bind to

the N sites aer the optimization, indicating catalytic inert of

the N sites.

Most recent experiments suggested that the C–C coupling

starts through a direct dimerization of two activated CO mole-

cules to generate a *OCCO intermediate and then the *OCCO is

hydrogenated to a *C2O2H intermediate.15,27,55 The CO dimer

had been observed in the reaction process which further

conrmed the CO dimerization pathway.56,57 Therefore, we take

the CO–CO coupling pathway as the most likely C–C bond

formation step and compare the C–C coupling reaction barrier

of Cu–B@g-C3N4 to Cu–Cu@g-C3N4 and experimentally-

available pure Cu(111) and boron-doped Cu(111) systems by

computing the reaction free energies change along these C–C

coupling paths at open circuit conditions, OCV (0 V vs. the

reducible hydrogen electrode, RHE), and pH¼ 0 within the CHE

model, as illustrated in Fig. 2. Clearly, the energy barriers for

Fig. 1 (a) Schematic design concept of Cu–B@g-C3N4 and the calculated formation energies for the single Cu, single B and Cu–B aromatic pair

decorated g-C3N4. (b) The top view of the Cu–B aromatic pair anchored on a 2 � 2 � 1 Cu–B@g-C3N4 supercell before and after the AIMD

simulations. (c) The variations of energy with respected to the time for AIMD simulations of Cu–B@g-C3N4. The simulations are performed under

1000 K for 50 ps with a time step of 2 fs. Green, blue, bronze and pink balls stand for N, C, Cu and B atoms, respectively.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 599–606 | 601
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C–C bond formation on experimentally reported pure Cu(111)

and B-doped Cu(111) are both very high. However, with the size

of the catalytic surface decreased to the atomic level, the cata-

lytic activity has been signicantly enhanced. Notably, the CO

dimerization reaction energy on the asymmetric Cu–B@g-C3N4

catalyst is only one-third of the one at the experimental realised

surface (1.60 eV).27 We also explored some other possible reac-

tion pathways (seeing Fig. S2 in the ESI†) and found the reaction

free energies for the rst hydrogenation step are as high as

1.13 eV and 2.90 eV, leading to very high overpotentials. In

addition, we note that the extremely high free energy change to

generate *CHO and *COH intermediates (the common inter-

mediates for the production of methane and methanol) at Cu–

B@g-C3N4 would also prevent the formation of C1 products,

potentially boosting the selective production of C2 chemicals.

The overall CO reduction process on the Cu–B@g-C3N4 and

Cu–Cu@g-C3N4 catalyst

Aer examining the plausible C–C coupling reaction route, we

continue to investigate the subsequent conversion steps. For

this we calculate the free energies for the possible reaction

intermediates along these proton-coupled electron transfer

steps again at OCV and pH¼ 0. We assessed solvation effects on

these free energies within an implicit solvation model, but

found the inuence on the Gibbs free energy change (DG) for

the rst three reaction steps to be below <0.1 eV (Fig. S3†). For

the remaining calculations, no solvation treatment was thus

considered. In Fig. 3, the optimal pathways toward C2 products

including CH2CH2 and CH3CH2OH on the Cu–B@g-C3N4 and

Cu–Cu@g-C3N4 catalysts are identied by comparing the lowest

positive elementary free energy change for all the reaction steps.

As can be seen in Fig. 3, the rst ve proton-coupled electron

transfer steps follow the same reaction route, which begins with

the hydrogenation of the adsorbed *OCCO intermediate to form

*OCCHO aer the formation of C–C bond – as was already

included in Fig. 2 above. Then the *OCCHO intermediate is

further hydrogenated to *OCCHOH, *HOCCHOH and

*HOCHCHOH with the smallest DG of 0.45 eV and 0.26 eV for

the Cu–B and Cu–Cu atomic pair, respectively. When the next

proton–electron pair attacks the *HOCHCHOH intermediate,

the rst H2O molecule is generated with a *HOCHCH inter-

mediate le on the active sites. Then, the reaction route starts to

diverge on the two catalysts when the sixth proton–electron pair

is transferred to the active sites. The *HOCHCH intermediate

can be either hydrogenated to *HOCH2CH or *CHCH (followed

by the generation of another H2O molecule). In case of the Cu–

Cu@g-C3N4 catalyst, the DG are all endothermic for the

remaining two reaction steps. In contrast, at the Cu–B@g-C3N4

catalyst, the *HOCHCH intermediate can be exothermically

hydrogenated to *HOCH2CH. With another two proton–elec-

tron pairs transferred to the intermediates, the two CO mole-

cules are nally converted to CH2CH2 or CH3CH2OH. The rate-

limiting step for the overall CO reduction is thus the initial C–C

coupling step with a thermodynamic reaction free energy of

0.63 eV as discussed above, while the minimum thermody-

namic rate-limiting step for the subsequent hydrogenation

steps is below 0.5 V. Notably, the CH3CH2OH can be easily

removed from the Cu–B@g-C3N4 surface aer the last proton–

electron pair was attached. Therefore, we anticipate a higher

selectivity for the production of CH3CH2OH than C2H4. In order

to compare the catalytic activity between the Cu–B@g-C3N4

catalyst and the experimentally realized boron-doped Cu(111)

surface,31 we replot the free energy proles from ref. 31 in

Fig. S4.† As mentioned above, the C–C coupling step on the

boron-doped Cu(111) surface is as high as 1.60 eV, which is

much higher than on the Cu–B@g-C3N4 catalyst (0.63 eV). Thus,

we expect the atomically dispersed Cu–B@g-C3N4 catalyst to

exhibit a dramatically increased performance to generate C2

products.19,20

To obtain a better estimate for the key step, we nally

conduct a transition state search to obtain the explicit activation

barrier for this rate determining CO]CO coupling step. The

calculated activation barrier for CO dimerization on Cu–B@g-

C3N4 is as low as 0.99 eV (i.e. an additional kinetic barrier of

0.3 eV on top of the thermodynamic free energy barrier

Fig. 2 Side view of the calculated geometric structures for CO adsorption at (a) Cu–B@g-C3N4 and (b) Cu–Cu@g-C3N4, (c) calculated free

energy profiles of different active sites for C–C coupling at open circuit voltage (0 V vs. the reducible hydrogen electrode, RHE). The values for

Cu(111) and B-doped Cu(111) are taken from ref. 27. Inserts show the corresponding structures of the reaction intermediates. Green, blue, bronze,

pink, red and white balls represent N, C, Cu, B, O and H atoms, respectively.

602 | J. Mater. Chem. A, 2020, 8, 599–606 This journal is © The Royal Society of Chemistry 2020

Journal of Materials Chemistry A Paper

P
u
b
li

s
h
e
d
 o

n
 0

9
 D

e
c
e
m

b
e
r 

2
0
1
9
. 
D

o
w

n
lo

a
d
e
d
 o

n
 8

/2
7
/2

0
2
2
 7

:2
1
:1

2
 P

M
. 

View Article Online

https://doi.org/10.1039/C9TA12090D


discussed above). This is much lower than the kinetic barrier on

Cu–Cu@g-C3N4 (2.09 eV), Cu(211) (1.50 eV)58 and is even supe-

rior to most of the reported catalysts for C1 products (which are

all over 1 eV).59–61 As the kinetic barriers for proton transfer to

adsorbates from solution are normally low enough to be

surmountable at room temperature based on the pioneering

studies,62 we didn't calculate the reaction barriers for the

hydrogenation steps. The above results collectively demonstrate

that the Cu–B@g-C3N4 catalyst is a highly promising candidate

to efficiently boost the conversion of CO2/CO to C2 products.

Competition between CORR and HER

Greatly impeding the faradaic efficiency, the hydrogen evolu-

tion reaction (HER) is the main undesired side reaction during

the CORR. To assess this, we thus calculated the adsorption

energy of a proton binding on the active site (i.e. the Volmer

reaction step, * + H+ + e�/*H). For the Cu–Cu atomic pair, the

adsorption energy of *H is as high as �1.81 eV, which means

the H+ could be easily absorbed on the Cu–Cu active site and

thus poison the CORR. In contrast, the adsorption energy of

a proton on the Cu or B atom of Cu–B atomic pair is only

�0.76 eV. This is less than the average CO adsorption energy

(�1.09 eV) on the Cu–B atomic pair. This suggests the active

sites to be preferentially occupied with *CO during the CORR.

In addition, we also compare the reaction free energy prole of

the HER on Cu–B@g-C3N4 and on the Cu(111) surface in

Fig. S5.† The free energy for hydrogen evolution on Cu–B@g-

C3N4 is much higher (0.53 eV vs. 0.19 eV on Cu(111)52), sug-

gesting a signicantly weaker hydrogen evolution ability. We

therefore expect the synergy of the low-coordinated Cu–B

atomic pair to also greatly improve the catalytic selectivity for

the CORR.

Understanding the enhanced catalytic performance of the Cu–

B@g-C3N4 catalyst

From our analysis to this point, it is clear that the moderate

average binding energy of CO on the Cu–B@g-C3N4 catalyst

(��1.00 eV) is the key that drives an efficient CO]CO dimer-

ization and generation of C2 products. This is in contrast to the

average CO binding energies on Cu–Cu (�1.76 eV) and B–B

(�0.68 eV) active sites, these bindings are too strong or too

weak, respectively. To further analyse this difference, we

calculate the d- and p-band centers of Cu and B atoms in the

Cu–Cu, Cu–B and B–B atom pairs. As shown in Fig. 4, the d-

band center of Cu in Cu–Cu is at �1.57 eV below the Fermi

level, which is much higher than for instance in the Cu(111)

surface (�3.40 eV), resulting in a much stronger binding

strength as compared to the extended metal surface (�0.60 eV).

For the B–B atom-pair, the p-band center is very deep (�2.29

eV), concomitantly leading to a CO binding strength (�0.68 eV)

quite weak. Now, within the Cu–B pair, the d-band center of the

Cu atom shis to lower energies (from�1.57 to�1.68 eV), while

the p-band center of B atom shis to higher energies (from

�2.29 to �1.70 eV). As a result, the binding strength of one CO

on Cu site of Cu–B pair become weaker (�1.04 eV vs. �1.76 eV),

while the binding strength of one CO on B site of Cu–B pair get

stronger (�1.36 eV vs.�0.68 eV). This leads to the very moderate

average CO binding energy (�1.09 eV) on Cu–B pair. As

apparent from Fig. 4, these benecial shis result from

a weakened hybridization of Cu and a strengthened hybridiza-

tion of B in the Cu–B pair as compared to the Cu–Cu and B–B

pair, respectively. This breaks the linear scaling relationship

controlling adsorption at the traditional transition metal cata-

lyst and thus signicantly improves the thermochemistry and

kinetics of CO2/CO reduction to C2 products.

Solar-driven CO reduction

g-C3N4 is not only an excellent substrate but also a well-known

semiconductor which can provide photogenerated electrons

under light irradiation.63 However, the pristine g-C3N4 exhibits

limited visible light absorption, which greatly hinders its prac-

tical utilization for solar energy conversion.64,65 As shown in

Fig. 5 and consistent with previous studies,60,63–66 we nd that

pristine g-C3N4 can only harvest light in the ultraviolet region.

Fig. 3 Free energy profile of CO reaction progress to CH3CH2OH and CH2CH2 on Cu–B@g-C3N4 (red line) and Cu–Cu@g-C3N4 (blue line)

catalysts and the kinetic barrier (Eb) for the CO dimerization step. Inserts show the structures of the reaction intermediates for the optimal energy

pathway to generate CH3CH2OH, where the red boxes with numbers represent the initial C–C coupling steps (0–1) and the eight subsequent

proton-coupled electron transfer (2–9) steps. Green, blue, bronze, pink, red and white balls represent N, C, Cu, B, O and H atoms, respectively.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 599–606 | 603
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Excitingly, the Cu–B atom-pair decorated g-C3N4 (Cu–B@gC3N4)

catalyst exhibits a signicantly extended light absorption spec-

trum to the visible (VIS) and even infrared (IR) light regions.

Moreover, the band gap of the pristine g-C3N4 is narrowed by

Cu–B doping, leading to more efficiency of charge trapping,

transfer and separation that will all benet the CO reduction

under light irradiation. Possibly, these could even enable a solar

driven conversion of CO2/CO to C2 products, a most promising

topic of future research and experimental verication.

4. Conclusions

In summary, we for the rst time report a novel asymmetric Cu–

B@g-C3N4 catalyst based on a fully new concept on the syner-

gistic coupling between metal (d-orbital) and non-metal (p-

orbital). The Cu–B@g-C3N4 catalyst can boost the conversion

of CO to high density more value-added C2 products (ethylene

and ethanol) with high activity and selectivity. The Cu–B@g-

C3N4 possesses an ultralow reaction energy (only 0.63 eV) for the

CO dimerization, which is nearly one-third of that for the boron-

doped Cu(111) catalyst (1.60 eV). Most importantly, the most

uphill hydrogenation step for generation CH3CH2OH is only

0.53 eV and the product could be easily desorbed from the

catalytic surface. The electronic structure analysis reveals that

the asymmetric synergy between the single Cu and B atom

altered the d-band center of Cu and p-band center of B to ach-

ieve a moderate CO binding strength. Additionally, the optical

absorption of the Cu–B@g-C3N4 can be extended the visible and

infrared light region, which enable the more efficient utilization

of solar energy. It is also important to note that the Cu–B@g-

C3N4 hybrid catalyst possesses much lower formation energy

than those of single Cu or B decorated g-C3N4 and exhibits high

thermal stability under 1000 K. Our results not only highlight

a novel hybrid nanocatalyst for the reduction of CO to C2

products, but offers a fully new concept on the use of asym-

metric metal and non-metal coupling to modulate the linear

scaling relationship of traditional transitional metal catalysts

and the deign principle is capable to apply to other novel elec-

trochemical or photochemical catalysts.

Fig. 4 (a) Structural models for Cu–Cu, Cu–B and B–B anchored on g-C3N4. The d-band centers of Cu in (b) Cu–Cu@g-C3N4 and Cu–B@g-

C3N4, and p-band centers of B in (c) B–B@g-C3N4 and Cu–B@g-C3N4. Green, blue, bronze and pink balls stand for the N, C, Cu and B atoms,

respectively.

Fig. 5 Calculated optical adsorption spectrum for Cu–B atom pair

decorated g-C3N4 and pristine g-C3N4. The insert shows again the

structure of the Cu–B@g-C3N4 catalyst.
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