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ABSTRACT: A major impediment of the electrocatalytic CO2 reduction reaction (CRR) is the lack of electrocatalysts with both 
high efficiency and good selectivity toward liquid fuels or other valuable chemicals. Effective strategies for the design of electro-
catalysts are yet to be discovered to substitute the conventional trial-and-error approach. This work shows that a combination of the 
density functional theory (DFT) computation and experimental validation on molecular scaffolding to coordinate the metal active 
centers presents a new molecular-level strategy for the development of electrocatalysts with high CRR selectivity toward hydrocar-
bon/alcohol. Taking the most widely investigated Cu as a probe, our study reveals that the use of graphitic carbon nitride (g-C3N4) 
as a molecular scaffold allows for an appropriate modification of the electronic structure of Cu in the resultant Cu-C3N4 complex. 
As a result, adsorption behavior of some key reaction intermediates can be optimized on the Cu-C3N4 surface, which greatly bene-
fits the activation of CO2 and leads to a more facile CO2 reduction to desired products as compared with those on the Cu(111) sur-
face and other kinds of Cu complexes formed on nitrogen-doped carbons. Remarkably, different from the most studied elementary 
metal surfaces, an intramolecular synergistic catalysis with dual active centers was for the first time observed on the Cu-C3N4 com-
plex model, which possesses unique capability for the generation of C2 products. A good agreement between electrochemical 
measurements and the DFT analysis of CRR has been achieved based on the newly designed and synthesized Cu-C3N4 electrocata-
lyst. 

INTRODUCTION 

Carbon dioxide reduction reaction (CRR) by electrocatalysis 
holds a great promise to produce sustainable carbon-based 
fuels from renewable resources.1 With the input from sustain-
able energy such as solar and wind, this energy conversion 
process utilize carbon as an energy carrier to produce fuels, 
addressing the storage issues of the often intermittent re-
sources.2 Because of the inert nature of CO2 molecule, this 
normally exothermic process is naturally difficult to proceed 
and is greatly dependent on the careful selection of highly 
active electrocatalysts.3 Additionally, due to the complexity of 
the charge transfer process occurred in CRR, a wide variety of 
products is accessible including carbon monoxide (CO) and 
formic acid (HCOOH) via a two-electron reduction pathway, 
methanol (CH3OH) via six-electron reduction, and methane 
(CH4) via a complete eight-electron reduction.4 Practically, the 
best solution remains the conversion of CO2 to CH3OH or, 
further to C2 products like ethylene (C2H4) and ethanol 
(C2H5OH) , as thus the established fuel-transporting infrastruc-
ture could be well utilized.5 However, the availability of suita-
ble electrocatalysts is still very limited.6 Generally, the selec-
tivity of different reduction products strongly depends on both 
extrinsic physical properties and intrinsic electronic structure 
of the heterogeneous electrocatalyst used, which always act 
together in determining the adsorption of intermediates and 
activation energies for each reaction.7 This complexity makes 
the rational design of suitable electrocatalysts for desired CRR 
products a great challenge. Therefore, exploration of atomic 

level understanding of the overall CRR mechanism is highly 
desired. 

Until now, Cu-based materials remain to be the most effi-
cient and selective CRR electrocatalysts providing a wide va-
riety of products depending on their chemical and/or physical 
properties.8 The density functional theory (DFT) computation-
al studies of these catalysts revealed that their great perfor-
mance can be related to the appropriate adsorption strength of 
key reaction intermediates.9 Therefore, the design and engi-
neering of Cu-based catalysts with suitable electronic structure 
to achieve wider product distribution and/or higher selectivity 
is still the mainstream research direction for CRR. Current 
strategies to engineer Cu catalysts are mainly relying on the 
modification of their physical structure and/or chemical com-
position by straightforward methods. However, due to the 
complex nature of CRR and the aforementioned complicated 
relationship between the apparent activity/selectivity of a giv-
en electrocatalyst and its inherent adsorption energetics toward 
key intermediates, almost all of the current approaches toward 
development of CRR electrocatalysts are still via a trial-and-
error method; an atomic scale design strategy is largely miss-
ing.  

Due to the ability of transition metals to form coordination 
complexes with ligands, coordinating Cu into molecular 
frameworks could provide a platform for engineering novel 
Cu-based CRR electrocatalysts with unprecedented 
properties.10 Previously, based on both theoretical and experi-
mental studies we showed that coordinating a range of transi-
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tion metals (e.g., Fe, Co, Ni) into the framework of graphitic 
carbon nitride (g-C3N4) can introduce excellent electrocatalytic 
activities toward two key oxygen electrode reactions (oxygen 
reduction/evolution reactions) for fuel cells and water splitting 
applications.11 A strong coordinating capability and particular 
functional species of g-C3N4 framework make it a suitable new 
platform for efficient metal coordination instead of traditional 
nitrogen-doped carbons. As regards CRR, in principle, g-C3N4 
possesses at least two particular properties that differs it from 
other nitrogen-containing carbon substrates. First, the abun-
dant pyridinic nitrogen species in g-C3N4 framework show 
strong affinity to CO2 under electrocatalytic conditions, which 
is considered critical for CO2 activation.12 Second, carbon 
species in g-C3N4 show high oxophilicity for adsorption of 
oxygen-containing reaction intermediates (*OCHx, *OH, and 
*O) during CRR, which appear in the second half of the reac-
tion pathway, benefiting the generation of deep reduction 
products.13 Therefore, g-C3N4 could serve as an ideal molecu-
lar scaffold for Cu to form Cu-C3N4 structure for efficient and 
effective CRR.  

In this work, we explored different CO2 reduction path-
ways on Cu-C3N4 structures (for comparison, we also studied 
Cu supported on nitrogen-doped graphene named as Cu-
NC)14, by investigating a full range of possible reaction inter-
mediates. According to the thermodynamic analysis, Cu-C3N4 
shows two unique and critical features for CRR as compared 
with Cu(111) surface and other kinds of nitrogen-containing 
carbons with coordinated Cu complexes. First, g-C3N4 can 
influence copper’s electronic structure by shifting its d-band 
position toward Fermi level, therefore leading to a stronger 
adsorption of intermediates and smaller energy loss toward 
hydrogenation of CO2. Second and more importantly, different 
from the widely studied bifunctional catalysts composed of a 
metallic site and a support for CO/CO2 conversion,15 Cu-C3N4 
shows an intramolecular synergistic effect toward CRR, where 
Cu and C act in synergy for different stages of the reaction. As 
a result, an enhanced CO2 reduction to C2 species (e.g., 
C2H5OH and C2H6) was achieved in Cu-C3N4 system due to 
the unique dual active center synergistic catalysis. This ther-
modynamic-based theoretical prediction was further validated 
by electrochemical measurements performed on experimental-
ly synthesized Cu-C3N4 catalysts, which showed a wider varie-
ty of C2 products (C2H5OH, C2H6, and C2H4) and higher selec-
tivity of deep reduction products (CH4 and CH3OH) in com-
parison to conventional Cu-NC counterparts.  

METHODS 

Computational Methods and Models. Electronic struc-
ture calculations were carried out by DFT with Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional using a pro-
jector augmented-wave method by VASP code.16 For the 
plane-wave expansion, a 500 eV kinetic energy cut-off was 
used after testing a series of different cut-off energies. The 
convergence criterion for electronic structure iteration was set 
to be 10-5 eV and that for geometry optimization was set to be 
0.01 eV/Å. A Gaussian smearing of 0.20 eV was applied dur-
ing the geometry optimization and for the total energy compu-
tations, whilst for the accurate density of states (DOS) compu-
tation a tetrahedron method with Blöchl correction was em-
ployed. The K-points were set to be 5×5×1 for the Cu-C3N4 
unit cell, 3×3×1 for graphene-based Cu-NC model. Denser K-
points were used for the high quality DOS computations 
(15×15×1 for Cu-C3N4, and 9×9×1 for Cu-NC). The 

Tkatchenko-Scheffler method was applied during all calcula-
tions to properly address the van der Waals interactions be-
tween atoms.17  

Three surface models were studied in this work: Cu-C3N4, 
Cu-NC, and Cu(111) (for the purpose of comparison). For Cu-
C3N4, the lattice parameters used were 7.089Å × 7.089Å × 
20Å, with the angle between the first two vectors being 120o. 
The Cu-NC model was based on a 5×5 graphene supercell, 
and the lattice was optimized to be 12.329Å × 12.329Å × 20Å. 
For copper single crystal, the lattice constant was optimized to 
be 3.551Å, while the DOS computation was carried out for a 
four layer slab model in the [111] direction, with 15Å space 
between two slabs. The atomic configuration and electron 
charge transfer due to the incorporation of copper to Cu-C3N4 
and Cu-NC are shown in Figure S1 (supporting information). 
Bader charge analysis shows that the electron transfers from 
the embedded copper atom to g-C3N4 (0.751 e–) or nitrogen-
doped graphene (0.929 e–) frameworks.  

Reaction Intermediates. First, the CO2 adsorption on Cu-
C3N4 was investigated because this is the first step that occurs 
during CRR. The adsorption location and pattern often give 
useful information about reaction steps, for example the poten-
tial active sites. As shown in Figure S2, various positions for 
CO2 adsorption were investigated and the possible adsorption 
sites are listed. CO2 molecule prefers to adsorb on copper and 
nitrogen atoms rather than on carbon atoms. Specifically, a 
‘mock chemisorption’ exists on nitrogen atom, where CO2 is 
adsorbed on Cu-C3N4 via a carbon-nitrogen bond (Figure S2f), 
indicating the ability of Cu-C3N4 toward activating CO2 if 
proper electrode potential is applied.12a The formation of this 
configuration could be attributed to the electron accumulation 
on nitrogen due to its higher electronegativity than that of sur-
rounding carbon atoms. The search for all other possible reac-
tion intermediates (*COOH, *CO, *COH, *CH etc., see Table 
S1 and S2 for the complete list of investigated states and cor-
responding relative stability) on Cu-C3N4 and Cu-NC also 
begins with various different initial configurations. The free 
energy corrections to each state are presented in Table S3 (for 
adsorbed states) and Table S4 (for gas phase properties). The 
free energy diagram of CO2 reduction on Cu(111) is taken 
from reference 18. Equilibrium potentials of several key CRR 
products are summarized in Table S5. 

Sample Synthesis and Characterization. To match the 
models proposed in the computation, the synthesis of Cu-C3N4 
nanomaterials was conducted by mixing different amounts of 
CuCl2 aqueous solutions with dicyandiamide (DCDA) in room 
temperature. For instance, 1.3, 2.5, 4.8, and 10 mL of 0.1 M 
CuCl2 solution with 0.66, 0.64, 0.60, 0.54 g of DCDA and 10 
mL of water were selected to prepare the sample with theoreti-
cal ratio of Cu: C3N4 = 1:20, 1:10, 1:5, 1:2, respectively. Dif-
ferent ratios were chosen to assure Cu ion coordination with g-
C3N4 as efficient as possible. 50% mass concentration of acid 
pretreated carbon black was applied at the same time as a sup-
port to enhance the electrode conductivity and to expose the 
electrocatalytically active sites of Cu-C3N4. After stirring 
overnight, the mixture was lyophilized and annealed at 600 oC 
in N2. The powder was subsequently washed twice with 1M 
HNO3 and then several times with water to remove uncoordi-
nated copper/copper oxide particle. The synthesis of Cu-NC 
was carried out by annealing the after-washed Cu-C3N4 sample 
at 900 oC in N2, during which the molecular scaffold of g-C3N4 
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was decomposed and converted to nitrogen-doped carbon with 
bonded Cu.  

The near edge X-ray absorption fine structure (NEXAFS) 
and X-ray photoelectron spectroscopy (XPS) measurements 
were carried out on soft X-ray spectroscopy beamline at the 
Australian Synchrotron. In all NEXAFS scans, 50 meV energy 
steps were used. In the XPS scans, the excitation energy was 
700 eV for better signal-to-noise ratio and the E-pass was set 
to 5 eV for optimum energy resolution. The transmission elec-
tron microscopy (TEM) was carried on FEI Tecnai G2 Spirit 
TEM operated at 120 kV. 

Electrochemical Measurements and Product Analysis. 
The evaluation of CRR performance on two synthesized sam-
ples were done using a homemade H-type cell with two com-
partments separated by the Nafion membrane. Each compart-
ment contains 50 mL of electrolyte (0.1 M KHCO3) and about 
50 mL headspace. The measurements were carried out using 
CHI 750E electrochemical workstation at room temperature. 
The electrocatalysts were loaded on the glassy carbon serving 
as working electrode. A Pt plate and an Ag/AgCl in saturated 
KCl solution were used as counter and reference electrodes, 
respectively. Before each measurement, the cathodic com-
partment of the cell was degassed and saturated with CO2 at 40 
mL/min for at least 20 min. During the reduction, CO2 gas was 
continuously bubbled into the cathodic compartment. The 
gaseous products were delivered directly to the sampling loop 
of an on-line gas chromatograph equipped with a thermal con-
ductivity detector using Ar as a carrier gas for H2 analysis and 
a flame ionization detector for CO, CH4, C2H4, and C2H6 anal-
ysis. The liquid products (e.g. HCOOH, CH3OH, and 
C2H5OH) were detected by NMR (Bruker 400 MHz).  

RESULTS AND DISCUSSION  

Reaction Pathway. We obtained the configurations of all 
possible reaction intermediates and their corresponding free 
energies by DFT computations. Afterwards the lowest energy 
reaction pathway – defined to be the pathway with lowest pos-
itive elementary free energy change between any two steps – 
toward CH4 production is summarized in Figure 1a. In this 
figure, the x-axis represents the transferred numbers of pro-
ton/electron pairs to the electrode surfaces including Cu-C3N4, 
Cu-NC, and traditional Cu(111) slab. Generally, the first few 
reduction steps of CO2 to CH4 on these three surfaces follow 
the same pathway, which starts with hydrogenation of an ad-
sorbed *CO2 to form *COOH. Following the OH desorption, a 
*CO is left on the surface and the second protonation process 
occurs to form *CHO. These two protonation processes are 
traditionally considered as the rate-limiting-steps of CO2 re-
duction; for example, on the Cu(111) slab surface, 0.9 and 0.8 
eV free energy change could be observed for CO2 and *CO 
hydrogenation, respectively.18 Meanwhile, on the Cu-C3N4 
surface, due to the lower free energy level of the state after the 
first hydrogenation step (*COOH), the second hydrogenation 
process (*CHO) becomes the only rate-limiting-step. The free 
energy change of this step is 0.75 eV uphill, less endothermic 
than on Cu(111) slab surface. As for the Cu-NC surface, the 
free energy change of the first hydrogenation step is higher 
than that of the second one, with values of 1.34 eV and 0.44 
eV, respectively, and therefore the first protonation is consid-
ered as the major reaction rate-determining step. 

 

Figure 1 (a) Free energy diagram of CO2 reduction pathway to 
CH4 on Cu-C3N4, Cu-NC, and Cu(111). The values for the 
Cu(111) surface are taken from reference 18. Electron density 
difference for CO adsorbed on (b) Cu-C3N4 and (c) Cu-NC. The 
unit of isosurface values is shown in the figure. Green, blue, gold, 
and red atoms are carbon, nitrogen, copper and oxygen, corre-
spondingly. Yellow is electron accumulation and cyan represents 
electron depletion. 

Though the first four-electron transfer steps proceed with 
identical reaction intermediates on three copper-embedded 
surfaces, the reaction pathway starts to diverge when the fifth 
proton and electron pair is transferred to the surface. In the 
case of Cu-C3N4 and Cu(111), an *OCH3 group is formed with 
oxygen as an anchoring atom on the surface of the aforemen-
tioned catalysts, followed by the formation of an isolated CH4 
molecule and adsorbed *O after the sixth proton/electron pair 
transfer. As for the reduction pathway on the Cu-NC surface, 
the fifth step includes the generation of *CH2OH, followed by 
OH desorption to form *CH2 and therefore two steps of hy-
drogenation are needed to produce CH4 after the last pro-
ton/electron pair transfer, as shown in Figure S3b, blue line. 
On this pathway, all free energy changes from 2nd to 8th charge 
transfer process on Cu-NC are smaller than that for the first 
charge transfer, therefore the rate-determining step is the pro-
tonation of CO2 to *COOH. For the purpose of comparison, 
Figure 1a depicts the same CRR pathway to CH4 on all three 
surfaces. Despite of the different reduction pathway on the 
three electrocatalysts, Cu-C3N4 generally shows the strongest 
binding to reaction intermediates and therefore the lowest free 
energy pathway.  

Following reference 9f we have also examined an alterna-
tive reaction pathway for CH4 production on Cu-C3N4 and Cu-
NC. For the two evaluated pathways on Cu-C3N4, as shown in 
Figure S3a, the first half of these pathways (until the forth 
proton/electron pair transfer) is the same as discussed in the 
previous paragraph. The main pathway (black line) involves 
the protonation of *CHO to form *OCH2 with the upcoming 
hydrogen connecting the carbon atom, with a free energy 
change of 0.43 eV for this step. An alternative reaction path-
way (red line) involves a different reaction intermediate fol-
lowing *CHO, where the upcoming hydrogen is connected to 
O and forms *CHOH. The free energy change for this inter-
mediate state is 0.74 eV, higher than the previously mentioned 
pathway. The remaining part of this alternative pathway is OH 
desorption to form adsorbed *CH, followed by three steps of 
hydrogenation and the final CH4 production. For the Cu-NC 
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surface, as shown in Figure S3b, the alternative reaction path-
way considered in reference 9f (red line) is also higher in en-
ergy than the lowest possible pathway (blue line). Therefore, 
the above-mentioned pathways are higher in the free energy 
and are thermodynamically unfavorable. 

 

Figure 2 (a) Summary of the onset potential of the products of 
CO2 reduction as predicted by the reaction free energy diagrams 
on three different surfaces. Detailed free energy diagram of (b) 
hydrogen evolution and (c) CO2 reduction to CH3OH on three 
copper-based surfaces. 

To explain the lower free energy possessed by reaction in-
termediates on Cu-C3N4 in comparison to that on Cu-NC, the 
electron density difference analysis was carried out using *CO 
adsorption as an example. As regards the Cu-C3N4 surface, at 
an isosurface cut-off of 2×10-3 e/Bohr3, electron transfers from 
the copper present in Cu-C3N4 and the carbon atom (from CO 
molecule) to the Cu-C bonding area between these two moie-
ties, suggesting a strong interaction between these two parts 
(Figure 1b). As a result, the CO triple bond weakens as indi-
cated by the electron depletion alongside the bond, with its 
length stretched from 112.8 pm to 115.6 pm (comparable to a 
CO double bond). Additionally, CO-Cu bond length within 
this configuration is 1.77 Å. While in striking contrast to the 
Cu-NC surface, the distance between carbon on CO and nitro-
gen as the adsorption center is 3.42 Å, much longer than that 
on Cu-C3N4. A significant charge transfer between Cu-NC 
framework and CO is only visible at an isosurface value of 
about 1.5×10-4 e/Bohr3, about one magnitude lower than that 
on Cu-C3N4 (Figure 1c). At the meantime the CO bond length 
is 114.4 pm. These considerations show the strong adsorption 
CO on Cu-C3N4 and very weak one on Cu-NC, which leads to 
the much lower free energy level for the CO-containing reac-
tion intermediates as well as other reaction intermediates. 

Onset Potential. When considering the full methane 
pathway, the smallest negative potential at which the pathway 
becomes exergonic (i.e., the limiting potential) for Cu-C3N4, 
Cu-NC and Cu(111) is 0.75 V, 2.18 V, and 0.90 V respective-
ly. This phenomenon, therefore suggests a better catalytic ac-
tivity of Cu-C3N4 toward CO2 reduction to methane when us-
ing limiting potential as an activity descriptor. The limiting 
potential toward other products including H2, CH3OH, 
HCOOH, CO, and C2H4, are summarized in Figure 2 (a). Gen-
erally, Cu-C3N4 shows lowest required potential among the 
three surfaces to open pathways toward deep reduced prod-
ucts, which indicates smaller electrical energy loss and there-
fore higher efficiency in generating these products. In compar-
ison, the overpotential required to produce CO on Cu-C3N4 is 

higher than Cu(111), which suggests worse activity possessed 
by Cu-C3N4. Meanwhile, Cu-NC shows significantly high 
limiting potential toward all products, requesting higher over-
potential to kick-start the reactions and therefore poorer per-
formance from the computational point of view.  

 

Figure 3 (a) Free energy diagram of CO2 reduction to CH4 on 
different sites of Cu-C3N4. Inset shows the migration of active 
center from Cu to carbon. (b) Summary of the onset potential of 
the products of CO2 reduction as predicted by the reaction free 
energy diagrams on different sites of Cu-C3N4. Smaller value 
indicates the lower onset potential required, hence better perfor-
mance of this catalyst. 

The detailed free energy diagrams that were used to obtain 
the aforementioned limiting potentials toward several products 
are shown in Figure 2 (b: H2 – via hydrogen evolution reaction 
and c: methanol) and Figure S4 (HCOOH, CO, and C2H4). As 
indicated by these plots, the free energy levels of all reaction 
intermediates on Cu-C3N4 are generally lower than those on 
other two substrates, except for hydrogen evolution. Since the 
hydrogen adsorption energy on Cu-C3N4 is higher than that on 
Cu(111), a weaker hydrogen evolution ability of this material 
should be expected. In contrary to the g-C3N4 framework it-
self, which shows a strong binding to H*, the hydrogen ad-
sorption free energy level is elevated and could be attributed to 
the copper atom that is already occupying the triangular va-
cancy formed by surrounding s-triazine units. This feature 
would be particularly beneficial for the production of hydro-
carbons, since hydrogen evolution reaction is the major com-
peting reaction with CRR.19 Additionally by comparing the 
onset potential required for the generation of formic acid and 
carbon monoxide, the CO production requires higher overpo-
tential than that of HCOOH, indicating lower selectivity to-
ward CO. This difference is originated by a strong *CO ad-
sorption on Cu-C3N4, which makes the CO desorption difficult 
to proceed.  

Dual Active Center Mechanism. During the exploration 
of all possible reaction pathways on Cu-C3N4 toward CH4 
production, various sites were investigated. Generally, the 
binding of reaction intermediates during the first half of the 
reaction shows stronger adsorption on the copper atom than on 
carbon and nitrogen sites of the Cu-C3N4 substrate. Meanwhile 
during the latter half of the reaction, the reaction intermediates 
show stronger binding to the carbon site than on the copper 
site. Therefore, the lowest free energy pathway toward CH4 
production is given when these two sites are both considered 
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as a dual-active site. As shown in Figure 3a, the dual active 
site pathway leads to an overall limiting potential of 0.75 V. It 
is worth noting that the limiting potential toward CH4 produc-
tion when considering Cu as the only active center for the 
whole reaction is 1.14 V, while that for the carbon as the sole 
active center is 1.48 V, both higher than the dual-active site 
pathway. The inset shows transfer of active center, which il-
lustrate the synergistic effect of Cu and g-C3N4 framework. 
The origin of this behavior is that copper shows strong binding 
to reaction intermediates having carbon as an anchoring atom 
(e.g. *COOH, *CO, *CHO), while the carbon on g-C3N4 
shows stronger binding to reaction intermediates having oxy-
gen as the connecting atom (e.g. *OCH2, *OCH3, *O, and 
*OH). Therefore, during the first half of the reaction, reaction 
intermediates favor copper-carbon bond; while during the 
latter half of the reaction, the reaction intermediates are con-
nected to the surface via a carbon-oxygen bond. We have also 
quantitatively analyzed the limiting potential toward other 
products, as shown in Figure 3b, and observed the same be-
havior. Therefore, the unique structure of metal coordinated by 
g-C3N4 framework leads to a synergistic reaction scheme that 
leads to a more feasible reaction pathway induced by the mi-
gration of active center.  

Inspired by this observation that Cu atom serves as the ac-
tive center for carbon (and C-containing groups) adsorption, 
while the adjacent carbon atom on g-C3N4 serves as the active 
center for reaction intermediates having oxygen as the con-
necting atom, we further explored the possibility of C2 path-
way on Cu-C3N4. Here we present the free energy pathway of 
CO2 reduction to CH3CH2OH as an example, as shown in Fig-
ure S5. The first five proton/electron transfers follow the same 
pathway as that shown in Figure 1a, forming an adsorbed 
*OCH3 group on the carbon atom. Where starting from the 
sixth proton/electron pair transfer, the second CO2 adsorbs on 
the copper atom along with a protonation process. The config-
uration of consequently occurring reaction steps is shown in 
Figure 4, where the second *COOH undergoes a series of 
changes to form *CH3O on the copper atom. From that point, a 
bond forms between the two carbon- containing moieties to 
form CH3CH2OH, leaving the surface adsorbed oxygen atom, 
which is then protonated to form H2O. The existence of this 
reaction pathway is due to the molecular scaffold coordinating 
copper; the unsymmetrical feature of Cu-C3N4 could lead to 
the C2 pathway and therefore, deep reduced products. Corre-
spondingly, the following experimental electrochemical meas-
urements also validate that Cu-C3N4 can produce more C2 
species like C2H6, CH3CH2OH than the Cu-NC sample with 
single active centers under the same condition. 

 

Figure 4 Key reaction intermediates of CH3CH2OH generation on 
Cu-C3N4. 

Origin of the Activity. In accordance to the above discus-
sion, a linear relationship can be observed between the 
*COOH and *CO adsorption strengths, as shown in Figure 
S6a, suggesting that the CO2 activation ability is proportional 
to CO adsorption on these three surfaces. As indicated in the 
aforementioned figure, the CO2 activation ability possessed by 
Cu on Cu-C3N4 is the highest among the three catalysts, indi-
cating a strong interaction between carbon and the copper 
atom. This observation also suggests that similar to the scaling 
relationship between different metals, a counterpart relation 
exists for the same metal species (for example, copper as 
shown in this work) when embedded within different frame-
works. The underlying reason for this scaling relationship, as 
well as why Cu-C3N4 possesses the strongest CO binding 
strength, could be unveiled by density of states (DOS) analysis 
performed on the three surfaces. Figure S6b shows the copper 
d-orbital density of states on three surfaces, which is consid-
ered to play a determining role in interactions with surface 
adsorbates. The distribution of states shifts toward the higher 
energy region following the order of Cu-NC → Cu(111) → 
Cu-C3N4, which is consistent with the observed order of the 
binding energy strength, as shown in Figure S6c. The general 
trend is that with a higher d-band position such as Cu-C3N4, a 
stronger adsorption is observed due to up-shifting the anti-
bonding state, which leads to lower occupation (of the anti-
bonding state), and results in weaker repulsion between these 
two parts. 

 

Figure 5 (a) TEM image of typical Cu-C3N4 electrocatalyst sup-
ported on carbon black. Arrows indicated atomic Cu clusters. (b) 
Comparison of Cu concentrations in different Cu-C3N4 samples 
before and after acid wash. (c) High resolution Cu2p XPS of Cu-
C3N4 before and after acid wash. (d) Nitrogen K-edge NEXAFS 
of Cu-C3N4 and pure g-C3N4. Arrows show the weak shoulders in 
N K-edge assigning to the Cu-N interaction. Dotted lines show the 
channels of photon energy in two samples. 

Experimental Validation. To further provide experi-
mental evidence of g-C3N4 scaffold’s unique role in the CRR 
process revealed by theoretical calculations, we carried out the 
synthesis of Cu-C3N4 and Cu-NC electrocatalysts with similar 
molecular structures as investigated theoretically (see details 
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in experimental section). During the thermal treatment, DCDA 
was polymerized into g-C3N4 scaffold and simultaneously 
coordinated with Cu ions (Figure 5a). After acid washing, all 
four samples with different amounts of Cu precursors showed 
similar Cu atomic concentration in the Cu-C3N4 hybrid (Figure 
5b), indicating that there is a saturated coordinating ability of 
g-C3N4 scaffold to metal ions. Taking the 1:5 sample as an 
example, after double nitric acid washing, the Cu concentra-
tion in Cu-C3N4 decreased from 3.1 to 0.2 at.% with almost 
unchanged N concentration based on the XPS analysis. (Fig-
ure S7). This can be explained by the fact that most Cu in 
freshly synthesized product is in the form of Cu(0) metal na-
noparticles, which can be eliminated by washing with acid 
solutions. Meanwhile, the remaining Cu species are in the 
form of single atoms and clusters bonded with nitrogen atoms 
in the g-C3N4 scaffold (Figure 5c,d). As can be seen from the 
high-resolution XPS data, these Cu species possess higher 
binding energies than the Cu nanoparticles. The higher val-
ance states of Cu may be attributed to its interaction with g-
C3N4 in the form of electron transfer from copper to nitrogen 
atoms (Figure 5c). At the same time, by comparing with the 
pure g-C3N4, the extra weak shoulders in nitrogen K-edge 
NEXAFS spectrum of Cu-C3N4 also indicate nitrogen atoms, 
more specifically, the pyridinic nitrogen in the triazine het-
erorings, able to accept extra charges from Cu atoms, which 
results in a slightly negative shift in its photon energy profile 
(Figure 5d). Therefore, analysis of Cu 2p XPS and N K- edge 
NEXAFS spectra confirms that there is a strong chemical in-
teraction (or bonds) between Cu and N atoms in the synthe-
sized Cu-C3N4 sample, which match the molecular configura-
tion used in the theoretical computation (Figure S1 in support-
ing information). It is worth noting that the atomic ratio of Cu 
and N in all four samples is around 0.0073~0.0091, which is 
equal to the ratio of tri-s-triazine units to Cu of 8.6 to 11.4 
(theoretical value should be 1). This means that not all vacan-
cies in the g-C3N4 framework are saturated by Cu species; 
most of them are still in the pristine form of g-C3N4.  
The CRR activity/selectivity differences in the synthesized 
Cu-C3N4 and Cu-NC electrocatalysts were analyzed to validate 
the theoretical considerations. As shown in Figure 6a, the Cu-
C3N4 sample features a more positive onsite potential and 
higher current density under a certain overpotential than Cu-
NC. Additionally, the Cu-C3N4 electrocatalyst was stable dur-
ing at least 18 hours operation (Figure 6b). The gaseous and 
liquid products analysis showed that the major product of both 
Cu-C3N4 and Cu-NC electrocatalysts is still hydrogen gas (>50 
%) via the competitive cathodic hydrogen evolution reaction. 
This can be explained by the fact that there is a large amount 
of un-coordinated g-C3N4 in the hybrid, which is relatively 
active to the hydrogen evolution but inert for CRR, according 
to the theoretical analysis (Figure 3a). Therefore, the real 
number of active sites on the Cu-C3N4 material studied is 
much lower than that on polycrystalline Cu electrode, which 
means that the newly developed Cu-C3N4 needs further im-
provement (e.g., advanced synthetic methods) to enhance its 
potential performance as theoretically predicted.  

As a probing model, indeed, Cu-C3N4 showed a wider va-
riety of deep reduction products and higher Faradic efficiency 
for each product under the same potential than the Cu-NC 
control sample. For example, CH3OH and CH4 after 6 and 8 
electron transfers were only generated on the Cu-C3N4 elec-
trode (Figure 6c, d), due to the lower overall free energy dif-
ference as indicated by the free energy diagram (Figure 1,2). 

More strikingly, Cu-C3N4 samples demonstrate the ability of 
generating C2 species like C2H5OH, C2H4, and C2H6, which is 
attributed to the unique dual active center mechanism by the 
special configuration of Cu atom embedded in g-C3N4 scaffold 
(Figure 4). These trends serve as a good agreement between 
experimental measurement and the thermodynamic-based 
DFT study of these materials. 

 

Figure 6 (a) Polarization curves of CO2 reduction on two electro-
catalysts, recorded in CO2-satuated 0.1 M KHCO3. (b) Stability 
test of CO2 reduction on Cu-C3N4 electrocatalyst. (c,d) The meas-
ured Faradic efficiencies of various products on Cu-C3N4 (c) and 
Cu-NC (d) electrodes under different overpotentials. 

CONCLUSION  

In summary, we have showed, from both theoretical and ex-
perimental perspectives, that for multistep electrochemical 
reactions like CRR, a particular molecular scaffold facilitating 
coordination of the metallic centers can play a significant role 
in affecting the activity and selectivity toward desired reac-
tions. We conducted extensive DFT computations for a Cu-
C3N4 model catalyst to evaluate its potential for CO2 reduc-
tion, and compared its performance with that of the Cu (111) 
surface and conventional Cu-NC complex. Based on the com-
putation and experimental results, Cu-C3N4 shows significant-
ly better CO2 reduction activity with lower on-set potential, as 
well as a significantly higher C2 production rate than that ob-
tained for Cu-NC. Our study reveals that the molecular scaf-
fold can serve as an additional active center for CRR, leading 
to the synergistic effect for pathways that leads to deep re-
duced products. This new dual active center model, which has 
been validated by our experimental measurements, has never 
been observed in the reported CRR electrocatalyst systems. 
Additionally, the g-C3N4 framework could efficiently uplift 
copper’s d-band position toward Fermi level, which is critical 
in strengthening the adsorption strength of reaction intermedi-
ates and CO2 activation. Our investigation suggests that select-
ing appropriate molecular scaffold can be critical to increase 
the electrocatalytic CO2 reduction activity. This atomic level 
finding could be helpful to find more efficient and effective 
CRR electrocatalysts, and could also be extended to other mul-
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ti-electron electrocatalytic reactions like nitrogen reduction 
reaction for electrochemical ammonia synthesis, oxygen re-
duction/evolution reactions, and alcohol oxidation reactions. 
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