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“carbon-negative” manner.[1–6] Meanwhile, 
CO2RR can also reduce the global carbon 
footprint and remediate global climate 
change. Among SOM, bio-derived C1-C2 
alcohols (methanol, ethanol) and simple 
ethers (DME – dimethyl ether and DEE –  
diethyl ether) receive particular atten-
tion because they present several advan-
tages comparing to hydrogen, that is, 
fuel storage safety.[7–11] Moreover, they can 
serve as drop-in-fuels, energy carriers, and 
hydrogen storage compounds suitable for 
internal or external reforming.[7–11]

The development of advanced fuel cells, 
based on bio-derived fuels and rationally 
designed catalytic nanostructured elec-
trodes with a lowered amount of platinum 
group metals (PTG) and proven stability 
offers new opportunities for the applica-
tions of future sustainable energy.[1,2,12,13] 

For highly efficient energy conversion, it is crucial to progress 
the electrochemical devices, electrolytes, and electrochemical 
reaction procedures as well as tailor electrocatalysts’ activity, 
considering both CO2RR and SOM electro-oxidation selec-
tivities, and overcome kinetic limitations. Although exten-
sively studied electro-oxidation reactions of methanol (MOR) 
was found to have more efficiency in alkaline than acidic 
media, the slow kinetic of MOR on the anode are among the 

Single-atom catalysts (SACs) are highly enviable to exploit the utmost utilization 
of metallic catalysts; their efficiency by utilizing nearly all atoms to often exhibit 
high catalytic performances. To architect the isolated single atom on an ideal 
solid support with strong coordination has remained a crucial trial. Herein, 
graphene functionalized with nitrile groups (cyanographene) as an ideal sup-
port to immobilize isolated copper atoms G(CN)-Cu with strong coordination 
is reported. The precisely designed mixed-valence single atom copper (G(CN)-
Cu) catalysts deliver exceptional conversions for electrochemical methanol 
oxidation (MOR) and CO2 reduction (CO2RR) targeting a “closed carbon cycle.” 
An onset of MOR and CO2RR are obtained to be ≈0.4 V and ≈−0.7 versus Ag/
AgCl, respectively, with single active sites located in an unsaturated coordina-
tion environment, it being the most active Cu sites for both studied reactions. 
Moreover, G(CN)-Cu exhibited significantly lower resistivity and higher current 
density toward MOR and CO2RR than observed for reference catalysts.
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1. Introduction

The electrochemical CO2 reduction reaction (CO2RR) to C1-
C2 hydrocarbon (HC) fuels and chemicals using surplus 
or renewable electricity, as well as the electrochemical con-
version of small organic molecules (SOM) to sustainable 
energy, can be seen as a closed cycle strategy with maximized 
energy harvesting efficiency in a “carbon-neutral” or even a 
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original online publication.
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main problems in the application of direct alcohol fuel cells 
(DAFC).[1,2] Similarly, the critical CO2RR challenges concerns 
the electrocatalyst’s and electrolyzer’s designs, namely i) pro-
cess selectivity enhancement, especially in a in single-product 
Faradaic efficiency (FE) enhancement,[14] ii) energy efficiency 
improvement while reducing the over-potentials,[15,16] iii) system 
and operating cost reduction, by reaction protocols and rational 
catalysts design.[14–18]

A catalyst’s activity, stability, resistance to poison, and 
selectivity play a crucial role in determining the rate of 
electrochemical reactions and overall process efficiency. There-
fore, considerable research efforts have been devoted for the 
development of highly efficient and selective electrocatalysts 
as well as the design and fabrication of stable working elec-
trodes.[2,15,19–21] Among the best-known catalysts, the PGM 
metals, such as Pt, Ru, Pd, and their alloys, exhibit relatively 
good activities. However, they are too exorbitant to be practi-
cally included in large-scale applications. Moreover, their simul-
taneous selective operation for different reactions is limited. 
Another problem is Pt catalysts poisoning. The MOR reaction 
intermediate, carbon monoxide (CO), binds strongly to the Pt 
catalyst and deactivates it. Notwithstanding, some newly estab-
lished transition metals based catalysts, that is, Cu and Ni, 
exhibit encouraging properties, including satisfactory activity 
and durability.[1,2,15,22–24] However, the rational design of ideal 
electrode materials with low-cost, high activity, and good sta-
bility under applied conditions remains a formidable challenge.

Single atom catalysts (SACs) have attracted extensive atten-
tion considering every active atomic site is made accessible and 
provides the maximum atom utilization efficiency with high 
catalytic performance.[12,25–27] These properties make SACs 
highly distinctive from its bulk counterparts, and higher activi-
ties of such a material than those observed for pure metals are 
usually obtained for various reactions:[28] chemical (i.e., CH 
activation,[29] selective oxidation aromatic alkanes at room tem-
perature,[30] hydroxylation benzene to phenol,[31] the hydrogena-
tive coupling of nitroarenes,[32] and alkene hydrosilylation[33]), 
electrochemical (i.e., CO2RR, oxygen reduction reaction (ORR), 
and nitrogen reduction reaction (NRR)), and photochemical 
(i.e., CO2 conversion into chemical fuels).[34–37] However, syn-
thesis of SACs to achieve all distinctive features together, 
including the selection of an appropriate solid support which 
can provide selective binding sites for a metal, strong interac-
tion with support as the high surface energy of isolated atoms 
is always accountable for metal aggregation, and simple syn-
thetic protocol remain great challenges.[38–40] Lately, numerous 
SACs have been fabricated by a conventional method which 
involves a high-temperature treatment which alters the proper-
ties of atomic sites and limits the catalytic activity. Currently, 
SACs have been widely utilized in electrocatalysis applications 
because of their extraordinary catalytic activity stability and 
selectivity.[41–43] In this regards, graphene-based 2D materials 
supported SACs have fascinated substantial research atten-
tion.[40,44–47] In an electrochemical application, SACs solve the 
problem of the PTG metal economy, decreasing amounts of 
the noble metal as an electrocatalyst, maintaining at the same 
time high activity. On the other hand, it has the potential to 
improve the electrocatalytic activity of cheaper, transition metal-
based catalysts.[14,15,18,19,28,48]

For the CO2RR, the Ni-SACs are the most investigated for-
mulation.[16] Apart from the Ni-SAC, Fe-based, and Co-based 
SACs also exhibit stable catalytic activities toward CO2 to CO 
reduction.[49,50] However, to the best of our knowledge, there are 
rare research works that focus on the catalytic performance of 
transition metal-based SACs toward the SOM electro-oxidation. 
Remarkably, there is no systematic investigation of the reaction 
mechanism, rates, and kinetic limitations of transition metal 
based-SACs for the DAFCs application.

In the present work, a precisely designed mixed-valence 
single atom copper catalyst (G(CN)-Cu) delivering exceptional 
conversions for MOR and CO2RR is presented. The catalyst 
was prepared using our previously developed graphene deriv-
ative (cyanographene, G-CN),[12,48] exploiting the abundant 
cyano functionalities as selective and robust anchoring sites 
for atomically dispersed Cu. The G(CN)-Cu SAC contains  
≈3.4 wt% Cu. Its performance has been compared with  
Cu/g-C3N4 (Cu@g-C3N4, ≈4 wt% Cu)[1,2] reported previously, 
where rich electron lone pairs were determined to provide 
abundant uniform nitrogen coordinators for Cu isolated atoms. 
Herein, it is expected that both G-CN and g-C3N4 could be a 
suitable electrocatalyst substrate for the MOR and CO2RR. Our 
results indicate that Cu metal atoms could strongly couple with 
the N atoms of G-CN and g-C3N4, exhibiting excellent electrical 
conductivity and superior catalytic activity in MOR and CO2RR. 
Remarkably, single Cu-atom-decorated G-CN (G(CN)-Cu) har-
bors the lowest limiting potential for both studied reactions.

2. Results and Discussion

2.1. Nanostructured Composites Characterization

The X-ray diffraction (XRD) pattern confirmed the absence of 
inorganic phases (Figure 1a).

The (001) reflection peak typical of fluorographene (FG) at  
2θ = 14°, has been vanished in intensity after the nucleophilic sub-
stitution. The (002) reflection peak of FG at 2θ = 25.7° has shifted 
to a higher value of 2θ = 29.7° for G-CN and G(CN)-Cu catalysts 
(Figure S1, Supporting Information), indicating a decrease in the 
d-spacing in the 2D structure stacking direction after the substi-
tution reaction. The broadening of this peak also indicates the 
exfoliation of the G-CN sheets.[1] Transmission electron micros-
copy (TEM) also did not show any nanoparticles (Figure  1b). 
High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) (Figure 1c) revealed that individual 
Cu atoms are uniformly dispersed on the G-CN- sheets, and the 
bright spot highlighted by yellow circles in magnified HAADF-
STEM images (Figure  1d) are Cu atoms. Though precise iden-
tification of the lighter elements is always a challenging task,[51] 
the elemental maps clearly confirmed the atomic and homoge-
neous dispersion of Cu SACs along with the presence of O, N, 
and C (Figure  1e–i). The single atomic nature of Cu SACs was 
confirmed by XANES/EXAFS techniques in our previous work.[12]

X-ray photoelectron spectroscopy (XPS) was implemented to 
investigate the chemical composition of G(CN)-Cu. The survey 
spectra (Figure 2a) and high-resolution X-ray photoelectron 
spectroscopy (HR-XPS) revealed the presence of mixed-valence 
state[52] of copper in which reduction of 30% Cu (II) ions to 
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Cu(I) observed. The Cu 2p envelope (Figure 2b) indicated two 
valence states: Cu(I) at 932.6  eV and Cu (II) at 934.8  eV, with 
areas of 70% and 30%, individually, and the inset displays 
the corresponding deconvoluted spectrum for Cu2p3/2 peak 
(Figure 2b). Existence of the oxygen in G(CN)-Cu SACs survey 
spectra is probably due to the Cu single atoms having to com-
plete the coordination sphere. Therefore, it is possible that Cu 
atoms can be coordinated with H2O and O2 molecules, which is 
also explained in our previous work.[12]

The deconvolution of C 1s spectra (Figure S2a, Supporting 
Information) displayed distinct peaks with binding  energies 
(BEs) of 284.82 and 286.01 that can be assigned for sp2 C 
and sp3 C atoms bond to CN groups. The N1s spectrum 
(Figure S2b, Supporting Information) exhibits three peaks at 
398.89, 400.52, and 401.31 eV corresponding to each of the dif-
ferent nitrogen functional groups, respectively.[12,18]

2.2. Morphology of Nanostructured Electrodes Characterization

AFM representative images of thin layers of G(CN)-Cu 
single-atom catalyst are shown in Figure 3 and Figures S3,S4, Sup-
porting Information. The surface topology images (Figure 3a,b) 
clearly indicate the heterogeneity of the material, which contains 
two topologically different elements. The surface is dominated 
by amorphous areas (see, for example, the middle and bottom 
parts of the image Figure  3a). These places are characterized 
by a grain structure and, consequently, a considerable rough-
ness (grain size in the range of several dozen nanometers). 
The second element of the layer has much smoother surfaces. 
These elements occur locally and geometrically correspond to 
aggregates of stacked nanoplates of the size of several hundred 
nanometers (see the upper part of images Figure  3a,b). The 
observed heterogeneity of the film is also confirmed by local 

Figure 1. Characterization G(CN)-Cu SACs a) X-ray powder diffraction (XRD) pattern, b) TEM image, c) representative high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) image, d) magnified HAADF-STEM image showing presence of single atom Cu (high-
lighted by a yellow circle). e) Another HAADF image of G(CN)-Cu and the corresponding EDS chemical mapping of G(CN)-Cu for C (blue) (f), N (cyan) 
(g), Cu (red) (h), and Cu (red) and N (cyan) together (i).
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measurements of the surface mechanical properties. In this case, 
one can distinguish areas with significantly different rheological 
properties (Figure 3d). The surface is dominated by bright areas 
corresponding to a higher value of Young’s modulus. However, 
locally, the places with a much lower value of the modulus are 
clearly distinguished (dark areas in the image).

It is worth noting that these differences are not directly corre-
lated with the surface tilt. Generally, local changes of the surface 
slope, which is expected in such rough samples, can influence 
the effective area of the surface interaction with a microscope 
probe, which in turn may lead to changes in the locally registered 
values of rheological parameters. The surface profile (Figure 3c) 
corresponding to the white line in the image (Figure 3a) contains 
two segments marked with arrows (red and blue, respectively).  

Both areas related to these sections are characterized in 
Figure  3d by similar but much lower with respect to the sur-
rounding places’ value of Young’s modulus despite the fact that 
the surface tilt is significantly different. This is also visible in 
high resolution AFM images, Figures S3 and S4, Supporting 
Information. The above observation proves that the observed 
differences in the local rheological response correspond to real 
inhomogeneity of the surface of the tested catalyst layers.

2.3. Electrocatalytic Tests

The electrocatalytic performance of the G(CN)-Cu catalyst was 
evaluated by studying MOR and CO2RR and compared with 

Figure 3. a) Topology and b) 3D model of a thin film of G(CN)-Cu single-atom catalyst. c) The cross-sectional profile of the topography map measured 
across the line shown in (a). d) Young’s modulus map of G(CN)-Cu single-atom catalyst. The red and blue arrows point toward the amorphous and 
crystal phase.

Figure 2. a) XPS survey spectra of G(CN)-Cu, and b) high-resolution Cu 2p, inset shows the separate corresponding spectrum for Cu2p3/2 peak.
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the reference Cu I, Cu II, and Cu@C3N4 catalysts. Curves 4 in 
Figure  4a,b show electrochemical measurements for the GC 
electrode modified with the G(CN)-Cu catalyst film in terms of 
MOR.

CV measurements show that methanol undergoes catalytic 
electro-oxidation over the G(CN)-Cu catalyst in the potential 
range of 0 to 0.8  V versus Ag/AgCl. Notably, the onset of the 
catalytic oxidation is observed at ≈0.4  V versus Ag/AgCl. This 
potential onset is lower than that observed for Cu II, Cu I, 
and Cu@C3N4 (curves 1, 2, and 3, respectively, in Figure  4a) 
as well as for Ni/gCN(H) previously reported.[1,2] The ampli-
tude of the current density measured for G(CN)-Cu (curve 4 in 
Figure 4a) is comparable to that measured for Cu@C3N4 (curve 
3 in Figure 4a) but much higher than that measured for Cu II 
and Cu I (curve 1 and 2 in Figure 4a, respectively). Notably, the 
amount of Cu in the Cu@C3N4 and G(CN)-Cu SACs is signifi-
cantly lower than that of Cu I and Cu II, which indicates the 
excellent catalytic properties of both catalysts. This is confirmed 
by the lowest impedance for MOR determined at E = 0.60  V 
versus Ag/AgCl for G(CN)-Cu (curve 4 in Figure  4b), corre-
sponding well with the CV results. An equivalent circuit model, 
shown as an inset in Figure 4b, was fit to each EIS spectrum. 
In this model, Rs, CPEdl, and Rct represent an electrolyte resis-
tivity, a constant phase element of experimental double-layer 
capacitance, Cdl, and an ohmic resistance of the charge transfer 

of MOR, respectively. The values of Rct obtained from the fit-
ting are 15.7 ± 0.2, 7.7 ± 0.3, 1.3 ± 0.1, and 0.37 ± 0.01 kΩ for Cu 
I, Cu II, Cu@C3N4, and G(CN)-Cu, respectively. As expected, 
the Rct of the electrodes modified with Cu I, Cu II, and Cu@
C3N4 is significantly larger than that measured for G(CN)-Cu. 
Numerical results of the equivalent electric circuits fittings to 
the EIS data are given in Table 1.
Figure  5a shows LSV curves for the G(CN)-Cu catalyst in 

the absence (curve 1) and the presence of CO2 (curve 2) as 
well as a reference to the G-CN support (curve 3). An apparent 
increase in the cathode current for a solution saturated with 
CO2 (curve 2 in Figure  5a) compared to a solution saturated 
with Ar (curve 2 in Figure 5a) suggests the activity of the cata-
lyst toward CO2RR.[6,15,18,49] The onset of CO2RR is observed at 
≈−0.7 versus Ag/AgCl, which is comparable with the latest lit-
erature reports on Cu SAC.[6] Figure 5b shows LSV curves for 
the Cu I, Cu II, Cu@C3N4, and G(CN)-Cu catalysts (curve 1, 2, 
3, and 4, respectively). Both Cu@C3N4 and G(CN)-Cu catalysts 
show much better performance toward CO2RR in terms of the 
CO2RR potential onset and the amplitude of the currents than 
the reference Cu I and Cu II catalysts as well as SACs previ-
ously reported (Table 2).[6]

For G(CN)-Cu, similarly, as for the Ni-, Fe- or Co-SACs the  
activity can be linked to the active site structure, where the coop-
eration of Cu(II) – Cu(I) – support is the essential in the reaction 

Figure 4. a) CV curves and b) Nyquist plot of Cu II (curve 1), Cu I (curve 2), Cu@C3N4 (curve 3), and G(CN)-Cu (curve 4) in 1 m NaOH at 50 mV s−1 
scan rate. EIS spectra were recorded at E = 0.60 V versus Ag/AgCl. Experimental data points are indicated with filled circles, while solid curves are the 
numerical fitting to these points.

Table 1. Numerical results of the equivalent electric circuits fitting to the EIS data (Rs-an electrolyte resistivity, CPE-a constant phase element of 
experimental double-layer capacitance, Cdl, Rct-an ohmic resistance of the charge transfer of MOR, and α is the frequency dispersion constant. (If α is 
close to 1, CPE is dominated by capacitance. If α is close to 0, CPE is dominated by resistance).

Rs [Ω] CPE α Rct [Ω]

Cu I 15.8 ± 0.9 5.8E-6 ± 0.2E-6 0.94 ± 0.01 15.7 ± 0.2

Cu II 15.3 ± 0.2 6.6E-6 ± 0.8E-6 0.94 ± 0.01 7.7 ± 0.3

Cu@C3N4 16.8 ± 0.4 6.9E-06 ± 0.3E-6 0.90 ± 0.01 1.3 ± 0.1

G(CN)-Cu 16.2 ± 0.5 8.1E-06 ± 0.5E-6 0.95 ± 0.01 0.37 ± 0.01

Adv. Mater. Interfaces 2021, 2001822



www.advancedsciencenews.com
www.advmatinterfaces.de

2001822 (6 of 11) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

mechanism.[16,2,49,50] Moreover, a Cu-based electrocatalyst pre-
sents less affinity to CO and can maintain excellent activity 
while the ratio between Cu(I) (easy to reduce/oxidize to Cu0 and 
Cu(II) is unchanged during the conducted reaction. For the per-
formed electrochemical reaction, the G-CN provided excellent 
conductive communication between the redox couple Cu(II)-
Cu(I) (cyclic intermediate) and mediated the charge transfer nec-
essary for both MOR and CO2RR. The well-designed catalyst’s  

architecture enabled keeping the desired Cu(I)/Cu(II) spe-
cies in balance, allowing for the partial reduction of Cu(II) to 
Cu(I) ions, leads to high MOR and CO2RR activity. The results 
obtained for CO2RR revealed that G(CN)-Cu catalyst outper-
forms the current state of the art material, presenting high cur-
rent densities and lowering by 40–70% the reaction potential 
onset (Table 2). At the same time, the charge transfer resistance 
was also the lowest one among the reported materials for MOR.

Table 2. Catalysts performances in MOR and CO2RR.

Catalyst Reaction Peak current density Reaction onset [V] Charge transfer resistance [kΩ] Ref.

[mA cm–2] [mA mg–1]

Pt-C3N4 MOR 1.83 *

6.42* (il.)
150

525 (il.)
≈0.5

≈0.5 (il.)
5–25

2–25 (il.)
[54]

Pt/CN-doped MOR 4.95–5.35 – ≈0.3 – [55]

Pt/C MOR 100 200* ≈0.4 ≈0.5 [56]

NiO MOR 20 – ≈0.45 1.5 [57]

Ni@/C3N4 MOR 12
27 (il.)

57
127 (il.)

≈0.35
≈0.35

0.12
0.07

[2]

Ni-Cu@C3N4 MOR 1.6
2.7 (il.)

5.6
8.7 (il.)

≈0.4
≈0.4 (il.)

1.7
1.2

[2]

Cu@C3N4 MOR 0.6
0.9 (il.)

1.6
2.4 (il.)

≈0.5
≈0.5 (il.)

6.7
6.2

[2]

G(CN)-Cu MOR 14 63 ≈0.4 0.4 Present work

Cu/C SAC CO2RR 30 – ≈−0.6 – [6]

Ni-SAC CO2RR 24 – ≈−0.7 – [58]

Cu-N5/HNPCS CO2RR 11 – ≈−0.7 – [58]

Au SAC CO2RR 600 – ≈−0.6 – [59]

Pt/C CO2RR 27 – ≈−0.6 – [60]

Cu@Pt/C CO2RR 32 – ≈−0.6 – [60]

Co-N5/HNPCS CO2RR 35 – ≈−0.45 – [47]

Cu@C3N4 CO2RR 36 150 ≈−0.25 – Present work

G(CN)-Cu CO2RR 27 120 ≈−0.25 – Present work

(il.) − catalysts under visible light illumination. *Calculated based on published data.

Figure 5. a) LSV curves for the G(CN)-Cu catalyst in the absence (curve 1) and presence of CO2 (curve 2) as well as for the G-CN support in the presence 
of CO2 (curve 3). b) Comparison of the Cu I, Cu II, Cu@C3N4, and G(CN)-Cu (curve 1, 2, 3, and 4, respectively) toward CO2RR. All LSV measurements 
were performed for 0.1 m KHCO3 at 50 mV s−1 scan rate.
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The main difference between G(CN)-Cu and Cu@C3N4, apart 
from the amount of Cu is the support type used to anchor the Cu 
active species, namely i) cyanographene (for G(CN)-Cu) and ii)  
carbon nitride g-C3N4 nanosheets (for Cu@C3N4). G(CN)-Cu 
contains a smaller amount of Cu than Cu@C3N4; metal loadings 
in these systems expressed in wt% are 3.1 and 4, respectively. 
Moreover, the former catalyst is characterized by single atoms 
stabilized by -CN, while the latter by Cu nanoclusters, smaller 
than 1  nm, stabilized within the carbon nitride cavity, thus 
their growth and sintering are prevented during MOR.[1] The 
Cu@C3N4 material, already characterized,[1,2] were used in this 
study as a reference sample. For this catalyst, the MOR reaction 
potential onset was found at 0.5 V with charge transfer resistance  
6.7 kΩ. Although for G(CN)-Cu, the reaction potential onset was 
found to be similar to Cu@C3N4 (0.4 versus 0.5 V), the charge 
transfer resistance was decreased by more than 90% (0.5 versus 
6.7 kΩ). This can be related to the Cu sites’ accessibility, stability, 
Cu-support interaction, and supports properties.

It is known that carbon nitride g-C3N4 presents good conduc-
tivity in the parallel direction, that is, within the sheet, while the 
conductivity between stacking nanosheets is limited.[1,2] The elec-
trical conductivity of the deposited films increases slowly with 
increasing nitrogen content up to ca. 12.8 at%.[53] Moreover, the 
graphitic carbon nitride films’ measured electrical properties were 
related to the apparent film microstructure, bonding nature, and 
ambient humidity.[54] While comparing those films with carbon 
films deposited in pure Ar (which exhibits a dark resistivity at a 
room temperature of ≈4 × 10−2 Ωcm), the graphitic carbon nitride 
films deposited in pure N2 were characterized by the resistivity 
of one order of magnitude lower. This effect was related to their 
denser morphology. The DFT study of 2D and 3D g-C3N4 mate-
rials showed that 2D triazine and tri-s-triazine sheets are semi-
conductors as the graphene sheet (semiconductor type-n (tria-
zine) and type-p (tri-s-triazine)), and besides are characterized by 
different porosity and adhesion energies. The 3D g-C3N4 crystals 
were shown to have higher porosity than graphite, with 3D tri-
s-triazine stacked sheets in configuration s2 as the most porous, 
more than triazine or graphite (void spaces 84.7 and 86.9 versus 
88.8). Thus they were proposed to have good properties allowing 
gas storage. Taking into account the band gaps, they are also 
extremely interesting for photochemical applications.[1,2] At the 
same time, the material presented lower adhesion energy (−0.67 s2 
and −0.49 s1 J m–1) than both triazine and graphite (−0.28 and 
0.31 J m–1). Thus the slow aging of those materials is expected.

On the other hand, the G(CN)-Cu is most likely more 
conductive than Cu @ C3N4. This is due to different sup-
port – cyanographene, which was demonstrated as a highly 
conductive material.[51] Presumably, the lower Cu loading for 
G(CN)-Cu is compensated by atomic Cu dispersion and high 
site accessibility for electrochemical reactions, than in the case 
of Cu clusters on carbon nitride support. Although for Cu@
C3N4 the porosity was higher, the overall number of catalyti-
cally active sites for the electrochemical reaction was lower for 
this catalyst. Considering the pristine G-CN, its conductivity 
properties were related to the material preparation route. The 
applied preparation technique implied selective and effective 
nucleophilic substitution of fluoride ions in FG by CN groups 
accompanied by reductive defluorination allowing for partial 
re-establishment of the delocalized π-electron cloud and good 

conductivity as a consequence.[51,55] Moreover, the same study 
showed that electronic and magnetic properties of the function-
alized graphenes are defined by the functionalization degree 
and nature of the functional group as well as the morphology 
arrangement of functionalities and sublattice symmetry, similar 
as in the case of g-C3N4. The functionalized graphenes were 
shown to exhibit high Young’s modulus and strength, with the 
mechanical behavior strongly influenced by the van der Waals 
force.[56] According to literature, the fluorinated graphenes 
are considered to present ultrastrong adhesion.[56] However, 
they show similar adhesion energy to graphite. Thus the slow 
aging of those materials is expected, but still higher than the 
3D carbon nitride support consisted of condensed tri-s-triazine 
stacked sheets characterized by adhesion energy −0.67 for s2 
type of stacking, also confirmed by XRD.[2]

Therefore, considering the physicochemical and structural 
properties of both Cu-based catalysts, a higher activity can be 
expected for G(CN)-Cu, due to higher Cu active site acces-
sibility and better conductivity of the support, which provides 
better communication between Cu isolated atoms. This corre-
lates very well with the obtained data for MOR (Figure 4). On 
the other site, reference Cu@C3N4,[2] presented comparable 
activity, owing to the higher Cu content, higher porosity (better 
gas diffusion properties), and good anti-aging properties for 
CO2RR. Moreover, the activities of both catalysts show a similar 
trend up to the potential ≈−1.23 V versus Ag/AgCl (Figure 5). 
Below this value, the Cu@C3N4 presents a slightly higher 
activity than G(CN)-Cu. This can be most likely related to fuel 
crossover and poison effects by different by-product formation 
and different activity of Cu@C3N4 and G(CN)-Cu for electro-
chemical reaction and/or competitive electrochemical reaction 
of CO2 and related by-products.[6] In the case of fuel crossover 
and poison effect, the chronoamperometric response of G(CN)-
Cu indicates an excellent resistance to methanol poison, in cor-
relation to literature.[6] The same study also showed superior 
electrochemical stability of single atom Cu-N-C catalysts (Cu 
single-atom catalyst with a high Cu content of over 20.9 wt% @ 
nitrogenated 2D carbon matrix). Besides, the authors showed 
no sensitivity to the carbon monoxide by atomic Cu. Therefore, 
according to DFT study, the high activity and material stability 
were correlated to favorable O2 and OOH adsorption energies 
on Cu active sites, as well as improved molecular oxygen activa-
tion and OO bond stretching on Cu-N2 and Cu-N4.[35]

In the case of by-product formation a selectivity study was 
performed. In Figure 6 the FE of the CO and H2 CO2RR prod-
ucts distributions as the function of applied potentials from −0.4 
to −1.2 V are displayed and compared with literature data.[6,35,57] 
For the G(CN)-Cu catalyst among the gaseous products H2, CO, 
and CH4 were detected starting from −0.8 V versus RHE. It is 
worth noticing that hydrogen and CO production increased 
notably for lower potentials. The highest amounts of both gases 
were measured at −1.2 V. For methane, an inverse correlation 
to that observed for CO and H2 was evidenced. This corre-
sponds well with previously reported data.[6,35,57] In general, 
during CO2RR, apart from H2, CO, and CH4 other products are 
reported, namely formic acid, ethanol, acetone, and ethylene, 
of which formation is voltage-dependent. The list of possible 
CO2RR products with the corresponding reactions and standard 
reduction potentials (E0) is given in Table 3.
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Usually, for Cu-based electrocatalysts, various HCs, including 
oxygenated HC, are detected, because Cu-sites facilitate the pro-
tonation of adsorbed CO intermediates.[6,35,57,58] The formation 
of selected HC is related to Cu-site structure and crystallo-
graphic facets exposed; ethylene, ethane, and C2 HC were 
selectively formed on Cu(100) facets, while methane formation 
was mostly ascribed to Cu(111).[57,58] Moreover, it was shown 
that the size of Cu nanoparticles and pH also influenced the 
product distribution. While proton availability on the electrode 
decreases, CC coupling prevails over protonation reaction. 
Thus for higher pH values, ethylene production is favored over 
methane. Further CO2RR conversion and product selectivity 
can be tuned by the size, structure, and oxidation state of the 
Cu-active sites (nanostructures, NPs).[6,35,57,58] Recently two 
competing catalytic pathways were postulated for CO2-to-eth-
anol reduction.[6] In the potential region of −0.4 V up to −0.8 V, 
ethanol was the main product of the CO2RR, while moving to a 
lower potential, the second pathway, resulting in enhanced CO 
and H2 formation which were more pronounced. Moreover, it 
was shown that such a pathway is very sensitive to Cu loading 
and the state of Cu in the catalyst. Therefore, for different Cu 
loading on the electrocatalysts, various product distributions are 
usually reported.[6] It was shown that small Cu NPs promote CO 
and H2 formation, while over bulk Cu CH4 is detected as the 

main product with a smaller amount of C2 HC, H2, and traces 
of CO.[57,58] For our G(CN)-Cu catalyst a similar trend for the 
catalyst selectivity was observed as for single-atom Cu-catalysts 
reported previously, confirming the atomic Cu dispersion over 
G-CN and species stability during the performed reaction.

As was shown previously by density functional theory (DFT) 
calculations, the positive charge and spin density on copper was 
significantly decreased, and that charge transfer indeed facili-
tates the reduction of Cu(II) to Cu(I) for G(CN)-Cu.[12] Also, the 
tetragonal coordination environment for Cu single species has 
been confirmed as the most stable one, with the binding energy 
(BE) of −27.1 kcal mol−1.[12] The data for atomically dispersed Ni 
catalysts anchored on N-doped graphene (A-NiNG) showed that 
the monovalent Ni centers in the NiN4 structure are the most 
active site, responsible for good CO2RR performance with a high 
CO selectivity at a moderate potential and desirable current den-
sity.[59] Similarly, the NiN4 structure in the atomically dispersed 
Ni catalysts on N-doped carbon (NiN4C), obtained through a 
topochemical transformation, was reported as the most active 
site for CO2RR.[60] For NiN4C catalyst, an excellent selectivity 
toward CO over a wide potential range was demonstrated, with 
a Faradaic efficiency (FECO) of 99% at −0.81 V (versus RHE). The 
higher selectivity of NiN4C, compared with N-doped carbon 
(NC), was attributed to the lower formation energy of COOH* 
on NiN4.[60] It was also shown that apart from the NiN4 struc-
ture, the NiN3C1 can also be a possible active site of Ni-SACs, 
resulting in good CO selectivity. Among the 2D substrates-based 
SACs, FeNC and CoNC and atomic Fe dispersed on 
N-doped graphene (Fe/NG) were reported.[14,32,49,50,60,61] For such 
electrocatalysts FeN4 and CoN4 active sites were proposed to 
shape the overall catalysts’ activities and selectivities toward CO, 
similarly as in the case NiN4C.[49,62] A maximum FECO of 93% 
was obtained for an FeNC catalyst.[49] This value was higher 
than that obtained for CoNC (45%)43 and Fe/NG (80% at 
0.57 V).[62] The detailed active site structure and electronic state 
were investigated for CoNC,[50] which exhibited high selec-
tivity for CO2RR with FECO above 90% at a potential ranging 
from −0.57 to −0.88 V, and from −0.73 to −0.79 V exceeding 99%. 
The CO current density and FECO were attributed to the catalytic 
activity of CoNx species, of which activities decreased in the 
following order: CoN5 > CoN4 > CoN3.[50] The experimental 
data and DFT calculations showed that single-atom CoN5 sites 
are most active centers, responsible for simultaneous CO2 acti-
vation, the rapid formation of key intermediate COOH* as well 
as the desorption of CO, providing high electrocatalytic stability 
(above 10 h).[50]

For our study, the HR-XPS N1s envelope (Figure S3, Sup-
porting Information) as well as Cu 2p region, confirmed the 
charge transfer and the interaction between the N-atom from 
G-CN and Cu cations and the presence of paramagnetic Cu(II) 
centers in the catalyst together with Cu(I). At the same time, 
the formation of CuO nanoparticles/clusters has been not evi-
denced by performed HR-TEM and XRD study. Thus, the high 
activity of G(CN)-Cu (Figure  5) was related to the Cu single 
active sites with a low coordination number, which most likely 
is responsible for facilitating the activation of CO2 to the CO2

•− 
intermediate (rate-determining step (RDS) of CO2RR), similarly 
as was described for CoNx catalyst. The presence of Cu(I) 
promotes binding and the activation of oxygen, initiating the 

Figure 6. Faradaic efficiency for major products as a function of potential 
(HC—refers to other hydrocarbons than methane, R and R2 refer to the 
reference data plotted from literature[6,35,57]).

Table 3. CO2RR products with corresponding reaction mechanisms and 
standard reduction potentials (E0).[6,35,57]

Product Reaction E0 versus RHE

CH4 CO2 + 8e− + 8H+ → CH4 + 2H2O 0.17

C2H4 CO2 + 12e− + 12H+ → C2H4 + 4H2O 0.06

CH3OH CO2 + 4e− + 4H+→ CH3OH + 2H2O 0.02

H2 2H + 2e−→H2 0.0

HCOOH CO2 + 2e− + 2H+→ HCOOH −0.25

CO2
− CO2 + e−→ CO2

− −1.5
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reaction, leading to a *COOH intermediate, which guides the 
formation of CO or to higher-value added products (HCs/alco-
hols), as suggested for Cu-based catalyst.[63]

3. Conclusion

Graphene functionalized with nitrile groups (cyanographene) 
was ideal for immobilizing isolated copper atoms G(CN)-Cu. 
The rich electron lone pairs over G-CN were determined to pro-
vide abundant uniform nitrogen coordinators for Cu isolated 
atoms, with strong coordination, and the charged Cu(II) ions 
with partial reduction to Cu(I).

The G(CN)-Cu SACs revealed efficient electrochemical per-
formance in MOR and CO2RR in alkaline solution. The excel-
lent activity of G(CN)-Cu can be linked to the i) stable active site 
number with designed morphology: G(CN)-Cu present single 
active sites located at an unsaturated coordination environment; 
ii) single atoms location, their coordination, and interaction 
with support, which define the strength of adsorbate–surface 
interaction and hence influences on the surface electronic 
structure (Cu as the d-band center); iii) the neighboring Cu(I)/
Cu(II) species/redox couple: cyanographene G-CN is conduc-
tive support, where the charge transfer is realized via CN and 
the partially re-established delocalized π-electron cloud.

4. Experimental Section
Preparation of Nanostructured Catalysts: Reagents and Materials. 

Graphite fluoride (>61 wt% F, C1F1.1), NaCN (p.a. ≥97%), N,N-
dimethylformamide (DMF, ≥99.8%), CuCl2∙2H2O (99.99%). All solvents 
were HPLC grade. All aqueous solutions were prepared with ultrapure 
water (18 MΩ cm−1).

Synthesis of G-CN and Metal Immobilization: Cyanographene 
nanosheets were synthesized by following the authors’ previous 
method.[12] Briefly, fluorinated graphite (120 mg, ≈4 mmol of C-F units) 
was added to 15  mL of DMF and stirred for 2 days. Then sonicated 
(Bandelin SONOREX, DT 255H type, frequency 35  kHz, power 640 W, 
effective power 160 W) for 4 h under nitrogen atmosphere. Then 800 mg 
of NaCN (≈16 mmol) was added and the mixture was heated at 403 K 
with a condenser under stirring (500  rpm). After 2 days, the mixture 
was left to cool to room temperature. After washing and isolation of 
the pure product, the material was suspended in distilled water. Copper 
loading was achieved by mixing an aqueous suspension of G-CN 
(20 mL containing 120 mg of G-CN with CuCl2∙2H2O (2 mL containing 
60  mg of Cu ions). After 24 h of stirring, the mixture was separated 
with centrifugation. H2O was added in the pellet, mixed, and finally 
centrifuged in order to isolate the final copper-loaded G-CN. The catalyst 
(the copper-loaded G-CN) was finally freeze-dried and stored for further 
use. The determination of the copper content in the solid catalyst was 
performed with ICP-MS amounting to 3.1 wt%. The BET surface area of 
G(CN)-Cu catalyst was found to be 215 m2 g−1.

Characterization Techniques: Powder XRD patterns of the material 
were determined by X’Pert Pro MPD diffractometer (PANalytical) in 
the Bragg–Brentano geometry, equipped with an X’Celerator detector 
and programmable divergence and diffracted beam anti-scatter slits at 
room temperature using iron-filtered Co-Kα radiation (40  kV, 30  mA, 
λ = 0.1789 nm). The angular range of measurement was set as 2θ = 5–90°, 
with a step size of 0.017°. Microscopic TEM images were obtained 
by HRTEM TITAN 60–300 with X-FEG type emission gun, operating 
at 80  kV. This microscope was equipped with Cs image corrector and 
a STEM high-angle annular dark-field detector (HAADF). The point 
resolution was 0.06  nm in TEM mode. The elemental mappings were 

obtained by STEM-energy dispersive X-ray spectroscopy (EDS) with an 
acquisition time of 20  min. For HRTEM analysis, the powder samples 
were dispersed in ethanol and ultrasonicated for 5 min. One drop of this 
solution was placed on a copper grid with holey carbon film. XPS surface 
investigation has been performed on the PHI 5000 VersaProbe II XPS 
system (Physical Electronics) with a monochromatic Al-Kα source (15 kV, 
50 W) and photon energy of 1486.7 eV. Dual beam charge compensation 
was used for all measurements. All the spectra were measured in 
the vacuum of 1.3 × 10−7 Pa and at a room temperature of 21  °C. The 
analyzed area on each sample was a spot of 200  µm in diameter. The 
survey spectra were measured with pass energy of 187.850  eV and an 
electron-volt step of 0.8  eV, while for the high-resolution spectra were 
used the pass energy of 23.500 eV and electronvolt step of 0.2 eV. The 
spectra were evaluated with the MultiPak (ULVAC–PHI, Inc.) software. All 
BE values were referenced to the carbon peak C 1s at 284.80 eV.

Multimode 8 microscope operating under PeakForce Quantitative 
Nanomechanical Mapping (PF QNM) mode was used for atomic force 
microscopy (AFM) imaging. PF-QNM mode operates in the Peak-Force 
regime, where force-distance curves are collected for every pixel of the 
image. This mode allows for the simultaneous collection of information 
about sample topography and nanomechanical properties like Young’s 
modulus, adhesion, etc. Highly ordered pyrolytic graphite (HOPG) 
was glued to the metallic disc using adhesive tape. Next, the HOPG 
was cleaved using a scotch tape to obtain an atomically flat substrate 
surface. The samples were prepared by drop-casting cyanographene 
(G-CN) or G(CN)-Cu suspension on the HOPG surface and then dried 
in air. The samples were imaged in air under room temperature using 
the ScanAsyst-Air probes from Bruker.

Electrochemical Measurements: Electrochemical measurements were 
performed using BioLogic Science Instruments and EC-Lab software 
from the same company. All the experiments were conducted at an 
ambient temperature and pressure. A three-electrode electrochemical 
cell with a 4-mm in diameter glassy carbon (GC), a graphite wire, and 
Ag/AgCl/KClsat as working (WE), counter (CE), and reference (RE) 
electrode, respectively, were used.

Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) were performed to study methanol (MeOH) 
electrochemical oxidation reaction (MOR) in the alkaline medium in 
the presence of 1.0 m NaOH.[2] CV measurements were conducted in 
the potential range of 0.00 to 0.80  V versus Ag/AgCl at a scan rate of 
50 mV s−1. The EIS measurements were performed after an equilibrium 
state was established by applying a potential of 0.60 V versus Ag/AgCl 
for 60 s. After the current reached equilibrium, EIS was performed with 
voltage amplitude of 5 mV in a frequency range of 100 kHz to 10 mHz. 
EIS data analysis and modeling were performed by using ZView software 
(Scribner Associates Inc.).

Linear sweep voltammetry (LSV) in a 0.1 m KHCO3 electrolyte 
solution was used to evaluate the electrocatalytic CO2’s electrochemical 
CO2RR. Before the measurement, the 0.1 m KHCO3 aqueous electrolyte 
was saturated by CO2 (99.999%) through purging for 1 h at pH 6.8, and 
a flow of CO2 was maintained throughout the entire electrochemical 
measurement. The LSV measurements were performed in the potential 
range of 0.00 to −2.10 V versus Ag/AgCl at a scan rate of 50 mV s−1.

The Cu I, Cu II, Cu@C3N4 (4% Cu), and G(CN)-Cu(3.4% Cu) catalyst 
materials (5  mg) were dispersed in Milli-Q water (0.38  mL Millipore, 
ultrapure), in the presence of Nafion (57.8 µL, ≈5% in a mixture of lower 
aliphatic alcohols and water, DuPont). The mixtures were sonicated for 
30 min. Then, 15 µL of the dispersed catalyst was deposited on the GC 
working electrode by drop-cast and allowed to dry for 24 h. All currents, 
measured during CV and LSV, were divided by the catalyst loading, taking 
into account the amount of Cu, and presented as the current density.

The electrochemical cell outlet was monitored with an online mass 
spectrometer HPR60 (Hiden). The FECO (or H2) was calculated with the 
equation:

= × × ×VFE n F m /ICO CO m  (1)

where nCO is the number of electrons exchanged, F = 96485 C mol−1 
(constant), mCO is the mole fraction of CO in the gaseous mixture 
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analyzed, Vm is the molar flow rate in mols−1, and I is the total current 
in A. The molar flow rate is derived from the volume flow rate V by 
the relation Vm  = pV/RT, p is the atmospheric pressure in Pa, R is 
8.314 J mol−1 K−1, and T is the temperature in K.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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