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The catalytic reduction of carbon dioxide (CO2) to hydrocarbon fuels offers a tremendous opportunity for
a transformational impact on both global energy and environmental sustainability. To enhance the CO2

reduction process, the design and synthesis of novel and efficient catalytic materials with control-over
properties are needed. The solvent used in the synthesis of these materials can play a crucial role in tai-
loring the material properties resulting in changes to their catalytic performance. However, the field still
lacks a systematic analysis of the specific effect for different solvents. Here, we report the role of water,
ethanol (EtOH), ethylene glycol (EG), Dimethylformamide (DMF), and c-Butyrolactone (GBL) on the syn-
thesis of reduced graphene oxide (rGO)-copper nanoparticles (CuNP) electrocatalysts used in CO2 reduc-
tion reactions (CO2RR). As these solvents contain different terminal groups and molecular sizes, we
observed a variation in the d-spacing of the rGO, surface area, nanoparticle yield, and defect density,
and characterized the corresponding change in the CO2RR activity. The use of DMF results in higher
porosity, d-spacing, yield of CuNP, surface area and defect density which lead to comparatively higher
efficiency and selectivity of and selectivity of 19.5 % and 28.4 % for formate and CO, respectively.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The ability to electrochemically reduce carbon dioxide (CO2) to
hydrocarbon fuels is one of several promising strategies to mitigate
CO2 emissions [1–5]. Even though the electrochemical reduction of
CO2 to hydrocarbon fuels has extraordinary potential, major tech-
nological advances are still needed for the integration of this pro-
cess into the industrial scale. Some of the challenges that restrict
practical use and technological commercialization of CO2 reduction
reactions (CO2RR) catalyst are low efficiency, low current densities,
which is due to the slow electron transfer kinetics, poor selectivity
and stability [6].

With the aim of improving efficiency, current density, selectiv-
ity and stability of catalytic structures, theoretical studies predict
that graphene supported metal nanoparticles can enhance the cat-
alytic activity due to the strong metal-graphene interaction via
defect sites which would stabilize the intermediates from CO2

reduction and improve selectivity towards hydrocarbon products
[5,7–9]. When graphene is anchored with metal nanoparticles,
they can confine on the surface, which minimizes agglomeration
and enhances the interfacial contact and hence increases the den-
sity of active sites and enhances the catalytic activity.

Although there is important progress on the development of
novel catalyst for CO2RR, tuning the properties of structures for
efficient and selective CO2RR still remains an important challenge.
The synthesis process and precursor play a significant role for tun-
ing the properties of catalysts for improving efficiency, selectivity
and stability [10–12]. Solvent selection is one of the key elements
for controlling the properties of structures during the synthesis
processes. For example, the properties of graphene oxide (GO)
can be modified by the solvent since properties of GO such as the
interlayer spacing of nanosheets, adsorption properties, functional-
ity, defect density, etc. are controlled by the selected solvent
[13–16]. Moreover, the yield of metal nanoparticles, defect density,
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surface area and porosity are some of the materials’ properties can
be tuned by solvent choice. Although researchers have put great
effort into the fabrication of various graphene/metal nanoparticles
in different solvents, systematic studies regarding the solvent
effects on the composite preparation and the CO2RR activities
remain unexplored.

Here, we have investigated the role of solvent type in designing
reduced graphene oxide (rGO) supported copper-nanoparticles
(CuNP) for CO2RR activity. The commonly used solvents, water,
ethanol (EtOH), ethylene glycol (EG), Dimethylformamide (DMF),
c-Butyrolactone (GBL) are used to fabricate rGO-CuNP structures.
As these solvents have different sizes and contain different termi-
nal groups (hydroxyl, carbonyl, and amine), we have observed the
variation of surface area, porosity, nanoparticle yield, defect den-
sity and CO2RR activities. We have shown that the selected sol-
vents influence the morphology, porosity, surface area, defect
density of the rGO-CuNP composite samples. In addition, the sol-
vent affects the yield of CuNP and properties of rGO, especially
the interlayer d spacing. Finally, we demonstrate how the selected
solvent affects the properties of rGO-supported CuNP for CO2RR
activity.
2. Experimental section

The rGO-CuNP catalysts were synthesized in different solvents
using the hydrothermal method as shown in Fig. 1. 0.4 g CuCl2-
�2H2O and 0.2 g graphene oxide (GO) with 10 lL Hydrazine hydrate
(50–60%) were dispersed in 5 ml water, ethanol (EtOH), ethylene
glycol (EG), Dimethylformamide (DMF), c-Butyrolactone (GBL)
and placed in a 50 ml Teflon vial and autoclaved at 180 �C for
12 h. Then the rGO-CuNP composite structures were freeze-dried
and crushed into a powder. 4 mL of an ink composed of 6.28 mg
of electrocatalyst, 1290 mL of MilliQ H2O (R = 18.2 MX), 43.1 mL
of 5 wt% Nafion (Sigma Aldrich) & 667 mL of IPA was deposited onto
a 2 mm diameter glassy carbon disc. The ink was dried in an oven
at 40 �C resulting in a 100 mg cm�2 catalyst loading on the glassy
carbon electrode substrate.

All the electrochemical experiments were performed in a 3-
electrode cell, with an Ag/AgCl reference electrode and a Pt wire
as the counter electrode (at pH = 7.5). The experiments were per-
formed in a 0.1 M phosphate buffer solution (pH = 7.5) saturated
with CO2. To assess their stability, the activity for the CO2RR was
studied before and after t = 2 h of operation in a CO2 saturated elec-
trolyte at – 1.215 V vs. RHE.

The chemical composition of aerogels is measured by scanning
electron microscopy (SEM) (FEI Quanta 200 FEG ESEM). X-ray
diffraction (XRD) characterization was analyzed using the Bruker
D8 Discover X-Ray Diffractometer. Raman spectroscopy analysis
was collected using a Horiba Raman spectrometer with a 532 nm
wavelength laser. X-ray photoelectron spectroscopy (XPS) charac-
terization was carried out using Thermo Fisher K-Alpha + X-ray
Photoelectron Spectrometer (XPS/UPS). Nitrogen adsorption–des-
orption isotherms and pore size distributions of the aerogels were
measured at 77 K in powder form by Brunauer-Emmett-Teller
(BET).
3. Result and discussion

Physical properties of rGO-CuNP such as defect density mor-
phology, d-spacing, surface area, porosity and yield of nanoparti-
cles strongly depend on the selection of the solvent for their
synthesis because each precursor/solvent combination will exhibit
a different solid–liquid interface interaction and corresponding
growth rate of CuNP [17–19].
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The defect density and d-spacing can be determined from pow-
der X-ray diffraction (XRD) (Fig. 2a) studies of prepared rGO-CuNP.
The characteristic diffraction peaks of CuNP at 43.2�, 50.65�, and
74.1� can be assigned to h111i, h200i, and h220i planes of fcc
structure of Cu (Fig. 2a). Other diffraction peaks positions at
33.04� and 61.34� correspond to h110i and h220i planes of CuO
and Cu2O respectively (Fig. 2a). All of these diffraction peaks have
been observed with different peak intensities in all solvent media
used for the synthesis of rGO-CuNP. The interlayer spacing of
non-oxidized graphite is 0.34 nm, which is equal to the van der
Waals thickness of a single layer of carbon atoms [20]. The inter-
layer d-spacing of as-processed rGO in different solvents is greater
than non-oxidized graphite due to the intrusion of solvent mole-
cules between rGO nanosheets. Fig. 2b shows the XRD spectra of
rGO from which a d-spacing is calculated to be 1.1, 1.3, 1.7, 2.0
and 2.2 nm in water, GBL, EG, EtOH and DMF, respectively.
Recently, some reports have showed that interlayer spacing of
GO is affected by the size and functional groups of solvents
[15,16]. Oxygen-containing solvents are strongly interacting with
the hydroxyl, epoxy and carboxylic acid functionalities on the sur-
face of GO. Therefore, the expansion of interlayer spacing of GO is
affected by the adsorption and the size of solvent molecules which
is consistent with the data observed in our study [15].

The full width at half maximum (FWHM) of the CuNP diffrac-
tion peaks in various solvent media is shown in Fig. 2c. The FWHM
is inversely related to the disorder in the crystal structure such as
point defects, line defects, interstitial defects and grain boundaries.
Thus the defect density of CuNP exhibits the following trend,
EtOH > DMF > EG > water > GBL. All samples are grown at the same
temperature and time and the only differences is the solvent
media, which strongly affects the mass transfer due to the strength
of the solvent and Cu+2 intermolecular interactions. When Cu+2

ions are reduced on the surface of growing rGO, the desolvation
process determines the growth rate. According to the defect den-
sity shown in Fig. 2c, we can infer that the desolvation rate is great-
est in ethanol and decreases from DMF to EG to water to GBL and
thus ethanol has the weakest solvent-Cu+2 molecular interaction.

A detailed microscopic characterization has been performed to
understand the morphology and structure of rGO-CuNP nanostruc-
tures synthesized in different solvent media (Fig. 3). Scanning Elec-
tron Microscopy (SEM) reveals the effect of solvent on the
morphology of CuNP and the yield of CuNP on the surface of
rGO. Fig. 3 shows that CuNP are uniformly distributed and well-
dispersed on the graphene layers. The morphology of CuNP is sim-
ilar in all solvents we have used except water. The synthesis in
water media results in spherical, elliptic, wire, and jointed struc-
tural morphologies of CuNP (Fig. 3e and S2). SEM analysis is sup-
ported by XPS characterization which shows a trace amount of
CuNP in the sample produced in GBL compared to the samples syn-
thesized in water, EG, EtOH and DMF (Table S1). In addition, the
SEM shows porosity differences among the rGO-CuNP structures
(Fig. 3a-e). As seen in Fig. 3, the assembly of rGO-CuNP is more por-
ous with the synthesis in ethanol, DMF, and GBL, in which rGO-
layers are better dispersed with intercalated CuNP compared to
the rGO-CuNP synthesized in water and EG where rGO-layers stack
more densely. Fig. 3f-j shows the backscattered electron (BSE) SEM
images, which clearly indicates the placement and morphology of
CuNP on the surface and between rGO layers. In addition, it
demonstrates that graphene produced in this manner is highly
defective and this would be expected to increase the active site
density and hence improve the catalytic activity of the material
[21,22]. It can clearly be seen that there is CuNP size variation
between samples. The size of CuNP synthesized in DMF are smaller
than the rest of samples (Fig. 3). Dynamic Light Scattering (DLS) is
also used to measure the average hydrodynamic size distributions
to corroborate the size of CuNP in the used solvents (Figure S3a).



Fig. 1. (a) Schematic representation of rGO-CuNP synthesis in different solvents.
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The mean hydrodynamic diameters of CuNP synthesized in DMF
are smaller compared to the rest, which is also observed in SEM
images. The size distribution of CuNP strongly depend on the selec-
tion of the solvent for their synthesis because of the differences
between solid–liquid interface interaction. Here, homogenous dis-
Fig. 2. (a) X-ray diffraction (XRD) spectra of GO-CuNP grown in various solvents. (b) nor
spacing of GO in different solvents (c) the effect of solvents on full width half maximum
XPS spectra of GO-CuNP grown in DMF.
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solution of CuCl4 in solvent leads the better dispersion on the sur-
face of rGO and thus fast nucleation occurs and anisotropic growth
leads to the formation of smaller CuNP.

The porosity and surface area of the samples are further charac-
terized by Brunauer-Emmett-Teller (BET) measurements (Fig-
malized XRD peak of GO corresponded to (001) plane and determine the interlayer
(FWHM) of CuNP in the solvent dependent synthesis of rGO-CuNP (d) C1s and Cu2p



Fig. 3. Scanning electron microscope (SEM) characterization of solvent dependent synthesis of rGO-CuNP. (a) Ethanol, (b) DMF, (c) Ethylene Glycol, (d) c-Butyrolactone (e)
water. (f-j) backscattered electron (BSE) SEM images of solvent dependent synthesis of rGO-CuNP. (f) Ethanol, (g) DMF, (h) Ethylene Glycol, (i) c-Butyrolactone (j) water.
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ure S3b, c). Nitrogen adsorption–desorption isotherms and pore
size distributions are measured at 77 K in powder form. The BET
specific surface area is calculated from the nitrogen adsorption iso-
therms. The surface area of rGO-CuNP electrocatalysts synthesized
in DMF, EtOH, GBL, water and EG are 522.8, 317.5, 298.2, 117.8 and
68.1 m2/g, respectively (Figure S3b). Figure S3c shows that the
pore size of rGO-CuNP structures are DMF > EtOH > GBL > EG >
water. Such nanoscale porosity comes mostly from defects and
interlayer d-spacing of GO [23]. As shown in figure S4, the defect
density of rGO is estimated by the ratio of D-band and G-band,
which are related to sp3 and sp2 carbon, respectively [21,22]. The
intensity ratio of the D-band and G-band of rGO-CuNP synthesized
in different solvents is relatively close to each other. Thus, the dif-
ferences in the porosity levels is due to the interlayer d-spacing of
rGO layers. This result is consistent with the SEM analysis where
EG and water derived samples produce a more densely packed
morphology as compared to DMF, EtOH and GBL samples.

Understanding the competition between hydrogen evolution
and CO2RR is of fundamental importance to increase the faradaic
efficiency for electrocatalytic CO2 reduction. rGO-CuNP samples
synthesized in different solvents are first investigated by cyclic
voltammetry in neutral electrolyte saturated with N2 for under-
standing their hydrogen evolution reactions (HER) reactivity
before being tested in neutral electrolyte saturated with CO2 for
investigation of their CO2RR activity (Fig. 4). The electrocatalysts
synthesized in EtOH, DMF, and EG exhibit a high current at –
1.0 V vs. RHE (�35 mA cm�2) and a significant current difference
between the CO2-saturated experiment and the N2-saturated
experiment, hence suggesting a selectivity toward CO2RR com-
pared to HER. The materials with the highest selectivity toward
CO2RR are those exhibiting the higher surface area and defect den-
sity of CuNP. The electrocatalysts with the highest selectivity
toward CO2RR are those exhibiting the higher surface area and
defect density of CuNP. The electrochemical stability of the electro-
catalysts is also investigated, by performing a 2 h chronoamperom-
etry at – 0.55 V vs. RHE (Figure S5). The electrocatalyst synthesized
in EtOH shows an increase in activity (Figure S5a) while the overall
activity is maintained in the low potential range (up to – 0.7 V vs.
RHE) for the electrocatalysts synthesized in DMF and EG (Fig-
ure S5b, c).

Energy efficiency is one of the major considerations for reducing
CO2 by electrochemical methods. Thus, to further investigate the
solvent effects, Faradaic efficiency of each rGO-CuNP electrocata-
lyst and generated products as a result of CO2 reduction are calcu-
lated (Fig. 5 and Figure S7). To determine the selectivity of each
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catalyst, gaseous and liquid products generated as a result of CO2

reduction are analyzed by gas chromatography (GC) and NMR to
calculate the overall Faradaic efficiency for CO2 reduction (Fig-
ure S7). The products generated with the highest efficiencies are
is CO, formate, and H2 (Fig. 5 and Figure S7). The efficiency of
rGO-CuNP electrocatalysis produced using DMF, EtOH, GBL, water
and EG are generated roughly similar products. The formation of
high ratio CO could indicate either a lack of reactivity or that the
surface binds CO too strongly and prevents its further reaction to
additionally reduced products, poisoning the catalyst surface and
favoring H2 formation. The highest Faradaic efficiency of CO gener-
ation, 28.4% is obtained with the rGO-CuNP synthesized in DMF (-
1.38 V). Faradaic efficiency of CO generation is � 15% for the rGO-
CNP synthesized in EG and GBL while it is 20% and 22% for the rGO-
CNP synthesized in EtOH, and water respectively at the �1.38 V.
The other generated product with the highest efficiency is formate
(HCOO�) with the � 19.5% efficiency at �1.38 V when DMF used as
a solvent. The faradic efficiency for HCOO� generation was � 17%,
�14.5%, �15.3%, �13.1% for the electrocatalyst produced in EG,
EtOH, water and GBL, respectively. The reduction of CO2 produces
multiple carbon-based products depending on the nature of the
electrocatalyst. This process comprises multiple proton/electron
transfers in which a large number of intermediates and energy bar-
riers are involved. Here, the faradic efficiency is affected by surface
area, the defect density, porosity and size of the rGO-CuNP since
the highest faradic efficiency for both CO and HCOO� obtained
with the electrocatalyst synthesized in DMF that has the highest
surface area, larger porosity, defect density of rGO-CuNP with the
smaller CuNP.

In terms of CO2RR selectivity, there is a shift to formate and CO
formation at the most cathodic potential tested (-1.381 VRHE) for all
electrocatalysts. However, the production rate is varying depend-
ing on the catalyst synthesized in a specific solvent that is most
likely caused by differences in the surface area, the interlayer spa-
cing between rGO and the properties of the CuNP. Here, the pro-
duction rate of formate and CO is 41.4 nmol/S*cm2 and
56.5 nmol/S*cm2, respectively when using an rGO-CuNP electroca-
talyst fabricated in DMF solvent (Fig. 5b and Figure S8d). The pro-
duction rate of formate is 30.5, 25.4, 16.5, 25.3 nmol/S*cm2

obtained by rGO-CuNP electrocatalyst synthesized in EG, EtOH,
GBL and water respectively. Furthermore, the production rate of
CO is 27.3, 31.1, 19.2, and 36.5 nmol/S*cm2 obtained by rGO-
CuNP electrocatalyst synthesized in EG, EtOH, GBL and water
respectively. Here, defects play the role on overall charge state of
the electrocatalyst, thus increasing the density and activity of



Fig. 4. Electrocatalytic activity for the CO2 reduction reaction (CO2RR) and hydrogen evolution reaction (HER) of the G-CuNP electrocatalysts synthesized in (a)Ethylene
glycol, (b) ethanol, (c) c-Butyrolactone, (d) Dimethylformamide, (e) water. All the experiments were performed at 20 mV s�1, in a 0.1 M phosphate buffer (pH = 7.5) saturated
with N2 or CO2.
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potential active sites, which accelerate the transfer of electrons and
reduce the formation energy of key intermediates. In addition,
higher porosity and surface area is another critical factor for redu-
cing CO2 to low-hydrocarbon products. Such porosity and high sur-
face area improve the adsorption of CO2 and intermediates on the
surface of rGO-CuNP. The adsorbed CO and intermediates accept
both electrons and protons simultaneously and therefore, low-
hydrocarbon products occur. In addition to introducing defect sites
and exposing reactive Cu facets, a short interparticle distance
between Cu nanoparticles has been shown to promote the re-
adsorption of CO intermediates and their further reduction to
hydrocarbons. We find only trace amounts of hydrocarbons which
reaches a maximum of ca. 1 nmol/S*cm2 of ethylene corresponding
to a faradaic efficiency for ethylene of 5 % using GBL solvent.
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[24–26]. The formation of high ratio CO could indicate either a lack
of reactivity or that the surface binds CO too strongly and prevents
its further reaction to additionally reduced products, poisoning the
catalyst surface and favoring H2 formation [26].

4. Conclusion

We have reported the key role of solvent species on designing
rGO supported CuNP composite structures for CO2RR activity.
Water, GBL, EG, EtOH and DMF have been used as solvents for
the synthesis of the rGO-CuNP composite structure. We reveal that
solvents play a key role in tuning interlayer spacing of rGO sheets,
defect density, morphology, porosity, CuNP size, and CuNP yield in
rGO-CuNP composite samples. The optimal material should exhibit



Fig. 5. (a)Faradaic efficiency and (b) Production rate for the formate and CO generated with CO2 reduction reaction with the rGO-CuNP electrocatalyst manufactured in
different solvents.
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large d-spacing, high defect density, high surface/porous morphol-
ogy, and high CuNP yield with smaller sizes. Our findings indicate
that DMF provides the most favorable combination of these fea-
tures as compared to water, EG, EtOH, and GBL for the synthesis
of rGO supported CuNP catalysts for highly efficient and selective
CO2 reduction.
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