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The electrical conductivity and charge transfer resistance (Rct) of reduced graphene oxide (rGO) with the addition of 

copper are reported. The samples of rGO with copper addition were successfully synthesized via in situ chemical 

exfoliation using a microwave-assisted technique. Annealing was performed at various temperatures to determine the 

optimal annealing temperature for the sample with the best electrical conductivity performance. The resulting samples 

were characterized using attenuated total reflectance-Fourier transform infrared (ATR-FTIR) characterization, X-ray 

diffraction (XRD), Raman spectrometry, energy dispersive X-ray (EDX) spectrometry, scanning electron microscopy (SEM), 

four-point probe, and electrochemical impedance spectroscopy (EIS). The highest conductivity value of 24.85 S/cm was 

obtained for the rGO sample with addition of 1 wt% copper treated with annealing at 300 °C for 45 minutes. The 

electrochemical properties of the samples were characterized using electrochemical impedance spectroscopy (EIS), 

resulting in a charge transfer resistance (Rct) value of 3.86 Ω for sample B with the addition of 1 wt% copper. The possible 

reaction mechanism and explanations on the influence of Cu, Cu2O, and CuO on the electrical and charge transfer 

resistance value of the rGO are also described in this report. 

Introduction 

The discovery of graphene has had a massive impact on 

scientific research development. Graphene is an allotrope of 

carbon that consists of a sp
2
 carbon atom planar monolayer 

with a hexagonal structure resembling a honeycomb.
1-3

 In 

2004,
2
 Geim and Novoselov first introduced a graphene 

isolation technique and since then more methods have been 

developed for producing graphene. Nowadays, synthesis of 

graphene can be accomplished through various synthetic 

techniques, such as chemical vapor deposition, exfoliation 

(including oxidation and reduction), epitaxial growth, and 

chemical synthesis.
3, 4

 The oxidation and reduction method is a 

preferred synthetic route due to its low cost and its ability to 

be applied in large-scale production. This method involves 

three steps, beginning with graphite oxidation, exfoliation of 

the graphite oxide to graphene oxide (GO), followed by 

reduction to produce reduced graphene oxide (rGO). 

Graphene is known to have a large surface area (2630 m
2
g

-1
), 

high electron mobility (∼2 ×10
5
 cm

2
V

-1
s

-1
), excellent electrical 

(∼ 2000 S/cm) and high thermal (∼5000 Wm
-1

K
-1

) conductivity 

properties.
5, 6

 Due to these extraordinary properties, graphene 

is used in various applications, especially in electronic devices, 

such as energy storage devices,
4, 6-8

 biosensors,
9, 10

 

optoelectronic devices,
3
 transistors,

11
 and transparent 

conductors.
3
 

Synthesis of graphene via oxidation and reduction methods 

results in reduced graphene oxide (rGO). In rGO, some oxygen-

containing functional groups remain in the graphene sheets, 

which causes defects in the graphene crystal. These defects 

lead to interruption of the electron mobility, resulting in lower 

electrical conductivity.
6
 To overcome this issue, rGO or GO 

synthesis techniques with the addition of various metals, metal 

oxides, and semiconducting and magnetic nanomaterials have 

been developed to improve the electrical and electrochemical 

properties of rGO.
4, 6

 Moreover, by adding these materials to 

synthesize composites with rGO, they can also act as spacers 

between rGO sheets to hinder agglomerations caused by Van 

der Waals interactions between the rGO sheets.
1, 4

 

Copper is the metal that has the second highest electrical 

conductivity (5.96 × 10
7
 S/m at 20 °C) after silver. Compared to 

silver, copper is more frequently used in electronic 

applications because of its high abundance and relative 

inexpensiveness. Moreover, copper has a high boiling point, 

which makes it useful for fabrication involving high-

temperature and high-pressure chemical reactions, such as 

microwave-assisted reactions, vapor phase reactions, and 
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various organic transformations.
12

 Due to its excellent 

properties, copper and its metal oxides (CuO and Cu2O) are 

actively used as components for preparing nanocomposites 

with rGO, for example Cu2O/CuO/rGO as biosensor electrode 

for ascorbic acid detection,
13

 CuO/graphene for high-

performance lithium storage,
14

 Cu-rGO as catalyst electrode 

toward non-enzymatic glucose oxidation reactions,
15

 Mn1-

xCuxFe2O4/rGO
7
 and rGO/Cu2O/Cu as electrodes in 

supercapacitors.
16

 

Synthesis of graphene in the presence of nanoparticles 

(including metal or metal oxide) can be performed via two 

methods, i.e. post immobilization (ex situ hybridization) and in 

situ binding (in situ crystallization).
17

 Ex situ hybridization is 

performed by mixing a solution of graphene and pre-

synthesized nanoparticles, which have been surface-

functionalized prior to mixing the nanoparticles and graphene 

sheets. The composites resulting from this method may exhibit 

low density and non-uniform nanostructure coverage of the 

graphene sheets.
17

 Therefore, we used the in situ binding 

method, being a simple and straightforward method. This 

method involves simultaneous reduction of graphene oxide 

(GO) and CuO using hydrazine as the reducing agent under 

microwave-assisted irradiation. 

Microwave-assisted synthesis of graphene-based 

composites has been performed previously. Various metal and 

metal oxides, including Cu,
15

 CuO and Cu2O,
13

 Bi8La10O27,
18

 

CuS,
19

 Fe2O3,
20

 TiO2,
21

 Ag,
22-24

 ZnO, (CoMn)3O4,
25

 LiFePO4,
26

 

AgZnFe2O4,
27

 CoMoO4,
28

 have been successfully used for 

producing graphene-based composites using microwave-

assisted synthesis. However, in this report, we synthesized 

rGO/Cu/Cu2O from the simultaneous reduction of GO and CuO 

solution using a microwave-assisted method. Microwave-

assisted synthesis of rGO/Cu has been successfully performed 

by Hsieh et al.,
15

 who used a Cu
2+

 concentration of 10, 20, 30 

wt%. Their study focused on the electrochemical properties of 

rGO/Cu and the catalytic performance of Cu in rGO sheets for 

non-enzymatic glucose oxidation.
15

 The result on non-

enzymatic glucose oxidation reported by Luo et al. shows the 

electrochemical performance of rGO/Cu.
10

 A composite of 

rGO/Cu2O/Cu has been synthesized using a hydrothermal 

method for the reduction of GO solution and Cu foil.
16

 A 

composite of rGO/Cu2O/Cu was characterized for application 

as supercapacitor, so the electrochemical properties of 

rGO/Cu2O/Cu were thoroughly reported.
16

 However, these 

investigations of rGO/Cu and rGO/Cu2O/Cu
10, 15, 16

 focused on 

their electrochemical properties and further applications. 

Therefore, no study has been conducted yet that focuses on 

the electrical conductivity properties of rGO with copper 

addition and the influence of Cu, Cu2O, and CuO on electron 

transport with rGO sheets.  

In this research, we studied the influence of Cu, CuO, and 

Cu2O on the electrical conductivity and charge transfer 

resistance (Rct) of the resulted samples. We studied how the 

presence of Cu, CuO, and Cu2O influences the electrical 

conductivity and electrochemical properties of rGO. We 

synthesized rGO and rGO with copper addition via in situ 

chemical exfoliation using a microwave-assisted method. 

Previously, our group has successfully performed microwave-

assisted synthesis of rGO.
29, 30

 In the present study, we used 

the same rGO synthesis method as reported previously;
30

 the 

only difference was that we added cupric oxide (CuO) as a 

copper precursor for synthesizing rGO with copper addition 

during the reduction process. In a previously reported 

preparation of rGO/Cu2O/Cu, a high concentration of copper 

precursor (≥ 10 wt%) was used.
15

 However, in this study, low 

concentrations of copper precursor (0.5, 1, 2, 3, and 5 wt%) 

were used, employing the appropriate amount of GO and CuO 

solution so we could determine the effect of copper addition 

on the electrical conductivity of the materials. We also 

investigated the annealing treatment of the rGO samples with 

the addition of copper under various annealing temperatures 

and times in order to determine which conditions could 

improve the electrical conductivity of the resulting samples. 

Materials and methods 

Materials. Graphite flakes, concentrated sulfuric acid (H2SO4, 

98%), potassium permanganate (KMnO4), ethylene glycol, 

phosphoric acid (H3PO4), copper sulfate (CuSO4), and hydrazine 

solution (80% in water) (N2H4) were purchased from Merck. 

Hydrochloric acid (HCl), deionized water, and ethanol were 

acquired from Smartlab Indonesia. Sodium hydroxyl (NaOH) 

and hydrogen peroxide (H2O2) were obtained from Bratachem. 

 

Synthesis of reduced graphene oxide (rGO) with the addition of 

copper. CuSO4 powder (5 g) was diluted in 10 mL DI water, and 

subsequently 0.04 mole of NaOH was added until precipitation 

of Cu(OH)2 was formed. The precipitate of Cu(OH)2 was 

washed three times with DI water and then with alcohol 70%, 

respectively. Next, the precipitate of Cu(OH)2 was dried in an 

oven at 60 °C for 12 h. After the sample had dried, the 

reduction process was carried out by heating the Cu(OH)2 

powder at 700 °C for 3 h, which resulted in black powder CuO. 

In the synthesis of rGO/Cu/Cu2O, a certain amount of CuO 

powder was used. Percent weight variations of CuO (0.5, 1, 2, 

3, and 5%) compared to graphite oxide (1 gram from mixture 

of CuO and graphite oxide) were prepared with the solution 

concentration maintained at 0.1 M. The CuO powders were 

dispersed in ethylene glycol by stirring and subsequently 

sonicated for 25 minutes until a homogeneous solution was 

achieved. 

Graphite oxide was synthesized using the same method 

reported previously by our group.
30

 Graphene oxide 

suspensions (GO) were prepared by dispersing graphite oxide 

into ethylene glycol (EG). Dispersing was conducted by 

ultraturrax and subsequent exfoliation was done by sonication 

for 2 h. Later, the CuO solution was added to the GO 

suspensions, followed by sonication for 25 minutes. 

The reduction process to synthesize rGO with the addition 

of copper precursor was carried out as follows. Reduction was 

carried out by adding 1 mL hydrazine (N2H4) to the rGO and 

CuO mixture solution. The reduction process of GO and CuO 
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was completed by treating the mixture solution with 

microwave irradiation (Panasonic Microwave 2.45 MHz, 800 

W) in low mode for 20 minutes. Then, the reaction mixture 

was centrifuged. The residue was washed three times with 

deionized water and subsequently washed three times using 

alcohol 70%. The sample was poured into a petri dish and 

dried for 12 h at 60 °C. The dried samples were further 

characterized. The rGO samples with the addition of copper 

synthesized with different percent weights of Cu (0.5, 1, 2, 3, 

and 5 wt%) in the mixture of CuO and GO during the reduction 

process were labeled as sample A, sample B, sample C, sample 

D, and sample E, respectively. We also synthesized rGO using 

the same procedure as mentioned above but without the 

addition of copper precursor. This rGO was used as reference 

for further characterizations and was labeled rGO. 

 

Instrumental methods. The resulting samples of rGO and rGO 

with the addition of copper were characterized using the 

following instrumental methods. Attenuated total reflectance-

Fourier transform infrared (ATR-FTIR) spectrometry 

measurements were carried out using Alpha FTIR 

Spectrometer Bruker 1 176 397. X-ray diffraction (XRD) 

measurements were performed on a Phillips Analytical PW 

1710 BASED diffractometer. Raman spectrometry 

measurements were carried out by using a Horiba Jobin Yvon 

Modular Raman spectrometer with laser excitation 

wavelength at 514 nm (green) and a Stellar Pro Argon-ion laser 

with laser power at 50 mW. Electrical conductivity properties 

were measured by a four-point probe, which involved four 

electrodes from one electrical source (Advantest R6240A DC 

Voltage) and a Keithley multimeter. Before the electrical 

conductivity measurements, the samples were pelleted by lab 

hot press equipment, but without heat treatment, and 

subsequently annealed for 30 minutes. Different annealing 

temperatures (100, 200, 300, 400, and 500 °C) at standard 

atmospheric condition were applied. The aim of the use of 

various annealing temperatures was to determine the 

influence of temperature on the electrical conductivity of the 

samples. After the optimal temperature in the annealing 

process was determined, an investigation on the effect of 

annealing time on electrical conductivity was performed by 

applying various annealing times (15, 30, 45, and 60 minutes) 

to the samples at the optimal annealing temperature. 

Scanning electron microscopy (SEM) was done using an SEM 

SU3500 instrument at 15 kV. Energy dispersive X-ray (EDX) 

spectrometry measurements were performed using a JEOL-

JSN-6510LV instrument. Electrochemical impedance 

spectroscopy (EIS) was carried out with a Gamry 3000 

instrument, using Hg2Cl2 as the reference electrode, Pt as the 

auxiliary electrode, and rGO or rGO with copper addition as 

the working electrode. 

Results and discussion 

Structural analysis of rGO and rGO with the copper addition 

Functional group identification was carried out by analyzing 

the ATR-FTIR measurement results. The ATR-FTIR spectra of 

the GO, rGO, and samples of rGO with copper addition are 

depicted in Fig. 1. From the graphene oxide spectrum, the 

characteristic peaks correlated to oxygen-containing functional 

groups (including the peak at 2700-3300 cm
-1

 belonging to 

O−H, the peak at 1600-1800 cm
-1

 belonging to C=O, and the 

peak at 1000-1300 cm
-1

 belonging to C−O) could be identified, 

which means oxidation of graphite was performed 

successfully. After reduction of the graphene oxide, these 

characteristics of the oxygen-containing functional groups no 

longer existed (see Fig. 1), which proved the successful 

removal of oxygen-containing groups during the reduction 

process. However, the peak at 1600 cm
-1

 corresponding to C=C 

aromatic group still appeared since it belongs to the sp
2
 

carbon structure of the graphene layer.
29, 31

  

From the ATR-FTIR spectra, we could not distinguish the 

difference between the rGO sample and the rGO samples with 

the addition of copper; thus, XRD measurements of the rGO 

samples with the addition of copper had to be performed. XRD 

diffractograms of the GO, rGO, and samples A-E are shown in 

Fig. 2. Details of the average crystallites sizes (D) and the 

interlayer spacing (d) of all samples, i.e. GO, rGO, and rGO with 

copper addition (A-E), can be found in Table S1 in the 

Supplementary Information. By comparing the XRD 

diffractograms of the GO and the rGO, we could confirm that 

the reduction of GO to rGO had been successfully performed. 

The XRD diffractogram of the GO shows the characteristic peak 

plane (0 0 2) of GO at 2θ = 9.68° with a broad d-spacing value 

of 0.912 nm. The d-spacing value represents the spacing 

between the layers in the graphene. After reduction of the GO, 

the peak plane (0 0 2) shifted to a higher 2θ value at 24.16° 

with a lower d-spacing value of 0.368 nm, as visible in the XRD 

diffractogram of rGO in Fig. 2. The diffraction peak at 2θ = 

24.16° is recognized as a characteristic graphene peak 

belonging to the (002) plane of the hexagonal graphite 

Fig. 1 ATR-FTIR spectra of graphene oxide (GO), reduced graphene oxide (rGO), and 

samples A-E.
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structure.
14

 The lower d-shifting value after the reduction 

process resulted from the removal of the oxygen-containing 

functional groups that intercalate in between the layers of 

graphene.
29

 The interlayer spacing (d) values of the rGO 

samples with the addition of copper (A-E) displayed a similar 

value as the rGO, as can be seen in Table S1 in the 

Supplementary Information.† Moreover, the diffraction peak 

plane (1 0 0) at 2θ = 42° can be attributed to the short-range 

order in the graphene layers.
32

  

Fig. 2(c-g) shows diffraction peaks that indicate the 

presence of rGO and Cu phases. In samples A-E, the diffraction 

peaks at 2θ of 43° and 50° correlate to Cu crystal. The 

diffraction peaks at 43° and 50° indicate face-centered cubic 

Cu crystal with orientations (1 1 1) and (2 2 0), which is in 

agreement with JCPDS card no. 04-0836.
33

 These results 

confirm the presence of Cu crystal in samples A-E.  

The diffractograms of samples A and B are shown in Fig. 

2(c-d). Characteristic diffraction peaks belonging to CuO crystal 

were observed from these diffractograms. The diffraction 

peaks at 2θ of 49° and 72° represent CuO crystal with 

orientation (-2 0 2) and (3 1 1), which is in agreement with 

JCPDS card no. 45-0937.
34

 Moreover, the diffraction peak at 2θ 

of ∼77° indicates the presence of Cu2O phase. A similar 

diffraction peak belonging to Cu2O can be observed in the 

diffractograms of samples C and D, see Fig. 2(e-f). No 

diffraction peaks from CuO crystals are visible; there are only 

peaks from rGO, Cu, and Cu2O crystals. In the diffractogram of 

sample E, Fig. 2(g) there are diffraction peaks at 2θ of 36°, 42°, 

61°, 73°, and 77°, which can be attributed to Cu2O phases, 

which is in line with JCPDS card no. 05-0667.
13

 Furthermore, a 

diffraction peak representing the presence of CuO was 

observed in this sample.  

Based on the XRD analysis results, the reaction mechanism 

during the reduction of graphene oxide and CuO is proposed 

as shown in Fig. 3. By varying the addition of copper in the 

synthesis, there are three possible reaction mechanisms. For 

samples A and B, the first possible reaction follows the path in 

Fig. 3(a). In the initial part of the reduction, see reaction path 

(i), hydrazine performs the reduction of GO and CuO resulting 

in rGO and Cu. Due to the relatively low amount of CuO in the 

reaction mixture, the hydrazine is able to convert all Cu
2+

 to 

Cu. Since the reduction process still transpires, the presence of 

Cu may also play a role as a reducing agent in the reaction. A 

previously reported result showed that Cu can be used as GO 

reducing agent.
35

 Thus, the next reaction takes path (ii), which 

shows further reduction of rGO and oxidation of Cu to Cu
2+

 

and Cu
+
 by Cu as reducing agent. The final products are rGO, 

CuO, Cu2O, and the remaining Cu.  

Fig. 3(b) shows the possible reaction mechanism for 

samples C and D. The addition of copper concentration of 2 

and 3 wt% to the reaction mixture of GO and CuO follows the 

reduction reaction in path (iii). By using these respective 

concentrations, the hydrazine is able to perform the reduction 

reaction for GO to rGO and reduces all Cu
2+

 to Cu with Cu
+
 as a 

side product.  

In Fig. 3(c), path (iv) shows the possibility of a reduction 

reaction when we used 5 wt% copper concentration in the 

reaction mixture of GO and CuO. The resulted product from 

this reduction process contains rGO, Cu, Cu
+
, and remaining 

Cu
2+

. The CuO and Cu2O resulted from the uncompleted 

reduction of CuO to Cu because more CuO was added in the 

synthesis process but the hydrazine remained the same 

Fig. 2 XRD diffractogram of (a) GO, (b) rGO, (c) sample A, (d) sample B, (e) sample C, (f) 

sample D, and (g) sample E, (h) CuO (JCPDS-45-0937), (i), Cu2O (JCPDS-05-0667), and 

(j) Cu (JCPDS-04-0836).

Fig. 3 Possible mechanism reduction reactions using hydrazine as reducing agent 

between GO and CuO when the concentration of copper in the reaction mixture are (a) 

0.5 and 1 wt%, (b) 2 and 3 wt%, and (c) 5 wt%.
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amount in all variations, which means that there was not 

enough hydrazine to perform the reduction of Cu
2+

 to Cu.  

Further structural characterization of sample B was 

performed using Raman spectroscopy. The Raman spectrum of 

the rGO was used as a reference. There are three 

characteristics of graphene in the Raman spectrum, i.e. the D 

peak at ∼1350 cm
-1

 from sp
3 

carbon atoms from defects (the D 

peak is absent in high-quality graphene), the G peak at ∼1580 

cm
-1

 correlating to sp
2
 carbon atoms, and an intense 2D (also 

known as G’) peak at ∼2700 cm
-1

 corresponding to the second-

order mode of the D band.
36

 Fig. 4(a) shows the Raman spectra 

of the rGO and sample B. In the Raman spectrum of the rGO, 

peaks were observed at 1354 (D band), 1576 cm
-1 

(G band) and 

2683 cm
-1

 (2D band). Likewise, three peaks were identified at 

1354 (D band), 1580 cm
-1 

(G band) and 2682 cm
-1

 (2D band) in 

the Raman spectrum of sample B. There is also a peak at 

∼2900 cm
-1

 (D+G band), which represents disorder due to 

combination scattering.
37

 The D/G peak area ratio results for 

the rGO and sample B were 1.09 and 1.13, respectively. This 

ratio of the D and G band (ID/IG) represents an estimation of 

the disorder level in the graphene.
38

 Sample B had higher ID/IG 

compared to the rGO, which means a higher disorder level due 

to the presence of copper and oxygen-containing functional 

groups remaining in the graphene sheets. Moreover, Fig S1 in 

the Supplementary Information shows the intensity ratio of 

the D and G band (ID/IG) of sample GO (0.81), rGO (1.09), and 

sample B (1.13). These ID/IG values represent the disorder level 

in the graphene. The increase of the ID/IG value can be 

attributed to the decrease in the average size of the sp
2
 

hybridization domain after the reduction process. As 

previously reported, reduction of GO results in a restoration of 

the sp
2
 hybridization in the graphitic domain. This leads to a 

smaller sp
2
 hybridization domain compared to GO.

39, 40
 

Meanwhile, the higher ID/IG value of sample B compared to 

that of the rGO sample was due to the higher disorder level in 

sample B, which resulted from the presence of Cu and more 

remaining oxygen-functional groups. 

Apart from the ratio between the D band and the G band, 

there is the ratio between the 2D band and the G band (I2D/IG), 

which corresponds to the presence of metal doping in the 

graphene.
41

 In Fig. 4(a), the I2D/IG in sample B (0.66) was lower 

compared to the I2D/IG in the rGO (0.68). This result is in line 

with a previously reported result, which showed that the 

presence of metal in graphene results in a decrease of I2D/IG.
41

 

Moreover, the inset of Fig. 4(b) and (c) displays the G and 2D 

bands, respectively. In Fig. 4(b), splitting of the G band of 

sample B can be observed. The G band shifted from 1576.9 

cm
-1

 (rGO) to 1580.9 cm
-1

 and 1609.3 cm
-1

. This upshift and 

splitting of the G band and slight downshift of the 2D band 

(see Fig. 4(c) represent n-doping interaction between the 

metal and the graphene.
41, 42

 From the 2D band profile, we 

conclude that the resulted rGO and sample B were both 

multilayers. This result is based on the previously reported 

results that showed multilayers graphene has a broad 2D peak 

and a wavenumber higher than 2673 cm
-1

.
43

  

 

Morphological analysis of rGO and rGO with the copper addition 

The morphology of the samples was characterized by SEM, 

EDX and element mapping measurement. An SEM image, the 

EDX and the mapping results of sample B are shown in Fig. 5. 

Fig. 5(a) displays the graphene sheets resulted from the 

exfoliation process. The SEM image also shows small particle 

on the graphene layer surface, see Fig. 5(a). Further EDX 

measurement was performed to confirm the existence of 

copper in sample B (see Fig. 5(b)). The EDX result showed a 

small amount of copper, which is in agreement with the small 

amount copper used in the synthesis of sample B (1 wt% of 

copper in the mixture of CuO and GO). The further mapping of 

the EDX results is shown in Fig. 5(c-f). In Fig. 5(f), the copper 

was slightly concentrated in a particular area and probably 

belonged to the small particle on top of the graphene sheet. 

However, the copper was also distributed quite nicely on the 

rGO surface.  

SEM pictures of the rGO and all rGO samples with copper 

addition can be found in Fig. S2 (a-e) in the Supplementary 

Information.† The SEM images of the rGO samples with copper 

addition were compared to the SEM image of the rGO. The 

average particle sizes of Cu, Cu2O, and CuO in samples A-E 

were 515, 483, 568, 579, and 647 nm, respectively. These 

calculated average particle sizes of Cu, Cu2O, and CuO show an 

increasing tendency in average particle size with the increase 

of the concentration of copper precursor. However, the 

average particles sizes of Cu, Cu2O, and CuO in sample A were 

bigger than in sample B. This happened because of particle 

agglomeration in sample A. 

More copper (Cu, Cu2O, and CuO) particles were observed 

on the graphene sheet surface of sample E than on sample B, 

as can be seen in Fig. S3 (a) in the Supplementary Fig. 4 (a) Raman spectra of rGO and sample B, (b) inset Raman spectra of G band, and 

(c) inset Raman spectra of 2D band. 
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Information.† In the synthesis of sample E, a higher amount of 

copper was added compared to sample B. This resulted in 

more copper and Cu2O particles in sample E than in sample B. 

Copper, Cu2O, and CuO particles were also found on the edges 

of the graphene sheet, as shown in Fig. S3 (b) in the 

Supplementary Information.† 

 

 

The summary of the EDX results in Table 1 further confirms 

the successful reduction of the GO. Detailed information on 

the EDX results of the GO, rGO, and rGO samples with copper 

addition can be found in Fig. S4-S9 in the Supplementary 

Information.† The reduction of the oxygen-containing 

functional groups from GO is indicated by the increase of the 

carbon to oxygen ratio (C/O) from 1.73 (GO) to 7.28 (rGO). A 

higher C/O ratio value indicates better removal of oxygen-

containing functional groups from GO. By increasing the 

addition of copper precursor in the synthesis, the amounts of 

formed Cu2O and of remaining CuO in the sample were 

increased. The Cu/O ratio values increased with the increase of 

the copper precursor added in the synthesis. Moreover, Table 

1 also shows that the %wt of the Cu in the rGO samples with 

copper addition determined using EDX resulted in a relatively 

similar amount compared to the initial amount of copper 

precursor added in the synthesis. 

 

Table 1 EDX results for rGO and samples of rGO with the copper addition 

Samples 

Elements in the sample 

(wt%) 

Element Ratio 

C O Cu C/O C/Cu Cu/O 

GO 63.38 36.62 - 1.73 - - 

rGO 87.92 12.08 - 7.28 - - 

Sample A 86.12 13.16 0.72 6.54 119.61 0.05 

Sample B 87.25 11.05 1.70 7.90 51.32 0.15 

Sample C 84.16 13.93 1.92 6.04 43.83 0.14 

Sample D 84.57 12.02 3.41 7.04 24.80 0.28 

Sample E 83.89 10.37 5.75 8.09 14.59 0.55 

 

Electrical conductivity of rGO and rGO with the copper addition 

Electrical conductivity characterization was performed to 

determine the electron mobility of the rGO samples with 

addition of copper. By comparing the electrical conductivity of 

the rGO sample and the rGO samples with copper addition, we 

determined the influence of the addition of a small amount of 

copper on the electron mobility of the samples, which is 

shown in Fig. 6(a) and (b). The effect of the annealing 

temperature on the electrical conductivity is displayed in Fig. 

6(a). By introducing annealing treatment at 100, 200, and 

300°C, the conductivity of the rGO samples with copper 

addition increased with the increase in annealing temperature. 

However, when the annealing temperature was increased up 

to 400 °C, the samples of rGO with copper addition showed a 

decrease in electrical conductivity. By applying the annealing 

treatment at 500 °C, the pellet form of the rGO samples with 

copper addition was destroyed. Thus, there were no pellets for 

electrical conductivity measurements. Different results were 

obtained from the rGO. The electrical conductivity of the rGO 

increased with the increase of the annealing temperature up 

to 400 °C. The pellet form of the rGO was still preserved with 

annealing treatment at 500 °C. Thus, by adding copper, the 

Fig. 5 (a) SEM picture, (b) EDX result, and (c) entire mapping of sample B, (d) mapping from carbon (C), (e) mapping from oxygen (O), and (f) mapping from copper (Cu) in 

the sample B.
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thermal stability of the rGO was reduced. The presence of 

copper in rGO might may interrupt the Van de Waals 

interaction between the graphene sheets and consequently 

decrease the thermal stability. From these results, we can 

conclude that the highest electrical conductivity was observed 

for the samples treated with annealing treatment at 300 °C. 

 

Fig. 6(b) shows the influence of the copper concentration 

on the electrical conductivity of the samples. These electrical 

conductivity results are from the samples treated with 

annealing at 300 °C for 30 minutes. The addition of 0.5 and 1 

wt% copper increased the electrical conductivity of the 

samples. On the other hand, when the addition of the copper 

concentration increased (2, 3, and 5 wt%), the electrical 

conductivity of the samples decreased. This happened because 

of the presence of more Cu2O and remaining CuO in the 

sample. From the reported results of Valladares et al., copper 

oxides (CuO and Cu2O) have a high electrical resistivity.
44

 

Hence, the existence of Cu2O and CuO in the samples led to a 

decrease in electrical conductivity of the rGO with the addition 

of copper at a concentration of 2, 3, and 5 wt%. However, 

Cu2O and CuO were also present in samples A and B. Because 

of less copper added in the synthesis (0.5 and 1 wt%, 

respectively), there was less Cu2O and CuO. Moreover, from 

the proposed mechanism reaction, in sample A and B, 

reduction of rGO also occurred because the presence of Cu 

may act as reducing agent. However, in sample A, we observed 

agglomerations of Cu, Cu2O, and CuO particles. Similar 

agglomerations were observed in samples C, D, and E. 

Therefore, sample B displayed the highest electrical 

conductivity among all samples.  

Furthermore, the C/O ratio values from the EDX results 

correlated with the conductivity of the samples. The higher the 

C/O ratio value, the better the removal of the oxygen-

containing functional groups in GO. With better removal of the 

oxygen-containing functional groups, the resulted product is 

expected to have better electrical conductivity properties. By 

comparing the C/O ratio values of the rGO sample and samples 

A-E, the highest C/O ratio value of 8.09 was observed for 

sample E. However, the highest conductivity was shown by 

sample B. Therefore, the EDX results confirmed that the 

presence of Cu2O and CuO decreases the electrical 

conductivity of rGO.  

Fig. 6 (a) Influence of various annealing temperatures on electrical conductivity results 

of rGO and rGO with the addition of copper and (b) effect of the addition of copper 

precursor in rGO on the electrical conductivity after treated with annealing process at 

300 °C for 30 min.
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As shown in Fig. 6, the annealing treatment increased the 

electrical conductivity of the rGO sample and the rGO samples 

with copper addition. By applying annealing, a further 

reduction of the rGO sample may take place, as shown in Fig. 

S10 in the Supplementary Information.† The possible 

mechanism reaction was proposed based on the previously 

reported mechanism reaction,
45

 where heating the rGO at high 

temperature resulted in further removal of oxygen-containing 

functional groups (–COOH and –OH), producing CO2 and CO as 

the product of the reduction process. To some extent, this 

annealing treatment increases the electrical conductivity 

because the removal of oxygen-containing functional groups 

produces more sp
2
 carbon structure, and thus improves the 

electron mobility in the graphene sheet. However, applying a 

too extended annealing treatment results in a decrease in 

electrical conductivity. As shown in the possible mechanism 

reaction, the removal of –OH groups produces CO and leads to 

a vacancy in the graphene sheet.
29

 This vacancy disrupts the 

sp
2
 carbon structure and consequently results in a decrease of 

electrical conductivity, see Fig. 7. By applying annealing at 300 

°C for ≤ 45 minutes (15, 30, and 45 minutes), the conductivity 

of sample B increased, and more than 45 minutes annealing at 

300 °C resulted in a decrease of the conductivity of the 

sample. The highest conductivity of 24.85 S/cm resulted from 

annealing at 300 °C for 45 minutes.  

Furthermore, the temperature during the reduction 

process under microwave conditions was examined per each 

minute of the reaction, as shown in Fig. S11 in the 

Supplementary InformaQon.† Fig. S11 represents the 

temperature profile in function of reaction time under 

microwave conditions. The highest reaction temperature of 

168 °C was observed after 19 minutes reaction time. As 

previously reported by Larciprete et al., the removal of 

oxygen-containing functional groups such as CO2 can be 

achieved at a temperature of 350-450 K (77-177 °C).
46

 

Therefore, the mechanism reaction shown in Fig. S10 is a 

possible mechanism reaction not only for heating during 

annealing but also during heating under microwave conditions. 

 

Charge transfer resistance (Rct) values of rGO and rGO with the 

copper addition 

The electrochemical properties of the samples were 

characterized by EIS measurement. EIS measurement produces 

data consisting of information of real (x-axis) and imaginary (y-

axis) impedance, as shown in Fig. 8(a). The equivalent 

electrical circuit used as the model circuit is shown in Fig. 8(b). 

The charge transfer resistance (Rct) value is equal to the 

semicircle diameter from the Nyquist curve. The Rct values 

from the samples of rGO and rGO with the addition of copper 

are listed in Table 2. The goodness of fit value is a parameter 

that corresponds to the fitting error. The goodness of fit values 

range from 10
-4

-10
-2

, indicating a fitting error < 10%.
47

 In Table 

2, the rGO had the lowest Rct value (3.30 Ohm) compared to 

the other samples. Examining only the samples of rGO with the 

addition of copper, sample B had a smaller Rct of 3.86 Ohm 

compared to the other samples with copper addition. The Rct 

value of sample B showed a value close to the Rct value of the 

rGO, which indicates a similar ability in electron transport. 

Moreover, the previously reported result by Sun et al. showed 

that the Rct of rGO is slightly lower than the Rct value of 

rGO/Cu2O/CuO.
48

 As can be seen in Table 2, the Rct values 

were 4.13, 5.83, 6.28, and 9.46 Ohm for samples A, C, D, and E, 

respectively. The increase of the Rct value for these samples 

was influenced by the increase of the average particle sizes of 

Fig. 7 Influence of the annealing time on the conductivity results of sample B.

Fig. 8 (a) Nyquist curves of rGO and samples A-E and (b) model of the equivalent 

electrical circuit. 
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Cu, Cu2O, and CuO. The increase in average size of the Cu, 

Cu2O, and CuO particles resulted in a longer diffusion path for 

electrons, which consequently inhibited electron transfer from 

the electrolyte to the electrode.
49

 

 

Table 2 Rct and goodness of fit values of various rGO samples 

Sample Rct (Ohm) Goodness of Fit 

rGO 

Sample A 

3.30 

4.13 

5.60 × 10
-03 

1.66 × 10
-03 

Sample B 

Sample C 

3.86 

5.83 

1.92 × 10
-03 

1.84 × 10
-03

 

Sample D 6.82 1.51 × 10
-03

 

Sample E 9.46 4.41 × 10
-04

 

 

 

Based on the structure, morphology, electrical 

conductivity, and EIS analysis results, we propose several 

possible explanations regarding the influence of Cu, Cu2O, and 

CuO presence in the rGO system on its electrical properties. In 

an attempt to explain the effect of Cu, Cu2O, and CuO 

interaction with rGO, an illustration of Cu, Cu2O, and CuO in 

rGO is presented in Fig. S12. For the role of Cu in rGO, we 

propose three possible explanations of Cu and rGO interaction. 

Firstly, from the Raman results, the role of Cu as n-doping in 

the interaction of Cu and rGO may serve as electron transfer to 

rGO sheets and thus electron transport from Cu to rGO may 

take place. Cu as n-doping in the interaction between Cu and 

rGO sheets is in agreement with previously reported results.
41, 

42
 Secondly, we assume that the copper may fill in or patch the 

vacancy or sp
3
 carbon area (from the reduction of the carbonyl 

group (C=O) by hydrazine) in the rGO sheet, as shown in Fig. 

S12(a), top view. Hence, copper may serve as a bridge over the 

vacancy and resume electron mobility on the graphene 

surface. Thirdly, copper may serve as a spacer between layers, 

as shown in Fig. 12(a), side view. Copper as a spacer may 

ensure electron transport between rGO layers. The possibility 

of copper patching the vacancy and acting as a spacer are 

based on the interaction of Ag nanoparticles with rGO as 

reported by Han et al.,
50

 who showed an example of Ag 

nanoparticles decorating the rGO surface and in between rGO 

layers.  

A different role of the interaction of Cu2O and CuO with 

rGO was observed. Besides Cu, Cu2O and CuO were detected in 

samples A and B. Since sample B displayed the highest 

electrical conductivity and a lower Rct value, we may assume 

less agglomeration of Cu, Cu2O, and CuO particles in this 

sample. Thus, sample B follows illustration Fig. S12(a). As 

previously shown by the SEM results, the agglomeration of Cu, 

Cu2O, and CuO particles was observed in sample A, which led 

to a decrease in electrical conductivity and an increase in Rct 

value. By adding a copper concentration of 2 and 3 wt% in the 

mixture of CuO and GO (samples C and D), the reduction 

process resulted in the formation of Cu2O and bigger particles 

of Cu and a mixture of Cu and Cu2O, as shown in Fig. S12(b). A 

similar result was observed for sample E. Increasing the 

concentration to 5 wt% led to more Cu2O formation and 

remaining CuO, which consequently increased the particle 

sizes of the Cu2O and CuO due to agglomeration, as depicted in 

Fig S12(c). Moreover, the Cu2O and CuO showed electrical 

resistivity,
44

 and thus samples A, C, D, and E displayed lower 

electrical conductivity and higher Rct values compared to 

sample B. 

Conclusions 

Samples of rGO and rGO with copper addition were 

successfully synthesized via in situ chemical exfoliation using a 

microwave-assisted method. Structural and morphological 

characterizations of the samples by ATR-FTIR, XRD, Raman, 

EDX, and SEM confirmed the formation of rGO and the 

presence of Cu, Cu2O, and/or CuO. The copper precursor 

concentration added to the mixture of CuO and GO ≤ 1 wt% 

during reduction resulted in the formation of rGO and Cu, 

which led to further reduction of rGO and formation of CuO. 

The annealing treatment (300 °C for 45 minutes) of sample B 

resulted in further improvement of the electrical conductivity 

of the rGO, yielding the highest electrical conductivity of 24.85 

S/cm. The presence of a small concentration of Cu and CuO in 

the rGO did not influence the Rct value of the rGO. However, 

the addition of copper precursor with concentration ≥ 2 wt% 

in the mixture of CuO and GO led to the formation of rGO, Cu, 

Cu2O, and/or remaining CuO. The presence of Cu2O and CuO in 

the rGO caused a decrease of the electrical conductivity and 

electrochemical properties. Furthermore, increasing the 

concentration of copper precursor caused more agglomeration 

of copper particles. Therefore, the electrical conductivity 

further decreased and the Rct values of the materials 

increased.  
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The possible explanations on how copper, CuO, or Cu2O existence influence the electrical conductivity and electrochemical properties of rGO. 
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