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acid amount leads to smaller crystallite sizes. This may be attributed to the increased H2(g) 

formation at increased vol.% of acid. The increased gas formation on the metallic reducer 

surface could be impeding the nucleation and precipitation process of the crystallites, 

leading to smaller crystallite sizes when compared to solutions with lesser vol.% of acid. 

 

Table 4.7. Decreasing particle and crystallite size of precipitated copper particles as a 

function of decreasing CuSO4 concentration and acetic acid volume % 
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Table 4.8 details the parametric investigations carried out on the metallic reducer, 

acetic acid and copper(II) sulfate concentration in order to optimize synthesis conditions 

to obtain the specific goals of this work. The blue sections highlight the optimum condition 

found. 

 

Table 4.8. Parametric studies of metal reducers, acetic acid and copper(II) sulfate 

concentration with highlighted optimum conditions to achieve a uniform deposition of 

nanometer-sized Cu particles on GNP with minimum impurities  

 

  
 

An overall flowchart of experimental parameters is shown in Figure 4.14, with 

optimized parameters highlighted in blue. These parametric investigations were carried out 

to determine optimal conditions for desired goals of uniform deposition of copper 

nanoparticles and low copper concentration with minimum impurities. It was determined 

that the optimal conditions to achieve this goal are 3 minutes of activation time in 1 vol.% 

of acetic acid, at a CuSO4 concentration of 0.010 M, using 0.33 moles of Mg ribbon.  
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Figure 4.14. Overall flowchart of experimental parameters. Blue color highlights the optimal conditions. 
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4.2. Preliminary Characterization of Sintered GNP-Cu Compacts  

Two GNP-Cu compacts were consolidated from the powder synthesized in order to 

determine the feasibility of obtaining a nacre like structure via spark plasma sintering (SPS) 

of GNP with uniform copper particle deposition. The conditions in which GNP-Cu 

powders were synthesized are detailed in Table 4.9. The conditions used for GNP-Cu-1 

compact were 0.10 M CuSO4, 2 vol.% acetic acid, and 0.66 moles of Mg ribbon. While the 

GNP-Cu-2 compact was synthesized with powder using the optimal conditions determined: 

0.01 M CuSO4, 1 vol.% acetic acid and 0.33 moles of Mg ribbon. 

 

Table 4.9. GNP-Cu powder synthesis conditions detailing the concentrations of Mg ribbon 

and CuSO4, surface activation length, and volume % of acetic acid used 

 

Powder for GNP-Cu-1 Powder for GNP-Cu-2 

0.66 moles of Mg ribbon 0.33 moles of Mg ribbon 

0.10 M CuSO4 0.01 M CuSO4 

3 min surface activation 3 min surface activation 

2 vol.% acetic acid  1 vol.% acetic acid 

 

Spark plasma sintering parameters are listed in Table 4.10.  The GNP-Cu-1 sample 

was sintered at the temperature of 1600 °C and pressure of 80 MPa.  Since copper’s melting 

point is 1085 °C, the high sintering temperatures and pressure used for this sample resulted 

in the vaporization of copper. This is unwanted since a slight melting of copper particles 

in order to obtain a nanometer scale metallic layer is desirable. Thus, the temperature was 

lowered for sample 2. The GNP-Cu-2 sample was sintered at the temperature of 850 °C 

and pressure of 80 MPa. Vaporization of copper was not observed at this temperature and 

pressure. 
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Table 4.10. Temperature, pressure, heating rate and hold time conditions used to sinter 

GNP-Cu compacts via Spark Plasma Sintering  

 

 GNP-Cu-1 GNP-Cu-2 

Temperature 1600 °C 850 °C 

Pressure 80 MPa 80 MPa 

Heating Rate 200 °C/min 50 °C/min 

Hold time 5 min 10 min 

 

XRD patterns of both powders and compacts show the main peaks of GNP and 

copper (Figure 4.15). For GNP-Cu-1, peaks corresponding to magnesium impurities are 

observed in both the powder (as Mg(OH)2) and subsequently the compact (as MgO). The 

higher temperatures present during sintering caused the Mg impurity to react as follows:  

Mg(OH)2 → MgO + H2O. 

XRD analysis of the GNP-Cu-2 powder and compact does not show magnesium 

impurities. This is because the optimized concentration of Mg ribbon (0.33 moles) was 

used for this synthesis.  
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Figure 4.15. XRD patterns of pre (powder) and post (compact) SPS of GNP-Cu samples.  

 

 

Density measurements of GNP-Cu-1 and GNP-Cu-2 powders and compacts are 

detailed in Table 4.14. From the true density values, the volume percentages of GNP and 

Cu in the powder and compacts were calculated and are also detailed in the same table. 

Lowering the concentration of CuSO4 used from 0.10 M to 0.01 M resulted in GNP-Cu 

powder with a higher volume % of GNP (from 86 v.% to 91.5 v.%) and lower volume % 

of copper (from 14 v.% to 9.5 v.%). To best mimic nacre, obtaining 95 vol.% GNP and 5 

vol.% Cu is desired. The porosity of the compacts was obtained via Archimedes principle. 

The percentage of GNP and Cu present in the sample was back calculated from the percent 
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density of the compact. GNP-Cu-1 compact was calculated to be 72.2 v.% GNP and 14.8 

v.% Cu. This results in a ratio of 4.9 GNP to 1 Cu. The GNP-Cu-2 compact was found to 

be 83.7 v.% GNP and 9.3 v.% Cu, which is a ratio 9 GNP to 1 Cu. Considering the ratio of 

GNP to Cu present in the compacts, the lower volume % of uniformly dispersed Cu in the 

GNP-Cu-2 compact illustrates the effect that varying the concentration of CuSO4 

ultimately has on the resulting samples. 

 

 

Table 4.11. GNP-Cu powder and compact densities and the calculated volume 

percentages of GNP and Cu 

 

  Pure GNP 

[4] 

GNP-Cu-1 GNP-Cu-2 

Powder Pycnometer 

Density 
1.82 g/cm3 2.81 g/cm3 2.52 g/cm3 

Volume % - 
86 vol.% GNP 

14 vol.% Cu 

91.50 vol.% GNP 

9.50 vol.% Cu 

Compact Pycnometer 

Density 
2.11 g/cm3 3.31 g/cm3 2.79 g/cm3 

Archimedes 

Density 
- 87% dense 93% dense 

Volume % 

(considering 

porosity) 

- 
72.20 vol.% GNP 

14.8 vol.% Cu 

83.70 vol.% GNP 

9.30 vol.% Cu 

 Ratio of GNP:Cu  4.90:1 9:1 

 

 

 

 

4.2.1. Fracture Surface of Compacts 

 Fracture surface of GNP-Cu compacts shows the plausibility of creating a nacre-

like structure via SPS of GNP-Cu powder synthesized in this work. Pure GNP powder and 

fracture surfaces of consolidated pure GNP, consolidated by Nieto et. al can be observed 
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in Figure 4.16(a,b) [4]. GNP-Cu compacts were consolidated via SPS and SEM images of 

their starting powders and fracture surfaces are shown in Figure 4.16(c-h) below. The pure 

GNP and GNP-Cu compacts show dense layered structures, with stacked GNPs uniformly 

oriented perpendicular to the SPS pressing axis [4] (Figure 4.16b). Though the fracture 

surfaces of both GNP-Cu compacts also show stacked and uniformly oriented GNP layers, 

their surfaces greatly differ.  Thick layers of copper are observed between the GNP layers 

in GNP-Cu-1 compact in Figures 4.16(d,e), while no thick metallic layers are observed in 

GNP-Cu-2 compact, Figures 4.16(g,h). GNP-Cu-1 compact was sintered at 1600 °C, which 

is above copper’s melting point of 1085 °C and at a high pressure of 80 MPa resulting in 

vaporization of Cu. The thick metallic layers observed are most likely due to melted copper 

clusters found in the GNP-Cu-1 powder as well as the higher copper concentration of this 

powder as well (Figure 4.16c). Due to the lower concentration and more effective 

dispersion techniques, copper clusters are not observed in as large of a frequency in GNP-

Cu-2 powder (Figure 4.16f). This lower amount of Cu and its even deposition throughout 

the GNP surface results in the lack of thick metallic layer in GNP-Cu-2. Furthermore, the 

lack of thick metallic layer in GNP-Cu-2 compact indicates that the copper particles were 

deposited onto GNP in a more uniform manner and not clustered, resulting in nanometer 

scale copper layers. Most importantly, the fracture surface of GNP-Cu-2 compact shows 

signs of plastic deformation attributed to the presence of these nanometer scale copper 

layers found in between the GNPs (Figure 4.16g,h). 
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Figure 4.16. SEM images of powder and fracture surfaces of consolidated (a-b) pure GNP, (c-e) GNP-Cu-1 and (f-h) GNP-Cu-2. 
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 To further understand the uniformity of Cu distribution throughout the bulk 

compact, SEM images using the back-scattered detector were obtained. In SEM Back-

Scattering Electron (BSE) mode, the signal is collected from beam collisions with the 

nuclei within the sample. Due to Cu having a larger atomic number compared to Carbon, 

it is expected that beam collision with Cu nuclei will occur more frequently, resulting in a 

“phase” contrast. Figure 4.17 (a,b) shows the fracture surface of GNP-Cu-2 as observed 

from secondary electron (SE) mode and BSE mode of SEM. Comparing both images 

allows one to see the relative Cu and C contrast, with the lighter colored areas 

corresponding to Cu and observed throughout the fracture surface of the compact. 

Elemental mapping analysis of the GNP-Cu-2 fracture surface via EDS was also 

pursued in order to further understand the dispersion of Cu in the composite. The EDS 

elemental mapping shown in Figure 4.17 (c,d) shows that Cu is uniformly observed of 

throughout the fracture surface of the compact at varying magnifications. Though the aim 

of obtaining a GNP-Cu compact that is 95 vol.% GNP and 5 vol.% Cu has still not been 

achieved, the information collected from GNP-Cu-2 compact thus far is promising. 
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Figure 4.17. SEM images of the fracture surface of consolidated GNP-Cu-2 in SE (a) and 

BSE (b) modes, as well as EDS elemental mapping (c-d). 
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CHAPTER V 

Conclusions 

 In this thesis, copper particles were successfully displaced from copper(II) sulfate 

salt solution and deposited onto the surface of Graphene Nanoplatelets (GNP). Using the 

cementation process, the copper particles precipitated were in the nanometer scale (48.3-

75.3 nm) and successfully and evenly decorated the surface of GNP. This work also studied 

parameters in order to optimize the synthesis procedures. The GNP with copper particles 

(GNP-Cu) synthesized in this study were precursor materials to make a nacre-like structure 

through consolidation via SPS. Though the aim of this work is exclusively to synthesize 

GNP-Cu powder, preliminary investigation on sintered samples was also carried out as a 

feasibility study. The overall findings of this thesis are: 

 

 Mg ribbon is the most effective form of Mg to act as a reducing agent for 

precipitating pure copper from CuSO4. 

 

 The critical concentration of Mg ribbon reducer is 0.33 moles, higher concentration 

(0.66 moles) led to Mg impurities, while 0.11 moles led to greater copper(I) oxide 

formation. 

 

 Copper particles in the nanometer scale of size 48.33 nm to 75.34 nm can be 

precipitated using cementation method varying CuSO4 solutions from 0.10 M and 

0.005 M. 
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 3 minutes is the optimal length of surface activation by acetic acid in order to obtain 

successful deposition of copper nanoparticles onto the surface of GNP. 

 

 Lower Cu2O impurity was obtained when the volume percentage of acetic acid was 

decreased from 2 v.% to 1 v.%. 

 

 Fracture surface of GNP-Cu-2 compact shows signs of mimicking a nacre-like 

structure due to stacked GNP layers with nanometer scale copper layers amidst the 

GNP.  
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CHAPTER VI 

Recommendations for Future Work 

The focus of this work was to uniformly deposit copper nanoparticles on the surface 

of Graphene Nanoplatelets (GNP) via a cementation reaction while considering parametric 

optimization. The findings of this work show that varying size of nanosized copper 

particles may be precipitated and deposited onto the surface of GNP by Mg ribbon. This 

resulting GNP-Cu powder may then be sintered to mimic a nacre-like structure. Based on 

the conclusions of this research, several recommendations for future work are made. 

Synthesis and Parametric Studies: 

 Further minimization of Cu precipitated must be done to obtain the desired volume 

percent ratio of 95 v.% GNP and 5 v.% Cu. 

 Carry out synthesis under vacuum conditions to lower copper oxide formation [41]. 

 Expand the findings of this thesis to deposit other metallic particles such as gold 

and silver onto GNP in for comparison studies. Due to the stable nature of these 

metals, it is anticipated lower oxide formation would be observed. 

 The findings of this thesis may be expanded to deposit metallic particles on other 

2D materials, such as Boron Nitride Nanoplatelets and MXenes. 

Characterization:  

 TEM analysis of GNP-Cu-2 compact should be carried out in order to best 

understand the size scale and uniformity of the copper layer amidst the GNP sheets 

that is not observed by SEM alone. 
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