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Abstract: Face-centered cubic (fcc) copper nanocrystal particles (Cu NPs) were synthesized by the gaseous detonation method using 

hydrogen-oxygen mixed gases as the explosion source and copper (II) acetylacetonate as the precursor. The morphology, phase 

composition and microstructure of the as-obtained products were analyzed by XRD, TEM, SAED and EDX. Meanwhile, to predict 

the growth characteristics of the Cu NPs, the Kruis model was tentatively integrated in reaction condition of gaseous detonation. The 

results show that the as-synthesized fcc structural nanocrystalline copper with good dispersibility is coated with thinner graphite 

layer and the average size of particles is 24 nm. In addition, the growth characteristic of spherical Cu NPs is consistent with the 

obtained experimental data based on Kruis model, providing a reliable theoretical guidance for the controllable synthesis of Cu NPs. 
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As a new kind of functional nanomaterial, nanoscale metal 

crystal has recently attracted increasing attention because of 

its unique size effect, dimensionality-dependent physical and 

chemical properties. As an promising metal, Cu NPs have 

been widely applied in catalysis

[1-3]

, lubricants

[4,5]

, antibiosis

[6]

, 

biological medicine

[7]

, printing electronics

[8]

, sensors

[9]

, etc. 

Up to now, researchers have actively carried out researches on 

different preparation methods for Cu NPs. Most commonly 

used methods amongst them are chemical reduction

[10,11]

, 

microwave techniques

[12]

, thermal decomposition 

methods

[13,14]

, micro emulsion methods

[15]

, etc. In addition to 

these methods, the gaseous detonation method is a novel one 

and emerges in recent years for the synthesis of nanomaterials. 

The method is simple, fast, green and easily controlled; 

therefore, many nanoscale materials such as onion-like 

carbons

[16]

, nanotubes

[17]

, nano-diamond/alumina

[18]

, and nano- 

TiO

2

[19]

 have been successfully prepared by this method. 

However, accurately numerical simulation of nanosized grain 

growth in gaseous detonation field is still a difficult problem. 

The Kruis model is a theoretical model describing simul- 

taneous aggregation and sintering in an aerosol flow reactor 

that is very similar to the gaseous detonation field

[20]

. In our 

previous reports

[21,22]

, the model was used to predict the trend 

of the spherical particles under different reaction conditions. 

Therefore, we tentatively introduced Kruis model to simulate 

the growth characteristics of spherical Cu NPs, providing 

guidance for the crystal growth of nanoparticles. 

In this paper, the Cu NPs were successfully prepared by the 

rapid gaseous detonation using copper acetylacetonate, 

hydrogen and oxygen as raw materials. Through the 

introduction of Kruis model, the growth characteristics and 

formation mechanism of the spherical Cu NPs during the 

gaseous detonation process were mainly discussed. 

1  Experiment 

The gaseous detonation was performed in a device 

described in Ref.[23]. Before the experiment, the detonation 

tube was pumped into vacuum state and heated to 430~450 K. 
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Then, 0.005 mol copper acetylacetonate (C

10

H

14

CuO

4

, 

sublimation point 433 K, AR, Sinopharm Chemical Reagent 

Co., Ltd, China) was injected into the tube through the feed 

port and gasified. Hydrogen, oxygen and nitrogen was filled 

into tube until the pointer of the barometer reached ordinary 

pressure (mole ratio of H

2

:O

2

:N

2

 was 2:1:3.76), held for 3~5 

min and the gaseous mixture was ignited with a 40 J 

high-energy igniter. After the detonation tube was cooled to 

room temperature and the end gas was removed, the black 

product was collected from the inner tube for subsequent 

analysis. The chemical reaction is very fast and complex in 

which the maximum values of temperature, pressure and 

spread velocity were higher than 2000 °C, 3~4 MPa, and 

1100~1300 m/s, respectively. 

The X-ray diffractometer (XRD, BRUKER, D8 ADVANCE, 

λ=0.154 06 nm, 40 kV voltage, 30 mA current) was used to 

test phase composition of detonation products, operated at a 

step size of 0.02° in a range of 15°~85° with Cu Kα radiation. 

The morphology of the synthesized products was investigated 

by transmission electron microscopy (TEM, FEI, Tecnai G2 

F20, operated at 200 kV, 0.24 nm point resolution, 0.102 nm 

line resolution) and the chemical composition of products was 

analyzed by the equipped energy-dispersive X-ray 

spectrometer (EDX, 136 eV energy dispersive resolution). 

2  Kruis Model Theories 

The simple monodisperse Kruis model was employed to 

estimate particle growth by coagulation using the formulas. 

Assuming that all the aggregated particles contain the primary 

particles with the same number and equal size, the formula for 

the particle size distribution of the aggregated particles is: 

2
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where N is number fraction of the aggregates, v is volume of 

aggregates which is only affected by coagulation, β is 

monodisperse collision frequency for coagulation spanning 

over the free-molecular, transition and continuum regimes, τ is 

the characteristic sintering time, a is surface area of aggregate 

particles increased by coagulation and decreased by sintering, 

a

s

 is surface area of completely melt spherical particle, a

0

 and 

v

0

 are monomer particle surface area and volume, 

respectively

[24]

. In addition, primary particle diameter d

p

 and 

primary particle number in aggregates n

p

 are calculated as (v

p

 

is the volume of primary particles): 

p p

p

6

, 

v v

d n

a v

= =

                              (5) 

The characteristic time is given by the expression proposed 

by Friedlander et al

[25]

: 

b p

3
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where k

b

 is Boltzmann’s constant, σ is surface tension, D is 

solid state diffusion coefficient and can be represented by 

D(T)=Aexp(–Q/T). The collision radius of the primary particle 

r

c

 is defined as: 

f f
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where r

p

 is the radius of the primary particle, and D

f

 is the 

quality of the fractal coefficient. The monodisperse collision 

frequency for coagulation is thus calculated as: 
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where D

d 

is particle diffusion factor, and  
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where λ is the mean free path of gas molecules, and 

3

3 2

2

c c c

c
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where ρ

p

 is the density of primary particles. To calculate the 

Fuchs polymeric particle collision coefficient, the relationship 

between the collision radius and the volume and area of the 

polymeric particles needs to be determined. 

f

1

3

c

2

3

( )

36π

D

v a

r

a v

=

                           (11) 

Here, it is assumed that the fractal coefficient of 

coalescence of particles does not arise from sintering. 

3  Results and Discussion 

3.1  Microstructure of the as-received products  

Fig.1 shows the XRD pattern of Cu NPs with diffraction 

angles of 15°~85°. It is clear that 3 obvious diffraction peaks 

appear at 2θ=43.0°, 50.2°and 73.9°, corresponding to (111), 

(200) and (220) planes of fcc Cu, respectively. Besides the 

copper peak in the samples, there are no peaks of other 

impurities in the figure. By use of Scherrer’s formula, the 

crystalline sizes of Cu NPs were calculated from the major 

diffraction peak, approximately 25.89 nm. 

TEM analysis and EDX spectrum images of the synthesized 

Cu NPs samples are shown in Fig.2. It can be seen from 

Fig.2a that the Cu NPs are spherical or ellipsoidal shapes with 

good dispersibility. Almost all the nanoparticles range from 

8~50 nm and the average size is about 24 nm (Fig.2b). The 
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Fig.1  XRD pattern of Cu NPs 

 

HRTEM image (Fig.2c) reveals that the graphite layer tightly 

encapsulate spherical black fcc-Cu cores without obvious 

voids between the core and coating layers, and the crystal 

spacing is 0.209 nm. Fig.2d shows that a certain amount of 

amorphous carbon-coated Cu NPs form a coating layer of 

about 1 nm, and based on selected area electron diffraction 

(SAED) pattern, the characteristic spot array can be indexed to 

(111), (200), (220) and (311) of the fcc-Cu lattice structure. 

The EDX data show that the as-obtained products mainly 

consist of copper, carbon and a little oxygen, which is 

consistent with the XRD and TEM results. 

3.2  Formation mechanism analysis 

During the whole reaction process, the molar mass and 

released heat of copper acetylacetonate are very small, so when 

calculating the detonation temperature, only the exothermic of 

gas is considered. According to the first laws of thermo- 

dynamics, the thermodynamic energy of combustible gas under 

constant volume (closed system) remains unchanged before and 

after reaction. The properties of the state function are as follows: 

1 2

U U U∆ = ∆ + ∆

                             

(12)

 

1 1 1

U H n RT∆ = ∆ −

∑

                          

(13)

 

2 2 v,m

U n C T∆ = ∆

∑

                           

(14)

 

where ∆U is the thermodynamic energy increment of matter 

system, ∆U

1

 is the energy increment of constant temperature 

and constant volume reaction process, ∆U

2

 is the energy 

increment in constant volume temperature rise process. C

v,m

 is 

average constant volume specific heat. The related detonation 

reaction equation and constant volume specific heat of 

reactive material are as follows: 

2H

2

(g)+O

2

(g)+3.76N

2

(g)→2H

2

O(g)+3.76N

2

(g)+483 kJ/mol 

C

10

H

14

CuO

4

(g)→Cu(s)+10C(s)+4H

2

O(g)+3H

2

(g) 

By calculating enthalpy and specific heat, the detonation 

temperature is about 2482 K under the premise of ignoring the 

 

Table 1  Average constant volume specific heat of reactive 

material (J·K

-1

·mol

-1

) 

H

2

O(g) N

2

 H

2

 

37.66 25.1 24.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  TEM image of the Cu NPs (a), bar chart of diameters of products (b), crystal spacing of 0.209 nm of Cu NPs (c), selected area electron 

diffraction pattern of Cu NPs (d), and EDX spectrum of the obtained product (e) 

10 20 30 40 50 60 70 80 90

0

500

1000

1500

2000

2500

3000

 

 

I
n
t
e
n
s
i
t
y
/
c
p
s

 Copper

2θ/(°) 

0 10 20 30 40 50 60

0

50

100

150

200

250

300

350

 

N
u

m
b
e
r
 
o
f
 
N

P
s

Diameter/nm

d=24 nm

a 

b 

0 5 10 15 20

0

100

200

300

400

C

O

Cu

Cu

I
n
t
e
n
s
i
t
y
/
c
p
s

Energy/keV

Cu

e 

c 

0.209 nm 

d 

1 nm 



3116                         Xiang Junxiang et al. / Rare Metal Materials and Engineering, 2019, 48(10): 3113-3117 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Evolution of diameter d

p

 (a) and number n

p 

(b) of primary particles with time at different temperatures (2300~2600 K) 

 

energy loss and constant temperature-volume. 

Through the observation of the numerical analysis results in 

Fig.3a, it can be found that the growth process of the crystal 

particle is basically completed at 5 ms, and the primary 

particle diameter d

p

 increases with temperatures. Fig.3b shows 

the contrast of number of primary particles n

p

 when the 

temperature is changed. It can be apparently seen that the 

curves increase exponentially when the temperature rises. 

From the comparison of calculated and experimental results, 

the particle size from the numerical analysis almost match 

with growth characteristics of experimental data, which can 

provide a reliable theoretical basis for the nanoparticle growth 

characteristics under the gaseous detonation condition to a 

certain extent. 

4  Conclusions 

1) The spherical and near-spherical fcc-Cu NPs are 

synthesized by the gaseous detonation method with copper 

acetylacetonate as metal source and mixed gases as the 

explosive source.  

2) The nanoparticle is coated with graphite layer and the 

average size is 24 nm. The Kruis model is tentatively applied 

to simulate the characteristics of Cu NPs and the calculation 

results can fit the experimental results well. 
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