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ABSTRACT: Porous cubic Cu microparticles were synthe-
sized by a facile solvothermal method using Cu-
(CH3COO)2·H2O as the Cu precursor and NaOH in a
solution containing ethanol, ethylene glycol, and water. The
synthesis conditions were investigated and a growth process of
porous cubic Cu microparticles was proposed. The catalytic
properties of the porous Cu microparticles as model copper
catalysts for Rochow reaction were explored. The samples
were characterized by X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, thermogravi-
metric analysis, temperature-programmed reduction, and
nitrogen adsorption. It was found that the morphology and structure of the porous cubic Cu microparticles are highly
dependent on the reaction time and temperature as well as on the amount of reactants added. Compared to the commercial Cu
microparticles with irregular morphology and dense internal structure, porous cubic Cu microparticles show much higher
dimethyldichlorosilane selectivity and Si conversion via Rochow reaction, which are attributed to the enhanced formation of
active CuxSi phase and gas transportation in the presence of the pore system within microparticles, demonstrating the
significance of the pore structure of the copper catalysts in catalytic reactions of organosilane synthesis.
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1. INTRODUCTION
Recently, the fabrication of metals, with specific structural
features, has been of great interest because of the impact of
these features in areas of basic scientific research and potential
applications.1−4 Many porous metals such as Ag,5 Zn,6 Ni,7

Au,8 Pt,9 and Cu10 have been prepared by electrochemical
method,11 chemical etching method,12 modified polyol
method,9 and template-free route.13 These porous metals can
be used in optical adsorption,13 enhanced Raman scattering,8

biosensor,12 catalysis,9 lithium-ion batteries,14,15 and fuel
cell.7,16 Among these metals, structured metallic Cu has
attracted intense attention because of its wide applications in
electronics,17 catalysis,18 CO adsorption,19 NO adsorption,20

conduction,21,22 and optical devices.23 The synthesized Cu
structures include Cu nanowires,24 Cu nanodisks,25 cubic Cu
mesocrystals,26 sheet-like Cu dendrites,27 Cu nanorods,28

dendritic Cu nanostructures,29 Cu nanocrystals,30 and shape-
controlled Cu colloids.31 Porous hierarchical copper dendrites
were synthesized by a facile hydrothermal treatment of copper-
glycine complex in solution.10 Cao and co-workers prepared
cubic Cu mesocrystals by a solvothermal reaction.26 Hollow Cu
nano/microstructures were prepared by reduction of CuSO4

with glucose by using a mild hydrothermal process.32 These

synthesis approaches often involve electroless deposition,29

multiple deposition parameter control,33 high temperatures and
pressures and long reaction times,28 toxic reducing agents,24

large excess of reducing agents,25 and template surfactants.32

Since Rochow discovered the direct synthesis route to
produce methylchlorosilanes (MCSs) using Si to react with
chloromethane (MeCl) (named Rochow reaction) in the
1940s,34 metallic Cu35 and Cu compounds such as Cu2O,

36

CuO,37,38 Cu−Cu2O−CuO composite,39 and CuCl2
40 have

been found as active copper catalysts for this reaction. The
copper-based catalysts used always have dense structures,
irregular morphologies and micrometer sizes.41,42 Because
porous catalysts are often able to enhance catalytic perform-
ances43−45 and the presence of a large number of pores within
these micrometric copper particles could save the catalyst cost
for industry application, it is desired to develop novel porous
copper-based catalysts for MCS synthesis.
In our previous work,36,38 we found the improved catalytic

properties of the mesoporous Cu2O and flowerlike CuO
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microspheres as model copper-based catalysts for dimethyldi-
chlorosilane synthesis via the Rochow reaction. Herein, we
present a simple method to prepare porous Cu microparticles
with a cubic morphology as model copper catalysts for Rochow
reaction. The porous cubic Cu microparticles are synthesized
by a solvothermal method in ethanol, ethylene glycol, and water
systems under alkaline condition. The microstructure of the
porous Cu particles can be controlled by adjusting the synthesis
condition. Compared with the commercial dense Cu micro-
particles, these porous cubic Cu microparticles show much
higher dimethyldichlorosilane selectivity and Si conversion,
demonstrating the significance of the pores within the Cu
catalysts. Our work would be helpful for developing novel
porous copper catalysts and understanding the catalytic
mechanism. The present study also adds a new example of
porous metals and would be helpful for us to understand the
formation mechanism of other porous metals.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Materials. The porous cubic Cu microparticles

were synthesized using a solvothermal method.26 The synthesis

scheme is shown in Figure 1. To optimize the synthesis condition and
investigate the product formation mechanism, the synthesis parame-
ters such as the reaction temperature, time, and reactants amount were
varied while keeping all other experimental parameters constant (see
Table 1). In a typical synthesis (e.g., sample S3 in Table 1), 1.00 g of
copper acetate (Cu(CH3COO)2·H2O, A.R., Sinopharm Chemical
Reagent Co., Ltd., China) was dissolved in 10.0 mL of deionized
water, which was then mixed with 50.0 mL absolute alcohol
(CH3CH2OH, A.R., Sinopharm Chemical Reagent Co., Ltd., China)
and 20.0 mL ethylene glycol (EG) (C2H6O2, A.R., Sinopharm
Chemical Reagent Co., Ltd., China) to form a solution in a beaker,
followed by adding 1.40 g of sodium hydroxide (NaOH, A.R.,
Sinopharm Chemical Reagent Co., Ltd., China). After being stirred for
10 min, the solution was transferred into 100 mL of Teflon-lined
stainless-steel autoclave. The autoclave was sealed and maintained at
160 °C for 10 h, and then cooled down to room temperature. The
resulting precipitate was collected by centrifugation, washed with
distilled water and pure ethanol, and finally dried in a vacuum at 60 °C
for 8 h. Ten milliliters of deionized water, 50.0 mL of absolute alcohol,
and 20.0 mL of EG were constant for all sample synthesis.
2.2. Characterization of Materials. X-ray diffraction (XRD)

patterns were recorded on a PANalytical X’Pert PRO MPD using the
Kα radiation of Cu (λ = 1.5418 Å) and checked with the card number
of Joint Committee on Powder Diffraction Standards (JCPDS). The
crystallite size was calculated using the Debye−Scherrer equation.46,47
The microscopic feature of the samples was observed by field-emission

scanning electron microscopy (SEM) (JSM-6700F, JEOL, Tokyo,
Japan) with energy-dispersive spectroscopy (EDS) and transmission
electron microscopy (TEM) (JEM-2010F, JEOL, Tokyo, Japan).
Adsorption−desorption isotherms of N2 at 77 K were measured using
a surface area and pore size analyzer (NOVA 3200e, Quantachrome).
Prior to the measurement, the sample was degassed at 200 °C for 4 h
under vacuum. The specific surface area was determined according to
the Brunauer−Emmett−Teller (BET)48 method in the relative
pressure range of 0.05−0.2. The pore size distribution was calculated
by the Barrett−Joyner−Halenda (BJH) method using the adsorption
isotherm branch.49 Thermal gravimetric (TG) analysis was carried out
on an EXSTAR TG/DTA 6300 (Seiko Instruments, Japan) with a
heating rate of 10 °C/min in air (200 mL/min). Temperature
programmed reduction (TPR) measurements were carried out on
Automated chemisorption analyzer (ChemBET pulsar TPR/TPD,
Quantachrome). Upon loading of 0.10 g of Cu microparticles into a
quartz U-tube, the sample was degassed at 200 °C for 30 min under
helium. When the temperature dropped to 20 °C, the gas was changed
to 9.9% H2/Ar. Finally, the sample was heated from 20 to 800 °C with
10 °C/min in 9.9% H2/Ar with a gas flow of 30 mL/min.

2.3. Characterization of Catalytic Behavior. The evaluation of
the catalyst was carried out with a typical MCS lab fixed-bed reactor as
reported.37 Ten grams of Si powder (20−50 mesh, provided by
Jiangsu Hongda New Material Co., Ltd., China, the contents of

impurity are compiled in Table 2) and 1.0 g of porous Cu
microparticles together with 0.1 g of Zinc (Zn, A.R., Sinopharm
Chemical Reagent Co., Ltd., China) used as a promoter were
homogeneously ground in mortar for 10 min to form a contact mass,
which was then loaded in the glass reactor. The reactor system was
purged with purified N2 for 0.5 h followed by a heating to 325 °C
within 1 h under N2 flow rate of 25 mL/min. Subsequently, N2 was

Figure 1. Preparation scheme of porous Cu microparticles.

Table 1. Synthesis Conditions Used in the Preparation of
Porous Cu Microparticles

sample
copper acetate

(g)
sodium hydroxide

(g)
reaction T

(°C)
reaction t

(h)

S1 1.00 1.40 160 3
S2 1.00 1.40 160 6
S3 1.00 1.40 160 10
S4 1.00 1.40 160 16
S5 1.00 1.40 160 24
S6 1.00 1.40 160 48
S7 0.20 0.28 160 10
S8 0.50 0.70 160 10
S9 1.50 2.10 160 10
S10 2.00 2.80 160 10
S11 4.00 5.60 160 10
S12 1.00 1.40 120 10
S13 1.00 1.40 140 10
S14 1.00 1.40 180 10

Table 2. Contents of the Impurity within Reactant Si
Particlesa

impurities content (wt %)

Fe 0.21
Al 0.15
Ca 0.12
Mg 0.003
Cu 0.004
Pb <0.001
Ti <0.002
Mn <0.001

aData were provided by the company.
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turned off and MeCl gas with a flow rate of 25 mL/min was
introduced into the reactor to react with Si at 325 °C. After 24 h, the
reaction was stopped. The gaseous product was condensed with a
circulator bath controlled at 5 °C by a programmable thermal
circulator (GDH series, Ningbo xinzhi biological technology Co.,
LTD, China). The waste contact mass (solid residue after reaction)
containing unreacted Si powder and copper catalysts was weighed for
calculating the Si conversion. The condensed liquid phase was
analyzed with gas chromatography (GC) System (Agilent Technol-
ogies GC-7890A. Rochow reaction is expressed in formula 1 as follows

In this reaction, the product mainly consists of methyltricholorsilane
(CH3SiCl3, M1), dimethyldichlorosilane ((CH3)2SiCl2, M2), and
trimethylchlorosilane ((CH3)3SiCl, M3), which are normally ac-
counted for more than 95 wt % of the total reaction products.50 For
the calculation of the Si conversion, because the weight of Cu (and
Zn) keeps unchanged after reaction, we can know the total amount of
Si+Cu before reaction, subtracting the weight of solid residue (Si+Cu)
after reaction to get the Si conversion. Among the three silane
products, M2 is the most desired monomer, which is used to
synthesize organosilicon products in industry. Thus, for simplifying the
calculation, other trace products and the change of catalyst will be
ignored, and Mi (i = 1, 2, 3) selectivity and Si conversion can be
derived from the following formulas:

=
∑

× =
=

i S iselectivity of M ( )
mole

mole
100%( 1, 2, 3)i

i

i i
M

M

1
3

M

(2)

=
−

×

Cconversion of Si( )
weight weight

weight

100%

Si

contact mass before reaction contact mass after reaction

Si before reaction
(3)

The commercial dense Cu microparticles (Sinopharm Chemical
Reagent Co., Ltd., China) was employed for a comparison. Figure

2a shows their XRD pattern, indicating the phase-pure Cu. Figure 2b
presents their SEM image showing branch-like morphology with wide
particle size distribution of 5−40 μm.

3. RESULTS AND DISCUSSION
Figure 3a shows the XRD patterns of the porous cubic Cu
microparticles prepared (sample S3 in Table 1). The diffraction
peaks at 2θ values of 43.3, 50.5, and 74.2° correspond to the
lattice plane of (111), (200), and (220), respectively, indicating
the formation of pure Cu phase with cubic symmetry (JCPDS

No. 01−070−3039). Figure 3b shows the SEM image of the
porous Cu microparticles with a cubic morphology. Their size
is about 3−6 μm. A single Cu microparticle (Figure 3c) reveals
the presence of a large number of pores on its surface. Figure
3d shows a HRTEM image taken at the edge of a Cu
microparticle, indicating polycrystalline Cu with a spacing
distance of 0.21 nm, which corresponds to the distance of the
(111) plane of the metallic Cu cubic symmetry. Inset of Figure
3d further exhibits the cubic morphology. BET surface area of
S3 sample was measured to be 5.7 m2/g, further demonstrating
the presence of pores within the S3 sample. The effects of
synthesis conditions such as reaction time and temperature, as
well as reactant amounts added on the pore structure and
morphology of Cu microparticles were investigated and their
formation mechanism was proposed further.

3.1. Effects of Reaction Time. Figure 4a shows the XRD
patterns of the samples obtained at different reaction times. At
a short reaction time for Cu product synthesis (3 h, sample S1),
the diffraction peaks at 2θ values of 36.5, 42.2, 61.3, and 73.3°
correspond to the lattice planes of (111), (200), (220), and
(311) respectively of cubic Cu2O (JCPDS No. 03−0892), thus
it formed pure Cu2O. When the reaction time is prolonged to 6
h, besides the Cu2O diffraction peaks, some other peaks at 2θ
values of 43.3, 50.5, and 74.2° are also observed, which
correspond to the lattice planes of (111), (200), and (220) of
the cubic symmetry Cu (JCPDS No. 01−070−3039),
suggesting S2 sample is composed of a mixture of Cu2O and
Cu phases. When the synthesis time is extended to 10 h (S3),
16 h (S4), 24 h (S5), and 48 h (S6) respectively, all of the
obtained samples are pure metal Cu materials. The average
Cu2O crystal size for S1 is calculated to be about 52 nm, and
Cu crystal size is around 43 nm for S3, S4, S5 and S6 samples,
indicating the average crystal size of Cu2O is larger than that of
Cu. Figure 4b shows the SEM image of sample S1. It can be
seen that S1 possesses a cubic morphology with a microparticle
size of 4−5 μm and no pores are observed on its surface. As the

Figure 2. (a) XRD pattern and (b) SEM image of commercial Cu
microparticles (insets is its high-magnification image).

Figure 3. (a) XRD pattern, (b, c) SEM image, and (d) HRTEM image
of the porous cubic Cu microparticles, (inset is low magnification)
(sample S3 in Table 1).
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reaction time is prolonged to 6 h for S2, some pores are created
on its surface as shown in Figure 4c, but there is no obvious
change in the microparticle size. For sample S3 prepared with a
reaction time of 10 h, a large number of pores are found as
shown in Figure 4d, demonstrating the formation of porous
cubic Cu microparticles with a particle size of 3−6 μm, which
are also observed for samples S4 (Figure 4e), S5 (Figure 4f),
and S6 (not shown here). Therefore, a 10 h reaction time is
enough to obtain porous cubic Cu microparticles.
3.2. Effects of Reactant Amounts. XRD patterns of

samples S3 and S7−S11 prepared with different amounts of
copper acetate (m1) and sodium hydroxide (m2) indicate the
formation of metallic Cu with cubic symmetry (not shown
here). Figure 5a displays the SEM image of sample S7. It can be
seen that S7 comprises of both nanoparticles and micro-
particles. As the reactant amounts were increased (m1 = 0.50 g
and m2 = 0.70 g), more pores were developed (sample S8) as
shown in Figure 5b, which possesses a cubic morphology and a
microparticle size of 4−5 μm. For sample S3, which was
prepared with m1 = 1.00 g and m2 = 1.40 g, a large number of
pores are observed in Figure 5c, demonstrating the formation
of porous cubic Cu microparticles with a size of 3−6 μm. With
further increase in the reactant amounts to m1 = 1.5 g and m2 =
2.1 g, the obtained S9 sample consists of uniform and porous
octagonal Cu particles in the size range of 3−7 μm, with the
creation of numerous pores on its surface as shown in Figure
5d. Samples S10 (Figure 5e) and S11 (Figure 5f) exhibit a
similar pore structure on their surfaces. With m1 = 2.00 g and
m2 = 2.80 g (S10), it resulted in relatively uniform porous
octagonal Cu with a larger size of 7−12 μm as shown in Figure
5e, whereas with m1 = 4.00 g and m2 = 5.60 g (S11), it formed
nonuniform porous octahedral Cu with a size of 8−10 μm as
shown in Figure 5f. Overall, the product yield is higher than
95%.

3.3. Effects of Reaction Temperature. Figure 6a shows
XRD patterns of the products formed at different reaction
temperatures. When the reaction was conducted at 120 °C
(S12) and 140 °C (S13), respectively, for 10 h, four diffraction
peaks at 2θ values of 36.5, 42.2, 61.3, and 73.3° are observed,
which correspond to the (111), (200), (220), and (311) lattice
planes of pure Cu2O with cubic symmetry (JCPDS No. 03−
0892). Further increasing the reaction temperature to 160 °C
(S3), and 180 °C (S14), the peaks appear at 2θ values of 43.3,
50.5, and 74.2°, which correspond to the lattice planes of (111),
(200), and (220) of the cubic symmetry Cu (JCPDS No. 01−
070−3039), suggesting the formation of pure Cu. Figure 6b
shows the SEM image of the sample S12 obtained at 120 °C. It
is observed that S12 exhibits nonuniform cubic and octagonal
Cu2O morphology with particle size of 5−8 μm. Figure 6c
displays the SEM image of the sample obtained at 140 °C
(S13), which also exhibits a nonuniform cubic and octagonal
Cu2O morphology with a size of 6−9 μm. The high-
magnification images b and c in Figure 6 show that the
obtained Cu2O surface is nonporous. Further increasing the
reaction temperature to 160 °C (S3) results in the formation of
porous cubic Cu with relatively uniform morphology as shown
in Figure 6d, of which particle size is about 3−6 μm. At 180 °C,
sample S14 formed nonuniform porous Cu with a size of about
3−7 μm (Figure 6e). However, high-magnification images d
and e in Figure 6 prove the formation of porous Cu
microparticles. As comparison, SEM image of the commercial
irregular Cu particles is also presented in Figure 6f and it
exhibits nonporous branchlike morphology with wide particle
size distribution of 5−40 μm.

3.4. Proposed Formation Mechanism. The possible
chemical reactions occurred in the system are expressed in

Figure 4. (a) XRD patterns and SEM images of products obtained at
different reaction times: (b) 3 h (S1), (c) 6 h (S2), (d) 10 h (S3), (e)
16 h (S4), and (f) 24 h (S5).

Figure 5. SEM images of porous Cu obtained with different amounts
of copper acetate and sodium hydroxide: (a) 0.20 and 0.28 g (S7), (b)
0.50 and 0.70 g (S8), (c) 1.00 and 1.40 g (S3), (d) 1.50 and 2.10 g
(S9), (e) 2.00 and 2.80 g (S10), and (f) 4.00 and 5.60 g (S11) (insets
are high-magnification images of the each sample surface).
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equations 1−5. In EG solution, after adding copper precursor, it
was observed that the color of the solution was changed from
blue to green, suggesting Cu2+ ions interact with EG molecules
to form a relatively stable [Cu(II)EG]2+ complex (eq 1).51

Then, in the presence of water, the complex could convert into
Cu(OH)2 precipitate because the stability constant of the
complex is smaller than that of Cu(OH)2 at a high temperature
(eq 2).52 During the reaction, the acetaldehyde molecules
formed by the dehydration of EG in the presence of NaOH (eq
3)53 reduce the Cu(OH)2 precipitates to Cu2O particles at a
relatively high temperature and the autogenerated vapor
pressure in closed system (eq 4),52 which assemble to cubic
Cu2O microparticles. The as-formed unstable Cu2O particles
were further reduced by acetaldehyde molecules to create
porous Cu microparticles (eq 5).51 Figure 7a−c show the

evolution of cubic Cu2O (S1) to cubic Cu2O−Cu composite
(S2) and eventually porous cubic Cu (S3), which are confirmed
by the XRD analysis (Figure 4a). The EDS analysis of S2 (not
shown here) demonstrates that the product was made of Cu
and O only with an atomic ratio of approximate 3:1, also
proving that the product is Cu2O−Cu composite. As the
particle surface of Figure 7b is of porous structure, which is
similar to that of Figure 7c (porous Cu), the surface
component should be Cu, whereas the core should be Cu2O.
This is reasonable as the outer surface species will first contact
with reductant molecules. On the basis of the above
observation, the formation process of the porous cubic Cu is
proposed as depicted in Figure 7d, which is a well-assisted two-
stage growth model. At the first stage, the copper acetate and
sodium hydroxide were reduced by acetaldehyde to form Cu2O
nanoparticles, followed by the self-assembly of Cu2O nano-
particles to form dense cubic Cu2O at an appropriate
temperature. At the second stage, the initially formed dense
cubic Cu2O were further gradually reduced by acetaldehyde
layer by layer to form Cu surface/Cu2O core until pure porous
cubic Cu was formed. EG in this process not only acted as a
solvent and reducing agent but also as a structure-directing
agent for the formation of porous structure.54

3.5. Catalyst Evaluation. Figure 8a presents the TG curves
of porous Cu (S3, S9, and S10) and commercial Cu particles in
air. The oxidation of porous Cu occurred at about 150 °C and
completed at about 500 °C. In contrast, the oxidation for
commercial Cu occurred at higher temperature range of 200−
700 °C. The complete oxidation temperature of porous Cu was
found to be 200 °C lower than that of commercial Cu,
suggesting that porous Cu was much more facile to be oxidized
than the commercial Cu in air due to the presence of porous
structure. The weight of S3, S9, S10 and commercial Cu
particles increases to about 124%, slightly less than theoretical
value (125%), suggesting the presence of trace oxygen species
on the surface of S3, S9, S10 and commercial Cu. Figure 8b
shows the H2-TPR curves of porous Cu (S3, S9, and S10) and
commercial Cu, as well as Cu2O (S1) as reference. It is seen
that a large H2 consumption peak for Cu2O (S1) is located at
about 370 °C, whereas a very weak peak appears at about 280−
400 °C for prepared Cu samples (S3, S9, and S10) and
commercial Cu (inset of Figure 8b). The calculated amount of
H2 consumption for all Cu samples is about 1% of that of Cu2O
(S1), suggesting the presence of predominant metallic Cu for
porous Cu samples (S3, S9, and S10) with trace oxygen species
on their surface because their high surface area,55 which is
further confirmed by X-ray photoelectron spectroscopy analysis
(not shown here).
Table 3 shows the catalytic performance of porous Cu (S3,

S9, and S10) and commercial Cu as copper catalysts for
Rochow reaction. It can be seen that porous Cu products
exhibit higher Si conversions of 32.8% (S3), 31.5% (S9), and
33.5% (S10) at 325 °C, than that of the commercial Cu (15.0%
at 325 °C). More importantly, the porous cubic Cu catalyst
shows a higher M2 selectivity of 68.3% (S3), 67.5% (S9), and
67.3% (S10) at 325 °C, compared with that of the commercial
Cu particles (55.0% at 325 °C). As M2 is the most valuable
precursor in organosilane industry, the results demonstrate that
the synthesized porous Cu exhibits much better catalytic
activity for M2 synthesis and higher Si conversion. The porous
Cu samples S3, S9, and S10 with a similar pore structure (their
surface area is 5.7, 5.3, and 4.9 m2/g, respectively) and particle
size but different morphologies show a similar catalyst

Figure 6. (a) XRD patterns of different products formed at different
reaction temperature, SEM images of Cu obtained at (b) 120 °C
(S12), (c) 140 °C (S13), (d) 160 °C (S3), (e) 180 °C (S14), and (f)
commercial Cu.
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performance, implying the less influence of porous Cu
morphology on the catalytic property.
Panels A and B in Figure 9 display XRD patterns of the

contact mass before and after reaction, which was the solid
mixture of the reactant Si, the catalyst Cu, and Zn as promoter.
Prior to the reaction, all contact masses (Cu+Si) exhibit similar
XRD patterns as shown in Figure 9A. After the reaction, Cu
and Si species were detected in the spent contact masses as
shown in Figure 9B. An enlarged view in the range of 40−50°
(Figure 9C) shows the presence of Cu3Si and Cu6.69Si species,
suggesting the formation of alloyed CuxSi active components
for all the synthesized samples. In Rochow reaction, Cu3Si is
normally suggested as the key catalytic active species,56 on
which M2 is produced.57 Cu3Si formed between copper catalyst
and Si interface58 is an indicator of the Cu catalyst activity.59

When copper and silicon are brought together at elevated
temperatures, Cu3Si (eta phase) is formed.60 It has been
reported that MCSs can be produced from MeCl monolayers
that were generated on Cu3Si surfaces containing excess

silicon.59 The amount of Cu3Si can substantially affect the Si
conversion and M2 selectivity.37 Although the intensity of Cu
peaks for all the reacted contact masses are very similar, a much
higher intensity of CuxSi is observed for the porous Cu than the
commercial Cu, suggesting that the porous Cu is more active in
generating CuxSi than the commercial Cu. The direct synthesis
is considered as a kinetically determined reaction, driven by the
choice of a catalyst and by the addition of certain promoters to
an optimum between reactivity (reaction rate) and selectivity
(yield) with respect to the desired main product M2. The pore
structure within Cu particles could result in more contact areas
between Si and Cu interface enhancing the formation of more
CuxSi species and kinetically favor MeCl gas transportation for
fast reaction, both of which could lead to the relatively high M2

Figure 7. SEM images of samples obtained at (a) 3 h (S1), (b) 6 h (S2), (c) 10 h (S3), and (d) illustration of the possible formation process of
porous cubic Cu.

Figure 8. (a) TG curves of porous Cu samples (S3, S9, and S10) and
commercial Cu in air, (b) H2-TPR curves of Cu2O (S1) and porous
Cu samples (S3, S9, and S10), as well as commercial Cu.

Table 3. Catalytic Performance of Porous Cu Microparticles
for Rochow Reaction

samples SM1 (%) SM2 (%) SM3 (%) CSi (%)

S3 30.2 68.3 1.5 32.8
S9 31.1 67.5 1.4 31.5
S10 31.2 67.3 1.5 33.5
commercial Cu 48.2 55.0 1.8 15.0

Figure 9. XRD patterns of contact masses (porous Cu and commercial
Cu mixed with silicon) (A) before and (B) after reaction, and enlarged
view of (B) in the range of 40−50° (C) (a, S3+Si; b, S9+Si; c, S10+Si;
and d, commercial Cu+Si).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3002605 | ACS Appl. Mater. Interfaces 2012, 4, 1295−13021300



selectively and Si conversion compared to the nonporous Cu
particles. We also found the shorter induction period for porous
Cu particles compared to nonporous particles. More
investigation is indeed demanded considering other factors.
Despite porous Cu microparticles synthesized in this work

show a higher M2 selectivity and Si conversion than
commercial dense Cu microparticles, it should be mentioned
that their catalytic performance is much lower than that of
commercial copper catalysts, e.g., Cu−Cu2O−CuO.

61 This is
because the commercial copper catalysts contains multiple
copper components such as Cu, Cu2O, and CuO, together with
other promoters such as Sn and P,62 which could increase the Si
conversion and M2 selectivity. Our intension in this work is to
only explore the pore effect of copper catalysts on catalytic
property for Rochow reaction. Along this way, many nano-
structured copper catalysts would be developed.

4. CONCLUSIONS

In conclusion, we have demonstrated a facile solvothermal
method to prepare porous cubic Cu with a size in the range of
3−6 μm, depending on the synthesis conditions such as
reaction time, temperature, and the reactant amounts.
Compared with the commercial dense Cu microparticles,
porous cubic Cu microparticles show better oxidability, much
higher M2 selectivity, and Si conversion in Rochow reaction.
This is due to the presence of porous structure that enhances
the gas transportation and leads to the more Cu−Si contact
area, thus forming much more active CuxSi. The work adds a
new example of porous metal and would be helpful in
developing novel porous copper catalysts and understanding
the Rochow catalytic reaction mechanism.
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