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Abstract−− In this work the effect of different cop-
per precursor salts (acetate, nitrate, sulfate) on the 
physicochemical characteristics of Cu/SiO2 catalysts 
is studied. The catalysts were prepared by the cationic 
adsorption method and analyzed by several charac-
terization techniques (TGA, DSC, FTIR, XRD, AAS, 
SEM-EDS, N2-sorptometry and TPR). The results 
showed that the copper acetate precursor generated 
highly dispersed nano-sized copper oxide species on 
the silica surface, while the copper nitrate precursor 
leaded to bulk-type copper oxide strongly interacting 
with the silica, and the copper sulfate precursor did 
not decompose completely during the catalyst prepa-
ration. Besides, the acetate precursor produced the 
highest copper content, due to lower acidity of its so-
lution, which generated a higher density of negative 
charge on the silica surface and a higher affinity for 
cupric ions. In conclusion, the great influence of the 
nature of the precursor salt on the physicochemical 
characteristics of silica-supported copper catalysts is 
established. 

Keywords−− Silica-supported copper, cationic ad-
sorption method, physicochemical characteristics 

I. INTRODUCTION 
Copper-based catalysts are widely used in a variety of in-
dustrial processes and laboratory-scale studies. Copper 
can be forming a mixed solid, such as spinels, perov-
skites, etc., or it can be supported as an oxide on a support 
material that provides a large surface area and adequate 
physical structure for its application in catalytic reactors. 
Cu/SiO2 catalysts, in particular, have been studied for a 
wide variety of reactions, such as hydrogenolysis reac-
tions (Aubrecht et al., 2022; Zhu et al., 2015), oxalate 
and aldehyde hydrogenations (Huang et al., 2022; Zhang 
et al., 2012; Santori et al., 2000), alcohols dehydrogena-
tion (Wang et al., 2003; Guerreiro et al., 2000), CO oxi-
dation (Xi et al., 2014; Hossain et al., 2018), wet phenol 
oxidation (Zhong et al., 2012), among others. 

The catalytic properties of supported copper catalysts 
are strongly influenced by the synthesis variables. Sev-
eral researchers had studied the nature of the support used 
(Aubrecht et al., 2022; Hossain et al., 2018), the method 
of preparation (Aubrecht et al., 2022; Wang et al., 2003; 
Guerreiro et al., 2000), the copper loading in the catalyst 
(Zhang et al., 2012), and other parameters (Toupance et 

al., 2000; Toupance et al., 2002), demonstrating the ef-
fect on the physicochemical characteristics and catalytic 

behavior. 
This work aims to evaluate the influence of different 

copper precursor salts (acetate, nitrate, sulfate) on the 
physicochemical characteristics of silica-supported cop-
per catalysts (Cu/SiO2) when the cationic adsorption 
method is used for the preparation of the catalysts. The 
cationic adsorption method is based on the electrostatic 
interaction of Cu2+ cations with the surface charges of the 
silica support. The difference between the point of zero 
charge (PZC) of the silica and the pH of the solution con-
taining the copper ions plays a fundamental role in this 
interaction (Munnik et al, 2015). Furthermore, the solu-
tion pH is defined by the nature of the anions of the pre-
cursor salts, and in this fact lies the importance of this 
study. 

II. METHODS 
A. Synthesis of catalysts  
The silica support was obtained from a colloidal suspen-
sion of commercial SiO2 NexSil 20 Nyacol®, drying it at 
70 °C for 24 hours. Then, the solid was ground and sieved 
using a mesh ASTM No. 140 (105 micron), and calcined 
at 300 °C for 2 hours. The catalysts were synthesized by 
the cationic adsorption method. For this, 0.2 M aqueous 
solutions of three copper precursor salts were prepared: 
copper sulfate (CuSO4·5H2O, Biopack), copper nitrate 
(Cu(NO3)2·3H2O, Merck) and copper acetate 
(C4H6CuO4·H2O, Fluka). In 50 mL of each solution, 5 
grams of SiO2 were added and stirred in ultrasonic bath 
at room temperature for 30 minutes. Subsequently, the 
solid was vacuum filtered, dried in microwaves to con-
stant weight and calcined in air at 500 °C for 2 hours. 
Microwave drying is a rapid method and has been shown 
to provide a very homogeneous distribution of the active 
phase in structured catalysts (Martinez et al., 2020). The 
catalysts obtained were called Cu/SiO2-α, where α repre-
sents the precursor salts: acetate (a), nitrate (n) and sul-
fate (s).  

B. Characterization techniques 
Thermogravimetric analyzes (TGA) were performed in a 
Shimadzu TGA 51 and differential scanning calorimetry 
(DSC) in a Shimadzu DSC 60, using about 5 mg of sam-
ple, a heating speed of 10 °C/min and a 50 mL/min air-
flow. Fourier Transform Infrared spectra (FTIR) were ac-
quired with a Nicolet Protégé 460 FTIR instrument be-
tween 4000 and 250 cm-1 using KBr pellets. X-ray dif-
fractograms (XRD) were obtained with a Rigaku 
ULTIMA IV diffractometer using a copper radiation 
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source (λ=0.15418 nm) with a nickel filter, operated at 30 
kV and 20 mA in the 2θ range from 10º to 70º. The cop-
per content in the catalysts was determined by atomic ab-
sorption spectroscopy (AAS) using a Shimadzu model 
AA-6300 equipment at a wavelength of 324.8 nm, after 
acid digestion of the catalysts with HF. The catalysts 
were examined by scanning electron microscopy (SEM) 
using a LEO 1450 VP microscope coupled to a Genesis 
2000 energy dispersive spectrometer (EDS). The nitro-
gen adsorption-desorption isotherms were acquired in a 
Micromeritics Gemini V equipment after to degas the 
samples at 250 ºC; and then, the specific surface areas by 
BET method (SBET), the pore volume (Vpore) and pore 
mean size (Dpore) by BJH method were calculated. The 
temperature programmed reduction (TPR) experiments 
were performed in lab-made equipment equipped with 
temperature and mass flow controllers and a thermal con-
ductivity detector for recording the hydrogen consump-
tion. Typically, 100 mg of catalyst, a heating rate of 10 
°C/min from room temperature to 550 °C, and a 5% 
H2/N2 mixture at a flow rate of 30 mL/min were used.  

III. RESULTS AND DISCUSSION 
Firstly, thermal analyzes (TGA and DSC) of the dry sol-
ids were carried out in order to determinate the stability 
of the copper precursor salts used for the impregnation of 
the silica (Fig. 1). In all the TGA curves, a mass loss be-
low 150 °C is observed, and it is associated with an en-
dothermic event in the DSC curve, whereby can be at-
tributed to dehydration of the samples. In the case of the 
catalyst prepared from copper acetate (Fig. 1A), a second 
mass loss is observed between 275 ºC and 310 ºC, which 
corresponds to an exothermic process in the DSC curve, 
so it can be assigned to the decomposition of copper ac-
etate and release of carbon dioxide. The small mass 
losses detected at temperatures above 600 °C could be 
due to the combustion of carbonaceous remains produced 
during the decomposition of copper acetate. In Fig. 1B, 
corresponding to the catalyst prepared with copper ni-
trate, the second mass loss is observed between 230 ºC 
and 278 ºC, which could be originated by the decompo-
sition of the nitrate generating the release of the corre-
sponding oxides. Unlike what was observed with copper 
acetate, in the case of copper nitrate no evolution of heat 
is detected during its decomposition, probably due to the 
small heat of reaction that is expected for the decompo-
sition of nitrate in air. For the catalyst prepared with cop-
per sulfate (Fig. 1C), heat evolution up to 600 °C is not 
detected either. Regarding the TGA curve, a slight loss 
of mass is observed between 525 °C and 575 °C, and a 
more significant one at 610 °C. These mass losses at rel-
atively high temperatures indicate a high thermal stability 
of the copper sulfate precursor (Alexandrescu et al., 
1995). 

To complement the results of thermal analysis, FTIR 
spectroscopy measurements were made at the solids be-
fore and after calcination. Figure 2 also includes the spec-
tra of the support silica and the precursor salts as refer-
ences. Silica exhibits the typical bands of SiO2 (Zhu et 

al., 2015; Zhang et al., 2012). Likewise, all the charac- 
 

 
Figure 1: Results of TGA (solid line) and DSC (dotted line). 

teristic bands of SiO2 are detected in the copper-bearing 
catalysts, although with a slight decrease in intensity, 
probably due to the copper-silica interaction. In the spec-
tra of the uncalcined samples, absorption bands of the 
copper precursor salts are expected, and this is clearly ob-
served in the spectrum of the sample obtained with cop-
per nitrate, where the characteristic band of the nitrate 
group at 1384 cm-1 is present (Castro and Jagodzinski, 
1991). This band disappears after calcining at 500 °C, 
corroborating the decomposition detected in the TGA 
tests. In the spectra of the catalysts prepared with copper 
acetate and copper sulfate, the bands corresponding to the 
precursors are not detected. In the case of sulfate, the 
bands appear in the same region where silica exhibits 
strong Si-O-Si bond signals, so it is difficult to detect sul-
fate ion bands. In the case of acetate, the absence of sig-
nals could be due to a very low concentration of acetate 
ions on the silica surface. On the other hand, regarding 
the copper species present in the catalysts, the FTIR spec-
tra do not provide information, since no new signals at-
tributable to copper species are detected, probably due to 
overlapping with the SiO2 signals. 

In order to identify copper species, determinations by 
XRD were made. As can be seen in Fig. 3, they all show 
a broad signal centered at the value of 2θ=22°, which is 
characteristic of amorphous silica. Only in the diffracto-
gram of Cu/SiO2(n) two weak signals are detected at 2θ 
= 35.5° and 38.7° that correspond to the most intense dif-
fraction lines of CuO monoclinic. In the diffractograms  
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Figure 2: FTIR spectra of the precursor reagents, the silica 

support and the catalysts before and after calcination. 

of Cu/SiO2(a) and Cu/SiO2(s), no other lines correspond-
ing to phases containing copper are evident. This could 
be due to low concentration of copper species, to the for-
mation of particles smaller than 4 nm, or to the formation 
of an amorphous phase. 
Atomic absorption spectroscopy (AAS) analyses were 
performed to determine the copper content present in the 
catalysts. As can be seen in Table 1, the catalysts pre-
pared with nitrate and sulfate contain less than 1% w/w 
copper, while the catalyst prepared with copper acetate 
contains almost twice as much. Relating these results 
with those of XRD, it can be deduced that the absence of 
diffraction peaks in Cu/SiO2(s) could be due to the low 
copper content. In contrast, the lack of XRD signals in 
Cu/SiO2(a) would be due to the formation of an amor-
phous or nanometric copper oxide phase, probably highly 
dispersed on the silica surface. For Cu/SiO2(n), the cop-
per content is below 1% w/w, but despite this, CuO sig-
nals are detected, so it can be inferred that this oxide 
would have an average crystal size enough large to be 
detected. 

The remarkable difference in copper concentration in 
the sample prepared with acetate with respect to those 
prepared with nitrate and sulfate is explained by the dif-
ferent pH of the solutions of those precursor salts. The  
 

 
Figure 3: XRD of the catalysts. 

Table 1: Cu content determined by AAS and H2/Cu ratio from 
TPR. 

Catalyst Cu (%w/w) H2/Cu 
Cu/SiO2(a) 1.38 0.97 
Cu/SiO2(n) 0.72 1.05 
Cu/SiO2(s) 0.79 2.86 

 

0.2 M nitrate and sulfate solutions presented a pH of 3.86 
and 4.10, respectively; while the 0.2 M copper acetate so-
lution had a pH of 5.33. Bearing in mind that the cation 
adsorption method used to prepare the catalysts relies on 
the electrostatic interaction of Cu2+ cations with the sur-
face charges of the support silica, it is important to con-
sider the difference between the point of zero charge 
(PZC) of silica and the pH of the solution containing the 
copper ions (Munnik et al, 2015). In the case of silica, it 
has been reported that the value of PZC is around 2 
(Mustafa et al., 2002). Therefore, the higher the pH of the 
solution of copper salts, the greater the difference with 
the PZC of silica. Furthermore, taking into account that 
the silica surface is negatively charged at pH above PZC, 
greater density of charged surface hydroxyl groups is ex-
pected when the solution pH increases. In conclusion, the 
higher the pH of the solution of copper salts, the greater 
the electrostatic adsorption of Cu2+ ions. So, the relation-
ship between the pH of the solutions and the amount of 
copper present in the catalysts corresponds exactly to the 
preceding analysis. 

The observations by means of SEM indicate that there 
are no significant morphological changes in the silica 
support after the addition of the active phase. In Fig. 4, 
SEM images of typical catalyst particles alongside EDS 
spectrum are shown. Copper is detected in all catalysts, 
but the quantification is not reliable since the copper 
amount is close to the detection limit. A relevant result of 
microanalysis by EDS is the presence of sulfur (1.13 % 
w/w) in the Cu/SiO2(s) catalyst. 

Another interesting observation is the formation of a 
“star” shaped phase, in some of the SEM images of the 
Cu/SiO2(n) catalyst (Fig. 5). Analyzing the composition 
by EDS, an elevated copper content was determined, so 
it can be assumed that the phase is formed by the copper 
oxide taking as growth nucleus a silica particle. The large 
particle size shown by this phase would explain the ap-
pearance of the CuO diffraction lines even when the cop-
per content is lower than 1% w/w. The textural charac- 
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Figure 4: SEM image of the catalysts (above) and EDS spectra (below). 
 

 
Figure 5: SEM image of the phase formed on the Cu/SiO2(n) 

catalyst and EDS spectrum. 

teristics were analyzed from the isotherms of nitrogen ad-
sorption-desorption. In Table 2, the specific surface area 
by BET method (SBET), the pore volume (Vpore) and pore 
mean size (Dpore) are presented. As can be observed, the 
SBET of Cu/SiO2(a) and Cu/SiO2(s) are 10% and 2.5% 

lower than that of SiO2 used as support, respectively. In-
stead, the SBET of Cu/SiO2(n) shows an increase of 12%. 
This SBET increase could be due to the formation of the 
crystalline CuO on the SiO2 surface, while the SBET de-
crease is associated to surface coverage and pore block-
ing by the copper oxide species, in agreement with the 
results of pore volume and pore size, particularly for the 
Cu/SiO2(a) catalyst. 

To complete the characterization of the catalysts, 
temperature programmed reduction (TPR) measurements 
were performed. It is worth noting that this technique al-
lows to deduce the nature of the active phase and possible 
interactions between the active phase and the support. 
The reduction profiles of the catalysts show a single re-
duction peak (Fig. 6), whose maximum is located at dif-
ferent temperatures. When comparing the reduction 
curves, it is evident that the copper present in the 
Cu/SiO2(n) catalyst begins its reduction at the same tem-
perature as the bulk CuO used as reference, but the peak 
 

Table 2. Textural characteristics of the support and catalysts. 
Catalyst SBET  

(m2/g) 
Vpore 

(cm3/g) 
Dpore 

(Å) 
SiO2 122 0.23 58 
Cu/SiO2(a) 110 0.21 55 
Cu/SiO2(n) 137 0.26 59 
Cu/SiO2(s) 119 0.23 58 
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maximum is to higher temperature indicating a strong in-
teraction of copper oxide with the silica (Santori et al., 
2000). This result is in line with the bulk copper oxide 
formation detected by XRD and observed in the SEM im-
ages. In contrast, the reduction peaks of Cu/SiO2(a) and 
Cu/SiO2(s) appear at lower temperature than the refer-
ence CuO. According to reported in bibliography (Van 
Der Grift et al, 1990); the small copper oxide particles 
highly dispersed on the surface of the support silica are 
reduced at lower temperature than the bulk CuO. This in-
formation is in good agreement with the absence of dif-
fraction lines in XRD.  

Additional information from TPR can be obtained 
calculating the hydrogen consumption during the reduc-
tion of the catalysts. For this, the bulk CuO reduction 
curve was used as a calibration point. The results, ex-
pressed as moles of hydrogen per copper atom (H2/Cu), 
are presented in Table 1. It is well known that copper 
forms oxidized species in +2 oxidation state when cal-
cined in air. Therefore, according to Eq. 1  
 CuO  +  H2  →  Cu0  +  H2O, (1) 
a value of H2/Cu ratio approximately equal to 1 is ex-
pected. For the Cu/SiO2(a) and Cu/SiO2(n) catalysts this 
ratio is verified within an experimental error of ±5%, but 
for the Cu/SiO2(s) catalyst, the H2/Cu ratio is abnormally 
high. This could be due to the presence of other reducible 
species besides copper, or else, to the release of gases in-
terfering with the signal of the thermal conductivity de-
tector. To corroborate this, the Cu/SiO2(s) sample was re-
duced under the same conditions as the first time, and 
subsequently, an in situ oxidation in air flow was carried 
out to obtain the copper oxide. Once the sample was 
cooled, it was again reduced. As can be observed in Fig. 
6, the peak of the second reduction is very different from 
that of the first one. Also, the H2/Cu ratio during the sec-
ond reduction was 1.03, thereby confirming that in the 
first reduction there is a signal interference produced by 
gas release. It is worth commenting that in the TGA as-
says no appreciable mass loss was detected below 500 °C 
(calcination temperature during catalyst preparation), but 
a mass loss above 610° C was observed. It is highly likely 
that the decomposition of these species under TPR con-
ditions occurs more easily than in air atmosphere. In fact, 
during the second reduction these species are no longer 
present, and only the reduction signal of copper oxide 
species dispersed on the silica is detected. The residual 
species would be originated from the precursor salt (cop-
per sulfate), since in the EDS spectrum of the Cu/SiO2(s) 
catalyst a small amount of sulfur was detected. 

VI. CONCLUSIONS 
The joint interpretation of the results allows to deduce 
that the copper acetate precursor decomposes during cat-
alyst preparation generating nanosized copper oxide spe-
cies highly dispersed on the silica surface, whereas the 
copper nitrate precursor leads to the formation of bulk-
type copper oxide strongly interacting with the support 
silica and the copper sulfate precursor is not complete-
lydecomposed during the preparation of the catalyst. The 
highest copper content was obtained with the acetate pre- 
 

 
Figure 6: TPR curves of the catalysts and cupric oxide. For 

Cu/SiO2(s), dotted line corresponds to second reduction. 

cursor, due to lower acidity of its solution, which gener-
ates a higher negative charge density on the silica surface 
and higher affinity for the cupric ions. In general terms, 
the great influence of the nature of the precursor salt on 
the physicochemical characteristics of silica-supported 
copper catalysts prepared by the method of cationic ad-
sorption is established. Depending on the application in-
tended for these catalysts, one or another physicochemi-
cal characteristic can be achieved through appropriate se-
lection of the precursor salt, as demonstrated in this work.  
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