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A catalyst precursor with highly developed specific surface area of 10 m2/g and a pore
volume of 0.02 cm3/g is synthesized. The peculiarities of the system studied related to the
structure of the copper oxalate, crystallizing as an anhydrous salt with “zeolitic type”
bonded water, its content varying between 0 and 1, are pointed out. The thermal
decomposition is followed by investigating the magnetic properties in situ. The results are
complementary to the information obtained by DTA/TG studies. The performance of
magnetic measurements and the calculation of the magnetic moment µeff in the range from
–100 to 300◦C allow a conclusion to be drawn concerning the coordination of the Cu(II) ions
and the change in the oxidation state. In the starting oxalate, Cu(II) is in a tetrahedral-like
coordination, which is a result of the strong tetragonal deformation of the octahedral field
and of the stronger tendency of the oxalate ion to rotate around the C C bond axis. The
dehydration process does not affect the XRD results, but changes the temperature
dependence of µeff due to the change in the Cu(II) coordination. The µeff values during the
decomposition process suggest that the proportion Cu(II)-Cu(I) could be varied in the final
product by varying the temperature range. By isothermal annealing at 300◦C for 1 h, an
oxide product containing Cu(II)-Cu(I) is synthesized and characterized. The solid phase
products corresponding to the separate parts of the DTA/TG curves are: [Cu] → Cu + Cu2O
(185–300◦C), 0.5Cu2O + 2CuO (300–345◦C), 3CuO (345–400◦C).
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The sparingly soluble oxalate systems are widely used
as precursors in the synthesis of nanomaterials and
high-temperature superconductive ceramic materials,
containing CuO [1–5] due to the fact that the pre-
cipitation processes provide the possibility of control-
ling the chemical and physical properties of the fi-
nal products. It is also known that CuO alone or as
a part of mixed oxides, as well as deposited on var-
ious substrates, is used as a heterogeneous catalyst.
The application of oxalate systems in the prepara-
tion of catalysts containing CuO is of special interest
[6–11].

Copper(II) oxalate, CuC2O4·nH2O (0 < n ≤ 1),
differs from the other 3d-oxalates MC2O4·2H2O (M =
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Mn, Fe, Co, Ni, and Zn) in several aspects. While the lat-
ter contain a fixed amount of crystallization water (usu-
ally 2 mol H2O), the water content in copper oxalate
varies between 0 and 1 [12–22] and the bonding is of
“zeolitic” type [20]. The obtaining of CuC2O4·0.5H2O
is most often reported. Furthermore, copper oxalate
crystallizes in an orthorhombic syngony, space group
Pnnm (P21/c) [20], and is not isostructural with respect
to the dihydrates of Mn, Fe, Co, Ni, and Zn oxalates.
In the case of Cu(II) oxalate, a ribbon-like structure is
established [16–19] in which, according to Schmittler
[19], the copper ions complete their octahedral coordi-
nation by oxygen atoms belonging to adjacent ribbons,
while in the case of MC2O4·2H2O the octahedral coor-
dination of the 3d-cation is completed with the oxygen
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atoms from the water molecules. In copper(II) oxalate,
however, a disturbance in the octahedral surrounding
of the metal ion due to Jahn-Teller distortion can be
expected.

The processes of thermal decomposition of CuC2O4·
nH2O are extensively studied [5, 11, 21–28]. In inert
atmosphere or vacuum, copper oxalate decomposes to
the metal and carbon dioxide [22, 23, 25, 26]. This
is in accordance with the generally accepted classifi-
cations of Dollimore [29], Boldyrev [30], and Brown
[31], based on thermodynamic factors [32]. However,
some authors report a mixture Cu + Cu2O [21] or Cu
+ CuO [24].

In air atmosphere, the final product is either CuO [4,
5, 21, 25–28] or CuO0.75 [11]. Differences exist, how-
ever, in the interpretation of the reaction paths. Accord-
ing to some authors, CuO is the product of the oxidation
of copper formed during the decomposition [5, 25–28].
Other authors [4] assume that CuO is a decomposition
product, formed together with a gas mixture of carbon
oxide and dioxide, but this decomposition scheme is
typical only of the oxalates of zinc, iron, chromium, and
manganese [29–31]. In [33], the assumption is made
that the thermal decomposition of copper carboxylates,
respectively of oxalate, takes place as a stepwise reduc-
tion of the cation according to the scheme CuC2O4 −→
Cu2C2O4 −→ CuO.

It is clear that the reaction path for the preparation of
a defined oxide product is a complex process depend-
ing on both the experimental conditions (surrounding
environment, heating rate, reactant mass, type of cru-
cible) and the possibility of occurrence of secondary
processes. In this respect, the effect of the conditions
for the preparation of the precursor on its properties and
thermal stability should also be mentioned [26]. These
are factors influencing substantially the properties of
the oxide product obtained. On the other hand, it is
known that by varying the concentration of the starting
solutions and the crystallization procedure, a crystalline
precipitate with differently developed surface area can
be obtained, which defines the dispersity of the oxide
product obtained. For this reason, it is quite important
to set appropriate conditions for the precursor synthesis
and to follow its decomposition by comparing different
methods. This will elucidate the mechanism of forma-
tion of the final product and will provide a possibility
of selection of reproducible conditions for the synthesis
of an oxide product with desired properties depending
on its application.

The present research aims at the preparation of
CuC2O4·nH2O with a highly developed surface and
the elucidation of the route of its thermal decom-
position by investigating the magnetic properties in
situ, as well as the mechanism of the obtaining of
the final phase-CuO. The calculation of the mag-
netic moment enables to monitor changes in the ox-
idation state of copper(II) and its coordination in
the processes of dehydration and decomposition. To
the best of our knowledge, such an investigation of
these two processes has not been reported in the
literature.

2. Experimental
2.1. Synthesis of CuC2O4·0.5H2O and oxide

product
The CuC2O4·0.5H2O sample was obtained by sponta-
neous crystallization carried out by the simultaneous
addition of the reagents in the reaction vessel. The ini-
tial reagents were “high purity” grade CuSO4·5H2O
and K2C2O4·H2O. The concentration of the initial so-
lutions (0.2 mol/dm3) as well as the precipitation proce-
dure were established by preliminary experiments and
aim at the preparation of a precipitate with a highly de-
veloped surface area. The preparation conditions were
T = 25◦C, controlled acidity of the medium (pH =
3.0 ± 0.1) in order to prevent the cation hydrolysis,
and continuous stirring of the reaction system. The ob-
tained light blue precipitate was filtered, washed with
bidistilled water, and air-dried.

Two samples from the initial oxalate were annealed
for 1 h in air at 200 and 300◦C, then tempered in a
desiccator and weighed.

2.2. Characterization and investigation
2.2.1. X-ray diffraction analysis
The XRD analysis was carried out with a D 500
Siemens powder diffractometer using Cu Kά radia-
tion in a 2θ diffraction interval of 10–60 degrees. The
stepwise scanning was performed with a 0.02◦2θ step
and counting time of 2 s/step. The identification of the
phases was realized by means of the database JCPDS—
International Centre for Powder Diffraction Data.

2.2.2. Thermal analysis
The thermal investigations were performed on a Paulik-
Erdey MOM OD-102 derivatograph. The DTA and TG
curves were obtained in a static air atmosphere with
sample mass of 0.200 g at a heating rate of 10◦C/min
in the 25–900◦C temperature range, using a standard
corundum crucible.

2.2.3. Magnetic measurements
The specific magnetic susceptibility of the copper ox-
alate, as well as that of the resulting oxide, were stud-
ied in the temperature range from –100 to 300◦C with
a Faraday-type magnetic balance. In the course of the
in situ monitoring of the process of decomposition, the
magnetic measurement was carried out by a stepwise
increase of the temperature. At each step, the temper-
ature was kept constant for 30 min before starting the
measurements.

The determination of the mass change during the
magnetic measurements is indispensable for the cal-
culation of the effective magnetic moments µeff. The
latter were calculated on the basis of the Curie-Weiss
law, using the values of the magnetic susceptibilities.

In the case of in situ measurements, the magnetic
moments were calculated as

µeff = 2.828 [X M (T − θ )]1/2, (1)
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where XM is the molar magnetic susceptibility, µeff
is the effective magnetic moment in Bohr’s magneton
BM; θ is the Weiss constant in K ; T is the absolute
temperature in K . While the magnetic moment enables
the determination of the oxidation state of the metal, the
Weiss constant depends on the environment of the given
ion and is used to monitor changes in the character of
interaction between the metal ions [34–36].

2.2.4. Determination of the surfaces area
BET determinations were carried out by studying the
nitrogen sorption at 77.4 K.

3. Results and discussion
3.1. CuC2O4·0.5H2O precursor
Fig. 1a shows the X-ray patterns of the starting copper
oxalate. The initial sample coincides with JCPDS No
21-0297—orthorhombic structure.

Fig. 2a shows scanning electron micrographs of the
starting oxalate. It is seen that the initial phase consists
of hollow ellipsoids. The size distribution curve ob-
tained from the data of an electron microscopic study
has a maximum in the region 1.6–1.8 µm. In the de-
termination of the specific surface area, an adsorption
isotherm of the H1 type (according to the IUPAC clas-
sification [37]) is obtained. The copper oxalate sample
has a strongly developed surface of 10 m2/g, with a
pore volume of 0.02 cm3/g. This fact suggests that the
chosen method and conditions for carrying out a sponta-
neous crystallization result in the formation of a highly
dispersed precipitate.

In Fig. 3, curve 1, the temperature dependence of the
magnetic susceptibility of the oxalate is shown in the
range from −100 to 300◦C. It is seen that the oxalate
is antiferromagnetic and belongs to the systems man-
ifesting a molecular antiferromagnetism. This is also
established by other authors [12–16]. Our curve reveals
a maximum in the range from −78◦C to −50◦C, after
which the magnetic susceptibility decreases with the
rise of temperature up to 300◦C. The maximum in the

Figure 1 X-ray diffractograms: (a) initial oxalate, JCPDS 21-0297; (b)
sample annealed for 1 h at 200◦C; (c) sample annealed for 1 h at 300◦C
(x-CuO, JCPDS 48-1548; o-Cu2O, JCPDS 78-2076).

Figure 2 Scanning electron microscope observation of (a) initial copper
oxalate; (b) sample, annealed for 1 h at 300◦C.

Figure 3 Temperature dependences of the specific magnetic suscepti-
bility of CuC2O4·0.5H2O (curve 1) and of the oxide product obtained
after annealing for 1 h at 300◦C (curve 2).

magnetic susceptibility is in good agreement with liter-
ature data, taking into account that its location depends
on the sample dispersity. It is known [8] that by in-
creasing dispersity, the temperature of the maximum in
the curve of the magnetic susceptibility decreases. This
fact is well shown in [15] where two samples of cop-
per oxalate with different particle size are investigated.
The low temperature range of the maximum obtained
in the present study is another confirmation of the high
dispersity of the oxalate.
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Figure 4 DTA and TG curves of CuC2O4·0.5H2O.

The results from the DTA and TG analyses are de-
picted in Fig. 4. Based on the shape of the DTA curve,
the copper oxalate decomposition is described in the
literature [24, 29] as an autocatalytic process. The TG
curve obtained is typical of Cu, Ni, and Co oxalates,
according to the classification of the TG curves made
by Dollimore [29].

In order to interpret the trend of the curves, one
should bear in mind the following peculiarities of the
system: 1. Due to the structure and the type of the water
bonding, a fully anhydrous copper oxalate cannot be
obtained [13–19] and the X-ray pattern is unaffected
by the water content [19]. 2. From the thermodynamic
point of view, the obtaining of elementary copper is
most probable [29–32]. 3. The copper obtained is very
“active” and highly reactive, hence it will immediately
oxidize. 4. This is a stepwise oxidation through Cu2O
to CuO, the complete transformation occurring beyond
400◦C, as it has been established by annealing of a cop-
per foil in air at 5 K/min [26].

The DTA curve shows a very week and broad en-
dothermic effect of partial dehydration, starting at
40◦C. The experimental weight loss in Part I of the TG
curve is 3.25% and it is reasonable to assume oxalate
dehydration. However, the entire Part I cannot be con-
sidered as dehydration, not only because the obtaining
of anhydrous oxalate is impossible, but also because the
DTA curve reveals an exothermic process of decompo-
sition beyond 185◦C. For this reason, we assume that
the dehydration is in the range of 40 to 185◦C, where
the experimental weight loss is 2.5%, i.e., it strictly
corresponds to the obtaining of CuC2O4·0.3H2O, most
often reported as anhydrous oxalate [13–16].

Decomposition starts at 185◦C (end of Part I), and it
takes place up to 300◦C. Judging from the TG curve,
the process is quite slow in the beginning. The sample
obtained isothermally at 200◦C for 1 h shows an X-ray
pattern (Fig. 1b) identical to that of the starting mate-
rial, suggesting that a detectable decomposition has not
occurred and confirming the fact reported in [19] that
the X-ray pattern is unaffected by the water content.
The slower decomposition process in air, as compared
to the decomposition in N2 and O2 atmosphere, is es-

tablished in a study of the process kinetics [26]. This
is explained by the formation of copper nuclei, which
grow thereafter. In air, these nuclei are poisoned by the
instantaneous oxidation. This results in an increase of
the activation energy of the process in air and its re-
spective delay.

The abrupt decrease in weight (Part II) takes place in
the range of 280–300◦C and the experimental mass loss
is 57.75%. If one assumes that only Cu is formed upon
decomposition of CuC2O4·0.5H2O, the loss should
amount to 60.4%. Taking into account that copper
is partially oxidized during its formation, we assume
that the product is Cu + Cu2O(1) (calc. mass loss
57.12%).

In Part III (300–345◦C), oxidation of the “non-
oxidized” Cu to a secondary Cu2O(2), and of the primary
Cu2O(1) to CuO(1) takes place (calc. mass gain 11.57%,
exp. 11.71%). This is the part of the curve where the
intensive (but incomplete) oxidation of Cu2O to CuO
has been observed using a copper foil [26]. Parts II and
III are well distinct on the TG curve, but they result in
one DTA peak at 330◦C.

In Part IV (345–400◦C), the experimental mass gain
is 4.56%. Here, oxidation of Cu2O(2) to CuO(2) (calc.
mass gain 3.54%) takes place. In the experiment carried
out in [26], this is the second part of the oxidation of
CuO and at T > 400◦C it is the only one.

The overall decomposition process, leading to CuO
as the final product at T = 400◦C, shows an experimen-
tal loss of 50.2%, the calculated value being 50.4%.

On the basis of the measurements of the magnetic
susceptibility χ in the temperature range from –100
to 300◦C, and the TG-analysis carried out during the
magnetic measurement, the effective magnetic moment
µeff is determined. In an octahedral crystal field, the
theoretical effective magnetic moment µ◦

eff for Cu(II)
is temperature independent and depends only on the
field strength. In a medium to strong octahedral crystal
field, at a field strength of the order of 8000 cm−1,
the µ◦

eff for Cu(II) is 2.08 BM. This means that if the
Cu(II) is in the octahedral field, the experimental µeff
should keep its value and the dependence χ = f (T )
should obey the Curie-Weiss law. During the magnetic
measurements of the samples, it was established that the
Curie-Weiss law is violated and it follows that µeff is
temperature dependent in the entire range studied (–100
to 300◦C). Such a dependence has also been observed
in [12, 14, 15] in the range from –200 to 50◦C. It follows
that the coordination of the Cu(II) ions is close to the
tetrahedral or the square planar one, since under these
coordination the effective magnetic moment depends
on the temperature. The Cu(II) coordination is achieved
due to the tetragonal deformation of the octahedral field
as a result of the Jahn-Teller effect.

Fig. 5 compares the theoretical µ◦
eff value for

CuC2O4·0.5H2O, calculated at tetrahedral coordination
of Cu(II) ions with the experimental µeff, determined at
an unchanging value of the Weiss constant θ . In the de-
termination of the experimental µeff, the change in the
sample mass during the in situ measurements is taken
into account and it is presented in the same figure. Fur-
thermore, the magnetic measurements could be related
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Figure 5 Temperature dependences of the calculated magnetic moment
µ◦

eff, the experimental magnetic moment µeff and the weight loss during
in situ magnetic measurements of CuC2O4·0.5H2O.

in this way to the thermal analysis. Small differences in
the TG-curves should be expected due to the different
sample amounts and experimental procedure. The good
correlation between the curves of µ◦

eff and µeff (Fig. 5)
confirms the conclusion concerning the tetrahedral-like
symmetry of the field. The differences are observed
upon the partial dehydration in the region 40–100◦C
most probably due to changes in the coordination of the
copper(II) ions, suggesting that although the dehydra-
tion does not affect the X-ray patterns (Fig. 1b), as well
as the weight (Fig. 5), it obviously influences consider-
ably the magnetic properties. After the small plateau,
the experimental magnetic moment µeff increases quite
slightly with temperature (at almost constant weight)
and it should be noted that its trend is parallel to that of
the theoretically calculated values.

About 200◦C, similar to DTA, slow decomposition
starts. Simultaneously, the decrease of µeff takes place.
One of the reasons for this decrease could be the appear-
ance of molecular antiferromagnetism between Cu(II)–
Cu(II) ions, as also observed in the starting oxalate.
However, taking into account the results of the ther-
mal analysis, the more probable reason can be the ap-
pearance of the lower oxidation states Cu and Cu(I).
It is known that they are diamagnetic and their ef-
fective magnetic moment equals zero, which explains
the downward slope of the curve. The next similar ex-
perimental values of µeff can be explained by the al-
ready discussed oxidation of the copper nuclei formed,
a process leading to an increase of the activation en-
ergy of the decomposition process and its respective
delay. After the start of the rapid decomposition in the
magnetic balance (over 240◦C), the magnetic moment
decreases.

On the basis of the DTA, TG and magnetic mea-
surements, it can be concluded that the oxalate de-
composition in air in Parts I and II obeys the follow-
ing scheme (1), after which additional oxidation takes
place.

3CuC2O4·0.5H20 −→ 3[Cu] −→ Cu + Cu2O(1)

+ 6CO2 + 1.5H2O (1)

The separate parts (I–IV) of the TG curve can
be related to the formation of the following solid
products:

(2)

The copper(II) oxide is finally obtained and the total
weight loss after the last stage is 50.2%, the calculated
value being 50.4%

3.2. Oxide product
On the basis of the conclusions concerning the oxalate
decomposition for the synthesis of an oxide product
for catalytic purposes, the temperature of 300◦C and
the duration of 1 h were chosen. This duration aims to
avoid the product sintering, while at the chosen temper-
ature it can be expected that Cu(I) will also be present
in the sample. In some cases, the presence of Cu(I) en-
hances the catalytic activity [11, 38, 39]. In fact, the
X-ray pattern (Fig. 1c) shows a great amount of mono-
clinic CuO (JCPDS No 48-1548) and less cubic Cu2O
(JCPDS No 78-2076). The results suggest that the tem-
perature of 300◦C and duration of 1 h are conditions
sufficient for the decomposition of the oxalate, since
the X-ray pattern does not reveal oxalate traces. This is
a favorable result, taking into account that the degree of
decomposition strongly depends on temperature [26].
The results show also that traces of elementary cop-
per are not observed in the oxide product. However,
the temperature of 300◦C is insufficient for the com-
plete oxidation of Cu2O to CuO, which is achieved
at 400◦.

The oxide product obtained is studied by electron
microscopy. Fig. 2b shows that the morphology of the
initial oxalate is preserved, as well as the cavitational
structure of the ellipsoids. On the other hand, the com-
parison of the particle size with that of the initial sam-
ples shows a decrease in size. The maximum in the
size distribution is in the range 1–1.2 µm. The mea-
sured surface is 11 m2/g and the pore volume is 0.08
cm3/g. These values support the conclusion made on the
basis of electron microscopy, since the largest portion
of the pore volume is due to the volume between the
particles.

The change in the magnetic susceptibility of the ob-
tained highly disperse oxide product with temperature
is depicted in Fig. 3, curve 2. CuO, as copper oxalate,
also reveals a molecular antiferromagnetism [8]. For
this reason, the trend of the curve χ = f (T ) of the
oxide product shows a broad plateau and a slightly ex-
pressed maximum, and is typical of a molecular anti-
ferromegnet. Similar to the oxalate, here also the tran-
sition temperature strongly depends on the crystal size.
The presence of a lesser amount of the diamagnetic
Cu2O in the sample leads to a decrease in the magnetic

3885



susceptibility, as compared to that of pure CuO, and is
the reason for the slightly expressed maximum.

4. Conclusions
1. The method chosen for the synthesis of copper

oxalate leads to the obtaining of a precursor with a
highly developed surface area and a satisfactory pore
volume.

2. It is established, on the basis of magnetic measure-
ments, that in the oxalate precursor the Cu(II) ions are
in a tetrahedral-like coordination, resulting both from
the strong tetragonal deformation of the octahedral field
due to the Jahn-Teller distortion and from the stronger
tendency of the oxalate ion to rotate around the C C
bond axis.

3. The results obtained suggest the impossibility to
obtain a completely dehydrated oxalate and confirm
that the X-ray pattern does not depend on the water
content. However, a change in the magnetic properties
is established during dehydration owing to changes in
the coordination of the Cu(II) ions and in their interac-
tions with surrounding ions.

4. The DTA and TG curves obtained and their com-
parison with the values of the calculated magnetic mo-
ment suggest that the final CuO is a secondary product
of the decomposition of the copper oxalate, most prob-
ably taking place according to Scheme (1).

5. The results from the calculation of µeff during the
decomposition process show that, in addition to the high
specific surface, the proportion Cu(II)–Cu(I) can also
be varied in the final product by varying the tempera-
ture range. This is interesting from the viewpoint of the
application of the oxide product for catalytic purposes.
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