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Thermal decomposition of Cu(NO3)2·3H2O at reduced pressures
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Abstract

Thermolysis of Cu(NO3)2·3H2O is studied by means of XRD analysis in situ and mass spectral analysis of the gas phase
at P = 1/10 Pa at low heating rate. It is shown thatstage I of the dehydration (40–80◦C) results in the consecutive ap-
pearance of crystalline Cu(NO3)2·2.5H2O and Cu(NO3)·H2O. Anhydrous Cu(NO3)2 formed during further dehydration at
80–110◦C is moderately sublimed at 120–150◦C. Dehydration is accompanied by thermohydrolysis, leading to the appear-
ance of Cu2(OH)3NO3 and gaseous H2O, HNO3, NO2, and H2O. The higher pressure in the system, the larger amount of
thermohydrolysis products is observed. The formation of the crystalline intermediate CuOx(NO3)y was observed by diffraction
methods. Final product of thermolysis (CuO) is formed at 200–250◦C.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Copper nitrate; Thermal decomposition; Evolved gas analysis; Mass spectrometry

1. Introduction

Cu(NO3)2·3H2O is one of the most popular pre-
cursor components, used in the preparation of various
materials including high-temperature superconduc-
tors. The character of its thermal decomposition
depends greatly on the processing conditions, first
of all on the total pressure in the system. The most
of investigators[1–5] observed two or three stages
of Cu(NO3)2·3H2O thermolysis at atmospheric pres-
sure: melting of hydrate at 116–152◦C; formation of
�-Cu2(OH)3NO3 (199–217◦C) and its decomposition
to CuO (263–310◦C). Formation of the oxynitrate
Cu7O8−xNO3 was observed during thermolysis of
Cu(NO3)2·3H2O in oxygen[6].

Thermal decomposition of Cu(NO3)2·3H2O at
reduced pressures[7–11] occurs in the solid state.
After the primary dehydration simultaneous release
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of water and nitrogen-containing species (NO, NO2)
was observed. The last process is accompanied by
the formation of Cu2(OH)3NO3 at 167–205◦C [9]
or 3Cu(NO3)2·Cu(OH)2 (65–107◦C) [7]. The final
product of decomposition is CuO (T= 182–312◦C
[7], 247–260◦C [9]).

Anhydrous Cu(NO3)2 was not observed among
solid intermediates, though several groups reported the
appearance of Cu(NO3)2 molecules in the gas phase.
To explain this phenomenon, along with sublimation
[7], the mechanism of trapping of gaseous thermolysis
products by solid state particles because of “crystal
rearrangement” have been proposed[10]. Authors in
[9] consider the appearance of Cu-containing ions in
the mass spectrum of decomposition products as an
evidence of total evaporation of precursor substance
followed by its decomposition and solidification of
products.

In order to explain anomalously low amount of
oxygen among gaseous products of decomposition,
the formation of gaseous HNO3 is proposed[7].
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Conversely, appearance of O2
+ signal at the last stage

of decomposition is ascribed to catalytic decomposi-
tion of NO2 on the surface of CuO particles[9].

Most of the mentioned conclusions concerning
amount and composition of the intermediate products
of thermolysis at reduced pressures are based on the
results of the dynamic mass spectrometry of the gas
phase confirmed in some instances by thermogravi-
metric investigations[7,11]. Specific feature of our
approach is combination of mass spectral analysis
with careful XRD study of solid intermediates. Fol-
lowing experiments and considerations allowed us to
propose self-consistent scheme of thermal decompo-
sition of Cu(NO3)2·3H2O, based on the existence of
two different thermolysis ways at normal pressure
and in vacuum.

2. Experimental

Mass spectral investigation of gaseous products
of thermal decomposition was realized by means of
MX-1303 mass spectrometer with magnetic mass
analyzer and electron impact ionization; gas inlet
system was adapted to high-temperature thermody-
namic studies. General conditions of MS experiments
were as follows:Uion = 70 V, Uacc = 3.00 kV,
Iemis = 0.9�A. Basic features of device design and
experimental methods can be found in[12].

During decomposition experiments, platinum
Knudsen cell was loaded with 110 mg of Cu(NO3)2·
2.5H2O and heated up at 1–4 K h−1 with intermediate
isothermal steps (Fig. 1A) in order to ensure equilib-
rium composition of the gaseous products, monitored
by intensity control of several peaks, corresponding
to various H-, N-, O- and Cu-containing species. At-
tribution of peaks to various products has been made
using reference spectra of H2O, O2, NO, NO2 [13].

Phase composition of solid intermediates has been
studied by separate experiments. Four ampoules with
Cu(NO3)2·2.5H2O were heated up simultaneously at
heating rate 10 K h−1 in dynamic vacuum (P= 1 Pa).
When the temperatures 80, 100, 140 and 170◦C were
achieved, corresponding ampoules were quenched and
sealed off for further XRD study. XRD analysis has
been performed using DRON-4 diffractometer at Cu
K� radiation; hygroscopic samples of intermediate
products have been processed in dry box and pro-

tected by polystyrene film during measurement. Anal-
ysis of Cu content and oxidation degree was realized
by comparative iodometric titration. The transforma-
tion in the solid state has been also studied by in situ
XRD using high-temperature vacuum attachment to
the Guinier-de Wolf diffraction camera (Cu K�,P =
1 Pa, heating rate 1 K min−1; Ge as internal standard).

3. Results and discussion

Analysis of the gaseous products of thermal de-
composition of nitrates is complicated by appearance
of identical fragments during ionization of various
NOx-containing species. Main method of the product
identification in this case is based on the various ionic
currents intensity ratio of several basic fragments
(NO+, NO2

+, O2
+) for various NOx products. Using

this attribution method, it is clearly seen that atT <

190◦C the ratio of ionic currentsI(NO+)/I(NO2
+) is

essentially less than value of 2.70 for NO2 molecules
[13] usually considered as the main gaseous decom-
position product at these temperatures. This differ-
ence points to the presence of nitrogen-containing
molecules with a higher oxidation degree of nitrogen;
most probable of them is HNO3. To obtain refer-
ence mass spectrum of nitric acid, HNO3 has been
produced in situ, in Knudsen cell, by reaction of ther-
mal decomposition of cesium hydronitrate, prepared
according to[14]:

Cs[H(NO3)2](cr) = CsNO3(cr) + HNO3(g) (1)

Experimentally observed value ofI(NO+)/I(NO2
+)

for as-obtained HNO3 vapors was 0.25.
Using as-obtained mass spectrum of HNO3 and ref-

erence spectra of another molecules[13], qualitative
and quantitative analysis of gas phase composition can
be performed. According to this consideration, H2O,
HNO3, NO2 and O2 are the principal constituents of
the gas phase throughout almost the whole decompo-
sition process. It should be noted also that at the final
stage of decomposition (T= 192–222◦C) mean ratio
of I((NO+)/I(NO2

+) = 2.4, i.e. it is rather close to the
data for reference spectrum of NO2 [13].

Experimental observation of mass spectral lines,
corresponding to Cu(NO3)2+, Cu(NO3)+, CuO+ and
Cu+ with characteristic ratio between their intensi-
ties, shows at the appearance of Cu(NO3)2 molecules
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Fig. 1. Vacuum decomposition of Cu(NO3)2·2.5H2O in the Knudsen cell: (A) temperature vs. time plot; (B) evolved gas analysis plots for
the main gaseous products of thermolysis.

in the gas phase. This fact corresponds quite well
to the data of works[15,16]; no other Cu-containing
molecules or fragments were found in the gas phase.
Similar process, observed in[17] during decompo-
sition of Cu(NH3)4(NO3)2, shows at the outstanding
stability of free Cu(NO3)2 molecules. The experiment

was finished atT = 270◦C, when the gas release from
Knudsen cell was over. Mass losses due to effusion of
Cu(NO3)2 appeared to be less than 1.5%.

Using obtained experimental data, ionic currentsj
from moleculesi (Iij) were recalculated into corre-
sponding partial pressuresPi of gaseous products of
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reaction, released from Knudsen cell during thermol-
ysis. The following equation was used[18]:

Pi = k

σi

IiT (2)

where Pi is the partial pressure of moleculesi, k
the sensitivity factor of the mass spectrometer,σi the
total ionization cross section of a moleculei, Ii =
�Iij the total ion current produced upon ionization of
moleculesi, T the temperature. The values ofσi have
been calculated by an additive scheme usingσ values
for atoms from[18].

Presentation of as-obtained partial pressure values
for different decomposition products as a function of
processing time (Fig. 1B), and, hence, processing tem-
perature (Fig. 1A) and comparison of these data with
results of XRD analysis of intermediates allows to con-
clude that thermal decomposition of Cu(NO3)2·3H2O
in vacuum differs significantly from the corresponding
process at atmospheric pressure described in the liter-
ature. Observed decomposition process can be divided
into three distinct stages of various physico-chemical
nature.

Stage I (40–80◦C) consists of the stepwise dehy-
dration of Cu(NO3)2·3H2O:

Cu(NO3)2 · 3H2O(cr)

= Cu(NO3)3 · 2.5H2O(cr) + 0.5H2O(g) (3)

Cu(NO3)2 · 2.5H2O(cr)

= Cu(NO3)2 · H2O(cr) + 1.5H2O(g) (4)

Quantitative transformation of trihydrate into
Cu(NO3)2·2.5H2O proceeds atT ≥ 45◦C. Ac-
cording to the literature data, the amount of H2O
in commercially available hydrates usually exceeds
by 0.5 molecule the corresponding value, deter-
mined by means of monocrystal X-ray diffraction
method (Cu(NO3)2(H2O)2·0.5H2O). Apart from
Cu(NO3)2·3H2O, crystallized from usual aqueous so-
lutions, Cu(NO3)2·2.5H2O can be obtained by slow
crystallization from acid solutions of copper nitrate.
X-ray crystal structure analysis, performed in[19],
demonstrated complete identity of both hydrates. The
dehydration can be stopped at this step, while further
dehydration is accompanied by the formation of re-
cently discovered monohydrate[20,21]. The dehydra-
tion is accompanied by significant thermohydrolysis

(5); released HNO3 is partially dissociated according
to Eq. (6).

2Cu(NO3)2 · 2.5H2O(cr)

= Cu2(OH)3NO3(cr) + 2H2O(g) + 3HNO3(g) (5)

2HNO3(g) = 2NO2(g) + H2O(g) + 1
2O2(g) (6)

Further dehydration of Cu(NO3)2·H2O at 80–100◦C
results in the formation of the mixture of two poly-
morphs of anhydrous copper(II) nitrate:

Cu(NO3)2 · H2O(cr) = Cu(NO3)2(cr) + H2O(g) (7)

In compliance with[22], significant amount of amor-
phous modification of hydroxonitrate is also formed
along with �-Cu2(OH)3NO3. So, stage II can lead
to the formation of four solid intermediates:�- and
�-Cu(NO3)2, �-Cu2(OH)3NO3 and amorphous cop-
per hydroxonitrate.

Stage II of thermolysis (100–150◦C) deals with
thermal decomposition of hydroxonitrate and subli-
mation of anhydrous Cu(NO3)2. According to[22],
at 135–140◦C amorphous Cu2(OH)3NO3 crystal-
lizes into �-modification, which transforms into
�-polymorph at 140–150◦C. Intensive evolution of
H2O, NO2 and HNO3 to the gas phase atT = 143◦C
(Fig. 1B) shows at the decomposition of hydroxoni-
trate, accompanied by partial breakdown of HNO3
(see reaction (6)):

Cu2(OH)3NO3(cr) → 2CuO(cr) + HNO3(g) + H2O(g)

(8)

Observed temperature of thermal decomposition of
Cu2(OH)3NO3(cr) is found to be less than in[23]
(160–235◦C) because of the lower pressure and heat-
ing rate, applied in the present work.

Abundance of HNO3 in the gas phase through the
most part of decomposition process explains the ab-
sence of substantial ionic current of O2

+ in the mass
spectrum. It should be marked also that appearance
of HNO3 in the gas phase is confirmed at the present
work by close coincidence of experimental and theo-
retical mass spectra.

Compared to initial substance, the residue after sub-
limation is enriched by�-polymorph of Cu(NO3)2,
which corresponds quite well to the data of[21].
The polymorph transition of Cu(NO3)2 can be also
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realized quantitatively in the sealed quartz ampoule
for 24 h at 140◦C:

�-Cu(NO3)2(cr) → �-Cu(NO3)2(cr) (9)

Cautious thermolysis of Cu(NO3)2·3H2O at reduced
pressures can be used for the synthesis of anhy-
drous Cu(NO3)2. Thermal treatment of 0.5 g of
Cu(NO3)2·3H2O at P = 2–4 Pa at 80–95◦C for 2 h
followed by heating to 150◦C for 3 h resulted in
the preparation of Cu(NO3)2 condensate with the
yield of 10–15%. At the same time substitution of
Cu(NO3)2·3H2O with separately prepared according
to [21] Cu(NO3)2·H2O as precursor enhances the
yield of sublimation up to 70%. The yield is decreased
with increasing pressure and heating rate. This fact
shows at the strong competition between dehydration
itself and thermohydrolysis processes during ther-
mal decomposition; all factors increasing the partial
pressure of water vapors promote thermohydrolysis
while amount of anhydrous and volatile Cu(NO3)2
decreases simultaneously.

Detection of Cu(NO3)2 by non-diffraction methods
is also complicated by its simultaneous appearance
with Cu2(OH)3(NO3). Formation of similar mixture
can be responsible for unusual composition of interme-
diate phases, reported in several papers (for example,
3Cu(NO3)2·Cu(OH)2 in [7]), when thermogravimetric
method was applied for identification of intermediates.

In the last,stage III of the process (180–220◦C) the
character of the mass spectrum is drastically changed:
ionic current I(H2O+) drops to almost background
level, the ratioI(NO2

+)/I(NO+) fits well to the mass
spectrum of NO2, ionic currents of Cu-containing
species are disappeared along with appearance of un-
usually high ionic current of O2. The gap between
NO2 and O2 release curves at this stage (Fig. 1B)
shows at the probable formation of intermediate ox-
onitrate, which can contain Cu3+:

Cu(NO3)2(cr) → CuOx(NO3)y(cr) + NO2(g) + O2(g)

(10)

Similar process can occur also atstage II during
decomposition of Cu2(OH)3NO3. This idea was con-
firmed by the data of in situ X-ray diffraction ex-
periment (Fig. 2): appearance of the CuO diffraction
patterns at the upper part of the chart is preceded at
170–200◦C by emergence of several lines (marked

as “x” at Fig. 2), which cannot be attributed nei-
ther to known copper nitrates nor hydroxonitrates or
oxynitrate Cu7O8−xNO3.

In order to confirm the existence of this phase, sev-
eral experiments have been performed. The samples
of Cu(NO3)2·3H2O were heated in dynamic vac-
uum (1–6 Pa) from 20 to 170–190◦C using various
heating rates and masses of samples. XRD patterns
of almost all samples, along with strong lines of
Cu2(OH)3NO3, contained several new lines, belong-
ing to the “X-phase”:d = 7.82 Å (100%), 6.26 Å
(20%), 5.23 Å (20%), 3.43 Å (50%), 3.28 Å (20%).

Then the final part of the decomposition processes,
occurred at thestage III of thermolysis, can be de-
scribed as follows:

CuOx(NO3)y(cr)

→ CuO(cr) + yNO2(g) + 1
2(x + y − 1)O2(g) (11)

In [9], ionic current of O2
+ was also detected only

at the last stage of the thermal decomposition of
Cu(NO3)2·3H2O, though this fact has been attributed
to the catalytic action of copper(II) oxide on the disso-
ciation of NO2. In authors’[9] opinion, the solid prod-
uct of decomposition in this process is Cu2(OH)3NO3.
Probably, as applied decomposition rate was rather
high (60 K min−1), the stages of Cu2(OH)3NO3 and
CuOx(NO3)y decomposition were coincided.

Finally, we can conclude that thermal treatment of
copper(II) nitrate trihydrate in vacuum is accompa-
nied by drastic competition of dehydration and ther-
mohydrolysis processes, which can be schematically
presented atFig. 3. The contribution of dehydration
processes is increased as the pressure in the system is
decreased. The basic dissimilarity of vacuum dehydra-
tion from the similar process at atmospheric pressure
is not only lower temperature of realization, but also
another mechanism of the process. Main feature of this
mechanism is formation of crystalline Cu(NO3)2·H2O
and, then, Cu(NO3)2, which have not been observed by
previous authors. Another peculiarity of vacuum dehy-
dration is formation of HNO3 vaporous as one of the
main gaseous products of thermolysis. Further ther-
mal decomposition of Cu(NO3)2 is accompanied by
the formation of crystalline copper oxynitrate which
is considerably different from Cu7O8NO3, described
in [6], both by structural features and lower thermal
stability.
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Fig. 2. High-temperature XRD diffraction pattern of Cu(NO3)2·2.5H2O during vacuum dehydration: (m) Cu(NO3)2·H2O; (t) Cu2(OH)3NO3,
(�) �-Cu(NO3)2, (x) unidentified oxynitrate CuOxNO3 (“X-phase”); (c) CuO.

Fig. 3. Scheme of the thermal decomposition of Cu(NO3)2·2.5 H2O at atmospheric pressures. Solid and dashed lines indicate proven and
assumed processes respectively.
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