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Abstract. There has been renewed interest in copper nitride (Cu3N). New chemical methods have been developed to synthesize this compound
in the last ten years. Although these approaches are based on the precipitation reaction exploiting different nitriding agents, an interesting
issue is still the applicability of the gas (NH3) – solid ammonolysis process towards various precursors and the analysis of the course of this
reaction. The nitridation processes of the copper(II) nitrate and the subsequent formation of copper oxide-copper nitride were analyzed in this
study. The mentioned phase transformations were monitored in situ by infrared spectroscopy. Moreover, X-ray powder diffraction (XRD) and
scanning electron microscopy (SEM) were employed for morphology and phase composition analysis. The results indicate that Cu(NO3)2
can serve as an effective direct Cu3N precursor. This ammonolysis reaction proceeded through the formation of copper oxides. Additionally,
ammonolysis-oxidation tests between CuO and Cu3N indicate the full reversibility of these processes.
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1. INTRODUCTION

Copper nitride (Cu3N) is a metastable semiconductor that has
been the subject of intensive research in recent years due to
its unique properties and potential applications across various
technological fields [1–3]. Its non-toxic nature and the ability
to be synthesized using environmentally friendly methods are
noteworthy [1, 2]. Its exceptional electrical and optical prop-
erties make it suitable for applications in photovoltaics [4–6],
optical storage [7], spintronic systems [8], or as an electrode
material for batteries [9,10]. Recently, Cu3N has also been stud-
ied for various electrocatalysis applications, including electro-
chemical CO2 reduction reaction (CO2RR) [11–13]. For many
years, Cu3N thin layers fabricated by physical deposition meth-
ods, such as reactive radio-frequency (RF) magnetron sputter-
ing [14] and pulsed laser deposition (PLD) [3, 15], have been
the main research area concerning this semiconductor. How-
ever, the first synthesis of copper nitride was conducted us-
ing chemical methods. The powders of Cu3N were synthe-
sized by Juza and Hahn [16] in 1938 by thermal treatment
of a copper(II) fluoride precursor under gaseous ammonia. In
further studies, new chemical methods were developed, based
mainly on sources other than NH3(𝑔) nitridation. In 1990, Zach-
wieja and Jacobs proposed the pathway realized via the di-
rect thermal decomposition of [Cu(NH3)x]NO3 salt [17]. Choi
and Gillan synthesized nanocrystalline Cu3N from an unsta-
ble copper azide in a non-aqueous solvothermal reaction [18].
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In the following years, most reported approaches to Cu3N
nanocrystal chemical synthesis were based on Cu(NO3)2 de-
composition in a solution containing long-chain amines act-
ing simultaneously as solvents, capping agents, and nitrogen
sources [19, 20]. Other alternative nitrogen sources were also
reported [21–23]. However, publications presenting a “classi-
cal” nitridation source – gaseous ammonia – have also appeared
in recent years [24–28]. These include our studies where we
used copper(II) oxide or hydroxide as precursors, heated in an
ammonia atmosphere. The presented results extend our pre-
vious work on copper nitride fabrication [2, 24–27] and in-
tend to demonstrate that the “classical” nitridation method is
still worth studying as an effective solution for obtaining di-
verse morphological powders and nanostructures. We present
research on the ammonolysis monitored using in situ infrared
spectroscopy, X-ray powder diffraction (XRD), and scanning
electron microscopy (SEM). We chose the reaction of ammo-
nia gas with copper(II) nitrate as a precursor, which was not
previously studied in detail in the gas-solid synthesis of un-
supported Cu3N. We believe that using this salt could be a
convenient alternative in some circumstances. This soluble salt
can be easily deposited by impregnation on a specific, porous
base material, and then directly heated under ammonia, result-
ing in copper nitride loaded onto the chosen support. Moreover,
we present studies on the subsequent transformation of copper
nitride – copper(II) oxide crystal phases, focusing on possi-
ble changes in the crystallinity, size, and powder morphology
induced by heating processes in an ammonia and air atmo-
sphere.
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2. MATERIALS AND METHODS

2.1. Chemicals and Cu(NO3)2·3H2O/Si material fabrication

Cu(NO3)2 · 3H2O and Gaseous NH3 (POCh, Poland) were of
analytical grade (99.999%) and used as purchased. Copper salt
was embedded on a dry and cleaned (hot 2-propanol rinsing) Si
wafer (20 µm thick) via the dip-coating method (2 mm/min).

2.2. Methods

The processes were performed in custom-designed equipment
that allows the sample to be placed and thermally treated
at a given temperature in a selected gas atmosphere or in a
vacuum, while simultaneously monitoring chemical changes
for 60 minutes, using infrared spectroscopy in transmittance
mode [29–33]. Experiments were performed up to 320◦C un-
der different atmospheres and pressures: vacuum (𝑝 = 10−3

Torr), ammonia NH3 (𝑝 = 10 Torr and 𝑝 = 300 Torr), and
air (𝑝 = 760 Torr). The target annealing temperature of 320◦C
was selected for both types of experiments following the litera-
ture [24–27].

The IR spectra were collected in situ using a Mattson-Genesis
II spectrometer. Measurements were performed of the heteroge-
neous reactions of material films loaded on Si(100) and exposed
to an NH3, oxygen atmosphere, or vacuum. Note that the spectra
were collected in the transmission mode, and the spectrum of
a particular gaseous phase was the background. To remove any
SiO2 traces from the Si(100) surface, the wafers were immersed
in the HF bath (2 h at 25◦C) and washed in deionized water
several times in an ultrasonics bath (1 h). The copper(II) ni-
trate sample was applied to separate plates for the ammonolysis
reactions conducted under different conditions (vacuum or am-
monia gas atmosphere). In experiments concerning reversible
oxide-nitride transformations, the tests were set to use the same
sample in successive heating cycles. Sections 3.1–3.3 contain
further descriptions and explanations.

The powdered products were identified by X-ray diffrac-
tion (XRD) using an X’Pert Pro 𝜃 − 2𝜃 diffractometer (PAN-
alytical) with CuK𝛼 radiation. Scanning electron microscopy
(SEM) studies were performed with a Quanta 3D FEG (FEI)
(EHT = 30 kV) instrument. Open-source software ImageJ was
applied for SEM image analysis.

3. RESULTS

3.1. Heating of copper(II) nitrate under vacuum

The first experiment was conducted under a vacuum. Copper(II)
nitrate was dripped onto the substrate, dried, and mounted under
the equipment, ensuring the selected atmosphere, temperature,
and the possibility of in situ recording of the IR spectrum. The
results are presented in Fig. 1. The spectra registered between
25 and 150◦C indicate that the dehydration process of copper
salt took place in this range. The broad peak with a maximum
of ca. 3330 cm−1 was initially observed at room temperature.
Copper(II) nitrate is hygroscopic, and this band can be related
to the presence of the hydrated form of this compound. As the
temperature increases, the intensity of this band decreases. At

100◦C, the emergence of a band at approximately 3550 cm−1

can be noticed. According to the literature, it can be assumed
that basic copper nitrate Cu2 (NO3) (OH)3 is formed at this tem-
perature [34–36]. Above 200◦C, all bands derived from nitrate
nearly disappeared, whereas bands derived from copper(II) ox-
ide emerged (Fig. 1e–h). The formation of CuO in low-pressure
conditions has also been reported by other authors [36, 37].

Fig. 1. IR spectra of Cu(NO3)2 treated under vacuum at (a) 25◦C,
(b) 50◦C, (c) 100◦C, (d) 150◦C, (e) 200◦C, (f) 250◦C, (g) 300◦C,

(h) 320◦C

3.2. Ammonolysis reactions of copper(II) nitrate

The ammonolysis process of copper(II) nitrate monitored by
infrared spectroscopy was conducted at two ammonia levels,
as shown in Fig. 2. In the first case, the copper precursor was
heated under a 10 Torr pressure of gaseous ammonia (Fig. 2A),
whereas in the second stage, the pressure of ammonia introduced
into the system was increased to 300 Torr (Fig. 2B). Before start-
ing the heating, the air was evacuated, and the gaseous NH3 was
introduced into the vessel with the deposited copper(II) salt.
At this point, the IR spectra showed peaks at 1420, ∼ 1340,
and 1040 cm−1, which can be assigned to the normal modes of

Fig. 2. IR spectra of Cu(NO3)2 treated under: (A) 10 Torr NH3 at
(a) 25◦C, (b) 50◦C, (c) 100◦C, (d) 150◦C, (e) 200◦C, (f) 250◦C,
(g) 300◦C, (h) 320◦C; (B) 300 Torr NH3 at (a) 25◦C, (b) 50◦C,

(c) 100◦C, (d) 150◦C, (e) 200◦C, (f) 250◦C, (g) 300◦C, (h) 320◦C
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asymmetric stretching (𝜈3) and stretching (𝜈1) of nitrate ions
in the tetraamminecopper(II) complex, respectively [35, 38].
A rise in temperature under an ammonia atmosphere to 150◦C
(Figs. 2A(d) and B(d)) results in significant changes in the inten-
sity of the above-mentioned peaks. However, vibrations derived
from nitrate nearly disappeared in the case of a spectrum for
a 300 Torr pressure of NH3. For a 10 Torr ammonia pressure,
such an effect is visible at 200◦C. The disappearance of the
bands above 700 cm−1 correlates with the formation of intensive
signals between 400–600 cm−1, which can be associated with
frequencies characteristic of copper(II) oxide [39,40]. However,
according to the literature, the coexistence of CuO and Cu2O
phases can also be assumed [41–43]. In the case of a sample
heated under a 10 Torr pressure of ammonia, a strong absorp-
tion band above 600 cm−1 appeared at the highest temperatures
(Fig. 2A(g–h)). This feature may indicate copper(I) nitride and
copper(I) oxide phase mixture after annealing [44,45]. The pro-
cess is more effective for experiments conducted with a 300 Torr
pressure of ammonia (Fig. 2B), and the final sharp peak after
heating the sample at 320◦C for 60 minutes can be ascribed to
the vibration of Cu-N [46].

The conditions mentioned were applied for the tests presented
in the next paragraph and were selected since they enable the
effective conversion of the Cu-O bond into the Cu-N bond.

3.3. Copper oxide – copper nitride transformation

This paragraph concerns the subsequent conversion between
copper(II) oxide – copper nitride phases. The experiments were
conducted based on our previous studies [24, 25, 27]. We no-
ticed that heating in gaseous ammonia induces subtle changes
in the crystallites of the annealed powders/nanostructures. For
this reason, we analyze how heating affects the morphology dur-
ing copper(II) oxide transition to copper nitride and vice versa,
as this knowledge may be useful when employing Cu3N as a re-
versible sensor or catalyst, given that the nitride oxidizes to cop-
per(II) oxide under ambient conditions. The powders obtained

under a 300 Torr pressure of ammonia and by heating under air
at 320◦C were analyzed by XRD and SEM. Powder X-ray and
IR spectroscopy analysis clearly showed only copper nitride and
copper(II) formation (Figs. 3A, 3B). The crystallite size and mi-
crostrain were calculated from the X-ray diffraction (XRD) data
obtained for the four samples. The changes in the successive
stages of the transformation are shown in Fig. 4. The calcula-
tions were performed using the Scherrer formula for the crystal-
lite size and the theoretical formula for microstrain based on the
full width at half maximum (FWHM) and the integral breadth
(IB) methods for two peaks from each diffractogram [47]. The
selection of individual peaks was governed by their intensity and
matching with copper oxide and copper nitride reference pat-
terns. The size of the copper oxide (CuO_1) crystallites ranges
from 13.72 to 17.85 nm for the FWHM method and from 12.34
to 15.82 nm for the IB method. After annealing in ammonia and
then in air, these values did not change significantly for CuO_2.
A similar trend is apparent for the lattice strain values. However,
changes occur in the case of copper nitride. For Cu3N_1, the
crystallite size varies between 14.42 and 21.12 nm and 12.81
and 18.78 nm for the FWHM and IB methods, respectively. As
a result of annealing in the obtained Cu3N_2, the crystallite size
decreased to 13.80–17.07 nm for FWHM and 12.44–15.79 nm
for IB. Microstrains exhibit the opposite trend, showing a signif-
icant increase in strain. Comparing the crystallite size and mi-
crostrain values determined by the two methods of FWHM and
IB, it was noted that the crystallite size calculated for FWHM
is larger than that determined by the IB method. Strains dis-
play the opposite trend. The changes presented in Fig. 4 may
arise from various factors, including cooling/heating rate, an-
nealing temperature, and time, and making their origin difficult
to interpret unequivocally [48, 49]. Studies describe the effect
of air annealing, showing that the size of crystallites heated in
air increases with temperature. Simultaneously, the decrease in
microstrain values is observed [50–52]. The increase of crys-
tallite size is also noticed for the ammonolysis process [53,54].
Most studies focus on the influence of temperature under both

(A) (B)

Fig. 3. (A) FTIR spectra of cycles showing the CuO to Cu3N reversibility. The same sample was treated under air to oxidize to CuO and under
NH3 to form Cu3N at 320◦C; (B) XRD patterns of samples heated under air and gaseous ammonia. (The peak at 33◦C is due to Si 200 forbidden

reflection of Si(100) substrate)

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 2, p. e157564, 2026 3



R. Szczęsny, K. Bogdańska, and M. Wiśniewski

Fig. 4. Changes in (A) crystallite size; (B) microstrains for four samples in the copper oxide (brown) – copper nitride (green) transformation
calculated using the full width at half maximum (rhombuses) and the integral breadth (circles) methods. Two peaks for each crystal phase were
analyzed: 35 (dark brown) and 38◦ (light brown) for CuO and 23 (dark green) and 40◦ (light green) for Cu3N. The lack of data for the fifth sample

– CuO_1 is due to its destruction before measurement

atmospheric conditions, making it difficult to find experiments
analogous to ours. Nevertheless, the air or ammonia atmosphere
surrounding the heated powder is a key factor affecting crys-
tallite size and microstrain [55–57]. SEM analysis, shown in
Fig. 5, was used to investigate the morphology of all samples.
The resulting magnifications for copper(II) oxides were 200k×
and 500k×, whereas for copper nitrides, only 500k×was ob-
tained. It was observed that in both cases, the materials form
separate irregular clusters of nanocrystals. For both CuO mag-
nifications, it is possible to see grains that take the form of
spherical agglomerates upon annealing. In the case of Cu3N,
flat-surfaced grains can be seen, on which scales appear after
annealing. The detailed analysis of the size and morphology
of the synthesized powders clearly indicates the formation of
distinct, sharp-edged grains during successive heat treatments.
Initial CuO powder consists of elongated grains with an aver-

age length of 80 nm and a width of 40 nm, forming clusters
of several hundred nanometers (Figs. 5A, 5F). The first conver-
sion to copper nitride resulted in undefined shapes, appearing as
fairly flat clusters of 150–300 nm in size (Fig. 5B). The second
thermal transformation conducted in an air atmosphere led to
further morphological changes. In this case, measurable 30 nm
crystallites grouped into clusters with a width of ca. 100 nm and
a length of ca. 200 nm were visible in SEM images (Figs. 5C,
5G). After the second heating of the powder under an ammonia
atmosphere, the nitride powder appears more morphologically
defined than Cu3N_1. The clusters visible in Fig. 5D are com-
posed of grains. A rough estimate indicates that these grains are
less than 50 nm in size. The next transformation led to the fabri-
cation of copper(II) oxide powder with relatively well-separated
grains with visible individual walls. The grain size was about
50 nm (Figs. 5E, 5H). The CuO_3 SEM images appear with

Fig. 5. SEM (SE mode) images of samples heated in air and ammonia. Each column represents samples from left: CuO_1 (images A and F),
Cu3N_1 (image B), CuO_2 (images C and G), Cu3N_2 (image D) and CuO_3 (images E and H). Images from the top row were obtained at

200k× magnification and from the bottom at 500k×. The lack of high-magnification images for nitrides is due to their poor quality
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well-defined edges and shapes, suggesting higher crystallinity,
while the more rounded morphology of CuO_1 may be due to its
more amorphous nature. A similar tendency was observed for ni-
tride powders. The explanation for this phenomenon, apart from
the increase in crystallinity, may also be the gradual removal of
possible amorphous impurities by successive heat treatments.

4. DISCUSSION AND CONCLUSIONS
The present study demonstrates the applicability of using cop-
per(II) nitrate as a precursor for the fabrication of copper nitride
powders via a gas–solid ammonolysis process. This transforma-
tion pathway was thoroughly investigated using in situ infrared
spectroscopy, X-ray powder diffraction, and scanning electron
microscopy, providing a comprehensive tracking of the compo-
sitional and morphological changes during the conducted reac-
tions. Copper(II) nitrate is shown to be a convenient and direct
precursor for Cu3N synthesis. The study confirms that this salt
undergoes a well-defined transformation pathway through inter-
mediate copper oxides (CuO and Cu2O) before Cu3N formation.
The Cu–N bond is observed at 320◦C, which makes Cu(NO3)2
a practical and controllable starting material for Cu3N pow-
der fabrication. Moreover, we presented reversible Cu3N-CuO
transformation under alternating ammonia and air atmospheres,
showing significant crystallite size changes in the NH3(𝑔) envi-
ronment. These features are valuable for applications requiring
cycling stability, such as in sensors, catalysts, or battery elec-
trodes.

Presented thermal processing enables the formation of the
Cu3N nanocrystals, with a dripped and dried salt solution as a
starting material. The estimated size of the copper nitride fab-
ricated nanocrystals was less than 20 nm. The crystallite size
determined from XRD is smaller than the grain size visible
in the microscopic images. Most probably, SEM shows grains
that contain multiple crystallites. According to the literature,
copper oxides, fluorides, and hydroxides can be precursors for
this reaction. On the other hand, Cu2(OH)3Cl cannot be uti-
lized as a direct precursor for the Cu3N synthesis [25]. This
article indicates that Cu(NO3)2 can also be considered for this
purpose [58,59]. A gas-solid ammonolysis process was also ap-
plied by taking as direct precursor other copper salts, including
CuF2 [60], Cu(CF3COO)2 [26], Cu(Piv)2 (Piv – pivalate) [58],
and CuSiO3 [59]. Li et al. compared two different precursors to
prepare the nitride powder: copper(II) fluoride and copper(II)
pivalate (Cu(OPiv)2). Ammonolysis of CuF2 was performed at
300◦C for 8 h, forming large, dense particles with a refined crys-
tallite size of 412±11 nm. In contrast, the ammonolysis of the
Cu(OPiv)2 precursor was studied at various temperatures from
180–300◦C, and Cu3N nanoparticles of ∼ 20 nm diameter were
obtained by heating at 250◦C for 10 h, which is close to the
values presented by us.

Compared to other nitridation methods, the use of gaseous
NH3 is a simple, effective, and scalable approach. Copper(II) ni-
trate is non-toxic and commercially available, making it suited
for green chemistry and industrial-scale synthesis. Although
many recent studies focus on solution-based nitridation (e.g.,
long-chain amines-assisted), this work underscores the renewed

relevance of the historically first ammonolysis method using
gaseous NH3. The ability to control the phase composition, crys-
tallinity, and morphology through simple thermal treatments in
adjustable atmospheres – without using high-pressure and high-
temperature processing – makes this approach attractive for the
tailored synthesis of Cu3N-based materials.
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