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Investigation of the effect of oxygen partial pressure on the phase

composition of copper oxide nanoparticles by vacuum arc synthesis
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Copper oxide nanoparticles were obtained in the plasma of a low-pressure arc discharge. The effect of

the partial pressure of oxygen (10−40%) on the physical properties of the deposited nanoparticles has been

studied. X-ray diffraction analysis shows that the cubic structure of Cu2O changes to monoclinic CuO with

increasing O2 pressure. The results of Raman spectroscopy further confirmed the phase variations of copper-

based oxide nanoparticles. X-ray photoelectron spectroscopy confirmed the change in the binding energy in the

oxidation state of nanoparticles. The optical band gap of the deposited Cu2O is 2.12 eV, while that of CuO is

1.79−1.82 eV.
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Introduction

The use of nanoparticles (NP) of various materials and

their chemical compounds offers significant advantages due

to their size and unique physical and chemical properties.

In almost all cases, the synthesis method should produce

nanoparticles with a narrow size distribution, minimal

particle size, chemical purity and hence their specific

properties [1–5].

In recent years, the synthesis and applications of Cu2O

and CuO with controlled size and morphology continue to

be intensively investigated [6]. CuO is a more stable oxide

than Cu2O, due to the greater stability of the Cu (II) ions

in the environment. Despite this, both CuO and Cu2O,

due to their low band gap width, high optical absorption

and catalytic activity, have wide practical applications, the

most important of which are photovoltaic systems [7],
gas sensors [8], various heterogeneous catalysts [9] In

addition, copper oxides are non-toxic [10], have low cost

and the possibility of a large variety of morphological

forms in the synthesis [11]. One of the most efficient

methods of producing nano-disperse materials remains

gas-phase synthesis and, in particular, the method of

evaporation−condensation [12-14].

The aim of this work is to investigate the process of

vacuum arc synthesis of copper oxide at different values of

partial oxygen pressure, to study the effect of this parameter

on the phase composition of the formed nanoparticles, and

to characterize the synthesized products by spectroscopic

methods.

1. Experimental procedure

The experimental setup and the dependence of powder

properties on atomization conditions are discussed in detail

in [15–18]. Copper oxide nanoparticles were deposited on

a stainless steel substrate by arc sputtering using a M0

copper cathode. The plasma-forming gas used was argon,

which was fed through an evaporator and generated a base

pressure of 80 Pa in the chamber. Oxygen was used as the

reaction gas. The synthesis of nanoparticles was investigated

at partial oxygen pressures of 10, 20, 30 and 40%. Oxygen

was fed into the reactor in such a way as to form a

homogeneous envelope around the plasma torch. Powder

production was carried out for 15min, and after heating the

chamber (3min), the powder deposited during synthesis

was removed from the substrate with a plastic scraper.

The phase composition of the obtained samples was

investigated by X-ray powder diffraction on Bruker D8

Advance equipment in CuKα mono-chromatized radiation

(λ = 0.15406 nm). The samples placed in the diffractome-

ter cuvette were powder scraped off the substrate after

sputtering. Such a powder has a random orientation of

individual nanoparticles and their agglomerates. Quantitative

structural-phase analysis of the diffraction patterns was

carried out with the full-profile analysis software Powder

Cell 2.4. The average lattice parameters were determined

by the Scherrer method from diffraction peaks using the

equation d = Kλ/β cos θ. PDF-4+ databases from the

International Centre for Diffraction Data (ICDD) were used

to identify radiographs.
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Raman studies were carried out with a Bruker RFS 100/S

Raman spectrometer. A Nd−YAG laser with λ = 532 nm at

an output power of 8mW in the range of 50−800 cm−1

was used as the excitation source.

X-ray photoelectron spectroscopy studies were carried

out on an ultra-high vacuum photoelectron spectrometer,

PHOIBOS 150MCD9, SPECS Gmbh, when excited by

AlKα X-ray tube radiation. Casa XPS software was used

for quantitative analysis.

Optical measurements were made on a Perkin Elmer

Lambda 950 spectrophotometer and transmission spectra

were obtained. Samples for the study were prepared by

co-pressing tablets with potassium bromide and stripped

nanoparticles (in a 1 : 100 ratio) with a diameter of 13mm

and a thickness of ∼ 0.55mm.

2. Results and discussion

Fig. 1 shows X-ray diffraction patterns of copper oxide

NP at various partial pressures of O2 from 10 to 40%. The

above diffraction patterns show the formation of three differ-

ent copper oxide phases as the partial pressure of O2 varies.

Three major diffraction peaks at 36.5◦, 42.4◦ and 61.4◦

were obtained for the Cu2O [PDF–4+ � 78–2076] phase

at 10% O2 partial pressure, which correspond to crystal

reflection planes (111), (200) and (220). The diffraction

peaks of mixed Cu4O3 and CuO phases appear at 35.7◦

and 38.6◦, which correspond to crystal planes (202) for the

paramelaconite phase Cu4O3 [PDF-4+ � 04-007-2184] and
(111) for CuO phase, respectively. When the O2 pressure is

increased to 20%, the corresponding Cu2O diffraction peaks

disappear. A further increase in the O2 partial pressure up

to 40% leads to the formation of mono-phase CuO particles,

and the observed diffraction peaks at 35.6◦, 38.6◦ and 48.8◦

confirm the orientation of crystal planes (002), (111) and

(-202) for the CuO phase [PDF-4+ � 45-0937].
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Figure 1. X-ray diffraction patterns of copper oxide NP deposited

at different partial pressures of oxygen.
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Figure 2. Raman spectra of copper oxide NP deposited at

different partial pressures of oxygen.

Using the Debye−Sherrer equation, the coherent scatter-

ing regions (CSR) of Cu2O and CuO nanoparticles were

calculated. The resulting CSR values, identified with the

crystallite size, were virtually unchanged with increasing

O2 pressure and were 12 nm. The percentage of oxygen

had no effect on the CSR values. Here, the value of

the total pressure plays a decisive role, as can be seen

in more detail in previous works [15,17–19]. In addition,

these papers compare the results calculated from X-ray

radiographs of the average size of the CSR with the results

of transmission electron microscopy. Among the CuO NP,

the best crystallinity is shown by those deposited at a

pressure of 40% O2.

Raman spectrometry is an additional method for deter-

mining the phase structure of NP. The influence of the

partial pressures of O2 on the structure formation of the

deposited NP was further investigated by means of Raman

light scattering analysis (Fig. 2). The most dominant peak

occurs at 216 cm−1 for NP deposited at 10% O2 pressure,

which corresponds to the second order Raman mode (2Ŵ−
15)

Cu2O. The peak at 145 cm−1 can be attributed to Raman

scattering of light on symmetry phonons F1u. The peak at

108 cm−1 is attributed to the inactive Raman mode. The

weak peak at 412 cm−1 corresponds to a four-phononon

mode (3Ŵ15− + Ŵ25−). In addition, the weak peak located

at 293 cm−1 is associated with an overtone mode of second

order symmetry A2u. The moderate peak at 628 cm−1 refers

to the active IR mode. A small peak at 93 cm−1 was found

for defects, resonance excitation and nonstoichiometry in

Cu2O NP. These observed modes of oscillation confirm

the presence of Cu2O phase with a cubic structure in

the spatial group Oh4 with two formulaic units per lattice

cell. The Raman spectra of NP deposited at 30% O2

partial pressure show characteristic peaks at 275, 320 and

529 cm−1. The strong peak at 275 cm−1 with a peak on the

shoulder at 320 cm−1 corresponds to the Ag and B1
g CuO
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Raman modes, respectively. Another peak is observed at

529m−1, which is attributed to the Raman mode A1g of the

paramelaconite Cu4O3 phase. Consequently, this confirms

the formation of the CuO and Cu4O3 two-phase system.

This agrees well with the results of X-ray diffraction. NP

obtained at 40% O2 partial pressure show three peaks at

280, 330 and 616 cm−1, corresponding to the Ag , B
1
g and

B2
g CuO Raman scattering mode respectively. According

to the results, CuO belongs to the spatial group C6
2h with

a monoclinic structure of two molecules per primitive cell.

The combination of X-ray diffraction analysis and Raman

studies directly establishes the phase composition existing in

the deposited copper oxide NP as a function of the partial

pressure O2.

The synthesis of single phase NP copper oxide is

challenging because the change in partial pressure has a

very small window (about 10%) to reach a particular phase.

This is because the free path length of the atomized copper

atoms decreases as the O2 partial pressure increases, which

in turn reduces the NP deposition rate [20–23].

The X-ray photoelectron spectroscopy (XPS) method

was used to confirm the chemical state of the constituent

elements in the prepared samples. Only three elements are

detected on the NP surface, namely Cu, O and C. Table 1

shows the relative atomic concentrations of copper, oxygen

and carbon calculated from overview spectra of samples

(not shown in the work) synthesized at different values of

partial oxygen pressure. Carbon is present at the C1s peak

position (284.8 eV) — inevitably adsorbed by samples from

the atmosphere, or directly in the vacuum oil process.

The XPS method allows to work only with the surface

layer, with the majority of the signal (95%) coming from

a depth of less than 8 nm from the surface. In this

regard, atomic percentage data is insufficient to analyze the

phase composition of the samples as the result is affected

by any rearrangement of atoms leading to compounds on

the surface of nanoparticles, so XPS spectra with narrow

scanning of Cu2p and O1s axis levels were studied to

establish the phase composition of oxide nanoparticles

(Fig. 3).

XPS spectra of the Cu2plevel histone spectra show that

the Cu2p3/2 and Cu2p1/2 photoelectron peaks are observed

at 932.2 and 952.3 eV respectively for the Cu2O phase-

dominated NP (obtained at 10% O2). Similarly, the same

peaks are found at 933.7 and 953.6 eV for the CuO NP

Table 1. Relative atomic concentration of copper, oxygen and

carbon calculated from survey spectra

Partial Element content, at.%

oxygen pressure, % Cu O C

10 40.7 28.1 31.2

20 38.2 25.1 36.7

30 37.1 27.1 35.8

40 35.1 34.0 30.9
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Figure 3. Narrow scan XPS spectra of Cu2p (a) and O1s (b)
Cu oxide NP deposited at different oxygen partial pressures.

phase (obtained at 40% O2). Cu
+ ions in Cu{2}O NP have

a high intense peak at position 2p3/2 compared to Cu2+

ions in CuO NP. In addition to the main communication

energy peaks, satellite peaks are also observed. This is due

to the different types of particles that bind Cu and O, or the

oxidation degrees of Cu+ and Cu2+. For the Cu2O NP, some

small weak satellite peaks on the higher binding energy side

in the range 944−946 eV are also observed. Similarly, CuO

NP have strong and broad satellite peaks located between

940 and 944 eV, corresponding to the doublet oxidation

states of Cu2+. Alongside this, a single satellite peak at

962.3 eV is also observed for the CuO phase.

The Cu2p3/2 peak was found to shift towards higher

binding energies from 932.2 to 933.7 eV when the partial

pressure of O2 increases from 10 to 40%. This indicates

a change in the oxidation degree of Cu from Cu+ to

Cu2+. The changes in binding energy are confirmed by

the Cu2p3/2 peaks observed for both the Cu2O NP and the

single-phase CuO NP.

From the O1s spectrum of deposited NP it can be seen

that the main O1s peak is detected at 530.3 and 529.7 eV

Technical Physics, 2022, Vol. 67, No. 15
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Table 2. Quantitative analysis of XPS spectra of Cu2p3/2 and O1s

Conditions Photovoltaic Energy Value Percentage State

obtaining the bonding line, eV content, % of the atom

40% O2 Cu2p3/2 932.7 34.2 Cu+

934.6 65.8 Cu2+

O1s 530.3 83.7 O2−

Shoulder peak 531.5 16.3 Oi

10% O2 Cu2p3/2 932.7 100 Cu+

O1s 529.7 64.2 O2−

Shoulder peak 531.4 35.8 Oi

for copper oxide NP synthesized at 10 and 40% respectively.

In addition, shoulder peaks are also observed at 531.5 and

531.4 eV. The O1s peak was found to shift slightly towards

a lower binding energy from 530.3 to 529.7 eV when the

partial pressure of O2 increases from 10 to 40%. The

lower binding energy peaks can be attributed to the Cu

and O binding components in copper oxides, whereas the

peaks with higher binding energy shoulders are due to

chemisorbed oxygen (Oi) on the surface.

Table 2 shows the results of quantitative analysis of the

XPS spectra of Cu2p3/2 and O1s levels. From the presented

data, the presence of oxygen atoms in the Cu+ state in

the samples obtained at O2 40% partial pressure seems to

indicate the presence of Cu2O phase in the nanoparticle

surface layer.

The XPS results are complementary to the X-ray diffrac-

tion, Raman and energy dispersive analysis results discussed

earlier and are also in good agreement with the data

presented in [24–27].

Transmittance spectra of deposited NP at different partial

pressures of O2 are shown in Fig. 4.

The optical transmittance of deposited nanoparticles was

found to depend only on their phase composition deter-

mined by the O2 partial pressure value during synthesis. It

should be noted that in all modes, the average NP diameter

is maintained at around 12 nm. The transmittance decreases

as the partial pressure of O2 increases. In particular, particles

deposited at 10% O2 partial pressure have, due to lack of

O2, a high average transmittance — about 80% in the near-

IR region. NP, deposited at 40% O2 partial pressure, show

an average transmittance of — 60%. The transmittance

of Cu2O samples decreases dramatically from wavelengths

below 600 nm. Similarly, the transmission spectra of CuO

have an absorption edge with a critical wavelength of around

700 nm. All of the resulting NP have the absorption capacity

of visible light. As for the small fluctuations in the spectrum

of copper oxide obtained at an oxygen partial pressure of

10%, it seems that they can be explained by the difference

in refraction indices between the oxide nanoparticles and

the substrate [28].

Numerous studies of Cu2O oxides (see, for exam-

ple, [29,30]) have shown that they are characterized by

direct interzone transitions. As for CuO, optical absorption

studies show that Cu(II) oxides are semiconductors with an

energy gap in the range ∼ 1−2 eV (see, for example, [31]).
However, from a theoretical point of view, the calculation

of the electronic structure of CuO is a difficult task [32]
and no reproducible results for exact values of the band

gap as well as the nature of the band gap transition have

been published. In the work [33], the band structure

diagrams of different copper oxide phases were plotted and

the calculated values of the band gap width for the indirect

transition in CuO were obtained. However, the authors of

this paper separately note good agreement with experiment

for Cu2O and discrepancies for CuO.

In this paper, however, the band gap widths of both

oxides are determined by the Tauck parabolic zone model

using the relation,

αhν = A(hv − Eg)n/2,

where A — proportional constant, n — depends on

the nature of the transition (n = 1 for a direct resolved

transition), ν — energy of the incident photon, α —
absorption factor, and Eg — width of the optical band

gap. Here the absorption coefficient α is directly related

to the transmittance (T ) and diameter (d) of the NP. The

absorption coefficient α can be estimated from the following

relation [34]:

α =
1

d
ln

[

1

T

]

,

where T — transmittance, d — average NP diameter.

Fig. 4, b shows Tauck graph ((αhν)2 vs photon energy h
nu) of deposited NP at different partial pressures of O2.

The intersection of the line with the hν -axis at zero

determines the band gap width (Eg) for the resolved optical

transition. Nanoparticle samples with the predominant

Cu2O phase (deposited at 10% O2 partial pressure) show

a band gap width value of 2.12 eV. The band gap width of

CuO particles deposited at 40% was 1.82 eV. The values

Technical Physics, 2022, Vol. 67, No. 15
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Figure 4. Transmission spectra (a) and Tauck’s graph (b) of

copper oxide NP at different partial pressures of oxygen.

obtained are in good agreement with the results presented

in [35,36].

Conclusion

Thus, the effect of partial oxygen pressure in the gas

mixture of the plasma chemical reactor on the ratio of the

forming crystalline phases of copper oxide nanoparticles

was studied. A complex of X-ray and spectroscopic

methods of investigation confirmed the variations of the

phase composition of the synthesized oxide nanoparticles

depending on the partial pressure of oxygen. With increase

in O2 concentration, the nanoparticle structure is trans-

formed from Cu2O and Cu3O4 to CuO monophase. The

photoelectron spectra show, firstly, a strong contamination

of the nanoparticles surface with adsorbed carbon, which

may be caused by the oil evacuation system of the

processing plant, and secondly, the presence of particles of

phase composition Cu2O in the CuO phase surface layer as

a result of insufficient oxygen saturation of copper clusters

formed by arc evaporation. The results of the band gap

width determination for the resolved optical transition of

Cu2O and CuO nanoparticles, being 2.12 eV and 1.82 eV

respectively, are in good agreement with the literature data.

However, determining the nature of the band gap and the

band gap width for CuO nanoparticles requires further

research, as conventional methods in the framework of

density functional theory cannot describe this compound

as a semiconductor. At the same time, the results of such

research could bring the practical use of copper oxides in

photovoltaic devices closer.
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