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Abstract

The potential of oxide-based dilute magnetic semiconductors (DMSs) for use in spintronics and magneto-
optic devices has garnered a lot of attention over the years. However, the optical and magnetic behavior of
these DMSs is challenging to navigate due to the complicated interactions of intrinsic defects. In these
contexts, the current research takes a comprehensive look at the pristine and simultaneously multiple d-
block cations (Cr, Fe, Ni, Co, and Zn)-doped CuO nanocrystals (NCs) to explain the defect interactions
inside the lattice. Structural analysis revealed a highly crystalline monoclinic crystal structure in the C2/c
space group. The phase stability of CuO NCs was found to be decreasing with increasing dosages of
dopants, ultimately forming a secondary phase of Cu metal. Diffused reflectance spectroscopy (DRS)
spectra showed a narrowing of the optical band gap, attributing it to the presence of impurity states between
the conduction band minimum (CBM) and valence band maximum (VBM) as a result of doping. These
impurity states can inhibit carrier recombination. Both pristine and doped CuO NCs showed
ferromagnetism at ambient temperature with a paramagnetic tail at higher fields. This paramagnetic tail,
explained based on the thermomagnetization curves, corresponds to the easy flip of magnetic cations below
room temperature. All the ferromagnetic feathers of CuO NCs may be traced back to the exchange
interaction between the spins of magnetic ions, mediated by carrier-trapped vacancy centers. Interestingly,

doped oxides showed improved ferromagnetism when used at moderate concentrations, which is related to
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the creation of a larger number of bound magnetic polarons (BMPs). Although higher dosages of dopants

lower the concentration of BMPs by delocalizing the carriers from the defect centers.

Keywords: Defect modulation, oxygen vacancies, defect energy bands, bound magnetic polarons (BMPs),
and carrier delocalization.

Introduction

The demand for metal oxide (MO) nanostructures is growing and has attracted noticeable research interest
due to their alluring fundamental properties like structural, optical, and magnetic properties, which enable
their multidisciplinary implementation in various sensors, supercapacitors, solar cells, catalysis,
photocatalysis, spintronics devices, and so on'”. Particularly, p-type cupric oxide (CuO) semiconducting
nanocrystals (NCs) are receiving more attention as a multifunctional material because of their fundamental
properties, i.e., narrow bandgap (1.2-1.8 eV) and room-temperature ferromagnetism (RTFM)8. CuO also
possesses environmental compatibility, non-toxicity, eco-friendliness, high theoretical capacity, and
increasing susceptibility at low temperatures, which make it a potential contender for the energy domain,

antibacterial applications, light-emitting diodes (LEDs), and degradation of organic pollutants®1°.

In addition, CuO is a potential candidate for oxide-based dilute magnetic semiconductors (DMSs), which
are promising future materials for spintronics applications due to their versatility in spin transport, spin
detection, and spin filtering®. For these applications, possession of room-temperature ferromagnetism
(RTFM) is essential for DMSs, which is arguably intriguing and the most mysterious problem in
magnetism. Hence, the discovery of RTFM in CuO has been a core area of research interest, which is
probably affected by defect equilibrium in the crystal lattice. A feasible mechanism for inducing RTFM
could be the modulation of defects by incorporating dopant elements such as d-block cations. These dopants
can tailor ferromagnetism as well as the position of Fermi energy levels through the interaction of the 3d

orbital electrons, thus tuning the magnetic, optical, and electric properties of the host CuO.

Several researchers have reported that doping CuO with d-block elements causes a dramatic shift in its
physicochemical properties and forms new types of materials with enhanced physical and chemical
characteristics without any major modification of the host CuO structure that have interesting spin-
dependent electrical, optical, and magnetic behavior. These new properties are attributed to modifications
of the bandgap, alteration of the electronic structure, sp-d exchange interactions that involve the d-sub-
levels of d-block ions, and holes in the host semiconductor's valence band. Such as, band gap values were
modified and found to be increasing as the doping concentrations of Cr increased in CuO*2. In addition, Cr
can induce RTFM in CuO®. Further, it was observed that Co-doped CuO nanoparticles show

superparamagnetism at room temperature4. One important finding is that Fe dopants in CuO prefer to align
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anti-parallel to one another, while Fe dopants in larger numbers tend to align parallel to one another *°. The
absorption peak of the Ni-doped CuO nanoparticles moves towards a higher wavelength, i.e., a redshift, as
well as the magnetization goes up with Ni concentration up to 5 mol% doping, and further increases in Ni
content decrease the magnetization®®. With increasing the doping concentration of Zn, the band gap edge
shifted towards the longer wavelength region'’. However, the origin of the increased ferromagnetic
behavior of non-magnetic cations (such as Zn?*")-doped CuO has been the subject of relatively few
investigations. These reports of RTFM in undoped, magnetically doped, and non-magnetically doped CuO
all point towards the significance of defects in generating ferromagnetic ordering as well as customizing
bandgaps.

In general, a significant amount of oxygen vacancies, along with other point defects, are common on the
surface of nanoscale semiconductors like CuO because of the size effects'®. The point defects strongly affect
the energy states, which can modify the optical and magnetic characteristics. Therefore, point defects like
lattice oxygen as well as cation vacancies, interstitials, and free charge carriers act as controlling factors for
tailoring the bandgap and transport properties of dilute magnetic semiconductors (DMSs) like CuO. The
next natural step going forward would be to study how the incorporation of these defects in different

concentrations and configurations affects the optical and magnetic properties of this structure.

Moreover, it is observed that the physical properties of CuO NCs are also affected by the morphology,
structure, and size of the nanocrystals, which in turn depend on the specific synthesis method®?, Several
research groups synthesized CuO NCs by chemical, physical, and biological methods such as hydrothermal,
co-precipitation as well as green-mediated combustion, microwave irradiation, and sol-gel®?!. These
methods are capable of producing nanoscale particles with various shapes, sizes, morphologies, and
dimensions, such as zero-dimensional (0OD) nanoparticles, one-dimensional (1D) nanorods, two-
dimensional (2D) complex interconnecting nanosheets, and three-dimensional (3D) nanoflowers, to explore
the intriguing application of CuO NCs by tuning different parameters like pH, time, temperature, and
capping agents. Among these, sol-gel is of great interest as it is economical, eco-friendly, and has an impact

on the size of the NCs and the formation of defects like point defects, dislocations, vacancies, and others.

After reviewing the available literature, it has become clear that little work has been done so far to determine
the collective effect of simultaneously doping multiple d-block elements on defect modulation of metal
oxides such as CuO. Therefore, pristine and multiple d-block element-doped CuO NCs were successfully
synthesized via the modified sol-gel method with varying concentrations in the present work. To determine
the experimental origin of ferromagnetism in DMSs and to pave the path for the growth of spin-electronic
devices, the synthesized samples (pristine and doped CuO NCs) will be connected to physical and structural

changes caused by doping. Consequently, this study aimed to evaluate the physicochemical properties of
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pristine CuO and the effectiveness of simultaneously incorporating multiple d-block elements (Cr, Fe, Co,
Ni, and Zn) to assess its modified structural, morphological, optical, and magnetic properties extensively
via defect chemistry for assigning suitable applications in terms of structural distortion, particle size,

bandgap, band-position, and magnetism.
Materials and methods
Materials

All of the chemical reagents used in the synthesis process were of analytical grade. Copper (Il) nitrate
trihydrate [Cu(NOs)..3H20] is used as a precursor; ethylene glycol [C2HsO2] is used as a chain transfer
agent; citric acid [C¢HsO~] is used as a network former; and deionized water is used as a solvent. Chromium
(1) nitrate nonahydrate [Cr(NOs):.9H,Q], iron (I11) nitrate nonahydrate [Fe(NOs3)s.9H,0], cobalt (I1)
nitrate hexahydrate [Co(NO3)2.6H20], nickel (11) nitrate hexahydrate [Ni(NOs)..6H20], and zinc (I1) nitrate
hexahydrate [Zn(NOs)..6H.0] were used as the dopant source with varying amounts for different doping

concentrations.
Synthesis of nanocrystals

Pristine CuO and doped Cus.sx(CrFeCoNizZn)y (where x = 0.01, 0.02, and 0.03) NCs were synthesized
following the modified sol-gel method. A 0.3 M clear precursor solution was prepared by dissolving 5g of
Cu(NO:s)..3H,0 into deionized water and raising the temperature to 80° C along with continuous vigorous
stirring at 400 rpm. The precursor solution was then treated with citric acid. After the complete dissolution
of citric acid, ethylene glycol was added drop by drop into the solution. The precursors, citric acid and
ethylene glycol, had a 1:2:6 molar ratio. A thick gel was created after prolonged heating and stirring. The
gel was dried at 120° C for 20 hours in an electric oven. A fine green powder was formed by crushing the
dried gel. To achieve crystallization, the green powder was annealed for 1 hour at 500° C following a
heating rate of 5° C/minute. Finally, a black powder of CuO NCs was obtained. For doping of d-block
cations, the proper stoichiometric proportions of chromium (111) nitrate nonahydrate [Cr(NO3)3.6H20], iron
(111 nitrate nonahydrate [Fe(NO3):.9H,0], cobalt (I1) nitrate hexahydrate [Co(NO3)..6H,Q], nickel (I1)
nitrate hexahydrate [Ni(NOs)..6H>Q], and zinc (II) nitrate hexahydrate [Zn(NO3),.6H,O] were added into
the solution simultaneously to obtain doped Cui.sx(CrFeCoNiZn), NCs where x =0.01, 0.02, and 0.03. For
simplification, doped Cussx(CrFeCoNiZn)x NCs were denoted as CuO-a, CuO-b, and CuO-c, for x = 0.01,
0.02, and 0.03, respectively. According to their respective precursors, Co, Ni, and Zn atoms are doped in
the +2 valence state, whereas Fe and Cr atoms are doped in the +3 valence state. The schematic diagram

corresponding to the complete synthesis route of the NCs is presented in Fig. 1.
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Fig. 1 Schematic diagram of CuO NCs synthesis route.
Characterization

The structural studies of synthesized NCs were characterized using a X-ray diffractometer [Rigaku] at RT
using a Cu X-ray source of wavelength Ka,; = 1.5406 A and a scanning rate of 5°/minute for Bragg angles
(20) ranging from 10° to 80°. Further, the Rietveld refinement was performed using Highscore Plus, and
the percent crystallinity was calculated with OriginPro software. Thermo Fisher Scientific (Escalab Xi+)
was used to take the X-ray photoelectron spectra (XPS) readings, with Al K, radiation to confirm the
presence of various oxidation states on the surface of NCs. The morphological and structural analyses of
NCs were estimated using the micrographs collected on a field emission scanning electron microscope (FE-
SEM: JEOL, JSM, 7600F). The micrographs of the synthesized samples were also observed by high-
resolution transmission electron microscopy (HR-TEM: Talos F200X, Thermo Fisher Scientific, USA).
The TEM sample was prepared by sonicating a tiny amount of the materials in 2 mL of ethanol for 20
minutes. The sonicated sample was placed on a 3 mm Cu grid that had been carbon coated. After letting
the material dry, it was examined under a microscope. By utilizing Gatan and ImageJ software, the images
from the SEM and TEM were analyzed. The elemental presence of the materials was measured by EDX
attached to TEM. UV-Vis spectroscopy (Model LAMBDA 1050, PerkinElmer, USA) was used to produce
UV-Vis diffusive spectra of both pristine and doped CuO NCs. To determine the indirect band gaps of
pristine and doped CuO NCs, the Kubelka-Munk function was applied to the corresponding diffuse

reflectance spectra. Using a quantum design Physical Property Measurement System (Quantum Design
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PPMS EverCool-Il), the room-temperature magnetic property was studied from -20 KOe to 20 KOQe.
Furthermore, Quantum Design PPMS was used to measure magnetization from 5 K to 400 K.

Results and Discussion

Structural information (XRD Analysis)
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Fig. 2 (a) Room Temperature XRD pattern of pristine CuO, CuO-a, CuO-b, and CuO-c (b) Refined
spectra show the appearance of the secondary Cu phase (c) Refined spectra show the merge of a split

peak into a single peak.

The room-temperature X-ray powder diffraction (XRD) spectra of pristine CuO and doped CuO NCs are
depicted in Fig. 2a. These spectra were studied by performing the Rietveld refinement method to confirm

the crystallographic structure, phase, and crystallinity of the NCs. Fig. 3 depicts the refined curves of CuO,
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CuO-a, CuO-b, and CuO-c, respectively. The diffraction peaks exhibited at 32.48°, 35.52°, 38.67°, 46.24°,
48.74°, 51.29°, 53.44°, 58.2°, 61.52°, 65.76°, 66.24°, 68.06°, 72.33°, 75.46° by pristine CuO can be
ascribed to (110), (11-1), (111), (11-2), (20-2), (112), (020), (202), (11-3), (022), (31-1), (220), (311) and
(22-2) planes, respectively, which confirmed the polycrystalline monoclinic structure of tenorite CuO NCs
with C2/c space group and matched strongly with the JCPDS card no. 80-12682%2. Notably, no impurity
phases were identified in the XRD spectra, which confirms the purity of the synthesized pristine CuO NCs.
Furthermore, it can be noted that doped CuO-a NCs also did not exhibit any additional unexpected peaks,
which indicates that Cr, Fe, Co, Ni, and Zn ions have been substituted into Cu sites without destroying the
monoclinic structure due to the almost similar effective ionic radii of Cu?* and dopants?, which greatly
increases the likelihood of the substitutional replacement in the CuO crystal lattice. However, in the case
of CuO-b and CuO-c NCs, an extra diffraction peak (marked by an asterisk (*) in Fig. 2a) emerges inside
the structure. This diffraction peak observed at 43.59° for CuO-b and 43.39° for CuO-c (as shown in the
enlarged view of Fig. 2b for 26 = 42° - 45%) corresponds to the crystal planes (111) of a single cubic phase
metallic Cu (space group Fm-3m, JCPDS card no. 85-1326)%, which can contribute to the optical and
magnetic properties of the NCs?2, Doped CuO NCs may exhibit the impurity phase (metallic Cu) as a
result of the reduction of the CuO phase by the carrier electrons that might be generated due to the formation
of oxygen vacancies, which can give up free electrons. During annealing, O? leaves its sites, forming an
oxygen vacancy, and by accepting the electrons, the Cu?* ion can undergo a phase transformation into the

metallic Cu phase. Krdger-Vink notations provide the following expression of the probable defect reactions:

3Cuo
Cry03 —— 2Cre, + Vi 4308 oo (1)
3Cuo
Fe,05 —— 2Fep, + Vi +30%.......cc...... 2)
05 > 1/,0,(9) + 2¢" + V5" ?3)
Cu?*+2e" = Cuoeeiei, 4)
Culy + 08 > Cufy +1/505(9) + V5 oo (5)

The merging of the split peak of pristine CuO into a single peak (as shown in Fig. 2b) in doped CuO NCs
towards larger angles indicates a slight distortion in the symmetry of the monoclinic system due to the
creation of a charge imbalance by Fe®* and Cr®* ion doping as a replacement for Cu?* in the copper oxide

lattice?’. Hence, from these defect reaction analyses (equations 1-5), defects generated in the system can be
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attributed to the charge imbalance that occurs from Cr®* and Fe®*" incorporation, which leads to cation
vacancies along with oxygen vacancies.
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Fig. 3 Rietveld refinement of the nanocrystals

All the diffraction peaks are very intense and sharp, which indicates the strong, well-ordered polycrystalline
nature of the synthesized materials?®, However, the intensities of the (11-1) and (111) planes are much
higher than the rest of the peaks, indicating a prominent orientation of the formed crystallites along either
of these directions, which will later be confirmed by TEM observation. For higher doping concentrations
of Cuo-b and Cuo-c, a sharp fall in intensity is noticed, which may happen because of the disorder caused
by the disparity in ionic size between the dopant and parent ions. The decrease in peak intensity is
attributable to a reduction in the crystallinity of the CuO NCs as doping induces a lattice strain phenomenon
in the CuO matrix?. The peak broadening of the doped NCs compared to pristine CuQ is also strain-induced
and can be attributed to various reasons, e.g., the formation of smaller particle sizes as well as defects in
the lattice structure?. The calculated values of a, b, and c lattice parameters obtained from the Rietveld

refinement, along with the constituent phases, space group, unit cell volume, bond length, bond angle, and
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reliability (R) factors of the Rietveld refinement, are listed in Table S1. The following equation for

monoclinic lattices was used in Rietveld refinement to find the lattice parameters®:

1

o= |EL G Gemt) ] * )

sin?f b2

where 0 is the diffraction angle, A is the incident wavelength (A= 0.15406 nm), d is the interspacing distance,
and h, k, and | are the Miller indices. Moreover, the unit cell volume of all of the samples was obtained by
the equation: V = (abc)sinp. As seen from Table S1, the variation of the unit cell volumes does not follow
a systematic trend with the increasing concentration of dopants due to the complicated monoclinic structure

of CuO NCs and ionic radii variation in the dopant ions. The volumes are in the range of 81.121-81.256 A%,

As discussed earlier, the amount of dopant present in CuO NCs is inversely proportional to the degree of
crystallization. In addition, we have used the Rietveld refined XRD spectra to quantitatively measure the

crystallinity of the samples using the following equation®':

Crystallinity (%) = 100 * ¥ —2et .. (7)

Z(Itot._lbg.)

Where Lp¢ Itor. and Ip,g represent the crystal intensity, total intensity, and background intensity,

respectively. Using this equation, the crystallinity of pristine and doped NCs was calculated and tabulated
in Table 1. Furthermore, using Bragg’s law, n1 = 2dsinf, we have calculated the interlayer spacing ‘“d”’
of the (11-1) characteristic plane before and after doping with d-block cations. The NCs' crystallite sizes

were determined using Scherrer formula. The equation for Scherrer’s formula® can be written as follows:

where D is crystallite size, B is the full-width half-maximum of the diffraction peak, and k equals 0.9. The
number of dislocations in a crystal was calculated by the dislocation density parameter (§) using the

equations®2;
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where ¢ is the microstrain.
All these parameters (percentage crystallinity, d spacing, crystallite size, dislocation density, and lattice

strain) were calculated corresponding to the characteristic (11-1) peak and tabulated in Table 1.

Table 1 Calculated crystallite size, d spacing, microstrain, dislocation density, and crystallinity of

pristine CuO, CuO-a, CuO-b, and CuO-c samples.

d(A) Crystallite size ] ] ] ] ] o
Microstrain, Dislocation Density, Crystallinity
Samples (11-1) plane  (scherrer’s formula),
£ x10°8 8 x107% (nm'?) (%)
D (nm)

Pristine CuO 2525 32.94 18 0.92 92.18
CuO-a 2.527 28.01 2.1 1.27 90.92
CuO-b 2512 24.3 24 1.69 87.03
CuO-c 2514 25.1 2.3 1.587 89.31

Notably, from Table 1, the *“d’’ values corresponding to the (11-1) plane of pristine CuO, CuO-a, CuO-b,
and CuO-c are found to be 2.525, 2.527, 2.512, and 2.514 nm, respectively. This variation is because of the
slight shift of the (11-1) peak compared to pristine CuO owing to the lattice distortion of the synthesized
doped NCs. Higher d spacing between (11-1) planes in pristine CuO and CuO-a along the [11-1] direction

ensures fast ion transportation between (11-1) planes®.

Moreover, as can be observed in Table 1, the crystallite size first falls when the doping concentration is
raised. Dopant ions at the grain boundaries may be to blame for this, since the dopant ions increase the
energy barrier for the diffusion of Cu?* ions and so restrict the expansion of the crystal, creating smaller
crystallite size*. Thus, the role of impurities, i.e., dopant atoms, is to impede grain growth by segregating
to the grain boundaries, which might have happened for the CuO-a and CuO-b NCs. However, a further
increase in doping concentration (CuO-c) enhances the interaction between the dopant ions, which in turn
reduces the effectiveness with which they may settle at the grain boundaries. This leads to enhanced growth
of CuO-c crystallites as well as a reduction of microstrain (¢), as observed from the XRD pattern analysis.
The reduction in micro-strain is obtained from 2.4x 10-2 for CuO-b to 2.3x 102 for CuO-c, which signifies
a decrease in lattice imperfections, an increase in lattice parameter "a" (as shown in Table S1), and the
construction of more dislocation-free lattice, which is confirmed by the reduced value of dislocation density
for CuO-c NCs. Therefore, with a larger D, the internal strain in the crystal is at a minimum, and there are

fewer dislocations per unit area.
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Fig. 4 Variation of crystallite size, microstrain and dislocation density as a function of doping

concentration.

Using Rietveld refinement data, VESTA was used to calculate the bond lengths and bond angles of the NCs
(such as depicted in Fig. S1 for pristine CuO). From Table S1, it is seen that changes in bond length show
a similar tendency as the lattice parameter "a". The Cu-O-Cu bond angle shows a decreasing tendency up
to the CuO-b doping level, then increases, which is also well in accordance with the evolution of crystal
size. This finding suggests that the variation of the lattice parameter "a" and the size of the particles is

controlled by the bond angles and bond lengths.

The formation of Cu vacancies to ensure charge balance will decrease the number of Cu-O bonds and lead
to a reduction in the Cu-O-Cu bond angle compared to pristine CuO, as evidenced from Table S1. The
reduced Cu-O-Cu bond angle and increased Cu-O bond length indicate distortion of the lattice. However,
the Cu-O bond length is shown to suddenly drop with greater doping concentrations of CuO-c due to the
increased likelihood of dopants residing at the interstitial site. These interstitial dopant ions may influence
the lattice via their interactions with other copper or oxygen ions, resulting in a fluctuation in CuO bond
length. Hence, dopant concentration is crucial in regulating the host system's intrinsic lattice orientation

and defect density.

https://doi.org/10.26434/chemrxiv-2023-xpémg ORCID: https://orcid.org/0009-0006-8086-5646 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-xp6mg
https://orcid.org/0009-0006-8086-5646
https://creativecommons.org/licenses/by-nc-nd/4.0/

Surface chemical analysis (by XPS)
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Fig. 5 Survey spectra of (a) Pristine CuO NCs and (b) CuO-c NCs.

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition, valence, and
electronic states of the host and dopant elements in the samples based on their corresponding binding
energies. The XPS survey spectra are displayed in Fig. 5. The Cu 2p peak in the 930-965 eV range is clearly
apparent for both pristine CuO and CuO-c NCs, together with the prominent Auger peaks. Moreover, doped
CuO-c contains peaks of Zn 2p, Ni 2p, Co 2p, Fe 2p, and Cr 2p spectra, demonstrating that their respective
atoms are present. The narrow scan spectra of these atoms are displayed in Fig. 6(a—i). The Shirley

background subtraction of the spectrum is used for all atoms.

Fig. 5 shows no unintentional impurity except carbon in both samples. Surface contamination accounts for
the occurrence of the C1s peak in the survey spectra. The high-energy resolution spectrum of the C 1s
envelope for pristine CuO as well as CuO-c was fitted with three peaks, as shown in Fig. 6(a-b). For pristine
CuO, the C-C bond peak was located at 284.8 eV, the C-O-C peak at 286.1 eV, and the O-C=0 peak at
288.1 eV*°. The binding energy of the C 1s peak at 284.8 eV was utilized as a charge reference in the XPS
experiments. For the doped CuO-c sample, regarding these peaks, a small shift in binding energy is
observed. Peaks at 284.6 eV, 286.1 eV, and 288.5 eV for CuO-c correspond to C-C, C-O-C, and O-C=0
bonds, respectively. The shifting of the binding energy peaks of the doped sample compared to the pristine

CuO can be attributed to the difference in electronegativity values of Cu and dopant elements.
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Fig. 6 High-resolution spectra of (a) C 1s from pristine CuO, (b) C1s from CuO-c, (c) Cu 2p from
pristine CuO, (d) Cu 2p from CuO-c, (e) Cr 2p from CuO-c, (f) Fe 2p from CuO-c, (g) Co 2p from
CuO-c, (h) Ni 2p from CuO-c, and (i) Zn 2p from CuO-c.

High-resolution scans of the Cu 2p spectra are shown in Fig. 6(c-d). As depicted in Fig. 6c, the pristine
CuO NCs consisted of a doublet of Cu 2pszat 933.0 eV and Cu 2py,. at 953.0 eV with an energy difference
of 20 eV, which is consistent with the standard spectrum of CuO¥. That is to say, the Cu ions undergo
oxidation during the reaction. The energy difference between 2ps» and 2p1, was due to the spin-orbit
coupling. In this spectrum, the peaks centered at 941 and 943.7 eV are assigned to satellite peaks for 2psp,
with 8 and 10.7 eV higher binding energies than those of the main peak. Since Cu,O and Cu do not include
shake-up satellites, their existence in Cu 2p spectra may be attributed to CuO NCs*®. This, together with
the broad nature of the Cu 2ps2 peak, confirms the prevailing presence of the Cu?* state, indicating that +2
is the only valence for Cu ions in undoped NCs. The XPS spectrum of doped Cu 2p is de-convoluted using

20% Gaussian and 80% Lorentzian functions (as depicted in Fig. 8d) into two separated fitted pairs of peaks
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at 932.3 and 952.2 eV, revealing the co-existence of CuP states with Cu?* at the surface of the CuO-c NCs.
Thus, in CuO-c, the Cu 2p spectrum consists of cubic Cu and monoclinic Cu?* ions, respectively, which
was also observed from XRD analysis. However, the peaks of Cu 2pszand Cu 2pi in doped CuO-c NCs
are slightly shifted to lower (redshift) binding energies as compared with those of pristine CuO NCs at
932.9 eV and 952.9 eV, respectively. The slight shifting of binding energy indicates that the modification
in bond length of CuO, as confirmed by the XRD, is due to the incorporation of dopant ions in the CuO

lattice.

The high-resolution scan of the XPS spectrum of Cr 2p has been shown in Fig. 6e, which indicates the peak
of Cr 2ps,2 detected at 576.1 eV for the CuO-c NCs. The peak is near the peak of the Cr®* state but is different
from 574.3 eV for Cr metal, 579 eV for Cr*, and 576.0 eV for Cr?*state®. It indicates that Cr3* ions are
incorporated into the CuO lattice as dopants. The Cr 2p12 peak appears at 585.9 eV. The satellite feature of
the Cr 2ps, peak overlaps the Cr 2P1, component in Cr,Os,

Fig. 6f shows that the Fe 2p spectrum is split into Fe 2psat 711.8 eV and Fe 2pi; at 724 eV due to spin-
orbit interaction. Due to interference from a prominent Auger peak of Cu L3M23M23 from copper, it is
challenging to further utilize the Fe 2p doublet for quantitative purposes®. The absence of a peak at 706—
707 eV rules out the presence of metallic Fe in doped samples®. The peaks are in good agreement with
those for Fe;O3 (B.E.~710-711 eV). These results show that the valence of Fe ions is mostly +3. In other
words, Fe®*, rather than Fe?*, takes the position of Cu?* in the crystal lattice. It is clear why the concentration
of cation vacancies and the concentration of Fe ions or Cr ions follow a similar trend. Hence, the more Fe3*
and Cr® are replacing Cu?*, the greater the vacancy percentage is needed to accommodate the charge

conservation rule.

The signature of cobalt in the NCs was evident from the high-resolution XPS spectrum in Fig. 6g,
corresponding to the core levels of two spin-orbit doublets, Co 2ps, at 780.3 eV and Co 2py, at 796.18 eV4L,
The spin-orbit splitting of 15.9 eV is in good agreement with the literature report of Co, present in the +2
oxidation state. In addition to this, two satellite peaks also occur at higher binding energies (786.1 eV and
802.6 eV)*.

In Fig. 6h, the Ni 2p spectrum exhibits two peaks at 855 and 872.5 eV, which are in good agreement with
the binding energies of Ni 2ps.and Ni 2puy,, respectively*? indicating the presence of the Ni?* state. Besides,
the satellite peaks of Ni 2p located at 861.2 and 880.1 eV also prove the existence of Ni?* (Ni-O bonds)

state®3.

The peaks that are visible in Fig. 6i were assigned to Zn 2ps» and Zn 2p1», which were positioned at 1021.4

eV and 1044.4 eV, respectively. The Zn 2p core electron level is unreliable for distinguishing Zn from ZnO,
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according to XPS literature. For this purpose, the Zn Auger peak (LsMaisMas) was recorded as depicted in
Fig. S2 and calculated a, the Zn Auger parameter (a = BE (Zn 2ps12) + KE (Zn Auger); where KE = kinetic
energy of the Auger electron). Here, a = 1021.4 + 989.3 eV = 2010.7 eV and fits in with ZnO, of
which « values are reported to be in the 2009.5-2011 eV range. Thus, the auger parameter obtained in this
work is much lower than that of metallic zinc (2013.4-2014.4 eV)*®, which agrees with reported values for
ZnO in the 2009.5-2011 eV range. Therefore, the resulting auger parameter is much less than the value for
metallic zinc (2013.4-2014.4 eV), implying that Zn oxidized (as Zn?*) in the CuO NCs.
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Fig. 7 High-resolution spectra of (a) O 1s from pristine CuO, (b) O1s from CuO-c, along with deconvolution.

Fig. 7a depicts the O 1s spectrum for the pristine CuO sample. The O 1s peak revealed an asymmetrical
trend with two broad humps, pointing to the existence of oxygen species with multiple components found
in the near-surface area. The high-resolution XPS spectrum of O 1s was fitted using three Gaussian
components corresponding to three peaks at 529.5, 531.2, and 533.3 eV. These peaks were assigned to the
O2ions in the monoclinic structure of CuO (O.), oxygen-deficient regions or defects on the surface created
by the doping in the CuO lattice (Ov), and the hydroxyl group (O-H), which referred to adsorbed water at

the surface*.

It has also been noted that doping CuO causes a little change in the binding energy of the O 1s spectrum
(Fig. 7b). The peaks' intensities also vary somewhat from one another, most likely because of differences
in the number of defects present at various doping levels. The O 1s spectrum of doped CuO-c shows a
redshift at 529.4, 531, and 533.3 eV, respectively. The amounts of oxygen vacancies may be inferred from
the Oy peak's intensity. We have compared the XPS spectra of the O 1s of CuO-c and pristine CuO to
demonstrate the effect of doping on the concentration of oxygen vacancies. The oxygen-deficient area peak
of the pristine CuO sample is much weaker than the peak of the CuO-c sample, as seen clearly in the figure.

This finding is suggestive of an increase in oxygen vacancies in CuO as a consequence of effective doping
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element incorporation. Moreover, the relative concentration of oxygen vacancies (Ov/O 1s) can be roughly
semi-quantitative by its area ratio in the O 1s XPS curves. Consequently, the concentration of oxygen
vacancies rises from 31.86 % for pristine CuO to 35.33 % for doped CuO-c, according to the comparison
of the high-resolution O 1s XPS spectra. These results indicate that doping may increase oxygen vacancies,
which is beneficial for the development of ferromagnetic coupling and the enhancement of magnetism in
CuO. NCs8.

Therefore, a combination of research results, conducted via XRD and XPS methods, allows us to conclude
that the obtained NCs are composed of copper oxide, and for doped NCs, chromium, iron, cobalt, nickel,
and zinc atoms are likely to be included in the monoclinic crystal structure of copper oxide.

Surface Morphology

Moreover, to further characterize the surface morphology, particle size distribution, inter-planar spacing,
and type of constituent elements present in the NCs, tools like field emission scanning electron microscopy
(FE-SEM), high-resolution transmission electron microscopy (HR-TEM), and energy dispersive X-ray

spectroscopy (EDS) elemental analysis were synergistically employed.

The SEM images (as shown in Fig. 8(a-d)) support the formation of irregular polyhedron-shaped fused
particles for these samples. This peculiar growth in the grains may be attributed to the uncontrolled
aggregation of atoms on the lower energy lattice sites*®. Moreover, during the annealing of the samples, the
formation of larger grains by the coalescence of smaller grains might occur, which would increase the size
of the particles. It was also apparent from the SEM images that multi-granular structures with strong
interconnections are porous. Such porous surface morphology can deliver a greater surface area, making it
feasible for gas-sensing device applications and supercapacitor properties. Moreover, the lengths of the

grains are found to be inhomogeneous, with a wide range of size distribution.

Doping has caused a significant alteration in the morphology of the prepared CuO particles. In some
regions, the big particles were surrounded by smaller nanoparticles for the doped samples. Due to the
agglomeration of these tiny particles, lump-like structures were formed. The lumping of powders may be
due to moisture produced inside the samples*. The particles are agglomerated from a few nm to a few um.
This agglomeration minimizes their surface free energy, which signifies the thermodynamically stable
growth mechanism, resulting in an even more porous structure, as shown in Fig. 8c. Also, the surface
appears to be rough. Distortion and discontinuity of the lattice may be caused by the different radii of the
dopant ions and Cu?*, which can then lead to the suppression of grain growth. Therefore, when the
concentration of dopant increased up to CuO-b, particle size dropped, which is well in accordance with the

calculated crystallite size from XRD analysis (as shown in Table 1). However, another reason for this size
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reduction behavior could be the Zener pinning effect*’. According to this effect, vacancies and other flaws
(whose presence is confirmed by XRD and XPS) in the CuO crystals exert an inhibiting force that limits

their growth*s,

These reductions in particle size with enhanced porosity provide a high volumetric-specific surface area for
better ion intercalation, more electroactive sites, and enhancement of electrolyte access that gives desired
electrochemical properties with improved efficiency in attaining higher capacitance. Hence, it is beneficial
to employ these doped CuO NCs as electrode material in order to gain remarkable cycle ability and superior
specific capacitance for supercapacitors®. In addition, the increased surface area of the doped particles may
also have a major impact on the samples' optical and magnetic properties®®. However, a few particles
displayed broken edges as a consequence of incomplete growth during synthesis. On further increasing the
doping concentration, particle size increases, which is analogous to the increase in crystallite size obtained

from XRD analysis in the case of highly doped CuO-c NCs.

For all samples, average sizes were determined using a Gaussian fitted histogram in OriginPro software,
which are depicted in Fig. 8(e—h). In order to better understand the data, log-normal functions were fitted
to the histograms. The fitted functions provided an average particle size of 268, 222, 145, and 201 nm for
pristine CuO, CuO-a, CuO-b, and CuO-c samples, respectively. Since the size and surface area of sol-gel-
derived CuO are crucial to achieving many of the desired physical characteristics in a wide range of
applications (sensing, catalysis, etc.), the introduction of dopants into the synthesis process is very

encouraging®.

HR-TEM images of the synthesized NCs shown in Fig. 9 depict the presence of ellipsoidal-shaped
nanocrystals, which are very thin and partially transparent. The HR-TEM images in Fig. 9(a-d) confirmed
that each particle is the accumulation of ultra-small nanoclusters of single crystals after nanocrystal
deposition and growth. Hence, very few single crystals are completely separated. It confirms that the actual
sizes of these synthesized NCs are very small compared to those measured from SEM images. These
nanocrystals also have a tendency to form amorphous boundaries at the junction of the clusters. This
phenomenon may be linked to the variation in structural disorder and microstrain induced in the host CuO

matrix.
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Fig. 8 FE-SEM images of (a) Pristine CuO, (b) CuO-a, (c) CuO-b, and (d) CuO-c, along with a
histogram showing particle size distribution curves of (e) Pristine CuO, (f) CuO-a, (g) CuO-b, and
(h) CuO-c NCs.
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Although the nanocrystals were highly agglomerated and overlapping of crystal fringes occurred due to this
high agglomeration, the lattice fringes of some polycrystalline CuO NCs were visible at higher
magnification, which are shown in Fig. 9(e-h). Fig. 9e presents the calculated interplanar distances of
pristine CuO, where the lattice spacing of 0.2516 nm belongs to the (1 1 -1) diffraction planes of monoclinic
CuO, indicating preferential growth of these nanocrystals along the [1 1 -1] crystal axis. The calculated
values of the doped samples corresponding to the (1 1 -1) plane are 0.2517 nm for CuO-a, 0.251 nm for
CuO-b, and 0.2512 nm for CuO-c samples. It should be noted that these observations are in considerable
accordance with the XRD results (as tabulated in Table 1). The slightly large interlayer spacing of CuO and

CuO-a provides easy diffusion of the electrolyte®.

The crystallinity of the prepared CuO NCs that was previously discussed in the XRD analysis can also be
confirmed by the Selected Area Electron Diffraction (SAED) pattern of the TEM analysis (as shown in Fig.
9(i-1)). The polycrystalline nature of the CuO NCs is confirmed by their appearance as concentric rings
made up of bright spots with varying orientations. The imageJ tool was implemented to determine the
diameter of the rings, and the resulting d-spacing values were analyzed. The interplanar distances of pristine
CuO NCs, found at d; = 0.278 nm, d2 = 0.253 nm, dz = 0.232 nm, and ds = 0.1866 nm, can be indexed to
crystal planes (110), (11-1), (111), and (-202), respectively. These indexings of the SAED pattern
corresponding to (110), (11-1), (111), and (-202) planes are consistent with the XRD analysis and the
matched JCPDS card number. Thus, the SAED pattern confirms the successful synthesis of tenorite C2/c
symmetric CuO NCs. Moreover, for doped CuO-b and CuO-c, an extra ring at an interplanar distance of d
= 0.208 and d = 0.21 nm, respectively, indicates the presence of the Cu (111) plane. Misorientation of the
fundamental crystallographic domains is indicated by the elongation of several diffraction spots in the
diffraction patterns®®. Thus, it can be concluded that doping plays a critical role in altering the morphology
of pristine CuO NCs.

The EDX analysis was performed to study the types of elements present in the samples. The elemental
analysis results (Fig. S3) indicate the presence of Cu and O in pristine CuQO. The spectra showed no impurity
peaks other than the C peak (due to surface contamination during TEM analysis), which further confirms
that the as-prepared nanocrystals are freed from impurities that can emerge from the initial precursors, like
nitrogen. For doped samples, the EDX spectral analysis confirmed the presence of Cr, Fe, Co, Ni, Cu, Zn,

and O atoms. Hence, dopant incorporation into the structure is confirmed.

https://doi.org/10.26434/chemrxiv-2023-xpémg ORCID: https://orcid.org/0009-0006-8086-5646 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-xp6mg
https://orcid.org/0009-0006-8086-5646
https://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 9 (a—d) HR-TEM images of pristine CuO, CuO-a, CuO-b, and CuO--c NCs showing the
formation of nanocrystals, (e-h) images showing lattice fringes, and (i-1) corresponding SAED
patterns of NCs.
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Fig. 10 (a) Reflectance vs. wavelength spectra and (b) Indirect Band Gaps of pristine and Doped CuO
NCs.

The optical properties of pristine CuO and doped-CuO NCs were analyzed using diffuse reflectance
spectroscopy (DRS) to find the application boundaries of synthesized samples in various fields like
photodetectors, photocatalysis, photvoltaics, pollutant removal systems, and energy storage devices®. The
DRS spectra have been recorded in the wavelength range of 400-1000 nm at room temperature to predict
the energy band structure. Fig. 10a indicates the relative amount of reflected light from the samples using
reflectance spectra. The reflectance spectra show only around 10% reflectivity in the visible and ultra-violet
regions, which justifies the black appearance of the synthesized NCs in the sun light>. In addition, the
observed high infrared reflection, can be attributed to the plasmon resonance of NCs®.

To study the absorption characteristics of nanocrystals, the reflectance spectra were converted into
absorbance mode using the Kubelka-Munk function (F(R)) by following equation®®:

1-R)?> K
FRy="2E =% (11)

Where R, S, and K are the diffused reflectance, scattering Kubelka-Munk coefficient, and absorption
Kubelka-Munk coefficient, respectively. Thus, the Kubelka-Munk function (F(R)) relates reflectance data

(R) and the absorption coefficient («). By using Tauc's relation, the optical band gap was calculated, which
is given as °:

F(R)hv = A(hv —Eg)™ ..................... (12)

Where hv is the photon energy, A is a constant, Eq is the bandgap energy, and n is a mathematical exponent

whose value is strongly influenced by the existence of the electronic transitions that cause light absorption.
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In general, n equals 2 and 1/2 for direct and indirect transitions in K space, respectively. The band gaps of
CuO NCs were obtained by extrapolating the linear portion of the [hv *F(R)]¥? vs. hv plot to the hv axis
cut-off for an indirect band gap transition, as depicted in Fig. 10(b). The obtained bandgap values are
tabulated in Table 2.

The calculated indirect band gap energy (electron momentum is not conserved in the transition) for pristine
CuO is 1.26 eV, which is notably lower than the previously stated values for undoped CuO?®. The electronic
transition from the hybridized O-2p valence band to the Cu-3d conduction band provides a measure of the
band gap in undoped CuO. However, in this study, the lower bandgap values of pristine CuO can be
attributed to the presence of surface oxygen vacancy states, as observed in XPS. The surface oxygen
vacancies can narrow the bandgap for metal oxides and downshift both the VB and CB, indicating higher
wavelength adsorption leading to better utilization of the solar spectrum and thermodynamically favorable
conditions towards water oxidation (as depicted in Fig. 11) due to the decrease in overpotential associated
with this reaction®”%®, Hence, this material is suitable for energy harvesting applications such as sunlight-
driven oxygen generation from water®®®, The photocatalytic potential of pristine CuO NCs was
investigated by determining their valence band maximum (VBM) and conduction band minimum (CBM)

with the use of the Mulliken electronegativity approach®. According to this formula:

Evem = Ecaw + Eg.............. (14)

where y is the Mulliken electronegativity, which varies with ionization energy and electron affinity, E. is
the free electron energy (4.5 eV on the standard hydrogen scale), and Eg is the indirect bandgap calculated

from the Tauc plot. Detailed information about y has been included in the supporting information. For

pristine CuO, we get an estimate of 5.81 eV for Y, leading to VBM and CBM of +.68 and +1.94 eV,

respectively. With respect to the H*/H; potential (0 eV) and the O»/H,0 potential (1.23 eV) on the standard
hydrogen scale, Fig. 11 demonstrates the VBM and CBM band edge positions of pristine CuO. The
literature suggests that a semiconductor can generate photocatalytic hydrogen through the splitting of water
if its CBM is less than the reduction potential of hydrogen and that it can generate O, from water if its VBM
is greater than the oxidation potential of oxygen®2%, As illustrated in Fig. 11, the VBM exceeds oxygen’s
oxidation potential. Therefore, from a theoretical standpoint, synthesized CuO NCs are promising options

for photocatalytic O, evolution through the splitting of water.
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Fig. 11 Schematic diagram of calculated band edge position with respect to the H* /H; potential and
O2/H,0 potential.

The bandgap values of doped CuO are 1.23, 1.19, and 1.16 eV for CuO-a, CuO-b, and CuO-c NCs,
respectively. Thus, it is found that the optical bandgap is gradually decreased with doping concentrations.
The bandgap tailoring effect, caused by the existence of copper vacancy defects along with oxygen vacancy
(as shown in defect reaction equations 1-2), may be responsible for this decrease in the energy band gap
from 1.26 to 1.16 eV. Furthermore, dopants are expected to have a low degree of hybridization for a stable
electronic configuration, which in turn may lead to the creation of a unique energy level in between Cu 3d
and O 2p, resulting in a narrowed band gap®*. Therefore, the absorption edge is redshifted as a result of the
electrical transition from the valence band to the dopant level and subsequently from the dopant level to the
conduction band. Another factor that may contribute to bandgap narrowing is the presence of a localized
tog State of the doping element, which can be found in the center of the band gap (when Cr or Fe are used
as the dopants) or at the top of the valance band (when Co is used as a dopant)®®. Hence, it can be deduced
that the band gap values in the doped CuO NCs dropped because the electrical transition between the CB

and VB was disrupted by the creation of a number of defect energy bands in the presence of dopants. The
absorption edge of pristine and doped CuO NCS was estimated using the equation®: Eq = % where h is the

planck’s constant and c is the speed of light. Strong absorption in the visible area and a continuous redshift
with an increase in the concentration of dopants are confirmed by the absorption edge values. The

absorption edge along with band gap of the pristine and doped CuO nanocrystals are listed in Table 2. The
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increasing redshift also indicates that surface defects are likely to blame for the intra-gap state efects®’.
Moreover, the higher visible absorption achieved for the doped NCs leads to higher application efficiency.
Entrapment of carriers (e/h*) occurs because dopant impurities act as trap centers. Carrier entrapment is a
phenomenon that may reduce the recombination rate even when the carrier density and quantum efficiency
are both increased. This suggests doped CuO NCs might be used in solar cell technology®. Also, doped
NCs have improved degradation performance because the narrowed bandgap allows for more absorption
of infrared and visible light at a lower recombination rate. When exposed to sunlight, electrons in the
valence band transit to the conduction band, creating electron/hole (e*-h*) pairs. By oxidizing water
molecules close to the surface, the hole creates hydroxyl radicals (+OH), and an electron collides with

oxygen molecules to create superoxide radicals («O;"). The organic contaminants in the water were oxidized

and broken down by these free radicals. The response mechanism is as follows:

«O;" + «OH + Organic contaminants —— Degradation products............ (15)

Sunlight Irradiation
i hv > E,

o
2 .0,

CB

Impurity Bands

Potential (eV as NHE)

H,O

Doped- CuO NCs

Fig. 12 Schematic diagram that depicts the photocatalysis reaction mechanism of doped CuO NCs.

Photogenerated electrons are trapped in the impurity band, lowering the rate of electron-hole recombination,
enhancing the mean lifetime of electrons®. As the photo-generated charge carriers migrate to the surface
of the nanostructured particles and the oxidation process takes place there, the particle surface area also
plays an important role in photocatalysis’t. Photocatalysis is enhanced when the particle size of NCs is
reduced (due to dopants), since this allows more pollutant molecules to approach the catalyst's surface.

Moreover, the existence of abundant surface valence states and defects for doped NCs (as shown in Fig. 6
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) can improve the intrinsic activity of the doped CuO samples’. However, heavy doping could have been
able to fine-tune the optical characteristics further by forming recombination centers due to the
delocalization of the carriers, as confirmed by the formation of the secondary Cu phase mentioned in XRD

and XPS analysis.

Table 2 Adsorption edge, bandgap energy, refractive index, and dielectric constant of pristine and
doped CuO NCs.

Samples Absorption Edge (nm) Bandgap (eV) Refractive Index (n) Di-electric Constant (£)
Pristine CuO 984.69 1.26 3.09 9.55

CuO-a 1008.71 1.23 3.10 9.61

CuO-b 1042.61 1.19 3.13 9.80

CuO-c 1069.58 1.16 3.15 9.92

Important factors for integrated optoelectronic devices are the refractive index and dielectric constant of
the synthesized nanocrystals. The degree to which a semiconductor transmits incident spectrum radiation
is indicated by its refractive index. The Herve and Vandamme relation was used to determine the refractive

index (n) of the synthesized materials from the bandgap values as follows:

n= fl + (EgiB)2 ..................... (16)

where two constants A and B are equal to 13.6 eV and 3.4 eV, respectively’. Moreover, the infinite

frequency () dielectric constant was determined from the formula n? = g,,"*. These values are tabulated
in Table 2. More photon absorption by electrons in doped CuO NCs is revealed by the increase in the
refractive index with the concentration of dopants’™. The dielectric constant, being proportional to the
refractive index, increases with increasing concentrations of dopants. Thus, simultaneous doping with

different concentrations can be used as a modifier for fine-tuning the optical properties of CuO NCs.
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Fig. 13 (a) M - H hysteresis curves of CuO NCs measured at room temperature, (b) Ferromagnetic
contribution of NCs and (c) Paramagnetic contribution of NCs.

To study the magnetic properties, field-dependent magnetization (M) versus magnetic field (H) curves of
synthesized CuO NCs are displayed in Fig. 13(a). The M-H curves obtained at 300 K show narrow magnetic

hysteresis loops, indicating a typical weak ferromagnetic nature at lower fields where magnetization does

not reach the saturation value even up to the maximum applied magnetic field. This non-saturation and

linear behavior in the samples indicates the presence of paramagnetism. If the susceptibility of the

paramagnetic (PM) component is known, the contributions of paramagnetism and ferromagnetism can be

distinguished. In line with earlier literature, we selected a simple method for calculating the susceptibility
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of the PM component by calculating the tangent of the top curve (the demagnetizing curve) of the M-H
loop at the highest applied field®. When the PM contribution is subtracted from the total response, all the
samples represent S-like curves, showing room-temperature ferromagnetic characteristics. FM and PM
components are shown separately in (b) and (c) of Fig. 13. Itis possible that the matrix of NCs is responsible
for this paramagnetic component seen in the room temperature M-H curves of CuO samples’®. As depicted
in Fig. 13c, PM interaction is highest for the CuO-b sample and lowest for the pristine CuO sample, with
similar contributions for the CuO-a and CuO-c samples. This difference in PM interaction with doping
concentration can be attributed to the different magnetic transition temperatures for random flips of the
magnetic moments present in the matrix, which is shown in Fig. S4 as the relationship between
magnetization (M) and temperature (T). With a transition temperature of just 40.1 K, CuO-b initiates
paramagnetism at a substantially lower temperature than other NCs, which can be attributed to the greater
PM contribution reported at RT for CuO-b 7’. This low transition temperature of CuO-b NCs can be
attributed to the smallest crystallite size of 21.8 nm compared to other NCs’®. Moreover, the low transition
temperature of CuO-b enhances its potential to be used in magnetic hyperthermia. The identical
contribution of paramagnetism may be explained by the comparable transition temperature of 110.02 K for
CuO-a and CuO-c. Hence, the M-T curves confirm that the linear portion of the M-H curves is coming
from the presence of paramagnetism in the matrix at RT. As a result, changes in the composition and grain
size might affect the coupling between magnetic moments, leading to a modification of the transition

temperature.

The saturation magnetization (M), retentivity (M), squareness ratio (S = M\/M:s), and coercive field (Hc)
are calculated using the hysteresis loops and tabulated in Table 3. The coercivity value of pristine CuO is
69.7 Oe. Upon enhancing the doping concentration from pristine CuO to CuO-b, the coercivity has been on
the rise, from 69.7 Oe to 189.08 Oe. Coercivity drops to 55.5 Oe if doping concentration is increased further
(for CuO-c). Coercivity is an indicator of the strength of a magnetic field necessary to overcome the energy
of magnetic anisotropy. Since the current samples have little magnetic anisotropy, as noticed by their tiny
hysteresis loop, their ferromagnetism is rather pliable®. The smaller crystallite size of CuO-b usually results
in relatively large exchange coupling, J, which is taking place between the core and the surface of the NCs
and can be attributed to this larger coercivity®:. High coercivity plays a vital role in biomedical

applications®.
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Table 3 Experimental data and fitting data (from the BMP model) of M-H curves for pristine and
doped CuO NCs.

Susceptibility,

15
Coercivity, Saturation magnetization, Mr  Remanent magnetization, Ms Squareness M Am X106 Mest X107 N x10

o 3

Samples Hc (Oe) (emu/gm) (emu/gm) (M/Ms) (emu/gm) (emu/gm Oe) (emu) em?)
Pristine CuO 69.7 0.1154 0.004 0.034 0.1212 2.2 13.9 0.87
CuO-a 107.7 0.2081 0.009 0.043 0.2056 7.41 9.87 2.08
CuO-b 189.08 0.1946 0.012 0.062 0.1914 9.73 6.99 2.74
CuO-c 55.5 0.0412 0.002 0.04 0.0415 6.77 5.36 0.77

Saturation magnetizations were measured to be 0.1154 emu/gm for pristine CuO, 0.2081 emu/gm for CuO-
a NCs, 0.1946 emu/gm for CuO-b NCs, and 0.0412 emu/gm for CuO-c NCs. In addition, pristine CuO NCs
had a remanent magnetization of 0.004 emu/gm; CuO-a NCs had a remanent magnetization of 0.009
emu/gm; CuO-b NCs had a remanent magnetization of 0.012 emu/gm; and CuO-c NCs had a remanent
magnetization of 0.002 emu/gm. These changes in remenat magnetization with doping concentration are
involved with domain wall motion®. Due to this low retentivity, all the samples are defined as magnetically
clean materials. The decrease in retentivity to a lower value even than the pristine CuO NCs for CuO-c
suggests that CuO NCs can be used for the data storage application. As a measure of its ferromagnetic
strength, pristine CuO has a squareness value (squareness of the hysteresis loop) of 0.034. There seems to
be a gradual change from soft magnet to hard magnet and back to soft magnet, as the squareness values
initially increased to 0.043 and 0.062 for CuO-a and CuO-b, respectively, before decreasing to 0.04 for

CuO-c NCs. Hence, doping in CuO can be used as a regulator for the magnetic nature of CuO NCs.

The Ruderman-Kittel-Kasuya-Yosida (RKKY) and Bound Magnetic Polaron (BMP) models are two of the
most popular theories used to explain the RTFM8. Free conduction band electrons are involved in RKKY
interactions, and CuO cannot transform from a semiconductor into a metal at such a low doping
concentration. This means that DMSs, such as resistive CuO systems, are not a good match for the RKKY
model®. However, XPS measurements and defect reactions demonstrate the presence of oxygen vacancies
and host lattice cation vacancies, suggesting that these point defects can efficiently mediate intrinsic
ferromagnetism. The BMP model provides a satisfactory explanation for the ferromagnetic process
generated by these defects. Bound magnetic polarons (BMPs), which are considered as isolated
ferromagnetic identity, create orbits with a finite diameter that are similar to those of a hydrogenic Bohr
orbit due to the localization of the electrons in the defect centers®. Thus, depending on the Cu?* interaction
with oxygen vacancies, magnetism could occur in the pristine CuO NCs. By breaking chemical bonds due
to heat evaporation, oxygen atoms may escape from lattice locations during the annealing of sol-gel-derived

CuO NCs, creating oxygen vacancies. Further, due to air annealing, some vacancies will be filled. This
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two-contrasting phenomenon leads to an optimum oxygen vacancy concentration. In pristine CuO,
electrons released by oxygen vacancies may be "trapped" by Cu?* ions, leading to the formation of an
ionized vacancy (O,") state. The s-d exchange interaction among the spin of the 1s! electron of the O," state
and the 3d° electron of the Cu?* ions favors long-range FM ordering. At room temperature, a long-range

ferromagnetic order is created when BMPs overlap, aligning Cu?* spins (as shown in Fig. 15).

The influence of doping magnetic (Cr*, Fe**, Co?*, and Ni?*) and non-magnetic (Zn?*) cations in CuO NCs
on the evolution of FM characteristics with varying doping concentrations is also analyzed in the present
study. These additional magnetic and non-magnetic impurities can enhance oxygen vacancies during
annealing, as confirmed by the XPS result of CuO-c. Also, the exchange interaction between Cu?*- magnetic
cations at the surface in the presence of a carrier in the O," state presents a high ferromagnetic coupling
energy, even at larger distances. According to some researchers, cation vacancies were also found to
contribute to the intrinsic exchange interactions in the DMS system through BMP production, in addition
to the oxygen vacancies®’. Therefore, RTFM in doped CuO may also be generated due to the exchange
interaction between dopants mediated by Cu vacancies (formed due to the substitution by Fe3* and Cr®").
In addition to the Cu 3d orbitals and the oxygen vacancies, the O 2p orbitals that originate from the Cu site

vacancy may also be supportive of magnetic ordering®.

Moreover, BMPs can also be used to explain the features of M-H curves. The unsaturation nature indicates
that BMP concentrations are below the percolation threshold that is required for bulk ferromagnetism; as
for the inner region of the NCs, BMP can’t be formed due to a lack of oxygen vacancies. Each BMP has a
significant net spontaneous magnetic moment that aligns rapidly in a magnetic field, leading to a rapid
increase in M even at weak H fields, as the d spins in the matrix outside the BMP align only slowly with
the H field. Paramagnetically interacting d-spins in the matrix at RT result in a considerably lower moment
per d-spin than the BMP. Hence, only at higher fields, the magnetic contribution from the paramagnetically

aligned Cu?* of the core is dominant, which ultimately leads to a paramagnetic tail in the samples.
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Fig. 14 Fitted M-H curves of (a) Pristine and (b-d) Doped CuO NCs using the BMP model.

The BMP model was also used to do a quantitative study of the magnetization curves by isolating the
contribution of the BMPs from that of the PM matrix, determining the true spontaneous moment ms of a
single BMP, and calculating the number of BMPs per cm® (N). In the BMP model, ferromagnetic nature

may be satisfactorily explained using the langevin profile,

L(X) = COtN(X) = (e re oo (17)

meff_H .

where x = :
KgT

m,y is the effective magnetic moment per BMP and K is Boltzmann’s constant®. This

FM part may be written in terms of the saturation magnetization, Mo as Mem = MoL(X) where the value of
Mo is the product of N and ms. A single BMP's aligned moment has the same magnitude as the true
spontaneous moment, ms. The rate at which the true moment aligns along H is, however, controlled by the
effective moment mes in the Langevin function's argument. There is no distinction between ms and meg,
and the magnetization of BMPs in the collective regime was modeled using mess= ms. Moreover, in the high
field regime, the existence of the matrix PM component can be expressed in terms of the PM susceptibility
yem @S Mem= ypmH. Hence, the following equation was used to fit the overall magnetization data from the
M-H curves:
M=Mem+MpM oo @7

M = MoL(X) + mH +eovveoreeeeen. (18)
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Mo, mesr, and ym are the fitting parameters. BMP model fitting on pristine and doped samples was carried
out to calculate these parameters as represented in Table 3 and the fitted data are shown to agree almost
precisely with the experimental data. BMP concentration is maximum in CuO-b NCs, due to which the FM

contribution is highest in CuO-b in comparison to other NCs.

As noticed from Table 3, the number of BMPs is changing since we are varying the number of donors and
magnetic defects. An increased FM in CuO-a and CuO-b indicates the formation of more BMP’s through
an increase in cation and oxygen vacancies. Electrons trapped in Ov* induce spin orientation for the adjacent
dopants, forming a ferromagnetic coupling of the magnetic cation-Ov*-magnetic cation. Thus, doping may
increase the numebr of BMPs by increasing the number of defect centers. However, the suppression of
BMPs in CuO-c, even in the presence of magnetic impurities and vacancies (as confirmed by XPS), results
in a reduction of FM behavior. This suppression of BMPs can be attributed to the delocalization of carriers
from the bound polarons due to the increasing mobility of charge carriers at higher carrier concentrations.
Thus, it breaks the fundamental structure of polarons. In the present study, XRD and XPS analysis insure
the presence of secondary Cu phase in CuO-c, which confirms the delocalization of bound electrons
between metallic Cu and oxygen vacancies at this higher doping, which were previously localized or
trapped. Thus, the defect reaction equation (4) can be rewritten more accurately as:

Cu®" + 2e" (delocalized) — Cu (metal) ................(19)

Another phenomenon observed from the fitting data is the decrease in spontaneous magnetic moment per
BMP (m;) with increasing concentrations of dopants, which in turn decreases saturation magnetization (Ms).
This variation in Ms versus doping concentration can be attributed to the overlapping of BMPs, as due to
overlapping, each magnetic moment is shared between two or more polarons, dividing its magnetization
effect among the overlapped polarons. Moreover, in doped NCs, the extra dopants can be located in the O%
lattice of the tenorite structure, forming an antiferromagnetic coupling of the magnetic ion-O%-magnetic
ion, which may drastically cut down on the polarons' magnetic moments. Also, substitution of Cu?*ions by
non-magnetic Zn?* reduces the number of exchange interactions inside the polarons as Zn?* is diamagnetic
in nature. Hence, the combination of these factors reduces the spontaneous magnetic moment per BMP (ms)
to a greater extent, which becomes more prominent with increasing doping concentration. This also explains
the decrease in saturation magnetization for CuO-b (as noticed in Fig. 13b). Despite the presence of a higher
number of polarons, the saturation magnetism is less than in the CuO-a sample because of this reduction in
ms, as saturation magnetization is the product of the number of polarons per cm® and the spontaneous

magnetic moment per polaron. Together, our results provide evidence that the dopant plays a significant
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Fig. 15 Schematic representation of the evolution of the oxygen defect-mediated BMP model with
increasing dosages of dopant.
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role in the magnetic moments of CuO NCs and reinforce the relevance of the BMP model in understanding

the underlying mechanism responsible for dilute magnetic semiconductors’ ferromagnetism.

Based on the defect reactions, XPS analysis, and values generated from fitting the BMP model, a schematic
representation of the BMP model is created, as shown in Fig. 15. In addition to the magnetic polarons, the
CuO matrix also contains some randomly distributed isolated ions. It has been shown that oxygen vacancies
(Oy) are the most dominant defects in CuO. Neighboring BMPs overlap and interact with one another via
the O," site when the concentration of localized oxygen vacancies rises.

Conclusions

Modified sol-gel-derived pristine and doped CuO nanocrystals have been studied to correlate the evolution
of structural, morphological, optical, and magnetic properties with defect modulation. The coexistence of
two phases corresponding to CuO and metallic Cu for higher doping concentrations is confirmed by their
associated Bragg positions in the fitted Rietveld refined curves. Due to charge variation, copper vacancies
increase when Fe** and Cr3* ions are used to substitute Cu?* ions. XPS confirms the presence of impurity
ions, which are responsible for the defect mechanisms. Reflectance spectroscopy revealed the promising
potential of pristine CuO NCs in photocatalytic O, evolution from water due to their advantageous valance
band position. A clear redshift was evident in the absorption edge of the doped nanostructures due to the
impurity bands introduced via doping, which favor visible light photoactivity. The mechanism behind
RTFM below the percolation threshold in both pristine and doped CuO material has been explained based
on the overlapping of oxygen defect-induced bound magnetic polarons (BMPs). A paramagnetic coupling
is found in the core at RT due to the slight separation between the Cu?*-Cu?* pair in the absence of oxygen
vacancies. Doping up to a certain concentration can effectively boost BMP formation, during which more
cation-O,*-cation coupling can be introduced. However, increasing carrier mobility further decreases the
concentration of BMPs, despite having enough defects and magnetic ions. These findings are essential for
spintronics devices because they provide insight into the inherent magnetic nature of DMSs and offer
directions for manipulating their magnetic characteristics at ambient temperature. In conclusion, we
identified the most critical parameters, such as doping concentration and dopant number, that contribute to
the creation of interesting defect chemistry to regulate the performance of DMSs in spintronics, photonics,

catalytic, etc. applications.
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