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ARTICLE INFO ABSTRACT

Keywords: The chemical co-precipitation method, an effective approach in the synthesis of nanomaterials,
Co-precipitation was used to synthesize CuO nanoparticles (NPs). Structural and morphological modification of
P:otolelec:cron undoped and nitrogen (N) doped CuO nanoparticles were studied thoroughly using X-ray
;Jg‘:ﬂﬁiﬁiﬁence diffraction (XRD), FT-IR and field emission scanning electron microscope (FE SEM). Doping effect

on defects was investigated using X-ray photoelectron spectroscopy (XPS), Raman spectroscopy
and photoluminescence (PL) spectroscopy. Thus, the effect of doping on crystallinity, crystallite
size, strain induced in lattice, defects and electron-hole recombination rate were investigated.
Optical band gap was calculated using Kubelka-Munk function from the diffuse reflectance
spectra (DRS) obtained using ultraviolet visible (UV-Vis) spectroscopy. Finally, photocatalytic
performance was studied from rhodamine B (Rh B) degradation and reaction kinetics were
analyzed. Maximum degradation efficiency was obtained for 1.0 mol% N doped CuO NPs which
also exhibited minimum band gap and lowest electron-hole recombination rate. For the optimum
doping concentration, nitrogen was found to create oxygen vacancies while substituting oxygen
in the lattice, and thus reduce electron-hole recombination rate and increase photocatalytic
degradation rate effectively.

Photocatalytic

1. Introduction

Wastewater contamination has become a global issue due to its detrimental effect on human life as well as on the animals. On a
daily basis, over 2 million tons of waste contaminants are inconsiderably dumped into the open water supplies [1]. Both domestic and
industrial effluents such as organic solvents, pesticides, chemical fertilizers, paints, household chemicals, and pharmaceuticals pollute
water reserves [2]. The need for wastewater treatment has propelled the advancement of various physico-chemical methods to target
specific classes of toxins. The advanced oxidation process (AOP) is often preferred for treating difficult to degrade materials, such as
pesticides, organic and synthetic dyes [3,4]. Photocatalysis is a very promising and eco-friendly AOP method since the resulting
by-products during treatment are mostly nontoxic [5]. When wastewater containing dyes are exposed to light in presence of the
photocatalyst, dye degradation occurs via an oxidation reaction mechanism [6]. The ability of the photocatalyst to produce
electron-hole (e-h™) pairs upon light absorption is a key factor in its photocatalytic activity (PCA) [7]. As a strong oxidant, the positive
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hole can produce hydroxyl free radicals (¢OH) while exposed to water or hydroxide ions from the toxic compounds [8]. As these potent
oxidants come in contact with toxic organic compounds and pollutants, oxidation reaction take place, which convert the harmful
chemicals to CO5 and H5O or other less toxic chemicals [9].

Nanostructured semiconductors are used as photocatalysts since materials in nanoscale exhibit unique optoelectronic properties
due to quantum confinement effects [10,11]. Metal oxide nanoparticles have been extensively investigated, and many of them, such as
TiOg, CuO, ZnO, MnO, and Fey03, are highly regarded as photocatalysts due to their high surface-to-volume ratio, easy accessibility,
exceptional stability across a wide pH range and photo-generated holes [12-15]. However, their photocatalytic activity can be
restricted by their partial mineralization, broad band gap and quick recombination of electron-hole pairs [16-18]. Among these oxides,
p-type cupric oxide (CuO) with low toxicity, affordability, better physical and chemical stability, a narrow band gap (1.2-2.1 eV) and
convenient synthesis processes [8,19], has been extensively explored as a catalyst for various reduction reactions [20]. Hence, it’s
crucial to assess novel modified CuO catalysts with enhanced photocatalytic activity [21]. Furthermore, CuO has received remarkable
attention for applications such as photocatalysis [6], photodetector [22], electrode material for lithium-ion batteries [23], sensors
[24], magnetic storage devices, solar cells [25].

Modification and enhancement of structural and optoelectronic properties of CuO nanoparticles (NPs) can be accomplished
through synthesis process alteration [26-28], transition metal as well as rare-earth metal doping [21,29], formation of nanocomposites
[30] and core-shell nanoparticles [31].Moreover, for any particular synthesis method, such as microwave combustion method [32],
hydrothermal method [33], modified sol-gel [14], co-precipitation method [34], structure and properties of the NPs can be further
modified by choice of precursors and optimization of various process parameters. Table 1 presents a brief literature review on the
photocatalytic performance of pure and modified CuO NPs under various wavelengths of irradiated light and time periods.

The challenges that come with nanocomposite synthesis include intricate preparation techniques and increased energy con-
sumption [38]. Extensive research has been done to find suitable dopants for improved photocatalytic performance of CuO since
doping can modify the morphology, band gap and electronic characteristics [33]. However, the performance of transition metal
dopants is largely constrained by increased carrier recombination centers and thermal instability [39]. In case of rare earth elements,
dopants are quite expensive and meager [1]. Therefore, an effective approach can be selection of non-metallic elements as dopant [7,
37] which are also preferred due to their similarity with oxygen in characteristics. Among these elements, nitrogen (N) can be a better
choice due to its low ionization energy and smaller atomic size resulting in formation of a metastable center [40]. Nitrogen mitigates
the problem of electron-hole recombination and narrows the band gap by creating N defect states near the valence band. Nitrogen
doping was also found to be a beneficial factor as it can potentially create vacancies while replacing oxygen atom from the host lattice,
which can effectively enhance photocatalytic performance [9,41-43]. Though a few studies have been reported on synthesis and
characterization of CuO NPs doped with different elements, there is still immense scope to enhance their optoelectronic properties
especially for photocatalytic application.

In this study, nitrogen doped CuO NPs have been synthesized via co-precipitation method which is considered as a facile technique
due to its high efficiency, versatility, low cost, and ability to control particle size and morphology precisely [7]. Compared to other
synthesis methods, this approach also offers a number of unique advantages, i.e., an eco-friendly way to produce high-purity nano-
particles with complete control on process parameters, such as pH, temperature and mixing rate [44,45]. Moreover, in co-precipitation
method, generation of oxygen vacancies affected by mixing rate have been reported previously as well which is beneficial for pho-
tocatalytic activities [46,47]. In order to understand the underlying chemistry, the effect of N doping has been investigated thoroughly
on structural, morphological, and optical properties of the NPs. Photocatalytic properties of the pure (0 mol % N doped CuO) and 0.5
mol%, 1.0 mol% and 2.0 mol% N-doped NPs were explored via catalytic degradation of Rh B dye under ultra-violet (UV) light. As it is
widely recognized that N doped ZnO and TiO, exhibit enhanced photocatalytic properties [48,49], investigation on N doped CuO NPs
synthesized by co-precipitation approach can be significant as well.

2. Experimental
2.1. Materials

All the analytical grade chemicals were used without further modification. The precursors used were copper acetate monohydrate
[Cu(CH3CO0),.H,0] and urea [CH4N20] where sodium hydroxide [NaOH] was used for pH control. Urea was used as nitrogen source

since urea is a cheaper reagent that promotes controlled nucleation and growth of nanocrystals [50]. Glacial acetic acid was added to
prevent hydrolysis of copper acetate to Cu(OH), in uncontrolled way prior to NaOH addition.

Table 1
List of previous works on photocatalytic performance of CuO NPs [28,33,35-37].
Catalyst Synthesis Method Morphology Pollutant Degradation rate
CuO One pot way Nanoribbon RhB 92% after 8hr irradiation
Zn doped CuO Hydrothermal Nanosheet Methylene Blue (MB) 66% after 270 min
F doped CuO Co-precipitation Spherical RhB 89%
CuO/CdS nanocomposite Ultrasound assisted wet-impregnation method Nanosheet RhB 93%
Ce doped CuO Co-precipitation Nanoleaves MB 31% after 180 min
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2.2. Synthesis of nanoparticles

Stock solution of Cu(CH3COO),.H0 prepared using deionized (DI) water was stirred at 60 °C and after 10 min, 1 mL glacial acetic
acid was added. After 60 min of stirring, NaOH was added dropwise at constant temperature until solution pH was adjusted to 7 and
the precipitates obtained were allowed to settle down for next 48 h. Precipitates were separated by centrifuging several times by
washing with DI water and finally once with ethanol to remove any undesirable solvent. After drying for 24 h at 120 °C, the samples
were grinded, weighed and then annealed at 400 °C for 1 h in a tube furnace. In the case of doped samples, urea (CH4N.0) was added
20 min after addition of glacial acetic acid and the rest of the procedure was identical.

3. Characterization
3.1. X-ray diffraction (XRD)

XRD was performed to analyze phases present after annealing and to estimate crystallite size as well as crystallinity by using X-ray
diffractometer (Rigaku Smart lab® SE) with 0.15406 nm Cu-K, radiation for Bragg’s angle (260) range from 20° to 80° (40 kV, 40 mA,
step width 0.02, scanning speed 10°/min).

3.2. Field emission scanning electron Microscopy (FE SEM)

Raman Spectroscopy.
Raman spectra was recorded using MacroRam™ Raman Spectrometer with an excitation wavelength of 785 nm.

3.3. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra (XPS) were obtained from X-ray photoelectron spectrometer (XPS) using Al K, (E = 1486.6 €V)
radiation to verify the existence of different elements on the surface of NPs. From XPS spectra effect of doping on defects was also
investigated.

3.4. Ultraviolet visible (UV-Vis) spectroscopy

Diffuse reflectance spectra (DRS) of the NPs and absorbance for Rh B solution were measured with PerkinElmer Lambda 365
spectrophotometer. From the reflectance spectra band gap was calculated using Kubelka-Munk formula.

3.5. Photoluminescence (PL) spectroscopy

Photoluminescence spectra for all the nanoparticles were recorded using 224 nm excitation wavelength (Mini PL 110, Photon
systems).

3.6. Photocatalytic activity Measurement

The photocatalytic activities of pure and N doped CuO NPs were studied using Rh B dye as a probe molecule for photodegradation
in aqueous solution under UV light (florescent lamp of 6W power and 365 nm wavelength) irradiation. 3 M solution of sodium
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Fig. 1. (a) XRD patterns of pure and N doped CuO NPs, (b) Shift in peak positions after nitrogen doping.
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hydroxide was used to maintain pH value at 11. Prior to the episode of UV irradiation, suspension of NPs in Rh B dye was stirred
magnetically for 30 min in a dark box to attain the absorption desorption equilibria. The analysis started by extracting 4 mL solution at
regular time intervals to measure the degradation under UV light. Each time the sample extracted was centrifuged right away to
remove any remaining particles from the solution and absorbance was measured using the UV-Vis spectrometer. Throughout the entire
procedure, the pH of the suspension was kept constant. Scavenger test was conducted further to identify the active species involved in
degradation process. Degradation efficiency and kinetics of photocatalytic activity were calculated for all the nanoparticles prepared
earlier.

4. Results and DISCUSSION
4.1. Structural investigation

X-ray Diffraction (XRD)

Crystal structure with phase identification of pure and N doped CuO NPs were measured by analyzing XRD patterns and the
combined XRD patterns are shown in Fig. 1(a). Diffraction peaks were observed for all the samples at 32.64°, 35.64°, 38.86°, 48.88°,
53.45°,58.42°, 61.64°, 65.92°, 66.38°, 68.18°,72.36° and 75.26° which correspond to (110), (002), (111), (20 2), (020), (202), (11 3),
(022), (31 1), (220), (311) and (22 2) planes, respectively [51]. All these data are in well agreement with the standard JCPDS file
n0.78-0428for monoclinic copper oxide. No extra phase was observed on doping, which indicates complete incorporation of dopants in
the CuO lattice [52].

The crystallinity of the pure and N doped NPs is tabulated in Table 2 calculated using this formula:

Areaofcrystallinephase
TotalArea

Crystallinity (%) = x 100%

The decrease in peak intensity with increasing dopant concentration is evident, implying a subsided crystallinity that can be
attributed to the disturbance created in the lattice by dopant incorporation, as shown in Fig. 1(a). The diffraction peaks for the N doped
CuO NPs shifted towards a lower 26 values with an increased peak broadening, indicating the incorporation of nitrogen atoms in the
host lattice where N3~ ions (ionic radii = 1.71 A) replace 02" ions (ionic radii = 1.32 10\), creating lattice distortion. The introduction of
nitrogen doping caused continuous peak shift in the XRD spectra measuring a decrease of around 0.16° for 2 mol% N doped CuO NPs at
(002) and (111) planes shown in Fig. 1(b). The peak broadening can be seen in nitrogen doped samples which might be the reason
behind the decreased crystallite size in N doped CuO NPs [53,54]. The decrease in crystallinity was also evident later from the
calculated crystallinity (Table 2) [55]. Crystallite size was determined using Debye-Scherrer formula:

K2

D =
() pcoscos

Where, K is Scherrer constant (0.9), A is wavelength of Cu K, radiation (1.54056 nm), f is full width at half maxima (FWHM) of the
diffraction peaks and 20 is Bragg angle [56]. A decrease in crystallite size for the doped NPs may be due to Cu-N-Cu bond formation
[57]. It may also be attributed to the controlled crystallization in presence of urea [50,58].

Micro-strain of the pure and N doped CuO NPs was assessed by Williamson-Hall plot (Fig. 2) using following formula:

AK
ﬂcos9:3+4ssin0

This formula depicts a straight line, where ¢ is slope that gives the lattice strain, ) is wavelength of Cu K, radiation, K is Scherrer
constant, D is crystallite size (nm) and 26 is Bragg angle [59,60]. The micro-strain of pure CuO NPs was decreased on 0.5 mol% N
doping. With initial doping, it is believed that nitrogen fills up the oxygen vacancy of p-type CuO which relaxes the strain of the host
lattice. However, for further doping micro-strain increased continuously referring to higher concentration of defects like vacancies
[32]. In the lattice, 02~ ion was substituted by N3~ ion and created a charge imbalance (defect reaction 1). This imbalance of charge
compelled three O?~ to leave the lattice site which was filled by two N>~ ions and leaving an oxygen vacancy that led to increased
micro-strain [61,62]. The effect of doping on defects was further studied from PL spectroscopy and XPS analysis later.

2N +3Cu0 — 2N, + V2* + 3Cu, )

Table 2
Data analysis of pure and N doped CuO NPs.

Sample Crystallite Size, D (nm) Crystallinity (%) Micro-strain € (10%) Particle Size (nm) Optical Bandgap (eV)

Debye-Scherrer formula W-H plot

Cuo 26.21 24.31 84.39 3.77 44.84 1.232
Cu00.905N0.005 21.67 22.07 83.88 2.06 - 1.207
Cu04.95No.01 14.64 17.77 80.76 2.92 51.88 1.186
CuOy.0sNo.02 15.43 18.96 78.53 3.34 75.58 1.212
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Fig. 2. Williamson-Hall plots of (a) pure, (b) 0.5 mol%, (c) 1.0 mol% and (d) 2.0 mol% N doped CuO NPs.

The above defect reaction is written using Kroger-Vink notation [63]. In this reaction, NO refers to the substitution of 0%~ with N~

creating unit negative charge and Ny represents formation of oxygen vacancy of double positive charge. In addition, Cug,, represents
placement of Cu atom on its own lattice site, and therefore, is neutral.

5. Optical properties

5.1. Diffusive Reflective spectra analysis

As it reveals from the diffuse reflectance spectra, reflectance of the NPs in the visible region reduced with increasing dopant
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Fig. 3. Diffuse reflectance spectra of pure and N doped CuO NPs.
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concentration (Fig. 3). Reflectance was minimum for 1.0 mol % N doped NPs, whereas reflectance increased a bit for further dopant
addition. The steep fall of reflectance in DRS spectra for all the CuO samples reflects crystalline nature of the nanoparticles, which is in
accord with estimated crystallinity from XRD. Kubelka-Munk formula, as mentioned below, was used to calculate indirect bandgap
energies of the nanoparticles.

[F(R)hv]" =A(hv — E,)

Where F(R) is Kubelka-Munk function, hv is photon energy, E; is bandgap and A is a constant.

From [F(R)hv]" vs ho plot indirect bandgap was calculated for all the samples where n takes the value of'; [64,65] (Fig. 4). The
indirect bandgap energies of pure, 0.5 mol%, 1.0 mol% and 2.0 mol% N doped CuO nanoparticles were found to be 1.232 eV, 1.207 eV,
1.186 eV and 1.212 eV, respectively.

It is evident that the bandgap initially decreased with addition of N in CuO NPs, but for further doping beyond 1.0 mol% the
bandgap was increased. The decrease in bandgap upon N doping can be due to intragap defect states formation [66]. The addition of
N3~ in the lattice substitute O~ ions and create intermediate N 2p impurity level on top of the valence band (O 2p) of the CuO samples
which in turns narrows the bandgap [67]. It has been reported earlier that the bandgap narrowing becomes challenging for higher
amount dopant concentration as the valence band and conduction band hardly shift their positions for increased amount dopants
Nitrogen-doped simple and complex oxides for photocatalysis [68].

5.2. FTIR analysis

Infrared spectra of pure and 1.0 mol% N doped CuO is illustrated in Fig. 5. The spectra are recorded in the range of 400-4000 cm L.
Here, the FTIR spectrum of pure CuO exhibited characteristic IR peaks at 408, 416 and 589 cm ™, which indicates the presence of
monoclinic CuO phase [64,69]. No additional peak of CuyO is present in the spectra which confirms the presence of CuO only, as shown
by XRD analysis earlier. In addition, minor peaks observed at 1353 and 1494 cm ™! indicate carbonyl C=0 stretching bonds [69]. For
1.0 mol% N doped CuO NPs, peak at 1401 cm ™! corresponds to N-H bending vibration modes and is the characteristic peak for the
substitution of N in the CuO NPs [70]. In addition, peak at 3364 em ! represents O-H vibration stretching mode [70]. In the figure,
noticeable shifting and broadening of the characteristic peaks of CuO is seen which indicates the incorporation of N dopant in the NPs
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Fig. 4. Indirect optical bandgap of (a) pure, (b) 0.5 mol%, (c) 1.0 mol% and (d) 2.0 mol% N doped CuO NPs.
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Fig. 5. FTIR spectra of pure CuO and 1.0 mol% N doped CuO NPs.

[71].

5.3. Raman analysis

Raman Spectroscopy was conducted to get further insight into the vibrational properties, change in microstructure prior doping
and the defects in the CuO NPs [72].The monoclinic crystal structured CuO belongs to the CS, (c?/c) space group, which suggests the
presence of twelve zone-center optical phonon modes (4Ay + 5By + Ag + 2Bg), where only three modes (Ag + 2Bg), are Raman active.
Due to the lattice site symmetry, transposition of oxygen atoms only attributes to the Raman modes while the Cu atoms remain static
for the mentioned phonon modes [73]. Fig. 6 shows the Raman spectra of CuO, and 1.0 mol% N doped CuO NPs, where the observed
peaks are in well accord with the previously reported values [74]. The peak with highest intensity appeared at 294 em ™}, Ag mode,
refers to the in-phase/out-of-phase rotation of CuO. The other two less intense peaks at 341 and 626 cm ™! correspond to the Bg modes
which are associated to host lattice (CuO) bending mode and symmetric oxygen stretching, respectively [73]. The absence of any
additional CuyO related peaks suggests that CuO NPs formed in a single phase in both nitrogen doped and undoped samples
corroborating other characterization analysis. All three peaks of the nitrogen doped CuO Nps (Ag + 2Bg) shifted towards higher
wavenumbers, which might be due to the contraction of the lattice size as the incorporation of nitrogen atoms creates oxygen vacancies
in the host lattice for charge neutrality [75]. The crystallite size contraction for 1 mol% N doped CuO NPs is verified by the XRD study,
and the emergence of oxygen vacancies is evident from the XPS analysis. Previously, three Raman modes in CuO were thought to be
solely caused by oxygen atom vibrations. However, further investigations revealed that any change in Raman modes is related to grain
size as well [76].
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Intensity (a.u.)
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Fig. 6. Raman Spectra of Pure and 1.0 mol% N doped CuO.
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5.4. XPS analysis

The characteristic peaks at 933.60 eV, 953.17 eV, and 529.65 eV, which are indicative of binding energies of Cu2ps /2, Cu 2p; /2, and
O 1s confirm the CuO phase in the survey scan of undoped CuO nanoparticles in Fig. 7 (a). N doped CuO nanoparticles exhibited nearly
identical binding energies for Cu2ps,3, Cu 2p;,2, and O 1s, which are at 933.48 eV, 953.36 eV, and 529.50 eV as shown in Fig. 7 (b).
The C1s peak observed at 284.78 eV in both general survey scans was used as a reference [29]. High resolution scanning confirmed the
presence of N 1s at 400.4 eV in the doped nanoparticles depicted in Fig. 8(b).

The C 1s spectra was further resolved into four distinct peaks to understand the chemical states of carbon present in the survey scans
illustrated in Fig. 8(a). The peak associated to C-C bond was located at 284.78 eV [29]. Other peaks observed at 283.57 eV, 287.4 eV
and 289.96 eV represent the metal carbide, C-H bond and COg respectively [77].

Fig. 9(a) exhibits the core spectra of Cu 2p for pure CuO nanoparticles which appeared as a doublet associated with satellite peaks.
The peaks observed in pure CuO at 933.6 eV and 953.52 eV resemble binding energies of Cu 2p3,» and Cu 2p; /2 with a spin orbit
separation of 19.92 eV and extra satellite peaks resemble these two peaks appeared at 941.23 eV and 962.06 eV with a separation of
around 20.83 eV. Again, the Cu 2p spectra for the N doped nanoparticles appeared with nearly identical binding energies for Cu 2p3/»
(933.50 eV) and Cu 2p; /2 (953.55 eV) with a spin orbit separation of 20.05 eV in Fig. 9(b). The satellite peaks associated with Cu 2p3 >
and Cu 2pj 2 in the N doped CuO are found at 941.15 eV and 962.05 eV with an energy gap of 20.9 eV. The existence of the ionic state
Cu?* was confirmed in both nanoparticles by the peaks that originated from the core level of Cu 2p as well as the shake-up satellite
peaks [37,78]. Fig. 8 (b) depicts core XPS spectra for N 1s state at 400.4 eV which supports the previous claim of the formation of
nitrogen-Copper bond by successful incorporation of nitrogen ions in CuO nanoparticles [79].

Amounts of oxygen ions at lattice sites and oxygen vacancies were calculated for all the nanoparticles by performing deconvolution
of the peaks (Fig. 10). In Fig. 10 (a), deconvolution of O 1s for undoped NPs showed two individual fitted peaks at 529.62 eV and
531.27 eV. Former peak represents oxygen ions at the lattice points and the latter one corresponds to the oxygen vacancies [37,80].
Peaks found from deconvolution of O 1s for the nitrogen doped NPs were at 529.55 eV and 531.05 eV (Fig. 10 (b)). Amount of oxygen
ions at lattice sites and the amount of oxygen vacancies were estimated from the area under their relevant peaks which were around
51.15% and 48.85 % for pure CuO and around 48.93% and 51.07% for the N doped CuO resulting in about 2.22% increase in the
oxygen vacancies on doping. The increase in the oxygen vacancies is attributed to N3~ settling at the oxygen lattice sites and forming
new vacancies to maintain charge balance described in defect reaction (1) [48], [65]. This phenomenon is also supported by the strain
analysis in XRD analysis and further confirmed by PL analysis discussed later.

5.5. Morphological analysis

The morphology of all the NPs were studied using FE SEM (Fig. 11) and the particle size distributions are shown in Fig. 12. Pure
CuO NPs were found to be spherical and on doping particle shape showed significant deviation from spherical shape [81,82]. For 0.5
mol% N doping, nanoparticles became agglomerated and formed large cauliflower-like structure. Such morphology with large surface
area and short conduction length for electrons and cations are suitable for electrochemical reactions [55,83]. Due to agglomeration,
particle size distribution could not be measured for 0.5 mol% N doping. Further doping caused the evolution of particles with larger
average particle size and wider particle size distribution compared to pure CuO. Average particle size for pure, 1.0 mol% and 2.0 mol%
N doped CuO NPs are found to be 44.84 nm, 51.89 nm, and 71.59 nm, respectively.

5.6. Photoluminescence studies

The photoluminescence (PL) spectra were recorded for all the nanoparticles to study the effect of dopants on the resulted defects on
doping (Fig. 13). For PL spectroscopy the stimulation wavelength was 224 nm. After the second order artefacts with a Rayleigh scatter
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Fig. 10. XPS spectra for O 1s in (a) pure (b) 1.0 mol% N doped CuO.

peak at 448 nm, deep band emissions (DBE) were observed. The blue emission peak at 471 nm can be due to transition of oxygen
vacancy and interstitial oxygen [84]. The green emissions at 512 and 533 nm correspond to electron-hole recombination at oxygen
vacancies [67]. Oxygen vacancies are created on doping as predicted by defect reaction (1) mentioned earlier. The intensity of deep
band emissions varied with increasing doping concentration. Intensity of these peaks decreased for doping concentration up to 1.0 mol
% which implies reduced recombination rate of excitons due to effective trapping by the defects induced by nitrogen doping [57].
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Fig. 11. FE SEM images of (a) Pure, (b) 0.5 mol%, (c) 1.0 mol% and (d) 2.0 mol% N doped CuO NPs.

However, on further doping a slightly increased recombination rate was noticed evident from enhanced peak intensity. Reasons can be
defect annihilation, or because the defects started to act as exciton collapse center for 2.0 mol% N doping or the larger particle size
(Fig. 11 (d)) as for large exciton collapse takes place prior to particle surface enrichment with charge carriers [85,86].

6. Photocatalytic degradation
6.1. Degradation efficiency and kinetics

Fig. 14 shows the absorption spectra of Rh B with time to study the photocatalytic degradation effect of undoped and doped CuO
NPs after adding in the dye under UV light. Here, the intense peak of Rh B at 560 nm decreased significantly under UV irradiation at a
steady rate. For all the doped samples, the decrease in absorbance intensity was faster than pure CuO. After 6 h of irradiation, pure CuO
nanoparticles showed degradation of 79% whereas 0.5 mol%, 1.0 mol% and 2.0 mol% N doped CuO nanoparticles showed degradation
of 88%, 94% and 91%, respectively (Fig. 15(a)). This implies that with increased doping, degradation increased up to 1.0 mol% N
doping and then reduced with further doping. Degradation efficiency was estimated from the formula:

Degradation efficiency (%) A;:A x 100% = C"C:C x 100% [87]

Where Co, C, A, and A refer to initial concentration of dye, final concentration of dye, absorbance before and after dye degradation
respectively. The reason for the lower degradation of pure CuO might be the faster recombination of charge carriers, which could
restrict the movement of the photogenerated charge carrier at catalysts surface and resulted inferior photocatalytic performance [88].

The kinetic parameters were calculated using the first-order kinetics equation as below and ln% vs t diagram (Fig. 15(b)) was
plotted using OriginPro software for all the samples:

(&
In c- Kt
Where, K is the first-order rate constant. Values of K were determined from slope of the lines and the calculated values were
0.26337 hr™!, 0.35574 hr™!, 0.44218 hr ! and 0.38559 hr™?! for pure CuO, 0.5 mol%, 1.0 mol% and 2.0 mol% N doped GuO nano-
particles, respectively. Here, the maximum value was obtained for 1.0 mol% N doped CuO nanoparticles sample. From Fig. 14, it is
evident that absorption of the nanoparticles increased after N doping, which led to higher photocatalytic efficiency of the doped
nanoparticles. This enhanced absorption can be attributed to the change of CuO electronic structure due to N dopant [8]. Additionally,
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Fig. 13. PL emission spectra showing deep band emission (DBE) of pure and N doped CuO NPs.

compared to pure CuO, the N doped CuO nanoparticles had lower band gap up to 1.0 mol% doping as particle size increased. 1.0 mol%
N doped CuO nanoparticles showed maximum degradation rate which can be due to the minimum exciton collapse rate as observed
from the photoluminescence study. As discussed earlier, the intra-band gap sideway defect states reduced the band gap on doping and
believed to decrease recombination rate of excitons by effective trapping. Initially exciton recombination and trapping rate, and later
recombination and the interfacial charge transfer rate determines overall quantum efficiency of the charge transfer [89]. Another
reason for the higher degradation rate of 1.0 mol% N doped CuO might be higher concentration of oxygen vacancies. Because with
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Fig. 15. (a) Degradation curves and (b) kinetics of photocatalytic activity of pure and N doped CuO NPs.

larger oxygen vacancy content, charge carrier recombination rate reduces. This also implies that lower recombination rate is the reason
for greater amount of degradation [88]. However, reduced photocatalytic activity was noticed for 2.0 mol% N doping can be due to the
thin space layer which makes recombination rate easier and lowers degradation efficiency [90]. Also, photoluminescence study
showed an increased recombination rate of excitons for 2.0 mol% N doping which caused the decreased photocatalytic activity for this
higher doping concentration.
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6.2. Active species for photocatalytic degradation

The effects of different scavengers in the degradation of photocatalysts were analyzed by comparing the inhibiting effect of each
active species on the degradation efficiency of photocatalysts. Generally, hydroxyl radical (OH-), superoxide radical (O, holes (h™)
and electrons (e™) act as active species in photocatalytic degradation of Rh B and isopropyl alcohol (IPA) [91], ascorbic acid (AA) [92],
sodium chloride (NaCl) [93] and sodium nitrate (NaNO3) act as scavengers of these species respectively. Fig. 16. (a) and (b) illustrate
the individual influence of these trapping agents, where isopropyl alcohol (IPA) exhibits noticeable inhibition effect in comparison to
the rest of scavengers. From the results, it is evident that hydroxyl radical (OH-) plays the role of major reactive species since isopropyl
alcohol (IPA) reduces the degradation efficiency of Rh B from 94% to 4.52%. The figure also depicts that, with hydroxide radicals
(OH:), superoxide species (O3-") contribute to the photocatalytic degradation.

6.3. Mechanism

The degradation mechanism of photocatalysts was speculated after integrating several related articles[94] and is illustrated in
Fig. 17 [57],[87],[92],[94], [95]. When irradiated with UV light, excited electrons (e ,;,) from valence band transferred to conduction

band creating positive holes (h(*vb)) in valence band. This jump of electrons results in generation of large number of hydroxyl species
(OH-) and superoxide species (O3-). The excited electrons (ee)) of conduction band produce negatively charged superoxide radicals

(02) by interacting with oxygen, which later produce hydroxyl radicals (OH.). Also, reaction of H" and superoxide species (O,
forms hydroperoxyl radical (HO»-). In addition, a sub energy level above the valence band of CuO nanoparticles was introduced due to
N doping [95]. This sub energy level traps the generated electrons and holes, and eventually, inhibits electron hole recombination.
Adsorbed hydroxide ions on the surface of catalyst generate hydroxyl radicals (OH-) by participating in oxidation reaction with holes
(h(tb))' The entire degradation mechanism can be shown as below

—+h,
CuO+hv — Cu0 (e,
02 -+ e(j,b) - 02‘7
0, +H" - HO,-
HO, - +H" +¢,, = H,0,
H202 + e(;b) g OH . + OH7
H,0+hf, — H" +OH-:
OH™ +hz;b> — OH-
OH - + Rh B contaminant — Degradation product

6.4. Recyclability study

CuO NPs, as heterogeneous photocatalysts, have excellent capability to demonstrate phase stability after several cycles of the dye
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Fig. 16. Effect of different scavengers, (a) In (C% vs time (b) % Degradation.
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Fig. 17. Photocatalytic degradation mechanism of N doped CuO nanoparticles.

degradation process. In this study, 1 mol% N doped CuO NPs were taken to investigate phase stability, as it showed maximum
degradation potency for Rh B dye removal. The nanocatalysts were utilized for four cycles where particles were collected after each
cycle, centrifuged thoroughly and then dried in the oven for 1 h. Then the cycle was repeated against a freshly prepared Rh B solution.
Fig. 18 (a) illustrates the recyclability of 1 mol% N doped CuO NPs after several use. The dye removal efficiency was approximately
93% after the 1st cycle in 6 h of UV light irradiation, which was found to be 89% after the 4th cycle, showed in Fig. 18 (b). The
reduction in efficiency may be caused by the unintended loss of catalysts during recovery steps each time. To verify the phase stability,
XRD and reflectance spectra were recorded before using the catalysts for photoreaction and after the 4th cycle separately. Fig. 19 (a)
shows the identical XRD spectra which strongly confirms the stable monoclinic phase of the N doped CuO NPs after repeated pho-
tocatalytic degradation. Moreover, Fig. 19 (b) shows the sharp slope of the reflectance spectrum for the photocatalysts remaining
unaltered after successive use, depicting the photo-stability of the synthesized nanoparticles.

7. Conclusion

Here, pure and nitrogen doped CuO NPs have been prepared following co-precipitation route. Structural, morphological, optical
and photocatalytic properties of the particles were investigated systematically. Successful incorporation of nitrogen in the CuO lattice
was confirmed by XPS, FT-IR and Raman spectra. All the particles synthesized showed single phase CuO with spherical or near
spherical morphology with well crystallinity. On doping, band gap decreased up to 1.0 mol% N doping for which recombination rate of
excitons was also minimum. 1.0 mol% N doped CuO exhibited maximum photocatalytic degradation efficiency which can be due to the
minimum recombination rate of excitons. This can also be due to formation of greater concentration of oxygen vacancies to maintain
charge neutrality, as confirmed by XPS and PL studies. For higher dopant concentration, degradation efficiency was decreased due to
increased recombination rate caused by defect annihilation, or since defects started to act as recombination center or because of larger
particle size. Since N doped CuO NPs exhibit enhanced photocatalytic degradation of organic dye Rh B, it can be used as an effective
photocatalyst in wastewater management and hydrogen production [96].
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Fig. 18. (a) Recylability of 1 mol% N doped CuO NPs, (b) Dye removal efficiency at successive cycles.
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Fig. 19. (a) XRD and (b) DRS spectra of 1 mol% N doped CuO NPs before and after photocatalytic degradation.
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