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The present energy crisis has encouraged the use of energy-efficient devices and green
energy sources. In addition to their energy-efficient operation, it is now essential that the
production of these devices is cost-effective. Devices requiring energy-efficient operation
and production include light emitting diodes (LEDs) applied to general lighting systems
or for specific applications in electronic devices. With regard to the production of energy,
cost-effective and new materials are being intensively investigated. The new generation
of devices consists of hybrid materials and nanomaterials, involving polymers coupled
with inorganic counterparts. The advantages of these hybrid materials include lower
production costs, an overall weight reduction in the device and easier recyclability. In this
regard, functional nanomaterials appear to be the most suitable choice of materials for these
applications. In electronic devices, they allow miniaturization, while in energy-harvesting
applications, i.e., photovoltaics and photocatalysis, they allow for more efficient energy
conversion owing to the higher surface-to-volume ratio. Since the active sites for energy
conversion in these nanomaterials are localized on the surface, the volume of the device is
therefore reduced. Hence, the energy produced per unit mass is higher, as a lower amount
of material is required in the device. Along with cost-effective production techniques, the
overall device costs are therefore lowered.

The present Special Issue focuses on functional nanomaterials applied to optoelectron-
ics and photocatalysis with several common nanomaterials to both fields, in particular ZnO.
The compilation is clearly divided into three categories: (i) optoelectronics, (ii) photovoltaics
and (iii) photocatalysis. In the optoelectronics section, the publication of Kabongo et al.
describes the synthesis of ZnO doped with Ho, exhibiting ferromagnetic properties under
microwave excitation [1]. The second publication, by Rauwel et al., reports on the combina-
tion of ZnO nanoparticles with CNT and Ag nanoparticles, and emphasizes the plasmonic
effect of Ag nanoparticles in the enhancement of UV emission owing to the Burstein-Moss
effect [2]. The plasmonic effect of metal nanoparticles has also been theoretically studied by
Shivangi et al. in the enhancement of an SPR-based sensor device of BlueP/WS;-covered
Al,O3-nickel nanofilms [3]. Another article, by Nagpal et al., describes the enhancement
and suppression of the visible light emission of ZnO nanostructures with the addition of
carbon nanotubes (CNTs) and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), respectively [4]. Polymers, such as Poly(methyl methacrylate) (PMMA),
are also used as electron-blocking layers in a II-VIsemiconductor QLED, as described by
Zvaigzne et al. [5]. Similar II-VI semiconductor materials were also grown by Hou et al. via
a phosphine-free method, and their photovoltaic properties were evaluated, which marks
the second topic of this Special Issue [6]. The third topic, i.e., photocatalysis, is composed
of four publications. This topic can be divided into two subgroups: (i) H, production
and (ii) dye degradation. For Hy production, Xia et al. report on a heterostructure of
an organic/inorganic interface of g-C3N/LDH that can be activated under visible light
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radiation [7]. This Special Issue contains three publications on the study of dye degradation
using nanomaterials: The first publication is a review article by Paredes et al. that surveys
the CuzN nanomaterials used to date [8]. The second publication by Paredes et al. describes
the one-step synthesis of nanoparticle mixtures of Cu-CuzN-Cu,O and their potential in the
sunlight-driven photocatalytic degradation of azo dyes [9]. The last publication, by Hendrix
et al., reports on the degradation of azo dyes using ZnO nanomaterials, and investigates,
for the first time, the influence of their morphology and defect states under both UV and
sunlight [10].

We wish you a pleasant read and hope that this Special Issue on “Functional Nano-
materials for Optoelectronics and Photocatalysis” will serve as a valuable resource for
researchers and PhD students in the field.
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Abstract: This research work describes the synthesis of ZnO nanostructures doped with Ho>* ions
using a conventional sol-gel synthesis method. The nanostructured produced exhibited a wurtzite
hexagonal structure in both ZnO and ZnO:Ho%* (0.25, 0.5, 0.75 mol%) samples. The change in
morphology with addition of Ho** dopants was observed, which was assigned to Ostwald ripening
effect occurring during the nanoparticles” growth. The photoluminescence emission properties of the
doped samples revealed that Ho>* was emitting through its electronic transitions. Moreover, reduced
surface defects were observed in the Holmium doped samples whose analysis was undertaken
using an X-ray Photoelectron Spectroscopy (XPS) technique. Finally, enhanced room temperature
ferromagnetism (RT-FM) for Ho®*-doped ZnO (0.5 mol%) samples with a peak-to-peak line width of
452 G was detected and found to be highly correlated to the UV-VIS transmittance results.

Keywords: ZnO; holmium; nanostructures; ferromagnetism; XPS

1. Introduction

The surge of interest observed on ZnO nanostructures research in the past three
decades among the scientific community was due to the versatile optical, magnetic and
surface properties that they display under room temperature conditions [1]. The ZnO
wide direct tunable band-gap, large exciton binding energy at room temperature makes
it to be a convenient material for device fabrication in a wide range of applications such
as optoelectronic, photonics and dilute magnetic semiconductors (DMS) [2-5]. It has
potentialities to be applied in other devices such as gas sensors [6], biolabels [7], solar
cells [8] and piezoelectric nanogenerators [9]. Recently, several research groups have
investigated the optical properties of ZnO nanostructures exhibiting different morphologies
such as flower-like [10], nanorods [11], comb-like [12] and nanowire arrays [13]. The need
to engineer ZnO defects has driven scientists to dope this semiconductor material with
either transition metal ions or light emitting elements such as the promising rare earth
ions which in most cases resulted in tailoring the band-gap of ZnO [14]. Despite its
large magnetic moment, Ho®* has attracted less interest within the scientific community.
Recently, Popa et al. [15] investigated the impact of structural on optical properties of sol-gel
derived holmium doped ZnO thin films using relatively higher doping concentrations (1,
3,5 at%), and others have demonstrated elsewhere that holmium concentration variation
is very effective in tuning ZnO properties [16]. Earlier, Khataee and co-workers [17]
reported on holmium doped zinc oxide nanoparticles synthesized via sonochemistry
for the evaluation of the Reactive Orange 29 degradation in catalysis. Moreover, Singh
and colleagues have successfully measured the DC magnetization and resistivity in Ho
doped ZnO nanoparticles produced via wet chemical synthesis [18]. Furthermore, in their

Nanomaterials 2021, 11, 2611. https:/ /doi.org/10.3390/nano11102611
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investigation dedicated to unveiling the optical and dielectric properties of Ho-doped
ZnO, a research group have successfully established the correlation of the abovementioned
properties to ZnO related defects [19]. Interestingly, sol-gel remains to date one of the most
efficient synthesis procedure to produce ultrasmallZnO nanoparticles [20,21]. In the current
study, the observed change in morphology in Ho3*—doped ZnO nanocrystals is reported,
and it was assigned to Ostwald ripening effect which occurred during the growth process of
ZnO nanostructures. Moreover, a comparison of the defect state XPS core levels in un-doped
and Ho%**-doped ZnO (0.5 mol%) samples is presented and discussed in detail. Furthermore,
in spite of the low concentration of Ho®>* dopant, XPS Ho 4d core levels were detected.
Finally, the current research work is a novel experimental study on room temperature
ferromagnetism based on microwave absorption of Ho?* ions doped in ZnO nanostructures
owing to the large magnetic moment of Ho>*. The ferromagnetism enhancement observed
which is related to the number of spins participating to the ferromagnetic resonance is
found to be in accordance with the UV-VIS transmittance and band-gap results (Scheme 1).

Bulk ZnO Nanostructured ZnO
- Un-doped 0.5 mol% Ho

Band
gap I 3.3}V 3.36|

Energy [eV]
PRRE T |

Scheme 1. ZnO Band-gap engineering.

2. Experimental Section

The samples used in the present study were all synthesized in the same conditions,
except the molar concentration of Ho dopant which varied. The synthesis was conducted
using zinc acetate (Zn(CH3COO),-2H,0), sodium hydroxide (NaOH) and holmium nitrate
pentahydrate (Ho(NOs)3-5H,0), which were all purchased from Sigma-Aldrich (Kempton
Park, Gauteng, South Africa) and used as received. ZnO:Ho>" nanocrystals were syn-
thesized by a sol-gel method following the same procedure as reported in our previous
works [22-24]. The solution of sodium hydroxide dissolved in ethanol was prepared sep-
arately, then cooled in ice water and added dropwise judiciously to the ethanol solution
of Zn?* jons. For preparation of Ho**-doped ZnO samples with different concentrations
of Ho®" (0.25, 0.5 and 0.75 mol%), the ethanol solution of Holmium nitrate pentahydrate
was added into the hydrolyzed Zn?* solution prepared following the above route. The
obtained clear solution was kept at room temperature for 24 h and then washed several
times in a mixture of ethanol and heptane (1:2 molar ratio) to eliminate unreacted Na* and
CH3COO ions. The resulting precipitates were then re-dispersed in ethanol and dried at
200 °C for 2 h in an electric oven (ambient atmosphere).

The structure of the obtained samples was characterized on an X'Pert PRO PANa-
lytical diffractometer with CuKo at A = 0.15405 nm. Transmission electron microscopy
(TEM) images were taken by using a JEOL-Jem2100 microscope. Morphology and chemical
composition of the samples (Cu-grid deeped in ethanolic solution of the sample) were
analyzed using a JEOL JSM-7500F field-emission scanning electron microscope (FE-SEM,
JEOL Ltd., Tokyo, Japan) equipped with energy dispersive X-ray spectrometer (EDX) (an
Oxford Instruments, High Wycombe, UK). Photoluminescence (PL) and Time Resolved PL
properties for the un-doped and doped samples were analyzed using a JobinYvonFluorolog
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3 spectrofluorometer equipped with a Xenon lamp and nanoLED for excitation at room
temperature. The transmittance measurements were carried out using a Perkin-Elmer
Lambda 1050 UV /Vis/NIR spectrophotometer. The X-ray photoelectron spectroscopy
(XPS) core levels were carried out using a PHI 5000 Versaprobe-Scanning ESCA Micro-
probe (ULVAC-PHI, Inc. Kanagawa, Japan). Finally, the room temperature magnetization
measurements were examined through the microwave absorption measurements collected
using a JEOL X-band electron spin resonance (ESR; JEOL Ltd., Tokyo, Japan) spectrometer
(JES FA 200; JEOL Ltd., Tokyo, Japan) operating at 9.4 GHz equipped with an Oxford
ESR900 gas-flow cryostat and a temperature controller (Scientific instruments 9700; Oxford
Instruments plc, Abingdon, UK). In order to evade saturation during measurements, the
microwave power was maintained at 5 mW. The DC static field HDC was slowly swept
between 0 and 8360 Gauss. The DC field was modulated with an AC field whose amplitude
was kept constant at 100 kHz frequency. The microwave absorption output was measured
as a derivative signal.

3. Results and Discussion
3.1. EDS, SEM, TEM, XRD Analysis

Considering that during the course of experiment the photoluminescence optimization
which revealed that optimum luminescence was obtained from 0.5 mol% H03+-d0ped Zn0O,
particular attention was devoted to elucidating the microstructural behavior of 0.5 mol%
Ho*"-doped ZnO sample relative to the un-doped ZnO. The elemental composition of the
sample in Figure 1a was surveyed by EDS to demonstrate qualitatively the presence of
holmium dopant in the investigated area of the sample in addition to zinc and oxygen.
However, the observed copper peak originates from SEM sample preparation (i.e., Cu-
grid) [14]. It is worth mentioning that the expected chemical species were all found to be
well distributed throughout the analyzed area (see Figure S1) of the as-synthesized sample
as shown in Figure 1b. Figure 1c,d shows classical SEM micrographs for the un-doped
and 0.5 mol% Ho®*-doped samples, respectively. The images show that spherical-like ZnO
particles in the case of un-doped sample and rod-like particles in the case of 0.5 mol%
Ho%*-doped samples were formed during the wet chemical synthesis route. Interestingly,
the observed mutation of particle morphology from un-doped to 0.5 mol% Ho>*-doped
ZnO samples is attributed to the Ostwald ripening effect [25,26].

TEM measurements were undertaken carefully on both un-doped and 0.5 mol% Ho>*-
doped ZnO samples (see Figure 2). The measurements revealed that the nanostructures
were evenly distributed and were highly crystalline. However, a peculiar phenomenon
based on the mutation of morphology was observed and was attributed to doping with
holmium ions, more precisely due to the growth of nanoparticles in solution through a
diffusion limited Ostwald ripening process known to be the most predominantly growth
mechanism so far [27]. However, further investigations are required in order to effectively
elucidate on the observed mechanism of morphology mutation. It is however suggested
that studies on colloidal nanocrystals growth under TEM using the so-called liquid cell
electron microscopy [28,29] should be performed. Such study has been undertaken pre-
viously but not quite intensively, especially on the ZnO nanoparticles growth [30]. TEM
analysis revealed that the particles diameter and width were ~10 nm for un-doped and
0.5 mol% Ho%**-doped ZnO, respectively, the former contained a mixture of spherical like
and rod-like particles. The TEM result is found to be consistent with former SEM particles
morphology characterization.



Nanomaterials 2021, 11, 2611

Counts (a.u.)

Figure 1. EDS (a) spectrum and (b) elemental mapping for 0.5 mol% Ho®>*-doped ZnO nanocrystals. SEM micrographs for
() un-doped ZnO and (d) (0.5 mol%) Ho®**-doped ZnO nanocrystals.

Figure 2. TEM images for (A) un-doped and (B) (0.5 mol%) H03+-d0ped ZnO nanocrystals.

Figure 3 illustrates the X-ray diffraction (XRD) profiles of the ZnO and ZnO:Ho>*
nanocrystals. The analysis revealed that the as-synthesized nanocrystals ranging between
4-8 nm in diameter (See Table 1) were highly crystalline and exhibited the hexagonal
wurtzite structure (space group P63mc) indexed to JCPDS card # 36-1451. Furthermore, no
second phase originating from Ho,O3 was observed in the Ho**-doped ZnO samples [31],
which confirms that the dopants successfully substituted the Zn?* ions within the ZnO
lattice structure. The Scherrer equation was employed to estimate the crystallite size [32];

kA
"~ BcosO

@
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where D, A, B, ©and k are the crystallite size, the wavelength of the incident X-ray CuK
radiation (0.15405 nm), the full width at half maximum (FWHM), the diffracting angle and
a numerical constant (0.89), respectively. The results obtained are consistent with the TEM
results, where the particles were in the nanometer range (see Figure S2).

1 hd 1 hd
Zn0:0.75 mol% Ho 3

Zn0:0.5 mol% Ho

Zn0:0.25 mol% Ho

Intensity [a.u.]

alalalolal DT,

Un-doped ZnO
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Figure 3. XRD patterns for undopedZnO and Ho®>*-doped ZnO nanocrystals dried at 200 °C.

Table 1. The XRD parameters and the average estimated crystallite size (D) from Scherrer equation.

20(101) _ D

Sample [Degrees] A(20) [Rad] FWHM = (o]
Un-doped ZnO 36.52 0.02913 5.0
0.25 mol% Ho 36.34 0.02234 6.5
0.5 mol% Ho 36.55 0.01768 8.2
0.75 mol% Ho 36.55 0.02042 7.1

3.2. UV-VISTransmittance and Photoluminescence for Undoped and Ho**-Doped
ZnO Nanostructures

The transmittance spectra in the range of 300-700 nm are depicted on Figure 4a. A
sharp UV cut off band at approximately 360 nm was observed and assigned to the band-to-
band transition of ZnO. The bandedge peak is found to be highly blue shifted as compared
to the bulk ZnO (~386 nm) [33] owing to quantum confinement effect [34]. The un-doped
ZnO sample exhibited a transmittance of the order of 40% far below the 0.5 mol% Ho%*
tramittance which is in the order of 60%. This implies that the incorporation of Ho®* dopant
state within the band-gap of the ZnO matrix has enhanced the transparency of the material.
However, the transmittance was dropped after incorporation of 0.75 mol% Ho®* defects
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owing to the segregation of the dopant. The optical band-gap (Figure 4b) was extrapolated
using the Tauc’s formula [35]:

a(x)hv = A(hv — Eg)% ()

where A is the constant, hv is the photon energy, E, the optical band-gap, and «(x) is the
absorption coefficient of ZnO nanoparticle. The absorption coefficient can be calculated

from the Beer—Lambert law: 1
a(x) = — In(T) )

where T is the normalized transmittance. The band-gaps were obtained from the Tauc
plot depicted in Figure 4b. The extrapolation revealed optical band-gaps 0f~3.35, 3.34,
3.36 and 3.33 eV corresponding to un-doped ZnQO, 0.25, 0.5 and 0.75 mol% Hos*—doped
ZnO, respectively. These obtained band-gaps values are in good agreement with previous
reports [36].
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Figure 4. (a) UV-VIS transmission spectra for un-doped and Ho%**-doped ZnO nanostructures (b) optical band-gap
extrapolation from Tauc plot.

Based on the previous characterization, the emission spectrum of the as-synthesized
0.5 mol% Ho?"-doped ZnOnano-phosphor sample was first examined by exciting with
325 nm electromagnetic radiations using a xenon lamp. It was found that Ho®* (0.5 mol%)
doped sample exhibited the optimum emission intensity. Figure 5a compares the PL spectra
for both un-doped and 0.5 mol% Ho%**-doped ZnO samples using 325 nm (3.82 eV) UV
light radiations for excitation. The most common reported ZnO defects emission trend was
observed, and the exciton emission owing to the recombination of electron-hole pairs was
also detected at 381 nm (3.25 eV) for the un-doped ZnO sample, while 379 nm (3.27 eV)
was observed in the case of 0.5 mol% Ho3*-doped ZnO [37]. It is worth noting that after
doping with Ho®* ions, the free-exciton emission in the ZnO matrix undergoes two different
kinds of modifications. The major alteration observed in the free-exciton emission was
the slight blue shift (2 nm) observed to be derived from Ho®*doping in the ZnO matrix as
compared to un-doped ZnO, and this shift implies a change in the band structure [38—40]
(see Figure 5b). Elilarassi et al. [41] elaborated on such phenomenon, which was assigned to
a decrease of the transition probability taking place within the band-gap of the doped ZnO
matrix among the oxygen vacancy and the Zn vacancy after the substitution of Zn?* ions
by the dopant in the host lattice [39,40]. The second modification observed was the severe
increase in intensity of the free-exciton emission observed with holmium doping, which
was attributed to energy transfer from the Ho®" ions to ZnO host and /or to the reduction
in concentration of oxygen defects as reported in our previous study [14]. The observed
enhancements of the exciton emission confirmed the ability of spontaneous lasing action in
the ultraviolet spectral range, thus, positioning 0.5 mol% Ho%**-doped ZnO nanostructures
as a candidate material for spintronic applications (see Figure 5a) [42,43].
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Considering the current extensive controversies about the origin of the visible emission
in ZnO, one can speculate on the defects that caused this emission [44]. A change in surface
defect occurring on the surface of ZnO owing to Ho®* doping could be the main factor
causing the blue shift observed in the visible emission. Furthermore, the doping with
holmium has occasioned band bending at the surface of ZnO resulting from the change of
the Fermi energy level [45-47]. It is however important to undertake further investigation
to elucidate this hypothesis.

Moreover, the ZnO:Ho®** (0.5 mol%) emission and excitation spectra are depicted
in Figure 5¢,d. Five prominent excitation peaks at 383, 397, 439, 467 and 492 nm were
observed from the spectrum. From these excitation wavelengths, we have selected the
492 nm wavelength to measure the emission spectrum of 0.5 mol% Ho>"-doped ZnO. A
number of emission bands are detected spreading from the visible to the near infrared
(NIR) regions at 540 (°S,,5F4—>Tg), 606 (°F5—°1g), 670 (°F5s—*1g), 757 (3Sy,°F4—11;) and 808
(°T5—5Tg) nm (Figure 5d) [48-52]. The most prominent emission is observed in the green
region centered at 540 nm with a less intense peak at about 574 nm; both peaks aredue to
the hypersensitive (®S,,°F4—°Ig)transition.
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Figure 5. (a) Emission spectra for as prepared un-doped and 0.5 mol% Ho3+—doped ZnO samples (Aexe = 325 nm), (b) shows

the magnification of the normalized exciton emission peak. (c) Excitation and (d) emission spectra for 0.5 mol% H03*-doped

ZnO nanocrystals.

3.3. Surface State XPS Characterization

Figure 6 shows the XPS spectra for both un-doped and 0.5 mol% Ho-doped samples,
which allow the elucidation of the oxidation state of different species present in the as-
prepared nanostructures, namely, Zinc, Oxygen and Holmium. The survey scans (not
presented here) for both samples were identical at the sole exclusion of Ho4d core level
present in the Ho3+-doped ZnO samples. Besides Zn 2p, O 1s, and Ho 4d core levels, a C 1s
core level arising from extrinsic surface impurities was also detected. The binding energy
correction was applied using the C 1s (284.8 eV) core level. For both samples, the Zn 2p
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core level which appears as a doublet due to the interaction of the spin and orbital magnetic
moments did not encounter any peak shift (not shown here). This observation implies that
zinc is not sparingly sensitive to a change in the oxidation state [53]. The de-convoluted
O 1s core level for (0.5 mol%) Ho®**-doped sample (see Figure 6) exhibited three oxygen
components. The peaks appeared at 529.21 £ 0.05, 530.32 £ 0.05 and 531.27 £ 0.05 eV
ascribed to O?~ ions on the hexagonal wurtzite structure of ZnO; O?~ ions in oxygen
deficient regions within the ZnO matrix and chemisorbed species on the surface of ZnO,
respectively, were observed [10]. As compared to the un-doped sample, the intensity of
the O, peak was found to decrease owing to a decrease in concentration of oxygen defects
in the 0.5 mol% Ho%*"-doped ZnO sample. This finding has a direct implication in the
luminescence quenching of the green emission observed in the PL spectra, which was
also demonstrated in our previous report [14] and similarly by Kumar et al. [54]. However,
the surface cleaning with Ar* sputtering has an influence on the intensity of O3 peak,
which is slightly decreased as compared to the peak before Ar* cleaning. Furthermore, it
is important to focus on the detection of Ho 4d core level peak at about 160.09 & 0.05 eV
binding energy (Figure 6e) [55]. The Ho 4d core level was de-convoluted and displayed
two bands at about 161.04 += 0.05 eV and 163.93 & 0.05 eV before Ar* sputtering. It is worth
noting that the small shoulder appearing at about 175 eV could be assigned to multiplets
splitting.
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Figure 6. XPS O 1s core levels spectra for un-doped ZnO (a) before and (b) after Ar* sputtering and
0.5 mol% Ho3*—doped ZnO (c) before and (d) after Ar* sputtering. XPS Ho 4d core levels (e) before
and (f) after Ar* sputtering.
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3.4. Room Temperature Ferromagnetic (RT FM) Properties

Being one of the most reliable spectroscopic techniques to probe defects at the surface
and interface of materials, the ESR technique was used in the current study. ZnO is
naturally diamagnetic even though there is still a controversial debate on the matter among
scientists [56,57]. However, most scientific reports admitted the probability to observe two
types of paramagnetic behaviour in ZnO. The low-field signal often assigned to unpaired
electron trapped at an oxygen vacancy site (g = 2.0023) and the high-field signal owing to
shallow donor centers (g = 1.96) [58]. The spectroscopic g-factor of the free electron can be
calculated from the following equation:

&= B (4)
where v is the microwave frequency, / is Planck’s constant, f is the Bohr magneton, and B
is the magnetic field.

The investigation of the magnetic behavior of Ho?*-doped ZnO nanostructures was
successfully undertaken in this study. Due to the high sensitivity of the technique to defects,
we conducted measurements on various concentrations in order to completely understand
the effect of the doping concentration on the number of spins. It is a well-known fact that a
number of non-magnetic materials have been observed to exhibit ferromagnetic properties
at the nanoscale [10,59-63]. Scientists worldwide have found interest in investigating the
RT-FM in un-doped and Ho?*-doped ZnO nanostructures [64,65]. It is worth mentioning
that the 4f rare earth elements exhibit exceptional magnetic properties as compared to the
4d transition metal (TM) elements [66,67]. However, few studies reported the RT-FM of
Ho®* into ZnO[68-71]. At first sight, the ESR results obtained in the current investigation
seem not to correlate well with the PL due to the fact that the Ho®>" doping into ZnO have
induced a change in the nature of defects within the matrix. A similar trend was previously
reported by Garcia et al. [72] who investigated the d° ferromagnetism in ZnO capped with
organic molecules. He hypothesized that the organic species present in ZnO samples could
induce ferromagnetic-like behaviour (see Figure 7).
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2000 - ——2Zn0:0.25 mol% Ho| -
4 —+—2Zn0:0.5 mol% Ho | |
——2Zn0:0.75 mol% Ho

3500 4500

Magnetic Field [G]
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Figure 7. X-band (9.4 GHz) ESR spectra for un-doped and Ho%>*-doped ZnO samples at room temperature.
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In spite of an abundant literature on the study of the RT-FM mechanism in ZnO
nanostructures, the debate on its origin is still open and promising. Xiaoyong Xu et al. [73]
have reported on the size dependence RT-FM in ZnO quantum dots; in their study they
established a correlation between the RT-PL and the RT-FM in un-doped ZnO nanoparticles,
denoting that the d° ferromagnetism is largely related to the concentration of native defects
such as oxygen vacancy in the samples. However, contrary to previous studies on un-doped
ZnO, the doping with Ho>* could be responsible for the magnetic intensity enhancement
observed in this study which is not in accordance with the correlated PL/FM results
reported elsewhere [73,74]. This observation is probably due to the important magnetic
moment of the Ho®" ions dopants, which effectively dominated on the RT-FM as compared
to the concentration of oxygen defects. From the current observation and based on previous
studies, we can speculate on the strong RT-FM observed in the H03*—doped samples which
could be ascribed to the s-f coupling between the ZnO host and the Ho?" dopant due to
its large magnetic moment and the incorporation of more ferromagnetic defects within
the ZnO matrix [63,64,66,75]. The collected ESR spectra revealed the occurrence of strong
microwave absorption at about 3248 Gauss which may be assigned to unpaired electron
trapped at an oxygen vacancy site. The obtained g-factor values corresponding to the
ferromagnetic resonance of the un-doped and 0.5 mol% Ho*-doped ZnO were found
to be 2.032 and 2.067, respectively. Moreover, the 0.5 mol% Ho3*-doped ZnO sample
exhibited an additional peak at about 3004 G (g = 2.24) and 2372 G (g = 2.83) whose
features may originate from Ho3*. On the other hand, the peak-to-peak line widths (AH)
obtained were found to be 633, 648, 417 and 347 G for un-doped 0.25, 0.5 and 0.75 mol%
Ho%*-doped samples, respectively. Furthermore, the number of spins (Ns) contributing
to the ferromagnetic resonance was found to be 1.576 x 108, 2.906 x 10%,3.35 x 108 and
0.284 x 10® for the 0, 0.25, 0.5 and 0.75 mol% Ho®** samples, respectively (see Figure 8). It
is worth mentioning that the observed enhanced ferromagnetism is related to the number
of spins participating in the ferromagnetism and further related to the concentration of
Ho?" [64]. In fact, the maximum microwave absorption intensity was attained at the critical
concentration of 0.5 mol%; above this concentration, a severe decrease was observed (see
Figure 7). This observation could be attributed to the ferromagnetism saturation due to
excess of holmium ions being segregated on the surface of the ZnO host matrix. ESR
spectra of Ho**-doped ZnO samples showed a similar intensity trend as compared to the
UV-VIS transmittance spectra.
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Figure 8. Peak-to-peak line width and number of spins as a function of Ho>* concentration.
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3.5. Time-Resolved Photoluminescence Lifetime Analysis

Time-resolved photoluminescence (TRPL) decay analysis of un-doped and 0.5 mol%
Ho%**-doped ZnO samples, which focused on the exciton (380 nm) and defect (520 nm)
emission is depicted in Figure 9a-d, and the related fitted parameters are presented in
Table 2. The TRPL data collected were analyzedusing multiple exponential functions in
DAS-6 software platform. The obtained TRPL decays were found to be non-exponential,
meaning that several emissive states were present in all TRPL data with the exception of
ZnO:Ho®* (0.5 mol%) data which exhibited exponential behaviour at 380 nm (Figure 9c).
The decay profile of ZnO exciton (380 nm) has been previously reported to contain two
emissive states, a fast and slow component [76-79]. The fast decay component (71) has been
assigned to non-radiative de-activation, and the slowdecaytrace (77) resulted from radiative
lifetime of free-excitons [79]. However, in the case of ZnO defect emission (520 nm), the
faster decay trace (1) has been assigned to arise from (i) radiative recombination of
shallowly trapped electrons and deep trapped holes and (ii) the recombination of donor
acceptor pair [77].

Moreover, due to the non-exponential nature of the TRPL decays under investigation,
a bi- and tri-exponential function were the most reasonable approach to fit the data using
the model presented equation below:

I(t) = onA,»e*%) ®)

where I(t) is the fluorescence intensity at time t, Ij is the initial fluorescence intensity, 7;
are lifetimes, and A; are pre-exponential factors.
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Figure 9. Exciton and defects TRPL lifetime decay of (a,b) ZnO and (c,d) ZnO:Ho%>* (0.5 mol%)

nanostructures.

By monitoring the emission at 380 nm (3.26 eV), it has been observed that the complete
de-activation was achieved in about 15 ns, indicating the fast decay of the free-exciton
transition. On the other hand, the 520 nm (2.38 eV) emission revealed the occurrence of
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a much longer decay due to the dominance of deep traps kind of defects. However, for
both un-doped and 0.5 mol% Ho®*-doped samples, the best fit revealed the existence of
three emissive states at 520 nm Table 2a,b. It is worth noting that the averaged slow decay
observed in un-doped ZnO defect emission results from more efficient trapping of the
charge carriers due to high density of defects [77].

Interestingly, the decay profile of the ZnO:Ho3* (0.5 mol%) at 380 nm exhibited a
single emissive state much faster than that of un-doped ZnO which contained two emissive
states. This could be the result of the distortion in the band-structure induced by Ho*
ions doping. Moreover, we can speculate on the behaviour of the slow decay observed
in the TRPL at 380 nm, which completely vanishes, this phenomenon is indicative of an
energy transfer from the ZnO exciton to Ho®" [79]. This result is in accordance with the
photoluminescence results reported earlier in this study. Finally, the longer decay of (71)
observed in the doped sample indicates the good optical quality of ZnO:Ho®* (0.5 mol%)
as compared to the un-doped ZnO sample.

Table 2. (a) PL Decay of ZnO nanocrystals dispersed in ethanol under Aex = 320 nm using NanoLED.
(b) PL Decay of ZnO:Ho3* (0.5 mol%) nanostructures dispersed in ethanol under Aey. = 320 nm using
NanoLED.

(@)

Aem. (nm) 1 (ns) T (ns) 7 (ns) X2
380 0.651 6.769 - 0.99
520 0.828 7.085 65.257 0.99

(b)

Aem. (nm) T (ns) T (ns) 3 (ns) 2
380 0.566 - - 0.99
520 0.803 7.452 79.292 0.99

4. Conclusions

In summary, the use of the sol-gel method allows facile successful synthesis of Ho>*-
doped ZnO (0.5 mol%) nanocrystals in which the Ho®* ions were found to be emissive
through the 4f-4f electronic transitions. Holmium was actively emissive at about 540
(®Sy,5F4—51g), 574, 606, 670 (°F5—*1g) and 808 nm allied with the respective intra-ionic
transitions. Moreover, optimal 0.5 mol% Ho3* incorporation in ZnO relatively increased
the crystallite size from 4 to 8 nm, tuned the band-gap and modified the initial morphology
of un-doped ZnO spherical-like to rods-like which was attributed to Ostwald ripening
effect. Furthermore, enhanced room temperature ferromagnestism related to the number
of spins participating to the ferromagnetic resonance was reported. Finally, Time-resolved
photoluminescence analysis revealed the change induced in the relaxation charge carriers
in defects states as a result of 0.5 mol% Ho>* doping in ZnO.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano11102611/s1, Figure S1: SEM image used to conduct EDS mapping, Figure S2: HRTEM
images for (A) un-doped and (B) (0.5 mol%) Ho3+—doped ZnO nanocrystals.
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Abstract: The crystal quality and surface states are two major factors that determine optical properties
of ZnO nanoparticles (NPs) synthesized through nonaqueous sol-gel routes, and both are strongly
dependent on the growth conditions. In this work, we investigate the influence of the different
growth temperatures (240 and 300 °C) on the morphology, structural and crystal properties of ZnO
NP. The effects of conjoining ZnO NP with carbon nanotubes (CNT) and the role of surface states
in such a hybrid nanostructure are studied by optical emission and absorption spectroscopy. We
demonstrate that depending on the synthesis conditions, activation or passivation of certain surface
states may occur. Next, silver nanoparticles are incorporated into ZnO-CNT nanostructures to
explore the plasmon-exciton coupling effect. The observed enhanced excitonic and suppressed
defect-related emissions along with blue-shifted optical band gap suggest an intricate interaction
of Burstein-Moss, surface plasmon resonance and surface band-bending effects behind the optical
phenomena in hybrid ZnO-CNT-Ag nanocomposites.

Keywords: ZnO; CNT; nanohybrid; photoluminescence; surface states; Ag nanoparticles; surface
plasmon resonance; Burstein-Moss effect

1. Introduction

ZnO is a well-acknowledged efficient semiconductor phosphor with a wide direct
band gap (~3.3 eV), high electron mobility (155 cm~2 V~! s71) and large exciton binding
energy (60 meV) that ensures effective luminescence at room temperature (RT) [1]. These
attractive optoelectronic properties make ZnO a promising multifunctional material for a
variety of short-wavelength, light-emitting and detection applications, such as ultraviolet
(UV) light emitting diodes (LED), UV lasers and tunable UV photodetectors [2]. In general,
Zn0 is a highly luminous material exhibiting two distinctive emission signatures in the UV
and visible regions of the spectrum, respectively. The former is associated with the near-
band-edge (NBE) emission that involves excitonic and shallow-state optical transitions. The
other characteristic signature, a broad band in the visible region, originates from a variety
of defect states within the band gap and is identified as deep-level emission (DLE) [3]. The
luminescent deep states in ZnO are mostly of intrinsic origin, i.e., involving oxygen and
zinc vacancies (Vo, Vzy), interstitials (Zn;, O;) and related complexes. Such point defects
may be represented differently at the surface and in the bulk of the crystal; they manifest
different charge states and act as donors or acceptors contributing to the visible emission
in ZnO [4]. For example, the green emission at 2.3 eV is a surface-related Vo acting as
an acceptor state, while the green emission at 2.5 eV is the volume-related Vo acting as a
donor state. It is important to note that a visible-light response is of particular interest for
various photocatalytic activities [5]. In an attempt to extend the absorption into the visible
range, several techniques, such as ion implantation and metal or nonmetal doping, have
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been investigated [6-8]. However, these methods do not appear to be industrially viable in
terms of complexity and fabrication costs.

A similar but more cost-effective band gap modification is achievable by introducing
Zn and O interstitials and vacancies during the synthesis process itself. In our previous
work, we have demonstrated that by using the appropriate precursor it is possible to
promote the generation of native defects and consequently modify the absorption and
emission properties of ZnO [9]. In that study, nonaqueous sol-gel routes were used for the
synthesis of ZnO nanoparticles (NP), and the effects of hydroxyl groups on the physical
properties of ZnO were highlighted. Furthermore, the effect of hybridizing ZnO NPs with
carbon nanotubes (CNT) further indicated that both the NBE and DLE emissions were
enhanced [10]. In all cases, the emission spectra indicated that ZnO had undergone surface
modification when linked to CNT, with the newly observed luminescence features linked
to the band bending at the ZnO-CNT interface.

Furthermore, significant photoluminescence (PL) enhancement occurs upon hybridiz-
ing ZnO NP with CNT. However, in order to maximize photocatalytic activity, these
radiative recombination pathways need to be suppressed [11]. Indeed, in photocatalysis,
the electron-hole (e-h) pairs migrate to the surface of the nanoparticles, where the elec-
trolyte undergoes redox reactions producing O and OH radicals [12] potent enough to
degrade organic pollutants and exterminate microbes [13]. In antimicrobial applications in
dry media, reactive oxygen species are produced by e-h pair separation on the surfaces of
the nanoparticles. For both of these activities, the efficient e-h pair separation would require
restrained radiative recombination pathways manifesting as a quenched PL emission. In
addition, UV light irradiation is a complex and expensive method for degrading organics
and neutralizing microbes. Therefore, visible-light-activated nanocatalysts, such as ZnO
and its hybrids, are being actively pursued as cost-effective alternatives.

An optical band gap increase due to the Burstein-Moss effect has been observed in
heavily doped ZnO with a variety of dopants such as Ga [14], A1[15], Gd [16], In[17], Bi [18],
Fe [19], Ti [20] and Mg [21]. However, such heavy doping modifies the atomic arrangement
and, in turn, the intrinsic properties of ZnO, as it tends to generate secondary phases.
Surface plasmon resonance (SPR) induced by noble metal nanoparticles linked to ZnO
offers similar advantages in terms of band gap increase and enhanced UV emission without
modifying the intrinsic properties of ZnO. In addition, several studies report enhanced
photocatalytic and antimicrobial properties along with enhanced UV emission after adding
Ag NP to ZnO nanostructures [22]. Prolonging the lifetime of charge carriers by adding
other noble metal nanoparticles, such as Au, has also been demonstrated, owing to their
SPR effect [23]. However, in terms of cost-effectiveness, Ag appears to be the preferred
material when compared to Au. In addition, it is less prone to oxidation as compared to Cu
nanoparticles, which also exhibit SPR [24]. In the present study, we address the effects of
synthesis conditions and the plasmonic enhancement on the UV emission in ZnO-CNT-Ag
nanohybrids. We demonstrate that depending upon the synthesis temperature and the
nature of the surface defects in ZnO, the enhancement of PL emission is possible with the
addition of Ag NP [25].

2. Materials and Methods
2.1. Synthesis

The procedure for synthesizing ZnO NP was carried out under air; zinc acetate
(3.41 mmol) (99.99%, Aldrich) was added to 20 mL (183 mmol) of benzylamine (>99.0%,
Aldrich). The mixture was poured into a stainless steel autoclave and firmly closed.
Thereafter, the autoclave was placed in a furnace at temperatures of 240 or 300 °C for 2 days.
The milky suspensions were centrifuged; the precipitates were thoroughly washed with
ethanol and dichloromethane and subsequently dried in air at 60 °C. For the ZnO-CNT-Ag
nanohybrid synthesis, NANOCYL NC7000 multi-walled carbon nanotubes (MWCNT)
with an average diameter of 10 nm and length of 1.5 um were homogeneously dispersed
into the solution of zinc acetate and benzylamine before the solution was transferred into
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an autoclave for a similar reaction synthesis. Surfactant-free metallic silver nanoparticles
of 3 nm diameter were provided by PRO-1 NANOSolutions with >99.9% Ag purity. The
supplier guarantees a shelf life of at least 1 year and oxidative stability up to 800 °C
indicated by TGA measurements.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected using a Panalytical Empyrean diffrac-
tometer (Malvern-Panalytical, Netherlands) with a Cu K« radiation source (A = 0.15406 nm).
CHN measurement was conducted using a Leco TruSpec Micro CHNS Analyzer model
630-200-200 (Verder Scientific, Germany) at a temperature of 1075 °C. Carbon, hydrogen
and sulfide were measured by infrared absorption, and nitrogen was measured by thermal
conductivity. Scanning electron microscopy (SEM) images were recorded on an FEI Quanta
200FEG (FEI, Netherlands). High-resolution transmission electron microscopy (HRTEM)
was carried out on a probe-corrected Titan G2 80—200 kV (FEI, Netherlands)and Jeol 200cx
(JEOL, Japan), both operating at 200 kV in TEM mode and providing a point-to-point
resolution of 2.4 A. Before the study, the powder was crushed and dissolved in ethanol,
and the solution was spread on a carbon-coated grid. Optical absorption properties were
derived from the diffuse reflectance measurements performed at room temperature using a
ThermoScientific EVO-600 UV-Vis spectrophotometer. Photoluminescence (PL) was inves-
tigated at 300 K by employing the 325 nm wavelength of a He-Cd CW laser with an output
power of 10 mW as an excitation source. The emission was collected by a microscope and
directed to a fiber-optic spectrometer (Ocean Optics, USA) USB4000, spectral resolution
2 nm. The density of the compact powders with and without CNTs was estimated to be
approximately the same in all measurements.

3. Results and Discussion

Table 1 provides the list of ZnO based samples that were studied in this work. ZnO1
and ZnO2 correspond to ZnO samples synthesized at 240 and 300 °C, respectively. ZnO1-
CNT and ZnO2-CNT refer to the two ZnO samples ZnO1 and ZnO2 after conjoining with
CNT. ZnO1-CNT-Ag and ZnO2-CNT-Ag are samples containing ZnO1 (synthesized at
240 °C) and ZnO2 (synthesized at 300 °C), combined with CNT and Ag NP. In this study,
the terms ZnO-CNT and ZnO-CNT-Ag refer to both ZnO1 and ZnO2 together.

Table 1. List of samples, their composition and synthesis temperature of ZnO nanoparticles.

Sample Composition ZnO Synthesis Temperature (°C)
ZnO1 ZnO 240
Zn02 ZnO 300
ZnO1-CNT ZnO and CNT 240
ZnO2-CNT ZnO and CNT 300
ZnO1-CNT-Ag ZnO,CNT and Ag 240
ZnO2-CNT-Ag ZnO,CNT and Ag 300

3.1. Structure and Morphology

XRD patterns of the ZnO-CNT synthesized at 240 and 300 °C are provided in Figure 1a.
The diffraction patterns correspond to the hexagonal wurtzite-analogous (P63mc) crystal
structure (a = 3.25 A and ¢ = 5.20 A). The XRD patterns show that ZnO NP are well crystal-
lized without the presence of any secondary phases, with sizes ranging from 80 to 115 nm
depending upon the temperature of synthesis [10]. Figure 1b is a typical XRD pattern of
the Ag NPs used in this study. It can be clearly seen from the XRD pattern that Ag NP are
single-phase and highly crystalline and only exhibit the characteristic diffraction peaks
of the Ag face-centered cubic (Fm-3m) structure (JCPDS File No. 87-0720). No secondary
phase structure was detected by XRD. The morphology and size distribution of Ag NP
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were also studied by SEM and TEM. The SEM images in Figure 2a,b illustrates that Ag NP
are agglomerated. Nanoparticles smaller than 100 nm can be identified in Figure 2b, which
could also be agglomerates of smaller Ag NP. TEM study was subsequently performed
to confirm the size of Ag NP. The TEM micrograph presented in Figure 2c¢ illustrates that
Ag NP are spherical with an average diameter of 3 nm. The size distribution histogram in
Figure 2d provides a mean nanoparticle size of 2.78 nm.
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Figure 1. XRD pattern of (a) ZnO NP synthesized at 240 and 300 °C and (b) free-standing Ag NP.

T T

5

Diameter of nanoparticles (nm)

Figure 2. SEM images of Ag NP (a,b); TEM overview of Ag NP spread on carbon grid (c) and their size distribution
histogram (d).
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CHN measurements were performed on the Ag nanopowders to measure the quan-
tities of organic elements, if any, on their surfaces. The analysis of 2.0 mg of Ag NP
showed that the sample only contains 0.035 wt % carbon, which is most likely due to
air contamination.

TEM micrographs in Figure 3a,b provide an overview of the ZnO-CNT nanohybrids.
The interlaced CNT and ZnO NP form a matrix, thereby ensuring good contact between
ZnO and CNTs. Figure 3c presents the hybrid ZnO-CNT-Ag nanocomposite and demon-
strates that Ag NP are in direct contact with the ZnO NP. The Ag NPs are circled for clarity
in Figure 3¢, as at that scale, the smaller Ag NP (2.8 nm in diameter) are barely noticeable
against much larger ZnO NP measuring 100-200 nm. The low concentration of only 1 wt %
Ag of ZnO-CNT makes their detection challenging.

100 iz

Figure 3. TEM micrographs of (a) ZnO1-CNT, (b) ZnO2-CNT and (c) ZnO1-CNT-Ag. The red circles highlight the Ag NP.

3.2. Optical Properties

The optical absorption properties of the samples are summarized in Figure 4 with
Tauc plots derived from the diffuse reflectance measurements. For pure Ag NP with an
average size of 2.8 nm, as follows from the TEM size distribution histogram in Figure 2d,
the longitudinal component of the surface plasmon resonance is observed at ~3.88 eV
(Figure 4a). This value appears close to the value typically reported in the literature, where
an absorption peak at around 4 eV is generally observed. The size reduction and the
surfactant or organic ligands on the Ag NP surfaces lead to the redshift of absorption [26].
The Ag NP employed in the present study were surfactant-free (i.e., 0.035 wt % C), and
thus the observed minor redshift could only be due to the reduced size of the Ag NP
measuring on an average 2.8 nm in diameter. Moreover, once the Ag NP were combined
with CNT, the SPR absorption peak slightly redshifted further to 3.7 eV (Figure 4d) due
to the realignment of the Fermi levels at the Ag NP and CNT interface, which facilitated
electron transfer between Ag NP and CNT [27]. In our previous study, a detailed optical
absorption study of the NANOCYL 700 MWCNT revealed their metallic nature [28].

The absorption properties of the ZnO-CNT nanocomposites labelled ZnO1-CNT and
ZnO2-CNT are displayed in Figure 4b,c, both exhibiting similar absorption edges at 3.26 eV
that match the band gap of ZnO. There are no shoulders extending from the absorption
edges into the visible region for either of the two samples. By contrast, for the hybrid
nanocomposite containing Ag NP labelled ZnO1-CNT-Ag, the absorption edge at 3.57 eV
is observed along with a minor absorption in the range 2.3-3.5 eV (Figure 4e). The band
edge energy exceeding the fundamental band gap of ZnO in such a ZnO-CNT-Ag nanohy-
brid system is indicative of plasmon coupling between the semiconducting ZnO NPs and
metallic Ag NP. Indeed, the increased optical band gap of ZnO NP that follows from the
blueshifted absorption edge can be explained by the Burstein-Moss (BM) effect typically
observed in highly excited or heavily doped semiconductors [29,30]. For a degenerate n-
type semiconductor or semimetal, the Fermi level is positioned within the conduction band

23



Nanomaterials 2021, 11, 452

Wavelength (nm)

due to free electrons partially filling this band; i.e., only states above the Fermi level are
unoccupied and available for photon capture in a direct optical transition. Consequently,
the onset of absorption occurs for photon energies higher than the fundamental band gap,
and the magnitude of this BM shift is proportional to the carrier concentration as n?/3 [14].
In the present nanohybrids, the carrier concentration increase in ZnO NPs arises from the
excess electrons provided by the Ag NP under photoexcitation. As a rough estimation, re-
ferring to standard BM effect calculation procedures, the difference between the band gaps
of ZnO (Eg(ZnO) =3.26 eV) and ZnO—CNT—Ag (Eg(ZnO—CNT—Ag) =3.57 EV) (Cf Figure 4b,e)
creates a BM shift (ABM) of ~0.31 eV. This suggests an electron concentration of the order
ne ~ 4 x 102 cm—3, and the Fermi level is therefore positioned within the conduction band
(CB) at around E. + 0.3 eV. In turn, these parameters provide the necessary clues for further
assessment of Schottky or Ohmic barriers and ultimately for building a feasible energy
band model behind the optical phenomena of SPR, BM and surface-band-bending (SBB),
which is discussed in what follows.
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Figure 4. Tauc plots of the (a) free-standing Ag NP, (b) ZnO1-CNT, (c) ZnO2-CNT, (d) Ag-CNT, (e) ZnO1-CNT-Ag and (f)
ZnO2-CNT-Ag nanohybrids.

For the hybrid ZnO2-CNT-Ag nanocomposite, two absorption shoulders at ~3.5
and 5 eV can be observed on the Tauc plot in Figure 4f. The absorption edge at 3.5 eV is
associated with the BM-shifted optical band gap of ZnO2-CNT-Ag. The absorption edge at
5 eV corresponds to the 7t plasmon coupling of CNTs and is only visible in this sample [28].
Moreover, a nonzero absorption is also observed throughout the visible region for this
sample. The nonzero absorption in the red part of the visible spectrum implies that Zn
vacancy-related defects, such as stacking faults, turn optically active under the influence of
SPR of Ag NP.

The optical emission properties of the nanohybrids were assessed by means of room-
temperature PL measurements summarized in Figure 5. The employed 325 nm wavelength
laser excitation corresponds to 3.81 eV photon energy, which closely matches the plasmonic
absorption peak of the Ag NPs at 3.88 eV; i.e., this energy was just sufficient to engender
the interband transition of plasmons of the Ag NP. In Figure 5a, the PL emission spectra
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of the Ag NPs show two main emission peaks centered at 2.7 and 2.12 eV. These emis-
sions with large Stokes shifts of 1.1 and 1.68 eV, respectively, correspond to the electron
and hole interband recombination processes in Ag NPs [31]. In the case of Ag clusters
with a small average particle size of 2.8 nm, the manifestation of quantum confinement
effects is expected [32], which generally consists of the breaking of the band structure into
discrete states. The high-energy band at 2.7 eV can therefore be ascribed to the radiative
recombination of electrons in the sp-bands with holes in the d-band of agglomerated Ag
NP. The low-energy band at 2.1 eV is due to intra-band recombination in the sp-bands
of the lowest unoccupied molecular level (LUMO) and highest occupied molecular level
(HOMO) gap. However, on combining with CNT and at the same excitation wavelength,
total quenching of the luminescence is observed in Figure 5d, suggesting an efficient charge
transfer from Ag NP to the CNT. The PL spectra of the ZnO-CNT nanocomposites and
hybrid ZnO-CNT-Ag nanostructures are placed alongside for comparison in Figure 5,
highlighting the emission changes upon the incorporation of the Ag NPs. For the ZnO-CNT
structures, the NBE and DLE emission bands are typical for ZnO nanomaterials [33]. On
the other hand, the hybrid ZnO-CNT-Ag nanostructures demonstrate significant extension
of emission into the UV region well above the optical band gap of ZnO. The shape of
PL emission is typical for the degenerate semiconductor and accounts for both band gap
narrowing (BGN) and BM effects. In particular, the low-energy edge of PL spectrum is
determined by low-energy transitions from the electron states close to the renormalized
gap (i.e., from the bottom of semifilled CB) to acceptor-bound and valence band holes,
whereas the high-energy edge is given by the relatively washed out cut-off of the Fermi
occupation function at 300 K.
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Figure 5. PL emission spectra of (a) pure Ag NPs, (b) ZnO1-CNT, (c) ZnO2-CNT, (d) Ag-CNT, (e) ZnO1-CNT-Ag and (f)
Zn0O2-CNT-Ag nanohybrids. Vertical dashed markers indicate major emission components discussed in the text.

The green emissions at around 2.5 and 2.3 eV represent the bulk or volume and
depletion or surface regions of ZnO. The 2.5 eV emission pertains to a transition after a
singly ionized oxygen vacancy captures a hole and becomes neutral. In the surface-related
Vo emission, a hole is captured by the singly ionized oxygen vacancy, turning it into a
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doubly ionized oxygen vacancy. This acceptor state then accepts an electron from the
conduction band or the depletion region. Nevertheless, for both samples of ZnO-CNT-
Ag, there is a loss in the emission activity from the oxygen vacancy related defects when
comparing NBE/DLE ratios of ZnO-CNT and ZnO-CNT-Ag (Figure 6). These defect levels
of the volume- and surface-related oxygen vacancies lie close to the Fermi level of Ag. The
emission in the red region due to transitions from Zn; to O; also shows the same tendency
as the green emission. Some of the electrons from the NBE also undergo nonradiative
de-excitation and are trapped in defect states such as O vacancies and Zn interstitials. The
Ag NPs behave as sinks for these electrons, which are therefore spontaneously transferred
to them. On photoexcitation, these electrons are then excited and transferred to higher
empty levels of the conduction band, and the entire cyclic process of transfer from defect
states of ZnO to the Fermi level of Ag and subsequently to the ZnO conduction band empty
states continues. The photoexcitation of the electrons from the Fermi level of Ag can occur
by the external excitation of the laser. Another possibility of photoexcitation via the photon
emitted by recombination of e-h pairs of the NBE and DLE also exists. These excitations
are energetic enough to excite the electrons from the Fermi level of Ag, which are then
transferred to unoccupied states of the ZnO conduction band.
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Figure 6. PL spectra at 300 K of (a) ZnO1-CNT, (b) ZnO2-CNT, (c) ZnO1-CNT-Ag and (d) ZnO2-
CNT-Ag.

Figure 7 presents an outline of a possible model behind the optical phenomena in
hybrid ZnO-CNT-Ag nanocomposites. In an ideal case, the downward band-bending
model of Figure 7a corresponds to an Ohmic interfacial contact between ZnO and Ag. How-
ever, as previously described, absorption measurements (Tauc plots) indicate a blueshifted
optical band gap with the Fermi level positioned within the conduction band at around
Ec + 0.3 eV. Once an Ag NP comes into contact with a ZnO NP, the Fermi levels of both
nanoparticles equalize, meaning an upward band-bending occurs at the surface of the ZnO
NP. Furthermore, in a real case scenario, i.e., in air ambient, the upward band-bending
in ZnO is also highly expected because of Fermi level pinning to always present surface
defects, such as oxygen vacancies (Vo**). This kind of upward bending at the ZnO surface
implies Schottky barrier (SB) type contact between ZnO and Ag NP along with the pres-
ence of a depleted surface region (or space charge region), the width of which depends on
several parameters including ZnO NP synthesis conditions as well as, their shape and size.
In turn, the surface band-bending affects the intensity of both NBE and DLE, in particular,
the green luminescence component associated with the doubly ionized Vo**.
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ZnO-NP

Figure 7. Sketch of optical phenomena in the nanohybrid structures at the interface of ZnO-Ag NP:
(a) “Ideal” Ohmic contact model, where the interfacial band-bending is downwards because of the
larger working function of ZnO than of Ag (~4.7-5.2 eV vs. 4.26 eV, respectively). (b) “Realistic”
Schottky barrier model with upward band-bending at ZnO NP surfaces induced by interface states
of adsorbents, such as hydroxyl groups and oxygen radicals.

In addition, for high interface state densities (Figure 7b), the SB height and band
bending become independent of metal work function; i.e., the Fermi level at the surface is
pinned by surface states within a narrow energy range in the band gap. In turn, the surface-
pinned Fermi level leads to charge transfer that alters the carrier concentration within the
surface space charge region, ionizing oxygen vacancy defect states involved in the DLE
(green and red luminescence bands). Further, coupling with Ag NP leads to SPR-enhanced
electron transfer to ZnO NP up to carrier concentrations causing a degenerate state with
the Fermi level positioned within the conduction band, as confirmed by the BM shift in the
absorption measurements.

4. Conclusions

In this work, we have successfully synthesized ZnO-CNT-Ag nanohybrids. Absorp-
tion studies demonstrated that CNTs serve as conducting pathways for the transfer of
charges between ZnO and Ag nanoparticles. The plasmon—exciton interactions demon-
strated an enhanced UV emission and a suppressed visible light emission in these structures.
The widening of the optical band gap of ZnO was attributed to the SPR-induced Burstein—
Moss shift [34]. For both ZnO hybrid samples, a nonzero absorption was also observed in
the visible region. This suggests that they could be employed in applications such as visible
light photodetection, photocatalysis and photovoltaics. Finally, the emission properties
under visible light excitation will be assessed in a future work in order to more accurately
evaluate the scope of such SPR-enhanced hybrid structures.
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Abstract: In the traditional surface plasmon resonance sensor, the sensitivity is calculated by the usage
of angular interrogation. The proposed surface plasmon resonance (SPR) sensor uses a diamagnetic
material (Al,O3), nickel (Ni), and two-dimensional (2D) BlueP /WS, (blue phosphorous-tungsten di-
sulfide). The Al,O3 sheet is sandwiched between silver (Ag) and nickel (Ni) films in the Kretschmann
configuration. A mathematical simulation is performed to improve the sensitivity of an SPR sensor in
the visible region at a frequency of 633 nm. The simulation results show that an upgraded sensitivity
of 332° /RIU is achieved for the metallic arrangement consisting of 17 nm of Al,O3 and 4 nm of Ni in
thickness for analyte refractive indices ranging from 1.330 to 1.335. The thickness variation of the
layers plays a curial role in enhancing the performance of the SPR sensor. The thickness variation
of the proposed configuration containing 20 nm of Al;O3 and 1 nm of Ni with a monolayer of 2D
material BlueP/WS, enhances the sensitivity to as high as 374° /RIU. Furthermore, it is found that
the sensitivity can be altered and managed by means of altering the film portions of Ni and Al,O3

Keywords: surface plasmon resonance sensor; blue-phosphorus tungsten di-sulfide; Al,O; nickel;
sensitivity

1. Introduction

A method named surface plasmon resonance has arisen as an incredibly sensitive
procedure for recognizing a very significant alteration in the refractive indexes of a detect-
ing medium while communicating with the metal layer [1-3]. Enzyme detection, drug
detection, medical diagnostics, and food safety are some of the biosensing applications of
SPR-based biosensors [4-8]. Without any need for biomolecule labeling, a minute change
in the refractive index (RI) can be detected in the detecting medium [9]. SPR is a highly
sensitive technology that can detect very small fluctuations in the refractive index (RI) for
biomolecule absorption of the order of 1077 on the sensing interface. At the metals’ dielec-
tric contact, the collective oscillation of free electrons generates a transverse magnetically
polarised electromagnetic wave known as a surface plasma wave (SPW). SPWs are made
from metals with negative permittivity, such as gold, silver, copper, and aluminium, as
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well as dielectric materials, which can be liquid, gas, or solid. Researchers suggest that
the Kretschmann arrangement brings about the productive coupling of light first from the
crystal to the metal region, which is rooted in attenuated total reflection (ATR) [10]. The
metallic regions of surface plasmons must be energized by the p-polarized light, while the
s-polarised part is utilized as a source for the reference signal [11].

The SPR is acquired by the horizontal part of the evanescent wave (key) being stage-
matched to the surface plasmon wave vector (ksp). For example,:

key = X/€ pkpsin Ores = kgp

where the incident wave vector is addressed by kg = w/c, crystal permittivity is addressed
by €p, and the resonance point-angle is addressed by 0y.s. Because of the total change of
the p-polarized wave to the SP waves, the SPR condition causes a reduction in the depth of
mirrored light (R).

In SPR sensors, normal metal layers of gold, silver, copper, and platinum are utilized.
These are also plasmon-active metals that are used to generate surface plasmon waves in
the sensing medium. The most promising metal is gold (Au), which has excellent optical
properties, good chemical stability, and high oxidation and corrosion-resistant properties,
although gold is the most expensive metal and lowers the biological molecules” absorption
rate as compared to Ag metal [12-14]. The precision of an SPR sensor built from Ag film
is better than that of an Au-film-based sensor. Because silver film is less costly than gold
film, and as it was observed that silver has better sensitivity than Au metal, silver’s SPR
curve dip is narrower than gold’s, meaning the sensitivity is improved. However, the
chemical solidity problem of Ag should be alleviated, and the protecting layers must be
explored for favorable optical properties [15-17]. As a result, this work introduces a novel
aluminium oxide dielectric material to improve the SPR performance (Al,Os). It must be
used to improve the SPR biosensor’s performance parameters, such as the figure of merit
(FOM), sensitivity, and so on. In fact, Al,O3 is widely used in mechanical areas due to its
well-known properties, such as its superior corrosion resistance, high ductility, and high
hardness, as well as in optical devices due to its high transparency and low refractive index.
Certain 2D materials, such as graphene, WS,, and the 2D heterostructure BlueP-WS,, are
the implicit aspirants used as a self-productive layer to give stability and boost the SPR
sensor as it is slowly oxidized by air at room temperature and are considered corrosion-
resistant. Transition metal dichalcogenide (TMDC) substances have a curial position in
SPR sensors. PtSep, Ti3C,Tx-Mxene, blue phosphorus, black phosphorus, and transition
metal dichalcogenides (TMDC) are examples of substances that have stood out in the past
twenty years due to their notable optical and electrical nature and have been used to make
optoelectronic devices. Forty unique synthetic substances are presently incorporated in
the TMDC family. MX; is another identifier for them, where M denotes metals such as
tungsten, molybdenum, and niobium; and X denotes the chalcogen substances such as
sulfur, selenium, and tellurium. MX,’s monolayer has three nuclear layers, with an alternate
metal layer embedded between two chalcogen substance layers [18]. These nanomaterials
collaborate with the metal layer and enhance the co-operation of the particles. If the
oxidation of Al,O3 (2D material) can be minimized by means of coating it with another
layer, we can use it as a high-sensitivity sensor. Because of its refractive index, Al,O3 ensures
that the biosensor’s performance is no longer affected. The homogeneity of the Al,O3 layer
is a characteristic that leads to sensitivity enhancements [19]. Nickel (Ni), a ferromagnetic
metal, is also gaining interest due to its notable magneto-optical and magnetic properties
and being a good light absorber. Using inert magnetic metals minimizes the cost of the SPR
sensor while simultaneously considerably improving its performance [20-22].

Moreover, because the TMDCs and blue phosphorene have a similar hexagonal crystal-
like structure, BlueP/TMDCs can be formed [23]. Therefore BlueP/WS,’s heterostructure
shows greater sensitivity. The sensing medium, also known as a sensing analyte, is the
outermost layer in the proposed SPR biosensor design. There are 2 main SPR geometry
configurations: the Kretschmann configuration and Otto’s design. The Kretschmann
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configuration’s benefits over Otto’s arrangement have made it more widely applicable [24].
The SPR-based sensor’s biosensing application covers the foundations of detecting the
concentrations of biological things on a very small scale, such as bacteria, viruses, DNA,
and proteins. Apart from biosensing and biomolecular analysis, the SPR sensor may also
be used to detect nanostructured film depositions, as well as to quantify displacement and
angular position [25-27].

In the present paper, calcium fluoride glass crystal (CaF,) is taken for the proposed
SPR biosensor since it gives maximal sensitivity and an enormous change in reflectivity
when contrasted with different crystals (BK7, SF10, SF11, and so forth). A framework
for an SPR sensor based on heterostructure containing Al,Os3, BlueP/WS, with metal
(Ag), and Ni (Nickle) is proposed in the present work to achieve improved sensitivity by
altering the thickness of the Ni layers. The results demonstrate that adding the Al,O3
layer and BlueP/WS; to this structure boosts the sensitivity substantially. In this work,
COMSOL Multiphysics 5.3a and MATLAB 2016a softwares are used to draw the plot of
the reflectance curve, sensitivity curve, and electric field curve, which are calculated using
these software programs.

Monochromatic Photodetector
light (P-polarised)

Figure 1. Sketch diagram of the proposed SPR biosensors.

2. Mathematical Modeling for the Proposed SPR Biosensor
2.1. Device Structure

In the present paper, the SPR sensor is composed of multiple layers primarily based
on the Kretschmann configuration, in which the prism of CaF;, Ag as a metal, Al,O3
(diamagnetic material), BlueP/WS,, and SM on the top layer is used as shown in Figure 1.
Table 1 refers to the width and different refractive indexes of the layers.

Table 1. Details of each layer of the proposed biosensor at 633 nm wavelength.

Materials Used  Thickness (nm) Refractive Index References
1 CaF, prism 100 1.4329 [28]
2 Ag metal 50 0.0803 + 1i x 4.234 [29]
3 Al O3 20 1.7659 [30]
4 Nickel 1 0.031957 + 1i x 2.693 [31]
5 BlueP /WS, 0.75 248 + 1i x 0.170 [32]
6 Sensing medium 300 1.330 to 1.335 This work
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The structural diagram using Ag-Al,O3-Ni-BlueP/WS; is depicted in Figure 1 for
this model. The 633 nm wavelength is utilized in SPR sensors for optimal results. The
CaF, prism is employed in metal Ag with a refractive index of 1.4329 and a thickness
of 50 nm, in Al,O3 with a thickness of 20 nm, in nickel with a thickness of 1 nm, and
in BlueP /WS, with a thickness of 0.75 nm. Finally, the sensing medium has a refractive
index of 1.330-1.335. The variation in the detecting medium is caused by adsorption,
which occurs when biomolecules in the sensing medium contact with the BlueP /WS, layer,
causing the sensing medium’s RI to alter. The first film is the CaF; prism, whose refractive
index value may be computed using the Sellmeier relation.

0.69913 x A2 0.11994 x A2 4.35181 x A?

2
=1.33973
n (0093742 T A2 (21182 T A2 — (38.46)2

)

Here, "\ is the wavelength in nanometers. The RI of Ag is calculated using the
Drude-Lorentz model:

[N

_ AZXAc
Nmetal (V) = (1 - 7\123(7\(:—)”“)) ()

where Ac and Ap are the collision and plasma wavelengths, respectively. These are disper-
sion coefficients, while the used wavelength is 633 nm.

For Ag, Ap = 145.41 nm and Ac = 176.14 nm [33]. The transfer matrix method for the
n-layer modeling and Fresnel equations is used throughout the numerical analysis. Using
the reflectance curve, all the SPR sensor’s performance characteristics in MATLAB software
are evaluated. The graph is drawn using Origin software for all parameters and the FWHM
values. Here, additionally compared distinct SPR sensors with the proposed model are
mentioned in Table 2.

Table 2. Comparative study of the proposed SPR model.

Device Structure Assembling of Films
design 1 (Conventional SPR) CaF; crystal/Ag film /SM
design 2 CaF; crystal/Ag film/Al,O3/SM
design 3 CaF; crystal/Ag film/Al,O3/Ni/SM
design 4 (Proposed SPR) CaF, crystal/Ag film/Al,O3/Ni/BlueP /WS, /SM

2.2. Mathematical Expression for Reflectivity

The transfer matrix approach is utilized in the present work to obtain the reflection
coefficient of the projected multilayer design (crystal, metal, Al;O3 Ni, and BlueP/WS;
film). For the calculation of the reflectivity of the reflected light, the matrix approach for the
N-film design is used. This method is quick and easy to use, and it does not involve any
approximation. Along the z-axis, the layer thicknesses, dk, is considered. The k™ layer’s
dielectric constant and RI are denoted by k and n, respectively. The tangential fields at
Z =71 =0 are expressed in terms of the tangential field at Z = Zy_; using the boundary

condition [34]:
Ui| _ +s|Unaa
{VJ B M{VN—J ®

The places U; and V; address the tangential element of electric and magnetic fields, re-
spectively, and the first and last layer of boundary are denoted by Un_1,VN_1, respectively.
Mj is the element for which the characteristics matrix is as follows [35]:

My M12:|

- _ (PN _
M; (Hk:Z Mk)ij {le Mz, @
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and

| cospBx (—4sin k) /qy
My = {fiqksin Bk cos Bk ®)
1/2 . 2\ 1/2
A _ (&k—smelnl)
qQx = ( €k) cos Ok= % (6)
1/2 : 2\'/2
(e (e —sin6ing)
qx = ( Ek) cos Ok= I e 7)

Following the mathematical steps, one can attain the reflection coefficient for p-
polarized light, which is given below:

. (M1 +Mipq,)q; — My +Mnq,)
P (M1 +M2qy,)q; + (M21 +Mnq,,)

®)

The multilayer configuration of the reflectivity R}, is given as:

Rp = |rp|? )

The conventional and three revised characteristics plots of the specific SPR sensor are
shown in Figure 2. For the conventional SPR sensor shown in Figure 2a, the variation of the
refractive index is An = 0.005, while the A and sensitivity and full width at half maximum
(FWHM) are 0.72(deg), 144° /RIU, and 1.04677, respectively. Further, Figure 2b—d presents
a comparison with the SPR reflectance curve from Figure 2a. The reflectance curves of SPR
designs 2 (Ag/Al,O3) and 3 (Ag/Al,O3/Ni) are displayed in Figure 2b,c, respectively. The
angular shifts (A®) for Figure 2b,c are 1.48 and 1.6, respectively, leading to sensitivities and
FWHMs of 296° RIU~! and 320° RIU!, and 2.05852 deg and 2.25936 deg, respectively.
Figure 2d suggests a superior resonance angle, sensitivity, and FWHM in contrast to
the other 3 designs. Figure 2d has the most extreme sensitivity of 397° /RIU among all
other structures. Table 3 shows not only the maximum sensitivity but also the maximum
resonance angle and a larger figure of merit compared to the other 3 designs.
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&
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9
=
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Figure 2. Cont.
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Figure 2. SPR reflectance curves: (a) design 1; (b) design 2; (c) design 3; (d) design 4.

Table 3. Comparative study of different proposed SPR sensors at a wavelength of 633 nm and
An =0.005.

. A® Sensitivity 1
Device Structure (deg) © RIU-1) FWHM (deg) DA (deg™1)
Structure 1 0.72 144 1.04677 0.95531
Structure 2 148 296 2.05852 0.48578
Structure 3 16 320 2.25936 0.44260
Structure 4 1.87 374 275132 0.36346

(Proposed work)

Consequently, design 4 is considered the most reasonable decision among all designs.

3. Results and Discussion

The sensitivity properties of the biosensor with the changed Kretschmann design,
which incorporates Al,O3 and Ni, are discussed here. To show how the sensitivity has
reached the next level, from the reflectance curve the sensitivity is assessed according
to the change in the resonance point. The excitement of the SPR causes a sharp drop in
reflectance at a given point, which is clearly apparent. This event shows that the light is
consumed by initiating the SPR in the biosensor arrangement, while the atom connection
causes minor shifting in the refractive index of the sensor, which has a slight resonance dip
around 1.87°. Thus, the design’s sensitivity is achieved (S, = 374° /RIU) by utilizing the
connected computation articulation S, =S = %as displayed in Figure 2.

The effects of the thickness variation of Al;O3 and Ni on the performance of the
projected SPR sensor are shown in Table 4. The execution constraints of the proposed SPR
sensor for the variety of thicknesses of Al;O3 (14-20 nm) and Ni (1, 3, 5 nm) are displayed
in Table 4. The greatest sensitivity of 374° /RIU is obtained with a thickness for Al,O3 of
20 nm and for Ni of 1 nm at a working wavelength of 633 nm.
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Table 4. The optimized thickness values of Al;O3 and Ni with respect to the other parameters such
as ABgpg, S, DA, FOM, and FWHM.

d(AL,O3) d(Ni) AD S DA FWHM FOM
(nm) (nm) (deg) (°RIU-Y) (deg™1) (deg) (RIU-Y)
14 1 1.11 222 0.5190 1.9265 127.910
16 1 1.25 250 0.4753 2.1035 148.560
18 1 1.51 302 0.6471 1.5451 295.122
20 1 1.87 374 0.3635 2.7502 254.293
14 3 1.26 252 0.4399 2.2728 139.698
16 3 1.45 290 0.4000 2.2499 168.219
18 3 1.67 334 0.3498 2.8582 195.150
20 3 1.06 212 0.3048 3.2808 68.4950
14 5 1.44 288 0.3746 2.6690 155.381
16 5 1.61 322 0.3333 2.9995 172.834
18 5 1.34 268 0.2803 3.5672 100.670
20 5 0.09 18 0.2376 4.2070 0.38506

3.1. Use of CaF;, Crystal

The refractive index directly affects the performance of the SPR sensor. Since the shift
with the incident point in the reflectance bend is high and a sharp plunge is acquired, a
CaF; crystal is utilized in the present situation. The sensitivity of this crystal material is
incredible, with a lower RI than the CaF, crystal. Therefore, the CaF; glass crystal is at last
utilized in the SPR sensor in the present theoretical investigation [36].

3.2. Performance Constraints of the SPR Sensor

The sensitivity, full width at half maximum, quality factor, detection accuracy, and
limit of detection of the SPR sensor rely on certain variables. All of these constraints are
dependent upon one another, and the reflectivity curve versus the incident angle determine
the mathematical study of the SPR design.

3.3. Sensitivity (S)

The variation in resonance angle (A.es) with respect to the variation in the refractive
index (An) decides the sensitivity and is defined as [37]:

5 = A0 (Unit: “RIU™) (10)
An

The variation of the reflectance with the incident angle for the proposed SPR sensor is
shown in Figure 3.

Figure 3 shows the shifts in resonance angle with the incident angle at different RI
values (ngy = 1.330-1.335). From Figure 3, the greatest alteration in resonance angle
(1.87) is acquired for the present SPR design. The most extreme change in the resonance
point shows the adjustment of the coupling state of the surface plasmon wave (SPW). The
device’s sensitivity should always be high. This means that the higher sensitivity sensor
detects the minute variations in analyte (biomolecules) concentration, which shows that the
sensor has superior sensing capabilities because it can easily detect minute RI variations in
the structure.
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Figure 3. Variation of resonance angle vs. incident angle.

3.4. Quality Factor (QF)

The division of sensitivity with the full width at half maximum is defined as the
quality factor. It is also called the figure of merit (FOM). On the other hand, the quality
factor is the multiplication of the sensitivity by the detection accuracy. The figure of merit
(FOM) is a quantity used to characterize the performance as the device increases [38].

Aeres

_ . —1
QF = (umt. RIU ) a1

The variation of the FOM with the different layer thicknesses of Al,O3 is shown in
Figure 4. It can be observed that the FOM is at its maximum for the Ni thickness of 1 nm.

350

=sfe= Ni= 1(nm)
300 4 —e— Ni= 3(nm)
=sfe= Ni= 5(nm)

FOM (RIU'Y)

14 15 16 17 18 19 20
Al O3 layer thickness (nm)

Figure 4. Variation of FOM vs. different layer thicknesses of Al,Os.
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3.5. Full Width at Half Maximum (FWHM)

The incidence angle changes at the halfway point of the reflectance curve can be used
to calculate the full width at half maximum (FWHM), and its values should be low to
boost the FOM. The FWHM assumes a significant role in the sensor’s execution because
the majority of the parameters rely upon it. The width of the reflectance curve as the
resonance angle shifts is measured by the FWHM. A low FWHM reduces the uncertainty
in determining the resonance dip, and as a result improves the sensor’s resolution. It is
defined by [39]:

1
FWHM = 3 (6max + Omin), (unit: degree) (12)

The FWHM with respect to the Ni thickness is shown in Figure 5.
4.5
=@=AlL,0, = 5(nm) u
4.0 —>—AL0; = 1000m) ./
—Pp— ALO, = 15(nm) /
—H= ALO, = 20(nm) =

3.5+ ./
3.0 ./

2.5 —

2.0+

FWHM (deg)

1-5-._.—-—'_'/

1 2 3 4
Thickness of Nickel (nm)

Figure 5. Variation of thickness of Ni vs. FWHM.

Figure 5 shows that the variations of Ni vs. FWHM give the best result for the FWHM
at the 20 nm thickness of Al;O3 when the thickness of Ni varies from 1 nm to 5 nm. The
FWHM is also used to calculate the quality factor and detection accuracy.

3.6. Detection Accuracy (DA)

This is conversely connected with the full width at half maximum. It is also termed
the signal-to-noise ratio, and the ratio of the signal to the noise should be high as possible
to better the device quality. Basically, it shows how the noise level is impacting the device
structure. It is defined as [30]:

DA = { ﬁ }, <degree71) (13)

The detection accuracy vs. layer thickness plot for Al,O3 is shown in Figure 6. It can
be observed that the detection accuracy decreases with the layer thickness.
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Figure 6. Plot of DA vs. different layer thickness for Al;O3.

3.7. Limit of Detection (LOD)
This is the difference in biomolecule fixation or analyte concentration in the detecting
area, and it is also defined as the proportion of progress in the RI (An) with the change in

resonance angle (Afres) [30]:
An

% 0.001° 14
Aeres ( )

LOD =

where 0.001° is a very small shift in the detecting medium.

3.8. The Impact of the Refractive Index on the Reflectance Curves of Different SPR
Sensor Structures

The curves of SPR reflectivity for the sensor in the detecting medium with the RI
range from 1.330 to 1.335. The proposed SPR curve for the changing RI of an analyte
(ng = 0.005) with adjustment of the resonance angle (1.87°), sensitivity (374°/RIU), quality
factor (56.211 RIU~1), and DA (0.281 degfl) for the recommended design might be found in
the SPR reflectance bends. The sensitivity and resonance angle shift are significantly bigger
than with conventional sensors, as displayed in Table 3. The variation of the resonance
angle with the RI of the sensing medium for the conventional and proposed sensor designs
are plotted in Figure 7.
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Figure 7. Variation of the resonance angle with Ri for different sensor designs.
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3.9. Optimization of the Thicknesses of Al,O3 and Metal (Ni)

The refractive index of Al,O3 is small, so it should be selected because it minimizes
the losses in performance of the biosensor, which is another characteristic contributing to
the sensor’s improvement [32]. Since the Al,O3 layer has small damping properties with a
higher penetration rate of the surface plasmon in the sensing medium, this property helps
to stop the corrosion phenomena and enhances the performance of the SPR sensor [40]. On
the other hand, the cost of the SPR sensor is reduced by using the ferromagnetic material
nickel (Ni) because it has incredible magneto-optical characteristics, magnetic qualities,
and small optical losses. At the optimum thickness of Ni (1 nm), the molecular absorption
of light increases with minimum reflectance. The Ni layer is also used as a protective
layer, which helps to raise the sensitivity of the SPR sensor [41]. Figure 8 shows a graph
demonstrating the fluctuations in Al,O3; and Ni thickness and the varying sensitivities at
different thicknesses. Figure 8a shows that the maximum sensitivity is achieved with a
layer of Al,O3 of 20 nm. For metal, the best sensitivity is 374° /RIU (Ag). To determine the
best sensitivity for the suggested SPR sensor, the thickness of Ni is optimized, as Figure 8b
illustrates, whereby the sensitivity changes with the changes in Ni thickness. The optimal
thickness ranges from 1 to 5 nm, with a maximum sensitivity of 374° /RIU and minimal
reflection (Ryin). Consequently, the proposed SPR sensor shows the best results when the
thickness of the Ni layer is 1 nm.
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Figure 8. (a) Variation of sensitivity vs. Al;O3 (nm). (b) Variation of sensitivity vs. Ni (nm).
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3.10. Parameter Analysis of the Projected SPR Biosensor

The design (CaF,/Ag/Al,O3/Ni/BlueP /WS, /sensing medium) arrangement has the
most elevated sensitivity (374°RIU~!) for sensor applications. It is additionally advanta-
geous for energizing surface plasmons by changing over from the crystal-directed mode
to the surface plasmon polariton (SPP) mode proficiently. The performance parameters,
sensitivity, and QF show increments with high RI values. However, the DA (detection
accuracy) diminishes, which causes the increase in FWHM increments with a huge change
in the reflectivity bend. The FWHM and DA have an opposite relationship.

3.11. Clarification of Transvers Magnetic (TM) Field and Penetration Depth

The transverse magnetic (TM) field plot is discussed in this part. Utilizing the COM-
SOL Multiphysics programming software, the recommended SPR biosensor’s transverse
magnetic (TM) field variation is shown in Figure 9. The TM field likewise helps with the
estimation of a vital measurement, the sensor’s penetration depth. The distance of the
electric field force diminishes to 1/e, which is called the penetration depth, and its value is
108.25 nm. Subsequently, when compared with past SPR sensor calculations, the proposed
sensor has the best penetration depth, and along these lines is more delicate. To show the
electromagnetic field, the effective mode index (EMI = 1.0926 — 0.31363 X i) is utilized [42].
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Figure 9. Penetration depth variation and transverse magnetic field.

4. Conclusions

In the work, the sensitivity was improved by utilizing a layer of Al,O3 over the metals
silver (Ag) and nickel (Ni) on the top. A layer of 2D material, BlueP/WS,, was utilized to
upgrade the sensitivity and safeguard the device from corrosion. The greatest sensitivity
was found for Ag metal (374° /RIU) and the primary arrangement for the most extreme
sensitivity was CaF,/Ag/Al,O3/Ni/BlueP/WS,/SM. The performance qualities of the
heterostructure-based SPR sensors, such as FWHM, detection accuracy (DA), and LOD,
showed great correlations with traditional sensors for the appropriate scope of the RI from
1.330 to 1.335. From the above study, the projected SPR sensor configuration has incredible
sensitivity and could be utilized in the biosensing field.
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Abstract: We report on the synthesis of ZnO nanoparticles and their hybrids consisting of carbon
nanotubes (CNT) and polystyrene sulfonate (PEDOT:PSS). A non-aqueous sol-gel route along with
hydrated and anhydrous acetate precursors were selected for their syntheses. Transmission electron
microscopy (TEM) studies revealed their spherical shape with an average size of 5 nm. TEM also
confirmed the successful synthesis of ZnO-CNT and ZnO-PEDOT:PSS hybrid nanocomposites. In
fact, the choice of precursors has a direct influence on the chemical and optical properties of the
ZnO-based nanomaterials. The ZnO nanoparticles prepared with anhydrous acetate precursor
contained a high amount of oxygen vacancies, which tend to degrade the polymer macromolecule, as
confirmed from X-ray photoelectron spectroscopy and Raman spectroscopy. Furthermore, a relative
increase in hydroxyl functional groups in the ZnO-CNT samples was observed. These functional
groups were instrumental in the successful decoration of CNT and in producing the defect-related
photoluminescence emission in ZnO-CNT.

Keywords: ZnO; ZnO-CNT; ZnO-PEDOT:PSS; nanoparticles; hybrids; hydroxyl groups; non-aqueous
sol-gel; surface defects; photoluminescence

1. Introduction

Hybrid nanocomposites combining organic and inorganic counterparts have a multi-
tude of applications, e.g., light-emitting diodes (LED), solar cells, and photodetectors [1-3].
Organic materials consist of polymers possessing remarkable properties, such as easy pro-
cessing, flexibility, and good conductivity [4]. However, their high cost and lack of stability
are obstacles for practical devices. On the other hand, inorganic materials present higher
structural, chemical, and functional stability, as well as a high charge mobility, making them
suitable for optoelectronic applications [5]. Therefore, the combination of organic with
inorganic materials provides robust multifunctional nanocomposites with applications in
flexible electronic and photonic devices [6-8].

Conducting polymers such as poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) are already being incorporated into organic thin film transistors, organic LED,
organic solar cells, capacitors, batteries, and thermoelectric devices, as well as technologies
such as touch screens and electronic papers [9,10]. In addition, PEDOT:PSS is mechanically
stable and highly flexible. Various combinations of PEDOT:PSS with inorganic materials,
such as SnO,, TiO,, CdS, CdSe, ZnO and metal nanostructures, have been investigated to
that end [11,12]. Among these inorganic nanomaterials, ZnO is promising due its wide
band gap of 3.37 eV, large exciton binding energy of 60 meV, high chemical stability, and
remarkable electrical and optical properties [13]. Moreover, the high surface-to-volume
ratio of ZnO nanoparticles implies a spontaneous presence of surface defects, including
oxygen vacancies (Vp), oxygen interstitials (O;), and zinc interstitials (Zn;). Therefore, in
addition to the UV emission, known as the near-band emission (NBE), ZnO nanoparticles

Nanomaterials 2022, 12, 3546. https:/ /doi.org/10.3390/nano12193546

https:/ /www.mdpi.com/journal /nanomaterials
47



Nanomaterials 2022, 12, 3546

emit within the entire visible spectrum, also known as defect-level emission (DLE) [14]. The
latter depends on both the surface and the volume defects introduced during the synthesis
of the nanoparticles [15,16]. For example, ZnO nanoparticles prepared by aqueous sol—-
gel routes tend to emit higher NBE and a negligible DLE [17]. On the other hand, for
ZnO nanoparticles prepared by non-aqueous sol-gel routes, the emission depends on the
presence of hydrates in the precursor [18,19]. In fact, hydrates in the precursor contribute
to the enhancement of NBE due to improved oxidation of ZnO during synthesis [18]. On
the other hand, adsorption of hydroxyl groups on the surface of ZnO nanoparticles has
been shown to increase the visible PL emission [20]. The chemisorption of oxygen radicals
from air on the surface of ZnO nanoparticles also augments green emission from them [21].
In general, small nanoparticles possess a high surface-to-volume ratio, and therefore harbor
higher amounts of surface defects. For larger ZnO nanoparticles, defects can be both surface
and volume related [22].

Recently, ZnO-CNT nanohybrids have attracted considerable interest due to their high
stability and superior photonic, electrochemical and electromagnetic properties, which
originate from interfacial effects. In a previous study, we successfully passivated ZnO
surface states by combining them with CNT via sonication [17]. In this work, we carry out
ZnO nanoparticle synthesis via a non-aqueous sol-gel route with hydrated (zinc acetate
dihydrate (Zn(CH3CO,)2.2H,0) and anhydrous (zinc acetate anhydrous (Zn(CH3CO5),)
precursors. In a study by Sarié et al., it was shown that with similar precursors, ZnO
precipitation could be promoted through an esterification reaction that generates water
upon the addition of acetic acid [23]. In our reaction, only absolute ethanol is used as a
solvent. It plays a crucial role in controlling the size and shape of ZnO nanoparticles, and
consequently, in the formation of various surface defects. Due to the addition of sodium
hydroxide in this work, the basic character of the solution prevents any esterification
reaction and in turn, no water molecules are formed. This route therefore enables the
formation of very small ZnO nanoparticles functionalized with hydroxyl groups, promoting
the decoration of CNT with ZnO. We then decorated CNT with ZnO nanoparticles in order
to create a hybrid nanocomposite. Subsequently, we fabricated a second type of hybrid
nanocomposite consisting of ZnO-PEDOT:PSS and compared the evolution of the surface
defects to ZnO-CNT. These optical properties are discussed in terms of synthesis conditions,
crystal structure, chemical properties, and the morphology of ZnO nanoparticles and their
hybrids. The objective is to use these hybrid materials in LED. Therefore, finding a way
to control these surface defects or trap states for LED applications is a priority, as they are
detrimental to device properties.

2. Materials and Methods
2.1. Synthesis
2.1.1. ZnO

Two different zinc precursors, Zn(CH3CO;),.2H,0 (99.5%, Fisher Scientific, Lough-
borough, UK) and Zn(CH3CO;), (99.9%, Alfa Aesar, Kandel, Germany), were used for
the synthesis of ZnO nanoparticles via non-aqueous sol-gel routes. Sodium hydroxide
(NaOH) (99.9%, Aldrich) was used as a reducing agent. All the chemicals used were
of analytic reagent grade. To prepare 0.05 M solutions of zinc precursors, 219.5 mg of
Zn(CH3CO0;),.2H,0 or 183.48 mg of Zn(CH3CO,), were dissolved in 20 mL absolute
ethanol in a beaker placed in a water bath. The solutions were maintained at 65 °C under
continuous magnetic stirring until the precursors were completely dissolved in absolute
ethanol. Furthermore, a solution of 0.10 M NaOH in 20 mL absolute ethanol was pre-
pared. The NaOH solution was added dropwise to the zinc precursor solutions. Thereafter,
the mixtures were maintained at 65 °C for 2 h after which they were cooled to ambient
temperature. White ZnO precipitates settled at the bottom of the reaction vessel. The
resulting solutions containing ZnO nanoparticles were then centrifuged at 4500 rpm for
6 min, followed by drying for 24 h in air at 60 °C. This resulted in an agglomeration of ZnO
nanoparticles in the form of a pellet, which is typical after drying nanoparticles synthesized
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via sol-gel routes. These pellets were thereafter crushed using a pestle and mortar to obtain
a very fine powder of ZnO nanoparticles.

2.1.2. ZnO-CNT Hybrids

For the preparation of ZnO-CNT hybrids, firstly, a solution of CNT was prepared
by mixing 4 mg of CNT in 50 mL absolute ethanol and sonicating until a homogenous
mixture was obtained. As before, 0.05 M zinc precursor solutions were prepared in 20 mL
absolute ethanol. To prepare 0.10 M NaOH solutions, ~80 mg of NaOH was added to 19 mL
absolute ethanol, in which 1 mL CNT mixture (~0.08 mg) was added. The final mixtures
were sonicated and added dropwise to zinc precursor solutions. Thereafter, the reaction
was completed as described earlier, and ZnO-CNT hybrid pellets were obtained. These
pellets were gently crushed to obtain fine black powders of ZnO-CNT nanohybrids.

2.1.3. ZnO-PEDOT:PSS Hybrids

For the preparation of ZnO-PEDOT:PSS hybrids, 20 mg of the as-synthesized ZnO
nanoparticles were taken, to which 400 mg of PEDOT:PSS (as purchased) was added.
The mixtures were sonicated for 1 h and dried at 70 °C for 24 h. The dried mixtures
were further gently crushed to obtain blue powders with agglomerated particles of ZnO-
PEDOT:PSS nanohybrids.

2.2. Characterization

X-ray diffraction patterns were collected in Bragg—Brentano geometry using a Bruker
D8 Discover diffractometer (Bruker AXS, Germany) with CuK«1 radiation (A = 0.15406 nm)
selected by a Ge (111) monochromator and LynxEye detector. Transmission electron
microscopy (TEM) was carried out on a Tecnai G2 F20 (Netherlands) is a 200 kV field
emission gun (FEG) for high-resolution and analytical TEM/STEM. It provided a point-to-
point resolution of 2.4 A. XPS measurements were performed at room temperature with
a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin, Germany)) with a
base pressure of 5 x 10~1° mbar using monochromatic Al K alpha radiation (1486.74 eV)
as excitation source operated at 300 W. The energy resolution as measured by the FWHM
of the Ag 3d5,, peak for a sputtered silver foil was 0.62 eV. The spectra were calibrated
with respect to the Cls at 284.8 eV. The optical absorbance of ZnO, ZnO-CNT and ZnO-
PEDOT:PSS nanohybrids was determined using a NANOCOLOR UV-VIS II spectrometer
(MACHEREY-NAGEL, Germany) in the 200-900 nm region. The band gap of ZnO, ZnO-
CNT and ZnO-PEDOT:PSS nanohybrids was subsequently calculated using Tauc plots.
PL spectroscopy was carried out at room temperature with an excitation wavelength of
365 nm of an LSM-365A LED (Ocean Insight, USA) with a specified output power of 10 mW.
The emission was collected by FLAME UV-Vis spectrometer (Ocean optics, USA) with a
spectral resolution 1.34 nm. Optical images of ZnO were taken under a UV lamp ZLUV220
(China) with an excitation source of 365 nm. Raman spectra were collected using a WITec
Confocal Raman Microscope System alpha 300R (WITec Inc., Ulm, Germany). Excitation in
confocal Raman microscopy is generated by a frequency-doubled Nd:YAG laser (New-port,
Irvine, CA, USA) at a wavelength of 532 nm, with 50 mW maximum laser output power
in a single longitudinal mode. The system was equipped with a Nikon (Otawara, Japan)
objective with a X20 magnification and a numerical aperture NA = 0.46. The acquisition
time of a single spectrum was set to 0.5 s.

3. Results

Table 1 provides a list of ZnO, ZnO-CNT and ZnO-PEDOT:PSS samples synthesized
in this work. Samples ZnO-D and ZnO-A correspond to ZnO nanoparticles synthesized
from Zn(CH3CO,),.2H,0 and Zn(CH3CO;), precursors, respectively. Samples ZnO-D-
CNT, ZnO-A-CNT, ZnO-D-PEDOT:PSS and ZnO-A-PEDOT:PSS correspond to the hybrids
of samples ZnO-D and ZnO-A with CNT and PEDOT:PSS, respectively. In this study,
the terms ZnO samples refer to samples ZnO-D and ZnO-A; ZnO-CNT hybrids refer to
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samples ZnO-D-CNT and ZnO-A-CNT and ZnO-PEDOT:PSS hybrids refer to samples
ZnO-D-PEDOT:PSS and ZnO-A-PEDOT:PSS.

Table 1. List of ZnO-CNT hybrids and ZnO-PEDOT:PSS hybrids synthesized in this work.

Sample Name CNT (wt%) PEDOT:PSS (wt%)
ZnO-D-CNT ~1 -
ZnO-A-CNT ~1 -

ZnO-D-PEDOT:PSS - ~95
ZnO-A-PEDOT:PSS - ~95

3.1. Structure and Morphology

The XRD patterns of ZnO samples ZnO-D and ZnO-A are shown in Figure 1. The
peaks (100), (002), (101), (102), and (110) correspond to the hexagonal Wurtzite structure
(a=3.25A and ¢ =5.20 A) of ZnO (JCPDS, Card Number 36-1451). No secondary phases are
visible in the XRD patterns, indicating that single-phase ZnO nanoparticles were formed.
In addition, XRD patterns illustrate that both samples ZnO-D and ZnO-A exhibit very
small particle sizes due to broader XRD peaks. The size of nanoparticles was estimated

using the Scherrer equation [24].
097
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where D is particle size, A (=0.15406 nm) is the wavelength of incident X-ray beam, {3 is
FWHM in radians, and 0 is Bragg’s diffraction angle. Size calculation was carried out by
considering the highest-intensity (101) peak. The calculated ZnO nanoparticle sizes of
samples ZnO-D and ZnO-A were ~9 nm and ~5 nm, respectively. However, the actual size
and shape of ZnO nanoparticles were confirmed from TEM studies as discussed below.
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Figure 1. Normalized XRD patterns of samples ZnO-D and ZnO-A.

The morphological features of the as-synthesized ZnO samples, ZnO-CNT hybrids
and ZnO-PEDOT:PSS hybrids were studied by TEM, as shown in Figure 2. TEM images in
Figure 2a,b consist of overviews of the as-grown samples ZnO-D and ZnO-A, respectively.
The micrographs reveal spherical nanoparticles of uniform size that tend to agglomer-
ate. With the help of size distribution histograms of the as-synthesized ZnO samples, we
estimate an average nanoparticle size of ~5.2 nm and ~4.8 nm for ZnO-D and ZnO-A,
respectively. Figure 2c is a high-resolution TEM (HRTEM) image of sample ZnO-A, where
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two ZnO nanoparticles are oriented along the [0001] zone axis of the basal plane of the
Waurtzite structure. Figure 2d,e are low-magnification TEM images of the samples ZnO-D-
CNT and ZnO-A-CNT, respectively. ZnO nanoparticles dominate the TEM images due to
the low wt% (~1 wt%) of CNT in the samples. HRTEM images of ZnO-CNT are presented
in Figure 2g,h. The walls of the CNT are clearly visible along with nanoparticles decorating
them. We observe that the presence of CNT does not alter the crystallinity or the size
distribution of the nanoparticles, and average sizes of ~5.7 nm and ~4.7 nm were retained.
The micrographs therefore clearly indicate successful decoration of the nanoparticles on
the walls of the CNT. In our study, the nanotubes were functionalized by sonication in
pure ethanol; hence, the most likely functional groups present are carboxyl (COOH) that
can be broken down into carbonyl (C-O) and hydroxyl (OH) [25]. These functional groups
promote a covalent bonding between the CNT and ZnO nanoparticles, necessary for the
decoration of CNT. Figure 2f,i are the TEM and scanning transmission electron microscopy
(STEM) images of ZnO-D-PEDOT:PSS and ZnO-A-PEDOT:PSS samples, respectively. PE-
DOT:PSS appears as flakes without any noticeable agglomeration of ZnO nanoparticles in
the polymer layer. However, some areas of PEDOT:PSS are more densely packed with ZnO
nanoparticles. The insets of Figure 2f,i are high-magnification TEM images of the samples
emphasizing on their homogeneous distribution in the PEDOT:PSS matrix.

"'-”'z‘.
AR

100 nm

Figure 2. Overview TEM images of samples (a) ZnO-D, (b) ZnO-A, (c) HRTEM image of ZnO-A
nanoparticles. Overview TEM images of (d) ZnO-D-CNT, (e) ZnO-A-CNT, (f) ZnO-D-PEDOT:PSS.
HRTEM images of (g) ZnO-D-CNT, (h) ZnO-A-CNT and (i) STEM image of ZnO-A-PEDOT:PSS.

The high-resolution XPS spectra of the C 1s and O 1s regions of the as-synthesized and
hybrid ZnO nanoparticles are shown in Figures 3 and 4, respectively. For the C 1s spectra of
the as-synthesized samples in Figure 3a,d, the photoelectron peak at 284.8 eV corresponds
to adventitious carbon [26]. Several carbon bonds are present in the samples, such as C-OH,
0=C-O originating from the NaOH and acetate precursors used in the syntheses [27]. Both
ZnO-A and ZnO-D contain oxygen and hydroxyl groups that are chemisorbed. The C
1s region of ZnO-CNT in Figure 3b,e manifests an additional peak corresponding to sp2

51



Nanomaterials 2022, 12, 3546

hybridization of C atoms in the CNT at a binding energy of 283 eV. In addition, the C-OH
peak is relatively more intense for the ZnO-A-CNT sample compared to the as-synthesized
ZnO sample in Figure 3d, which could indicate an increase of hydroxyl groups or oxygen
vacancies [18]. In fact, sonication of CNT in ethanol engenders a breakdown of the sidewalls,
which then produces C-dangling bonds [28]. After sonication and during the initial stages
of synthesis, CNT were mixed in ethanol and heated to a temperature of 65 °C for 2 h during
which a solution of NaOH was added dropwise. Considering the hydroxyl rich conditions,
the attachment of OH groups to C-dangling bonds is likely. For the ZnO-D-based samples,
in Figure 3a—c, the relative intensities of the various peaks in the Cls region are similar,
unlike the ZnO-A-based samples. In addition, in Figure 3f, a decrease in the O=C-O and
C-OH peak intensities relative to the C-C peak for sample ZnO-A-PEDOT:PSS is observed,
indicating an oxygen-deficient or -reduced PEDOT:PSS polymer.

Zn0-D Cis
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Figure 3. High-resolution XPS spectra of the C1s region of (a) ZnO-D, (b) ZnO-D-CNT, (c¢) ZnO-D-
PEDOT:PSS, (d) ZnO-A, (e) ZnO-A-CNT and (f) ZnO-A-PEDOT:PSS.

The high-resolution spectra of the O 1s region of the ZnO samples, ZnO-CNT hybrids
and ZnO-PEDOT:PSS hybrids in Figure 4 consist of several peaks, including lattice oxygen
peak of ZnO or the Zn-O bond. Additionally, for the samples ZnO-D (Figure 3a), ZnO-D-
CNT (Figure 3b), ZnO-A (Figure 3d) and ZnO-A-CNT (Figure 3e), photoelectron peaks
that correspond to hydroxyl groups are also visible. In particular, the photoelectron peak
at around 531.5 eV is attributed to Zn-OH bonds as well as oxygen vacancies [22]. TEM
analysis estimated an average ZnO nanoparticle size of 5 nm, implying a very high surface-
to-volume ratio. In such small nanoparticles, surface oxygen vacancies are prevalent. Since
the C 1s region contains oxygen or hydroxyl components and the O 1s region contains
carbon and hydroxyl components, it therefore suggests that hydroxyl groups are responsible
for the decoration of CNT with ZnO. This directly implies that hydroxyl groups enable
the anchoring of ZnO on CNT surface through covalent bonding with carbon, as there
is no indication of Zn-C bonds. TEM images clearly indicate that ZnO nanoparticles
grow directly on the CNT sidewalls through Zn-O/OH-C bonds. Furthermore, the O 1s
region of the ZnO-PEDOT:PSS hybrids of Figure 4c¢,f display additional peaks, along with
differences in relative intensities of peaks compared to ZnO and ZnO-CNT hybrids. In
these samples, the characteristics of the PEDOT:PSS polymer is more dominant. In fact,
two peaks—C-O-C of PEDOT at 532.7 eV and O=S of PSS at 531.7 eV—are visible as well
as a third peak of Zn-O [29]. In general, the ZnO-D lattice, i.e., as-synthesized ZnO-D or
ZnO-D in the nanohybrids, shows a more stable oxygen component, when considering
the C 1s spectra of Figure 5a—c, where the relative intensities of O=C-O, C-OH and C-C
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peaks are rather constant. However, for the ZnO-A-PEDOT:PSS, the PEDOT peak is less
intense than the PSS peak. In fact, PEDOT:PSS macromolecule consists of PEDOT that
is positively charged, highly conductive, and hydrophobic. On the other hand, PSS is
negatively charged, insulating and hydrophilic. If we consider that the nanoparticles
were dispersed in an aqueous solution of PEDOT:PSS, then the adsorption of hydroxyl
groups on the surface of the ZnO nanoparticles is inevitable. From the relative intensities of
various peaks of the Ols region in Figure 4a,d, ZnO-A tends to adsorb a higher quantity of
hydroxyl groups than ZnO-D. Consequently, the surface of ZnO-A is more electronegative
with a propensity to the positively charged PEDOT. The O 1s region of ZnO-A-PEDOT:PSS
consists of a less intense C-O-C peak and a highly intense O=S peak compared to ZnO-D-
PEDOT:PSS. The reduction in the relative intensity of the C-O-C peak suggests that either
PEDOT was removed or degraded on adding ZnO-A. In addition, the shift in the Zn-O and
C-O-C peaks to higher binding energies confirms the formation of a covalent bond between
the C of PEDOT and OH groups present on the ZnO surface. The higher binding energy of
the Zn-O peak along with an increase in its intensity indicates that the configuration for the
lattice oxygen of ZnO-A becomes more stable.
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Figure 4. High-resolution XPS spectra of the O 1s region, (a) ZnO-D, (b) ZnO-D-CNT, (c) ZnO-D-
PEDOT:PSS, (d) ZnO-A, (e) ZnO-A-CNT and (f) ZnO-A-PEDOT:PSS.

The vibrational properties of the ZnO nanoparticles and their hybrids were investi-
gated using Raman spectroscopy. The results obtained from Raman spectroscopy comple-
ment those obtained via XPS. In fact, chemical and structural changes can be evaluated
simultaneously on ZnO and CNT or PEDOT:PSS using Raman spectroscopy. Figure 5a
compares the different vibrational modes obtained from these samples in the range of
100-800 cm~!. The first-order phonon modes obtained at ~440 em~1, ~585 cm~! and
~667 cm 1, correspond to Epp, E1 (LO) and E; (TO) modes, respectively [21]. Other modes
obtained at ~320 cm ™! and 506 cm ! are multiphonon scattering modes that correspond to
the Eop—Epp, and E{(TO) + E», modes, respectively [30]. The Eppy, Eop—Eor, E1 (LO) modes
involve the oxygen component of ZnO. More specifically, the Expy at 440 cm™? corresponds
to lattice oxygen, whereas the E; (LO) corresponds to oxygen-related defects [31]. For all
the samples, the E;py mode intensities are high, implying that the ZnO lattice structure
is unaffected on hybridizing with CNT or PEDOT:PSS. However, the relative intensity
of the E; (LO) band increases in the nanocomposites, indicating an increased number of
surface defects [32]. The attachment of ZnO on the sidewalls of the CNT through hydroxyl
functional groups indicates that the interfacial region and, therefore, the surface of ZnO are
highly defective. Additionally, the Eyy peak for ZnO-PEDOT:PSS samples has shifted to
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a higher wavenumber of 445 cm~! owing to chemical interactions between PEDOT and

ZnO. This peak is more intense for ZnO-A-PEDOT:PSS than ZnO-D-PEDOT:PSS, which
once again supports that ZnO-A has a more stable lattice configuration in PEDOT:PSS.

Raman signatures lower than 300 cm~! are assigned to the vibrations of Zn;, and
those above 300 cm™~! are assigned to the vibrations of oxygen atoms [33]. The peak at
275 cm ! has been attributed to Zn; or Zn; clustering [34,35]. The intensity of this mode
increases relative to the other modes in the CNT-based nanocomposites and is the highest
for PEDOT:PSS-based nanocomposites. This suggests that the amount of Zn; is higher
than Vo in the hybrid samples. Another mode at 526 cm™! is observed for the PEDOT:PSS
nanocomposites, corresponding to the combination of Vo and Zn; [34]. A lower-intensity
peak at the same localization is also visible in the ZnO-CNT-based samples. In general,
the relative intensity of this combined mode increases in the hybrid samples owing to
an increase in Zni. In Figure 5b, Raman bands from 1200-1800 cm ™! of pristine CNT are
compared to those of ZnO-CNT. The D-band at 1341 cm ™! for pristine CNT redshifts for
ZnO-CNT to ~1351 cm~!. A similar redshift in the G-band from 1579 cm~! to ~1592 cm~!
is also observed. These redshifts further confirm the presence of oxygen or hydroxyl
groups on the CNT surface [36]. The (*) marked peaks in ZnO-CNT samples are assigned
to C-O bond vibrations from the acetate precursor used during synthesis [21]. Infrared
spectroscopy studies of hydrogen adsorption on ZnO suggest that OH and H are adsorbed
simultaneously [37]. In fact, the dissociation of hydrogen followed by its adsorption mani-
fests as a change in the corresponding vibrational frequency, including stretching vibrations
of Zn-H and O-H, which are very different from the free hydroxyl group vibrational fre-
quency [38]. However, hydrogen adsorption is more likely on prismatic surfaces, implying
that facetted ZnO nanoparticles would be more susceptible to hydrogen adsorption [39].
However, for successful hydrogen adsorption, firstly, a more acidic environment is required
when working in aqueous media, or a high pressure when working in gaseous media. In
addition, the nanoparticles presented in this study are spherical and not facetted. In our
case, the NaOH-rich conditions provide a basic environment that is advantageous to the
adsorption of hydroxyl groups, further promoted by the presence of V.

Figure 5c¢ shows the Raman spectra of ZnO-PEDOT:PSS samples in the range
(900-1700 cm 1), where the contributions from PSS and PEDOT vibrational modes are
the most significant. Two typical PSS vibrational modes at 988 cm~! and 1097 cm™!
are observed [40]. The vibrational modes of PEDOT observed at 1263 cm ™!, 1369 cm ™1,
1436 cm ™! and 1517 cm ™! correspond to Cy-Cy, Cg-Cp, symmetrical Co=Cp and asym-
metrical C=Cp stretching vibrational modes, respectively. In the ZnO-D-PEDOT:PSS
samples, the symmetrical vibrational mode at 1436 cm ™! is redshifted compared to the
pristine PEDOT:PSS (~1440 cm ') [41]. However, this mode is slightly more redshifted
in the ZnO-A-PEDOT:PSS, suggesting a slightly higher benzoid (coil) to quinoid (linear)
structural transition [41,42]. The PEDOT chains of linear conformation tend to increase the
conductivity of the polymer due to a stronger covalent bonding with ZnO. Additionally,
asymmetrical C,=Cpg bonds of PEDOT have similar intensities for both samples, whereas,
Cy-Cy and Cg-Cp bonds for sample ZnO-D-PEDOT:PSS are more intense than sample
ZnO-A-PEDOT:PSS. On the other hand, the asymmetrical Co=Cg bond of PEDOT at
1517 cm~! is more intense for ZnO-A-PEDOT:PSS samples. This implies that the bonds in
the PEDOT chain have undergone structural modification provoking a breakdown in sym-
metry. This again suggests that PEDOT was degraded or removed from the macromolecule
upon combining with ZnO-A.
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Figure 5. Normalized Raman spectra of (a) ZnO-D, ZnO-A, ZnO-D-CNT, ZnO-A-CNT, ZnO-D-
PEDOT:PSS and ZnO-A-PEDOT:PSS from 100-800 cm ™2, (b) pristine CNT, ZnO-D-CNT and ZnO-A-
CNT from 1200-1800 cm ™, and (¢) ZnO-D-PEDOT:PSS and ZnO-A-PEDOT:PSS from 900-1600 cm ™.

3.2. Optical Properties

The band gaps of the ZnO samples, ZnO-CNT hybrids and ZnO-PEDOT:PSS hybrids
were calculated via UV-Vis absorption spectroscopy followed by Tauc plots, presented in
Figure 6. The band gaps of these samples range from 3.11 to 3.3 eV, which correspond to
the theoretical band gap of ZnO, implying that the absorbance in the nanocomposites is
dominated by ZnO. Depending on the synthesis routes, variations in the band gaps of ZnO
have been observed [43]. The absorption spectra of ZnO samples revealed a sharp shoulder
at ~3.3 eV, stretching down to 2.0 eV, whereas, a broader shoulder at ~3.3 eV stretching
down to ~1.5 eV was observed for the CNT hybrids [44].
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Figure 6. Tauc plot of (a) ZnO-D and ZnO-D-CNT, (b) ZnO-D-PEDOT:PSS, (c¢) ZnO-A and ZnO-A-
CNT, and (d) ZnO-A-PEDOT:PSS.

The emission properties of the as-synthesized ZnO samples, ZnO-CNT hybrids, and
ZnO-PEDOT:PSS hybrids were investigated at room temperature. A 365 nm (3.4 eV)
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excitation source was used to induce band-to-band transitions in these samples with
band gaps between 3.11 eV and 3.3 eV. The PL spectra in Figure 7a—f present typical PL
emission characteristics of ZnO nanoparticles, consisting of the NBE and DLE [45]. The
similarities in emission peak localizations indicate that the emissions mainly originate
from ZnO nanoparticles, for both the freestanding and hybrid nanocomposites. However,
there are significant changes in the overall quantum efficiencies and intensities of certain
emission peaks of the hybrid samples. This suggests that interfacial bonding between
ZnO nanoparticles and CNT or PEDOT:PSS via OH groups plays an important role in
excitonic separation and recombination. The probable origin of the DLE is the combination
of several point defects, such as oxygen interstitials (O;), oxygen vacancies (Vp), zinc
vacancies (Vzy), zinc interstitials (Zn;), and their complexes [22,46] that are related to the
presence of hydrates in the ZnO precursor. In addition, the NBE to DLE ratio is useful
in evaluating the crystalline quality of ZnO. Moreover, an average nanoparticle size of
5 nm indicates a high surface-to-volume ratio, which in turn denotes a high amount of
surface defects. These surface traps also consist of chemisorbed species, allowing additional
radiative or non-radiative recombination mechanisms, which would alter the quantum
efficiency of the DLE.

The doubly ionized oxygen vacancy, i.e., Vo™, or surface oxygen vacancy at 2.2 eV is
dominant in all the samples due to the high surface-to-volume ratio. The 2.2 eV transition
is associated with the capture of a hole by Vo* from surface charges to form Vo** [47].
The single ionized oxygen vacancy Vo* or volume oxygen vacancy emits at ~2.5 eV. Both
types of vacancies produce green luminescence in ZnO. Additionally, the intensity of the
green emission can be strongly influenced by free carriers on the surface, especially for
nanoparticles with very small sizes [47,48]. Since PL measurements were performed in
air, it is likely that hydroxyl groups or oxygen molecules are adsorbed on the surface of
the nanoparticles. The chemisorbed oxygen species provoke an upward band bending in
the as-synthesized ZnO nanoparticles (Figure 7g), which allows Vo™ to convert into Vo**
through the tunneling of surface-trapped holes to deep levels. Therefore, the observed
dominant green emission in ZnO-D and ZnO-A samples is mainly surface related. In a
previous study, the chemisorption of hydroxyl groups/oxygen species was suppressed by
covering the nanoparticles with CNT [17]. In that study, non-functionalized CNT were
used, and a successful passivation of surface states was obtained. In the present case, the
CNT were functionalized with OH functional groups, as discussed previously. Therefore,
in the present case, the upward band bending is enhanced (Figure 7h). The increased
upward band bending leads to further increase in the depletion region size, whereupon the
probability of electron capture at the defect sites increases. This mechanism also reduces
the probability of band-to-band transitions and the NBE is diminished.

For ZnO-PEDOT:PSS samples, a complete coverage of ZnO with PEDOT:PSS is visible
in the TEM images. In general, there is a reduction in the overall emission compared to
the as-synthesized and ZnO-CNT samples, due to the low amount of ZnO nanoparticles.
However, the NBE-to-DLE ratio is higher in these samples. The increase in NBE can
be attributed to the reduced surface hydroxyl groups, relative to the as-synthesized and
ZnO-CNT samples, leading to lower upward band bending (Figure 7i). More particularly,
the NBE-to-DLE ratio is higher for the ZnO-D-PEDOT:PSS than ZnO-A-PEDOT:PSS. An
increase in DLE for the latter can be attributed to the higher amount of hydroxyl groups
present on the ZnO-A sample, as assessed on the basis of the XPS studies, leading to
a slightly higher upward band bending than for ZnO-D. Additionally, the NBE of both
types of hybrid sample, i.e., CNT and PEDOT:PSS, has redshifted, suggesting an increased
amount of Zn;, further corroborating the Raman spectroscopy results. Finally, the red
emission at ~1.75 eV is the least significant component in the PL spectra, associated mainly
with Vyz,-related defects [49].
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Figure 7. PL emission spectra of (a) ZnO-D, (b) ZnO-D-CNT, (c) ZnO-D-PEDOT:PSS, (d) ZnO-A, (e) ZnO-
A-CNT and (f) ZnO-A-PEDOT:PSS. Schematics of upward band bending (g) chemisorbed Oxygen
species, (h) CNT decorated with ZnO through hydroxyl groups, (i) ZnO-PEDOT:PSS nanohybrids.

4. Conclusions

In this study, we successfully synthesized ZnO nanoparticles and their hybrids contain-
ing CNT and PEDOT:PSS. The effect of hydroxyl groups on the optical properties of ZnO
nanoparticles and their hybrids was investigated. The ZnO nanoparticles display optical
properties that are both bandgap and defect related. In addition, the choice of precursor
immensely influences the overall properties of the nanoparticles and their hybrids. During
the synthesis of the hybrid nanocomposites, hydroxyl groups adhere to the surface of the
ZnO nanoparticles, and in turn, intensify the defect related emission. These hydroxyl
groups are necessary for the successful decoration of the CNT and the incorporation of ZnO
in the PEDOT:PSS matrix. Additionally, the linear transformation of PEDOT from the coil
structure implies a more conductive polymer, which would enhance the I-V characteristics
of the nanocomposite. However, ZnO-A tends to degrade the PEDOT:PSS macromolecule
by removing or degrading the conducting PEDOT, which could prove detrimental to the
electrical properties of the nanocomposite. Future research consists of incorporating these
nanoparticles and their hybrids in LED applications. This present work aids in understand-
ing the modification of the physical and chemical properties of the ZnO nanoparticles when
hybridized to PEDOT:PSS and CNT. On the basis of this work, we conclude that ZnO-D
and its hybrid nanocomposites, synthesized with hydrate precursors show higher stability
and are likely to offer better electrical conductivity when used in LED.
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Abstract: Quantum dots (QDs) are promising candidates for producing bright, color-pure, cost-
efficient, and long-lasting QD-based light-emitting diodes (QDLEDs). However, one of the significant
problems in achieving high efficiency of QDLED:s is the imbalance between the rates of charge-carrier
injection into the emissive QD layer and their transport through the device components. Here we
investigated the effect of the parameters of the deposition of a poly (methyl methacrylate) (PMMA)
electron-blocking layer (EBL), such as PMMA solution concentration, on the characteristics of EBL-
enhanced QDLEDs. A series of devices was fabricated with the PMMA layer formed from acetone
solutions with concentrations ranging from 0.05 to 1.2 mg/mL. The addition of the PMMA layer
allowed for an increase of the maximum luminance of QDLED by a factor of four compared to the
control device without EBL, that is, to 18,671 cd/m?, with the current efficiency increased by an order
of magnitude and the turn-on voltage decreased by ~1 V. At the same time, we have demonstrated
that each particular QDLED characteristic has a maximum at a specific PMMA layer thickness;
therefore, variation of the EBL deposition conditions could serve as an additional parameter space
when other QDLED optimization approaches are being developed or implied in future solid-state
lighting and display devices.

Keywords: quantum dots; QDLED; electron-blocking layer; PMMA

1. Introduction

Fluorescent semiconductor nanocrystals (NCs) or quantum dots (QDs) have plenty of
advantageous properties, such as the possibility of tuning the luminescence wavelength by
varying the physical size of the NCs and the capacity for forming stable colloidal solutions,
which makes it possible to obtain coatings by inexpensive solution-process methods, and
make QDs promising materials in optoelectronic, bioimaging, lighting, and other applica-
tions [1-5]. Today, light-emitting devices (LEDs) based on organic compounds (OLEDs)
prevail in commercial lighting and display appliances. Quantum dots outperform tradi-
tional organic dyes in terms of the width of the absorption spectrum, molar extinction, and
photostability. Thus, quantum dots are expected to be promising candidates to overcome
the material stability issues typical of OLEDs, such as drastic efficiency roll-off at high
current densities and mediocre operational lifetimes. Moreover, due to their inorganic
nature, QDs are much more thermally stable materials, which makes it possible to in-
crease the brightness of QD-based LEDs by increasing the current density in the device.
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In addition, QDs have quite narrow fluorescence and electroluminescence spectra and,
hence, are promising components of displays or illuminators with a wide color gamut.
To fully exploit the superior properties of QDs, a number of QD-based LED (QDLED)
structures with different device and material configurations have been developed [6]. A
typical QDLED-emitting layer represents a thin QD film sandwiched between two charge-
transport layers, and its interaction with them may cause luminescence quenching through
various nonradiative pathways, such as the Auger recombination [7,8], QD charging [7],
and charge and/or energy transfer from QDs to the charge-transport materials [7,9], and
so forth.

One of the main shortcomings of QD-based LEDs is imbalance between the rates of
charge carrier injection and transport [7], which leads to the formation of excess charges
(electrons or holes) in the emitting QD layer and quenching of QD radiation due to the
aforementioned nonradiative processes. This phenomenon leads to a significant decrease
in radiation efficiency, especially at high current densities, and, hence, to overall low perfor-
mance of the QDLEDs. In most modern QDLED configurations [10], this imbalance mainly
results from a larger potential barrier for the injection of holes into the QD layer than for
the injection of electrons, as well as a higher mobility of electrons in the electron transport
layer (ETL), usually based on ZnO, compared to the hole mobility in organic hole transport
layers (HTL) [11]. One of the approaches to solving this problem is the introduction of an
electron-blocking layer (EBL). The EBL materials and methods of its integration into the
QDLED structure vary widely. For example, it has been shown that the addition of a 4,4,4-
tris(N-carbazolyl)-triphenylamine (TcTa) EBL between the hole-transporting layer and the
light-emitting QD layer [12] or a combined hole-transporting and electron-blocking layer
of deoxyribonucleic acid (DNA) complexed with cetyltrimetylammonium (CTMA) [13]
enhances efficiency due to the reduction of electron overflow and improvement of hole
injection. Another approach is to insert an EBL between the ETL and the QD layer to re-
strict the flow of electrons. In the framework of this approach, Al,Os3 [14] and poly(methyl
methacrylate) (PMMA) [15] have been demonstrated to be effective materials for the EBL.
However, a thin film of poly (methyl methacrylate) (PMMA) is more often used as an
EBL [15,16], because the positions of its energy levels provide a high potential barrier for
electron injection into the emitting layer for most types of QDs. In addition, PMMA is
soluble, such as in acetone, which makes it possible to apply PMMA onto the underlying
QD layer without partially dissolving or deforming the latter.

The first introduction of a PMMA electron blocking layer into the QDLED structure
was reported by Dai et al. [15], who fabricated QDLEDs with a 6 nm PMMA insulating
layer between a CdSe/CdS core/shell QD layer and a ZnO ETL to optimize the charge
balance in the device. They compared the hole mobility in an HTL consisting of poly-
TPD (1-10~% cm?-V~1.s71) and PVK (2.5:107% cm?-V~1.s71) with the electron mobility
in an ETL based on a ZnO nanocrystal film (~1.8-1O*3 Cm2~V*1~s*1), and concluded
that the insertion of the PMMA layer may lead to excess electron injection into the QD
emissive layer. To confirm this assumption, they measured and compared the current
densities of the electron-only devices (ITO/Al/QDs/ZnO/Al) and hole-only devices
(ITO/PEDOT:PSS/ poly-TPD/PVK/QDs/Pd). In this case, the addition of the PMMA
layer between the ETL and the QD layer to optimize charge balance did not cause any
considerable changes in either the turn-on voltage or the brightness in comparison with
the control QDLEDs without the PMMA layer. However, for equally bright QDLEDs, the
current density in the control device was much greater, which indicated that the efficiency of
this device was substantially lowered by the excess electron current. Thus, the efficiency of
the EBL-based approach in terms of enhancing the performance of QDLEDs was confirmed.
In addition, the stability of the devices without the PMMA layers was relatively poor, and
it was improved 20-fold by adding the PMMA EBL.

Rahmati et al. [16] presented a new QDLED architecture with multiple PMMA EBLs
sandwiched between a pair or more of QD layers. The authors developed QDLED struc-
tures with one, two, and three PMMA layers and showed that a device containing two
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PMMA and three QD layers had the best current efficiency of 17.8 cd-A~! and a luminance
of 194,038 cd-m~2. The substantial improvement of QDLED performance was mainly
attributed to the addition of the PMMA EBL, which reduced the backward electron leakage
from the active QD region and enhanced electron confinement, leading to an increased
electron concentration in the QD active layers and a higher radiative recombination rate.
It is worth noting that the aforementioned QDLED configuration where the EBL is sand-
wiched between a pair of QD EMLs could be employed in the design of white QDLEDs
by combining isolated blue/green/red QD layers separated by two PMMA spacers into a
complex emissive layer [16].

Although it has been demonstrated that adding a PMMA layer to the QDLED struc-
ture may significantly improve the performance of QDLEDs, this approach needs further
optimization and detailed study to rationally exploit the PMMA electron-blocking capacity.
Here, we studied the correlations between the parameters of the PMMA EBL deposi-
tion, such as the PMMA solution concentration, and the most important performance
characteristics of QDLEDs.

2. Materials and Methods
2.1. Synthesis of CdSe/ZnS/CdS/ZnS (CdSe/MS) QDs

The synthesis of CdSe cores with a diameter of 2.3 nm was carried out by the hot injec-
tion technique using cadmium hexadecylphosphonate and trioctylphosphine as precursors
at a temperature of 240 °C; the procedure is described in more detail in [17]. After the
synthesis, the separation and purification of the CdSe cores were carried out by means of re-
precipitation of nanocrystals and subsequent gel permeation chromatography, after which
their surface was treated with oleylamine in the presence of sodium borohydride to replace
the hexadecylphosphonic acid residues with oleylamine, which facilitated further growth
of inorganic shells. Then, after additional purification steps, the CdSe cores were placed
into a reaction mixture of 1-octadecene and oleylamine (1:1, v/v) for growing the shells.
After accurate quantification of CdSe cores in the reaction solution using the approach
described in [18], we calculated the quantities of precursors required for obtaining QDs
with the desired shell structure. The shells were grown at 170 °C in an argon atmosphere
at an average growth rate of 1 monolayer per 30 min. After the synthesis and isolation of
QDs from the crude solution, the organic ligands were replaced with hexadecylammonium
palmitate (HDA-PA), which reduced the sensitivity of the optical properties of QDs to
atmospheric exposure during long-term storage. The luminescence and absorption spectra,
as well as the transmission electron microscopy (TEM) image of the obtained QDs are
shown in Figures S1 and S2, provided in the Supporting Information (SI) file.

2.2. Fabrication of QDLED Devices

Glass substrates with an indium tin oxide (ITO) layer were preliminarily cleaned by
treatment in an ultrasonic bath and then in oxygen plasma. Then, a hole-injecting layer of
PEDOT:PSS (poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)) was deposited
on the substrates by spin-coating at 2000 rpm, followed by annealing at 110 °C for 10 min.
The film thickness was 40 nm. The substrates coated with a PEDOT: PSS layer were
transferred into a glove box containing argon (O, < 1 ppm, H,O <1 ppm). Next, hole
transport layers of poly-TPD (poly(N,N’-bis-4-butylphenyl-N,N’-bisphenyl) benzidine,
solution in chlorobenzene, 8 mg/mL) and PVK (poly (vinylcarbazole), solution in o-xylene,
1.5 mg/mL) were deposited alternately by spin-coating at 2000 rpm. Layers of poly-TPD
(30 nm) and PVK (5 nm) were annealed at 100 °C for 10 min before applying the next layer.
Then, a QD layer was applied from a solution in n-octane (20 mg/mL) by spin-coating
at 2500 rpm and annealed at 100 °C for 10 min. The QD film thickness was 40 nm. The
following PMMA (Sigma Aldrich, Saint Louis, MO, USA, average M,, ~ 120,000 Da) layer
was applied by spin-coating from a solution in acetone at 3500 rpm and then annealed
at 100 °C for 10 min. The concentration of the acetone solution of PMMA varied from
1.2 mg/mL to 0.05 mg/mL to obtain different blocking-layer thicknesses. A 50 nm electron-
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transport layer (ETL) was applied from solutions of ZnO nanoparticles in isopropyl alcohol
(25 mg/mL) by spin-coating at 1000 rpm followed by annealing at 60 °C for 10 min. Finally,
an aluminum cathode with a thickness of 80 nm was deposited onto the ETL through a
shadow mask by thermal evaporation in vacuum (2:10~% mbar).

2.3. Instrumental Methods

The luminescence spectra were measured using an Agilent Cary Eclipse spectroflu-
orimeter. The absorption spectra were measured using an Agilent Cary 60 UV-Vis spec-
trophotometer. Transmission electron microscopy (TEM) images were obtained on a JEOL
JEM-2100F (JEOL Ltd., Tokyo, Japan) instrument operated at 200 kV acceleration volt-
age. TEM specimens were prepared by drop-casting a solution of QDs in hexane onto
carbon/Formvar-coated 200 mesh copper TEM grids. The voltage—current and voltage—
brightness characteristics were measured with a Keithley 2601 SourceMeter 2601 (Keithley
Instruments, Inc., Solon, OH, USA), a Keithley 485 picoampermeter (Keithley Instruments,
Inc., Solon, OH, USA), and a TKA-04/3 luxmeter—brightness meter (Scientific Instruments
“TKA”, St. Petersburg, Russia). The preparation of QDLED samples and measurements
of their characteristics were performed at room temperature in an argon atmosphere. The
film thicknesses were determined by ellipsometry using an MII-4 interferometer (“LOMO”,
St. Petersburg, Russia) and by means of a MultiMode V (Bruker Corporation, Billerica, MA,
USA) atomic force microscope.

3. Results and Discussion

Deposition of an ultimately thin PMMA charge-blocking layer on top or within
the emissive QD layer by means of solution processes requires the minimum possible
distortion of the QD layer to achieve efficient performance of the QDLED. Thus, selection
of the appropriate solvent for PMMA is of utmost importance. PMMA can be dissolved
in a number of organic nonpolar (toluene, chloroform, etc.) and weakly polar (acetone)
solvents. In most QDLED configurations, QDs capped with long-chain aliphatic ligands are
deposited from nonpolar solvents, such as octane and toluene. Therefore, acetone becomes
the solvent of choice for deposition of PMMA because, being polar, it cannot dissolve the
underlying QDs and, at the same time, being only mildly polar, it cannot cause severe
wrapping or cracking of the underlying thin film of QDs. On the other hand, acetone is
quite volatile and has a low viscosity; therefore, it is hard to control the parameters of its
deposition by spin-coating other than the concentration of PMMA in solution.

The structure of the fabricated QDLED devices is illustrated in Figure 1 along with
the schematic of the flat-band energy level diagram of the layers in the device.

We used QDs with the core/multishell structure to eliminate the negative effects
on QD fluorescence caused by Auger recombination and surface-trapping [19-21], and
because our previous studies revealed that this type of QD possessed the optimal charac-
teristics of photostability due to the suppression of charge transfer [4]. In order to increase
the efficiency of hole injection into the QD-emitting layer, we added a poly-TPD/PVK
bilayer-structured hole-injection layer between QDs and PEDOT:PSS. This configuration
creates a gradual step transition between the hole energy levels of QDs and PEDOT:PSS
hole-transport layer. A thin layer of ZnO nanoparticles was deposited as an electron
transport layer (ETL) because ZnO proved to be the most favorable ETL material due to
its high transparency, low work function, and high electron mobility [6,10,15]. To inves-
tigate the effect of the PMMA layer preparation routine on the QDLED performance, a
series of devices were fabricated. To do this, we varied the concentration of the PMMA
solution in acetone from 0.05 to 1.2 mg/mL. Unfortunately, we were unable to measure
the exact thickness of the PMMA EBL using the available AFM instrumentation, because
the measurement error was higher than the measured value. Otherwise, we may roughly
estimate the thickness range of PMMA EBL in our devices as 0.13-3 nm, corresponding to
the lower and upper limits of the solution concentrations, respectively. The details of this
estimation are given in the SI, the results of the calculation are given in the Table S1. Yet, in
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Figure 1. Flat-band energy level diagram of the fabricated QDLEDs (a) and electroluminescence spectrum of QDLED with
the PMMA electron-blocking layer deposited from a solution with a PMMA concentration of 0.2 mg/mL (b). The insets in
panel (b) show photographs of the device under ambient light (left) and operated at 6 V (right).

Figure 2a shows the current density—voltage and luminance-voltage characteristics of
the devices under investigation. As can be seen, the addition of a PMMA blocking layer in
most cases led to an accelerated rise and an overall increase in the current density at all
voltages relative to the structure without a blocking layer. Only when we applied the EBL
of PMMA from a solution with the highest concentration (1.2 mg/mL) did we observe a
drop in this characteristic. These results might be counterintuitive at first glance, because
blocking of electron flux through the device by a potential barrier created by the PMMA
layer led to an overall increase in the current flow through the whole device. However,
previous studies showed that the imbalance between the electron and hole currents led
to the accumulation of excess electrons inside the device and interfacial charging [7,11],
which, in turn, acts as a counter-driving force for electron currents and leads to less efficient
electron transport and injection. EBL, in this case, diminishes the charge flow imbalance
and allows the device to operate in the optimal regime, since the PMMA interlayer provides
quite a high energy barrier of around 3 eV against electron flow from the ETL (Figure 1).
Thus, PMMA EBL can block excess electron flow from ETL to the QD light-emitting layer by
reducing the electron current density, which leads to the improved charge carrier balance
inside the emissive QD layer, as it was shown for a number of other EBL materials [22-25].

As can be seen from our data, this optimal charge carrier balance was achieved
when EBL was deposited from a solution with a PMMA concentration in the range of
0.1-0.4 mg/mL. In this range, higher PMMA concentrations yield devices with a lower
current density but similar luminance. On the other hand, when the PMMA concentration
in deposition solution was lowered to 0.05 mg/mL, we observed current leakage even at
low voltages (0-2.5 V), which suggested a short circuit due to disturbance of the emissive
layer during EBL deposition.
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Figure 2. Current density (a) and luminance (b) versus voltage characteristics of QDLED samples employing a PMMA EBL
deposited from PMMA solutions in acetone with different concentrations.

A similar trend was observed for the luminance-voltage characteristics (Figure 2b). In
this case, the luminance saturation plateau was reached faster, and the brightness values
were higher in QDLED structures fabricated with a blocking PMMA layer. As an exception,
QDLED samples employing a PMMA EBL deposited from solutions with concentrations
of 0.8 and 1.2 mg/mL exhibited only minor, if any, improvement of this characteristic. In
the case of a 0.8 mg/mL solution, sharper growth was observed, but the brightness value
did not exceed that for the device without an EBL. These effects may arise from hindered
injection of electrons into the emitting layer due to an increase in the thickness of the
potential barrier and, as a consequence, a decrease in the probability of carrier tunneling.

The performance parameters of all fabricated QDLED devices are summarized in
Table 1. The lowest turn-on voltage of 2.1 V was observed for the two lowest PMMA
solution concentrations, 0.1 and 0.05 mg/mL. At the same time, the QDLED structure
without a PMMA layer had one of the highest turn-on voltage values, 3.3 V. In general,
a distinct minimum was observed in the plot of the turn-on voltage versus the PMMA
solution concentration (Figure 3).

Table 1. Summary of the performance parameters of the fabricated QDLED devices with and without a PMMA layer
deposited from PMMA solutions with different concentrations.

PMMA Solution 12 0.8 04 0.2 0.1 0.05 wlo PMMA
Concentration, mg/mL
Turn-on voltage, V 3.6 2.9 2.5 2.3 2.1 2.1 3.3
Maximum current 0.04 0.18 0.95 0.63 0.73 0.99 0.49
efficiency, cd/A
Luminance, cd/m? 33 635 9093 8146 9969 18,671 4472

In terms of the maximum current efficiency, the QDLED with an EBL deposited from
a 0.4 mg/mL PMMA solution turned out to be the optimal one (Table 1). An increase in
PMMA concentration led to a sharp drop of the current efficiency, while its decrease also re-
sulted in a 1.5-fold lower current efficiency. For concentrations of 0.2 and 0.1 mg/mL, there
were no significant differences in either current efficiency or turn-on voltage. However, the
brightness steadily increased with decreasing PMMA concentration in the EBL deposition
procedure. Thus, the maximum brightness in our experiment was 18 671 cd/m?, obtained
in the case of QDLEDs with an EBL fabricated using a 0.05 mg/mL PMMA solution. This
luminance value was four times higher than that for devices without a blocking layer.
Figures 4 and 5 show the dependences of the current efficiency and luminance at 9 V on
the PMMA solution concentration.
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As can be seen, in the case of current efficiency, the apparent maximum is observed
for the device where the EBL had the minimum thickness, when it was deposited from
a solution with a PMMA concentration of 0.05 mg/mL, and for the device without EBL.
Additionally, a local maximum was observed for the device whose EBL was formed from
a 0.4 mg/mL PMMA solution. This result suggests that either excess electron injection
or over-blocking of the electron current deteriorates charge balance in the QDLEDs and
thereby degrades current efficiency values.

Regarding the luminance (Figure 5), addition of even the thinnest PMMA layer to
the QDLED led to a drastic increase in this characteristic, apparently due to reducing the
probability of the formation of excess charges in the QD emissive layer and preventing
the luminescence quenching via nonradiative processes. However, further increase in
the concentration of PMMA in the EBL deposition solution resulted in deterioration of
this characteristic. This may have been due to the hindered injection of electrons into
the emitting layer as a result of an increased thickness of the potential barrier and, as a
consequence, a decreased probability of carrier tunneling.

Our findings show that the most important characteristics of QDLEDs can be sub-
stantially improved by careful adjustment of the PMMA EBL deposition parameters, such
as PMMA solution concentration. Notably, among the QDLEDs studied here, there was
no obvious best device in terms of the turn-on voltage, current efficiency, and luminance.
Therefore, the addition of the PMMA as an EBL alone should not be considered as a single
treatment to improve all the QDLED characteristics, but it may be quite effective if applied
along with other optimization approaches. In this case, the PMMA layer deposition param-
eters should be adjusted according to the requirements of each specific QDLED structure.
Our results may be helpful as guidance for the preparation of a PMMA EBL in order to
adjust specific QDLED parameters.

4. Conclusions

An electron-blocking layer of poly(methyl methacrylate) was added to the standard
QDLED structure in order to improve the brightness characteristics and current efficiency.
It has been shown that the concentration of the PMMA solution during layer deposition
plays a significant role in achieving high QDLED efficiency. Specifically, at a concentration
as high as 1.2 mg/mL, the characteristics of the current efficiency and brightness of the
QDLEDs dropped significantly relative to a similar device without an EBL. This may be
due to the hindered injection of electrons into the emitting layer due to an increase in
the thickness of the potential barrier and, as a consequence, a decrease in the probability
of carrier-tunneling.

At the same time, a low concentration of the initial PMMA solution leads to a sharp
improvement of the characteristics of the QDLEDs, both in terms of brightness and current
efficiency and in terms of lowering the turn-on voltage. In terms of current efficiency, the
QDLED sample with an EBL deposited from a 0.4 mg/mL PMMA solution turned out to
be the optimal one. Apparently, this was why the resultant EBL provided a better balance
of the inflow of charge carriers into the QD layer. In the case of the minimum concentration
of the PMMA solution, the brightness of the LEDs produced was 18,671 c¢d/ m?2, which is
four times higher than these values for devices without a blocking layer due to reducing
the number of charged QDs and probability of nonradiative processes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/nano011082014/s1. Figure S1: Luminescence and absorption spectra of the synthesized CdSe/ZnS/CdS/
ZnS QDs; Figure S2: TEM image of the synthesized CdSe/ZnS/CdS/ZnS QDs; Formulas regarding the
estimation of the thickness of PMMA electron blocking layers; Table S1: Estimated PMMA EBL layer
thickness deposited from PMMA solutions in acetone with different concentrations.
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Abstract: Solution-processed CdTe semiconductor nanocrystals (NCs) have exhibited astonishing
potential in fabricating low-cost, low materials consumption and highly efficient photovoltaic devices.
However, most of the conventional CdTe NCs reported are synthesized through high temperature
microemulsion method with high toxic trioctylphosphine tellurite (TOP-Te) or tributylphosphine
tellurite (TBP-Te) as tellurium precursor. These hazardous substances used in the fabrication process
of CdTe NCs are drawing them back from further application. Herein, we report a phosphine-free
method for synthesizing group II-VI semiconductor NCs with alkyl amine and alkyl acid as ligands.
Based on various characterizations like UV-vis absorption (UV), transmission electron microscope
(TEM), and X-ray diffraction (XRD), among others, the properties of the as-synthesized CdS, CdSe,
and CdTe NCs are determined. High-quality semiconductor NCs with easily controlled size and mor-
phology could be fabricated through this phosphine-free method. To further investigate its potential
to industrial application, NCs solar cells with device configuration of ITO/ZnO/CdSe/CdTe/Au and
ITO/ZnO/CdS/CdTe/Au are fabricated based on NCs synthesized by this method. By optimizing
the device fabrication conditions, the champion device exhibited power conversion efficiency (PCE)
of 2.28%. This research paves the way for industrial production of low-cost and environmentally
friendly NCs photovoltaic devices.

Keywords: group II-VI semiconductor nanocrystals; phosphine free method; solution process;
solar cells

1. Introduction

Group II-VI semiconductor nanocrystals (NCs), such as CdS, CdSe, CdTe, etc., have
recently attracted much attention due to their tunable direct bandgap and potential applica-
tion in optoelectronic devices like photodetectors, photovoltaic devices, and light emitting
diodes (LEDs) [1-8]. As the desire for clean and renewable energy increases, photovoltaic
devices have become one major research hotspot. In this case, solution processed CdTe
NCs solar cells is a promising candidate for next generation commercial photovoltaic
device for their low cost, low consumption of materials, simple fabricating process, and
being suitable for roll-to-roll printing techniques in industrial mass production [9-11].
The controllable synthesis process of high-quality II-VI NCs with uniform morphology,
composition, and desired crystal structure is of great significance for fabricating efficient
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photovoltaic devices [12,13]. To date, group II-VI NCs in most of the reported researches
are fabricated by the well-known hot injection method. In such a method, cadmium
precursor is first dispersed in a high boiling point solvent such as 1-Octadecene (ODE),
Trioctylphosphine oxide (TOPO), and oleic acid (OA), among others. After that, Se or Te
precursors (chalcogen elements dissolved into alkylphosphines, such as trioctylphosphine
(TOP) or tributylphosphine (TBP)) are quickly injected into the cadmium precursor solution
at high temperature (>200 °C) [14-17]. CdS, CdSe, or CdTe NCs with homogeneous size,
crystalline, and morphology can be obtained by varying the reaction temperature, ligands,
and precursor concentration. However, the alkylphosphines is highly toxic and expensive,
making this method a highly environmentally harmful process. Comparing to the S or
Se, preparation of the Te precursors is a great challenge for the insolubility and strong
metallicity of the Te element [18-20]. As a result, the first step towards a green synthesis
method for CdS, CdSe, and CdTe NCs is to prepare phosphine-free S, Se, and Te precursors.
Previous researches have reported several ways to obtain a phosphine-free Te precursor.
One is based on the water phase green synthesis method, which had been well developed
in recent years [21-23]. In this method, NaHTe was selected as a Te precursor, which was
prepared by adding Te powder and NaHB to deionized water and refluxed under N, flow.
Water-soluble CdTe or CdSe NCs can be fabricated based on Se and Te precursors ob-
tained by this process. However, photovoltaic devices fabricated from such water-soluble
CdTe/CdSe NCs showed lower devices performance, when compared to similar NC solar
cells based on organic phase synthesized CdTe/CdSe NCs [24-34]. In addition, as the
reactivity of Te precursor is too high, it is difficult to control the size and morphology of the
as-synthesized NCs. Recently, Webber et al. [35] developed a novel binary diamine-dithiol
solvent mixture. This mixture is capable of dissolving the VI group element, including S,
Se, Te, and other six metals. High-quality telluride semiconductor thin films can be formed
by using these precursors. Following this, Yao et al. [19] reported a phosphine-free Se and
Te precursor prepared by dissolving SeO, and TeO, in dodecanethiol solvent by sonication
under low temperature. It was found that SeO, and TeO, are reduced by dodecanethiol to
elemental Se and Te, respectively. After combining disulfides, various metal chalcogenide
NCs, including CdSe, CdTe, and other tellurite semiconductors can be synthesized. Later,
Wu's group [36] reported a phosphine-free Te precursor prepared by dissolving TeO, into
dodecanethiol and oleylamine mixture. CdTe, PbTe, FeTey, and CuyTe NCs with homo-
geneous size and morphology were obtained by controlling reaction conditions, such as
temperature, and precursor concentration. Although the II-VI group semiconductor NCs
was fabricated successfully via a phosphine-free environmentally friendly way, there are
still no reports on photovoltaic devices” application based on these semiconductor NCs.

In this research, we demonstrate a low-cost, efficient phosphine-free method for
synthesis of CdS, CdSe, and CdTe NCs in organic solvents. Dodecanethiol and oleic amine
were selected as complex ligands for the Te precursor, while Se or S powder was used
directly for the synthesis of CdSe or CdS NCs. The morphology and structure of the NCs
were characterized by TEM and XRD, respectively, while the UV-vis absorption was used
to investigate the optical properties of NCs. Based on the semiconductor NCs synthesized
by phosphine-free process, solar cells with configuration of ITO/ZnO/CdS/CdTe/Au and
ITO/ZnO/CdSe/CdTe/Au were fabricated through a layer-by-layer solution process. The
effects of active layer thickness and annealing temperature on the device’s performance
are investigated and discussed in detail. Champion devices with PCE of 1.08% and 2.28%
were fabricated when adopting CdSe and CdS as n-type materials, respectively. Using
this low-cost and low-toxicity synthesis method, this research has shown the potential of
manufacturing environmentally friendly, low-cost, and large-area solution-processed CdTe
NCs solar cells.
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2. Experiment Procedure
2.1. Materials

Anhydrous CdCl; (99.99%), TeO, powder (99%), Se powder (99%), sublimed sulfur
(AR), 2,2’-Dithiobisbenzothiazole (98%), Tetraethylthiuram disulfide (97%), 1-Dodecanethiol
(DDT, 98%), 3-Mercaptopropionic acid (99%), Zinc acetate dehydrate (99.99%), Ethanolamine
(99%), 2-methoxyethanol (99.8%), Oleic acid (OA, AR), Oleylamine (OLA, 80%), and 1-
Octadecene (ODE, 90%) were purchased from Alfa Aesar. All other chemicals and solvents
were used as received.

2.2. Synthesis Method of CdTe NCs

In a typical synthesis procedure, 1 mmol TeO, powder is dissolved in DDT (3 mL)
and stirred for 3 min at room temperature, obtaining a yellow solution. OLA (3 mL)
is injected into the above TeO, mixture under N, atmosphere; the solution turns black
rapidly and the OLA-Te precursor is obtained. 2 mmol CdCl; is dissolved in OLA and
loaded into a three-neck bottle. The mixture is heated to 220 °C under N, atmosphere
and this temperature is maintained for 15 min until a clear solution is obtained. After
that, the mixture is rapidly heated to 240 °C and the OLA-Te precursor is quickly injected
into the mixture. To investigate the growth dynamics of CdTe NCs, aliquots of solution
are taken from the reaction flask at regular time intervals and diluted with toluene for
UV-vis absorption (UV) and photoluminescence (PL) measurements. The final product
was dispersed and washed three times with methanol and toluene.

2.3. Synthesis of CdSe NCs and CdS NCs

The fabrication of CdSe and CdS NCs are based on previous reported methods [37,38]
with optimal process. For CdSe NCs fabrication, cadmium myristate was selected as a
single cadmium salt. In a typical synthetic procedure for the CdSe NCs, 1 mmol of cadmium
myristate and 10.0 mL ODE were loaded into a flask. Following this, the reaction system
was heated to 170 °C and kept at this temperature for 10 min to dissolve the cadmium
myristate. The reaction was then cooled down to room temperature and 2 mmol Se power
was introduced into the reaction mixture. The mixture was then heated up to 230 °C under
N, flow. 0.35 mL OA was injected into the flask after 2 min. Finally, the reaction was
kept at 230 °C for 30 min and cooled down to room temperature. The final product was
dispersed and washed three times with acetone, methanol, and toluene. Fabrication of
CdS NCs: In this case, cadmium myristate was selected as cadmium salt, while cadmium
acetate was used in the literature [38]. Moreover, no myristic acid was used in this case.
In a typical process, 2 mmol cadmium myristate, 0.125 mmol tetraethylthiuram disulfide,
0.375 mmol 2,2’-dithiobisbenzothiazole, 1 mmol sulfur, and 50 mL ODE were loaded into a
three-necked flask. The mixture was heated to 140 °C under N, flow and maintained at
this temperature for 1 h to obtain a clear solution. The mixture was then heated to 240 °C
at a rate of 15°/min and kept at this temperature for 30 min and then cooled down to room
temperature. The purify method for CdS NCs is the same as that for CdSe NCs. There are
no phosphine mixtures used in the fabrication of CdS NCs and CdSe NCs listed above.

2.4. Device Fabrication and Characterization

The CdTe NCs are dispersed in toluene with a concentration of 45 mg/mL. The CdSe
NCs are dispersed into a chlorobenzene/pyridine (with volume ratio of 9:1) solvent, with a
concentration of 43 mg/mL, while the CdS NCs are dispersed into a pyridine/n-propanol
(with volume ratio of 1:1) solvent with a concentration of 36 mg/mL. In a typical process,
solar cells with configuration of ITO/ZnO/CdSe/CdTe/Au or ITO/ZnO/CdS/CdTe/Au
are fabricated by a layer-by-layer solution process. The Zn?* precursor was prepared by
dissolved 3.2925 g zinc acetate dehydrate into 30 mL 2-methoxyethanol with 0.905 mL
ethanolamine and refluxed at 80 °C for 1 h under N, flow. The mixture was collected
into a vial after being cooled down to room temperature. Firstly, several drops of the
Zn?* precursor solution are deposited on ITO substrates and spin-casted at 3000 rpm for
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30 s. Then the substrate is transferred to a hotplate and annealed at 400 °C for 10 min
to eliminate any organic solvent and impurity. Then, several drops of CdSe or CdS NCs
solution are deposited on the ITO/ZnO substrate and spin-casted at 3000 rpm for 20 s.
After that, the substrate is transferred to a hot plate and annealed at 150 °C for 10 min
and 350 °C (CdSe NCs) or 380 °C (CdS NCs) for 40 s. Several drops of the CdTe NCs
solution (dissolved into toluene at a concentration of 48 mg/mL) are deposited on the
ITO/ZnO/CdSe (or CdS) substrate and spin-casted at 1100 rpm for 20 s. The substrate
is then transferred to a hotplate and annealed at 150 °C for 3 min. Following this, the
substrate is dipped into saturated CdCl,/methanol solution for 10 s and rinsed with
n-propyl and quickly putted on the hotplate at 360 °C for 40 s. Finally, five layers of
CdTe NCs are deposited on the ITO/ZnO/CdS (or CdSe) via a similar layer-by-layer
sintering process. The detail fabricating process can be found in our previously reported
works [13]. Finally, Au (~80 nm) back contact electrodes are deposited via thermal vacuum
evaporation through a shadow mask with an active area of 0.16 cm?. The morphology
of NC is characterized by transmission electron microscopy (TEM, FEI Tecnai G2 F20,
FEI, OR, USA) and atomic force microscopy (AFM, DI/MutiMode, Veeco Instruments,
Inc., Plainview, MN, USA), while the structure is characterized by X-ray diffraction (XRD,
X'pert Pro M, Philips, Amsterdam, The Netherlands). A step profiler (Dektak XT10, Bruker,
Karlsruhe, Germany) is used to measure the thickness of the NC thin film. The optical
properties and electronic properties of the NC devices are investigated by using a solar
simulator (XES-4051, San-Ei Electric Co., Ltd., Osaka, Japan), UV-Vis (UV-5100B, Shanghai
Metash Instrument Co., Ltd., Shanghai, China) and photo-luminescence (PL, FL3-2IHR,
HORIBA Instruments Inc., Irvine, CA, USA), and external quantum efficiency (EQE, Solar
Cell Scan100, Zolix Instruments Co., Ltd., Beijing, China).

3. Result and Discussion

In this research, CdS, CdSe, and CdTe NCs are synthesized using phosphine-free
receipt. In the case of CdSe and CdS NCs, ODE is selected as a non-coordinating solvent
and the synthesis processes are non-injection methods. As shown in Figure 1a, Se powder
is used as a Se precursor, while cadmium carboxyl (cadmium myristate) is used as a Cd**
precursor. At a temperature of 230 °C, H" would be supplied in situ by ODE and react
with Se to form HjSe, as reported before [37]. CdSe NCs will be formed because of the
reaction between HySe and cadmium myristate. As myristic acid is generated and acts as
ligands capping on the surface of CdSe NCs during the reaction, NCs with homogeneous
size are obtained. In the case of synthesizing CdS NCs, as the activity of sulfur is low
when comparing to the Cd ion, the addition of the 2,2'-Dithiobisbenzothiazole initiator
ensures the activity of S precursor and guarantees the formation of high-quality CdS NCs
(Figure 1b). For CdTe NCs (Figure 1c), however, a similar non-injection method will not
work. Because of the low activity of Te element, Te powder cannot be used directly as
a Te precursor for CdTe NCs’ fabrication. An efficient phosphine-free Te precursor is
essential to fabricate high-quality CdTe NCs. To overcome this difficulty, a Te precursor
is prepared by reducing TeO, powder with DDT in the presence of OLA to generate a
soluble alkylammonium telluride at room temperature. CdTe NCs can then be prepared by
injecting this phosphine-free Te precursor into the CdCl, /OLA mixture at a temperature of
240 °C and refluxed at 220 °C for 30 min. It should be noticed that the NCs fabricated by
this phosphine-free receipt is both economical and environmentally-friendly. The chemicals’
prices for fabricating 1 g CdS, CdSe, and CdTe NCs under different methods are presented
in Tables S1 and S2. Using our phosphine-free receipt, the cost for fabricating 1g CdS, CdSe,
and CdTe NCs is $58.96, $16.90, and $18.33, respectively, while the cost of NCs synthesized
by conventional methods are $94.11, $71.63, and $61.29 respectively. It is obvious that our
phosphine-free receipt can significantly decrease the cost of NC photovoltaic products and
is suitable for industrial mass production.
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Figure 1. A schematic diagram of the NC fabricating process (a) CdSe, (b) CdS, (c) CdTe NCs.

To understand the properties of the NCs synthesized by our phosphine-free method,
various characterizations were carried out. Figure 2 shows the transmission electron
microscope (TEM) images of the as-prepared CdS (Figure 2a), CdSe (Figure 2b), and CdTe
(Figure 2¢) NCs. All the NCs exhibit a spherical shape. To investigate the uniformity of the
size of NCs, a statistical number of 100 is selected for each NCs. As shown in Figure 2df,
the size of all the NCs is homogeneous with mean size of 4.2 nm, 4.9 nm, and 5.9 nm
for CdS, CdSe, and CdTe NCs, respectively. This result shows that our phosphine-free
synthesis method allows effective control of the size and shape of the nanocrystals. We
speculate that the origin of this uniformity is the in situ formation of carboxyl acid during
the reaction, which has been confirmed in our previous work [39].

The crystal structures of the as-prepared CdS, CdSe, and CdTe NCs products are
characterized by X-ray diffraction (XRD) (Figure 3). The XRD pattern of spherical CdS
NCs exhibited diffraction peaks at about 25.1°, 41.8°, and 49.6° (Figure 3a), corresponding
to the (111), (311), and (331) planes of the zinc-blende crystal structure of CdS. For CdSe
NCs, diffraction patterns with peaks at about 25.3°, 42.0°,49.7°, 67.1°, and 76.3° could be
identified, corresponding to the (111), (220), (311), (331), and (422) facets of zinc-blende
CdSe NCs [39]. A similar zinc-blende structure is revealed by the XRD pattern of CdTe
NCs (Figure 3b). It is noted that the half peak width of CdTe (the main peak (111)) is
narrower than that of CdSe or CdS NCs. As the CdS, CdSe, and CdTe NCs are collected by
washing the NCs products with acetone, methanol, and toluene, no further treatment such
as reflowing is carried out; the residual metal precursor or other chemical may affect the
width of XRD peaks. Therefore, we speculate that the uniformity of the nanoparticles, or
their size may not be related to the width of the XRD peaks.
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Figure 3. The XRD pattern of the (a) CdS (b) CdSe, and CdTe NCs.

The growing process is of great importance to control the optoelectronic properties
of NCs as particle size has a significant influence on their electronic band structures. To
monitor the growth kinetics of NCs, we characterized the UV-vis absorption and PL (Pho-
toluminescence) spectra for different growth times after the formation of semiconductor
NCs. For instance, Figure 4 showed the temporal evolutions of the UV-vis (Figure 4a)
and PL spectra (Figure 4b) of CdSe NCs prepared by the phosphine-free non-injection
method. As shown in Figure 2a, after the reaction temperature reached 220 °C, CdSe NCs
are formed and the absorption peak is located at 543 nm, while the PL peak is at 572 nm.
The reaction temperature is maintained at 230 °C and several drops of the NCs solution are
taken out at different time intervals. After crystal nucleus formation, the absorption and
PL peaks shift to 564 nm and 594 nm, respectively, after growing for 0.5 min. Although the
absorption/PL peaks undergo a redshift to longer wavelengths as growing time increases,
this trend slows down when the reaction progressed from 7 min to 30 min, which could be
seen in the UV-vis (Figure 4a) and PL spectra (Figure 4b). In addition, from Figure 4b, one
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can see that the PL peaks are sharp and narrow with half-band width around 37 nm after
the reaction time reaches 7 min, which implies a narrow NCs size distribution. Therefore,
the phosphine-free method is promising for high-quality CdSe NCs fabrication; similar
results can be found in the case of CdTe NCs (Figure S1). However, although a redshift
is also found in the case of CdS NC (Figure S2) PL main peaks, the PL shows very broad
emissions at high wavelengths and more mixed peaks appear in this case. We speculate
that there are more defects in the CdS NCs and/or the effects of other chemicals such
as 2,2-Dithiobisbenzothiazole, tetraethylthiuram disulfide. The changes in fluorescent
properties of NC with different reaction times are also monitored by using a portable UV
light source. As shown in Figure 4c, the PL is yellow and green color at the beginning of
reaction. Then the color slowly turns to yellow, light red, and to deep red, which implies
that the NCs grow into larger sizes. After 20 min, there are almost no changes in the
NC color, suggesting their low monomer concentration. The final size of CdS, CdSe, and
CdTe NCs are calculated to be 1.92 nm, 4.50 nm, and 10.51 nm by using an experience
formula [17]:

D= (16122 x 10 ~?) A* — (2.6575 x 10 ~°) A% + (1.6242 x 10 ~°) A2 — (0.4277) A + (41.57)
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Figure 4. (a) UV absorbance of CdSe NCs with different growth time; (b) PL spectra of the CdSe NCs with different growth
time; (c) PL images with excitation by 365 nm UV light.

Therefore, the calculated value for CdSe NC conforms to the value from the TEM
measurement. However, the calculated value for CdS or CdTe NCs is quite different from
the TEM results. We speculate that this formula is suitable for predicting the size of CdSe
NCs but not for CdS or CdTe NCs. Moreover, a cadmium precursor or other chemical may
affect the absorption of CdS or CdTe NCs; more work needs to be carried out to clarify this.

To exhibit the potential of our phosphine-free semiconductor NCs in the field of
optoelectronic devices, photovoltaic devices were fabricated based on these materials. De-
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vices with an inverted structure of ITO/ZnO (40 nm)/CdSe (60 nm)/CdTe (~400 nm)/Au
(80 nm), and ITO/ZnO (40 nm)/CdS (60 nm)/CdTe (~400 nm)/Au (80 nm) were fabricated
through a layer-by-layer spin-coating process, as reported before [38,39]. The device struc-
ture and band alignment with CdS NCs and CdSe NCs as n-type materials and CdTe as a
p-type material are presented in Figure 5a,b. In this experiment, the CdTe NCs solution is
dissolved into toluene at a concentration of 40 mg/mL, which is different from the works
reported before [40]. For CdTe NCs solar cells, an appropriate annealing temperature is
essential to increase the grain size and eliminate interface defects in the CdTe NCs thin film.
From the AFM image presented in Figure S3, the grain size of CdTe NCs is up to several
hundred nanometers, while the thickness of CdTe NCs is ~389.9 nm (characterized by
using a step profiler). The J-V curves for the CdTe NC solar cells with CdSe and CdS NCs
as the n-type partner under different annealing temperatures are exhibited in Figure 5¢,d,
while the photovoltaic parameters are as shown in Figure S4. The PCE of CdSe and CdS
NC devices with different annealing temperatures is also summarized in Figure 6a,b. In the
case of CdSe/CdTe junction solar cells, short circuit current (Js.) increases almost linearly
from 1.54 mA /cm? to 12.74 mA /cm? when the annealing temperature rises from 240 to
360 °C. When the annealing temperature further increases, the Jsc drops linearly. Similar
laws are found for the changes in PCE of NCs solar cells. The V. of devices are around 0.4
V at low annealing temperatures (below 300 °C ), while V. below 0.3 V is obtained for an-
nealing temperatures higher than 300 °C. The champion device is obtained at an annealing
temperature of 360 °C; it exhibited a short circuit current density (Js.) of 12.74 mA/ cm?, an
open circuit voltage (V) of 0.26 V, a fill factor (FF) of 32.35%, and a PCE of 1.08%. This
value is significantly lower than those ever reported (5.81%) with the same device structure
(NCs are fabricated by using phosphine mixture) and similar annealing strategy [26,40].
The low device performance is mainly attributed to the low active layer (CdTe/CdSe)
quality. We speculate that, in the case of CdTe NC solar cells with CdSe NC as n-type
partner, the CdSe NCs is capped with oleic acid. During the heat-treatment of the CdSe NC
film, the oleic acid cannot be removed effectively. The oleic acid is insulating and acts as a
carrier recombination center, which will drastically decrease the device performance. When
CdS NCs are used as n-type partners for CdTe NC solar cells, the trend of how devices
performance changes with annealing temperature are similar to that of CdSe NCs devices.
The V. of devices are kept stable at around 0.3-0.4 V when annealing temperature is below
360 °C. The PCE increases linearly when annealing temperature rises from 240 to 360 °C.
At low annealing temperature (below 320 °C), the PCE is less than 1%. On the contrary,
devices annealed at a moderate temperature of 340-360 °C show optimal performance.
At a temperature of 360 °C, we obtain our champion device, which shows the following
merits: a short circuit voltage (Jsc) of 18.01 mA/cm?, an open circuit voltage (Voc) of 0.33
V, a fill factor (FF) of 37.84% and a PCE of 2.28%. This value is two times higher than
that for CdSe NC devices. It is noted that the defects of CdS NCs are higher than that
of CdSe NCs (before purify). However, as no long chain alky acid ligands are used for
the fabrication of CdS NCs, during the sintering process (the NCs thin film fabrication),
the CdS NCs’ thin films are more compact and low interface defects between CdS NCs is
obtained. On the other hand, as OA cannot be removed completely during the sintering
process (OA is insulated material), more defects are existed between CdSe NCs. Therefore,
low carrier recombination is attained in the case of CdS NC solar cells, which will lead
to higher Js. and PCE. Both NC devices (with CdSe of CdS NCs as n-type partner) decay
at higher annealing temperatures. This may be due to oxidation of the CdTe NC film at
high temperatures, which has been confirmed before [38]. When comparing devices based
on NCs fabricated by the traditional method [38,39] with phosphine mixture, the series
resistance (Rs) obtained here (Tables 1 and 2) is several times higher than those reported
before. The high Rs will result in a higher carrier recombination in the active layer and
decrease the FF of the NC devices. Further investigation should be carried out to further
increase the quality of the NC active layer. Figure 5e,f show the EQE spectra of the CdS
NC and CdSe NC champion devices. Comparing to the CdSe NC device, the CdS NC
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device has a better EQE response at wavelengths from 400 nm to 800 nm, implying that
the CdS NC device has a better capability to transfer photons to valence electrons and
generate electron-hole pairs than that of the CdSe NC device. When the EQE curves are
integrated, the calculated Js; of 16.57 mA /cm? (for CdS NC device) and 14.45 mA /cm? (for
CdSe NC device) are predicted, which are consistent with the ;. value from the J-V curves
under light (Figure 5e,f). From the dark J-V curves for CdSe NC and CdS NC devices
(Figure 5g,h), it is evident that typical diode properties are obtained in both cases.
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Table 1. Summarized performance of CdTe/CdSe NC solar cells with different annealing temperatures (Figure 5a).

Annealing PCE 2 o Rs Rgn

Temperature (°C) (%) Jse mA/em®) FF (%) Voc (V) (Q-cm?) (Q-cm?)
240 0.17 (+ 0.02) 154 (+02) 2727 (+2) 0.40 (+ 0.02) 133042 167138
270 0.36 (£ 0.05) 3.03 (£ 0.5) 29.68 (£ 4) 0.40 (£ 0.03) 611.66 1458.51
300 0.42 (+ 0.04) 352 (+0.2) 2835 (+ 3) 0.42 (+ 0.02) 649.64 904.81
320 0.74 (£ 0.02) 12.04 (£ 0.4) 30.32 (£ 3) 0.20 (£ 0.01) 74.16 176.07
350 0.85 (£ 0.02) 11.01 (£ 0.5) 30.93 (£ 2) 0.25 (£ 0.03) 98.84 234.84
360 1.08 (£ 0.05) 12.74 (£ 0.3) 32.35(+4) 0.26 (£ 0.02) 93.84 334.76
380 027 (£0012)  9.16 (+ 0.4) 2593 (+ 1) 0.11 (+ 0.02) 60.89 84.61
400 0.15 (+ 0.02) 6.80 (+ 0.2) 2439 (+ 2) 0.09 (+ 0.01) 87.54 86.20
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Table 2. Summarized performance of CdTe/CdS NC solar cells with different annealing temperatures (Figure 5b).

Annealing
Temperature (°C)

PCE
(%)

Jsc (mA/cm?)

FF (%)

Voc (V)

Rs
(Q cm?)

Rsh
(Q-cm?)

240
270
300
320
340
360
380
400

0.17 (£ 0.02)
0.18 (+ 0.01)
0.44 (£ 0.02)
0.87 (£ 0.03)
1.26 (4 0.02)
2.28 (£ 0.02)
0.93 (£ 0.01)
0.38 (£ 0.2)

1.77 (£ 0.3)
232 (£0.2)
440 (£ 0.5)
8.81 (+0.3)
11.64 (£ 0.6)
18.01 (& 0.6)
10.13 (£ 0.3)
9.29 (£ 0.2)

25.26 (£ 2)
26.63 (+3)
3036 (+ 3)
33.12 (£ 3)
39.61 (£ 3)
37.84 (£ 4)
3491 (£ 3)
26.84 (£ 2)

0.37 (& 0.02)
0.30 (+ 0.03)
0.33 (& 0.02)
0.30 (+ 0.03)
0.27 (£ 0.01)
0.33 (£ 0.02)
0.26 (< 0.02)
0.15 (+ 0.03)

1306.76
721.03
337.50
145.38

77.86
70.40
97.51
105.35

1500.15
1103.55
781.55
670.95
611.93
600.15
315.32
113.92
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In summary, CdS, CdSe, and CdTe NCs are fabricated successfully by a phosphine-
free receipt. NCs with homogeneous morphology and size can be well controlled by this
method. Based on CdS, CdSe, and CdTe NCs, CdTe NC solar cells with configuration of
ITO/ZnO/CdSe/CdTe/Au and ITO/ZnO/CdS/CdTe/Au were fabricated and investi-
gated. It was found that at optimal annealing temperature, we obtain champion devices
with PCE of 1.08% and 2.28% by using CdSe and CdS NC as n-type partners, respectively.
We believe that by optimizing device-fabricating techniques (such as using ligands ex-
change technology, designing active layer thickness, etc.), the PCE of these NC devices can
be further improved. With a low-cost and environmentally-friendly fabricating process,
these NC solar cells may pave the way for next-generation photovoltaic devices.
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Abstract: The design and synthesis of a Z-schematic photocatalytic heterostructure with an inti-
mate interface is of great significance for the migration and separation of photogenerated charge
carriers, but still remains a challenge. Here, we developed an efficient Z-scheme organic/inorganic
g-C3Ny/LDH heterojunction by in situ growing of inorganic CoAl-LDH firmly on organic g-C3Ny
nanosheet (NS). Benefiting from the two-dimensional (2D) morphology and the surface exposed
pyridine-like nitrogen atoms, the g-C3Ny4 NS offers efficient trap sits to capture transition metal ions.
As such, CoAl-LDH NS can be tightly attached onto the g-C3N4 NS, forming a strong interaction
between CoAl-LDH and g-C3Ny via nitrogen—metal bonds. Moreover, the 2D /2D interface provides
a high-speed channel for the interfacial charge transfer. As a result, the prepared heterojunction
composite exhibits a greatly improved photocatalytic H, evolution activity, as well as considerable
stability. Under visible light irradiation of 4 h, the optimal Hj evolution rate reaches 1952.9 umol g~*,
which is 8.4 times of the bare g-C3Ny NS. The in situ construction of organic/inorganic heterojunction
with a chemical-bonded interface may provide guidance for the designing of high-performance
heterostructure photocatalysts.

Keywords: chemically bonded interface; heterojunction; Z-scheme; g-C3Ny /LDH; photocatalytic

1. Introduction

The worsening environmental pollution and energy crisis caused by the large-scale
consumption of fossil fuels has posed a great threat to the sustainable development of
mankind. Solar-driven photocatalytic H, evolution is deemed to be a promising approach
to meet the challenges, due to the easy accessibility and renewability of solar energy [1-7].
Since the first report of photoelectrochemical water splitting over a TiO; electrode by Fu-
jishima and Honda, diverse catalysts have been developed for photocatalytic H, evolution,
including TiO; [8-12], g-C3Ny [13-15], ZnIn,Sy [16,17], COFs [18], MOFs [19-21] and so on.
However, despite much progress being made in the area, the overall efficiency is still much
less than satisfactory, owing to some stubborn issues, such as insufficient light harvesting
and fast recombination of photogenerated electron-hole pairs.

Over the past decades, the construction of heterostructure, especially for Z-scheme
heterostructure, is an effective strategy to mediate these problems [22-31]. In such a system,
the photogenerated electrons and holes are spatially separated to the component with
a more negative conduction band (CB) position and the counterpart with more positive
valence band (VB) position, respectively. This not only benefits the light utilization and
boosts the separation of photogenerated charge carriers, but also maintains the high redox
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ability of the charge carriers. In order to construct an efficient Z-scheme photocatalyst, it is
necessary to design a high-quality junction with matched band structures and Fermi energy
levels (Ef) between two components to drive the migration of electrons-holes, as well as a
compactly bonded interface to facilitate the charge transfer across the boundary. Currently,
great efforts have been devoted to the design of band-aligned heterojunction systems.
Relative mature guiding principles are formed. However, less attention has been paid to
the interfacial engineering [32-34]. Most of the reported heterojunctions are mixtures of two
components with weak interaction through Van der Waals forces. As such, photogenerated
electrons and holes are easily accumulated and recombined at the interface.

Very recently, the construction of strong interacted interfaces connected via chemical
bonds have provided an insight for optimizing the charge migration in terms of efficiency
and accuracy, thereby improving the photocatalytic Hy evolution performance. For ex-
ample, Li et al. reported the synthesis of a Mo-S bonded Z-scheme heterojunction by in
situ growth of MoSe; on ZnIn,S, nanosheets with an S defect [35]. The MoSe;—ZnIn;S,
demonstrates a greatly improved H; generation rate than pristine ZnIn,S,. Nevertheless,
most of the developed chemical-bond-linked heterostructures are all-inorganic systems,
which suffer from limitations such as the difficulty in creating anchoring sites for grow-
ing the other semiconductor component, and the instability of the surface coordinative
unsaturated atoms [36-38]. In this context, inspired by the efficient electron transfer of
bio-enzyme systems in nature, which are composed of an inorganic metal center and
organic coenzyme through the coordination of metal and protein, the construction of
organic/inorganic hybrids may be a more convenient and universal approach to obtain
strong interacted heterojunctions.

g-C3Ny is expected to be a promising organic support due to a good coordination abil-
ity, as well as appropriate band-edge positions and high visible light absorption. Especially,
an ultrathin 2D g-C3Ny4 NS is rich in pyridine-like nitrogen atoms, which can coordinate
with metal precursors via strong nitrogen—metal interaction, yielding a chemical-bonded
interface [39-41]. As for the inorganic counterpart, we focus on the layered double hydrox-
ides (CoAl-LDHs) due to the large exposure of transition metal atoms. As such, herein,
we purposely design and synthesize an organic/inorganic g-C3N4/CoAl-LDH heterojunc-
tion with a chemical-bond-connected interface for efficient photocatalytic H, generation.
The structure, morphology and photoabsorption properties of the prepared samples are
characterized in detail. Photocatalytic activity test results reveal that the heterojunction
composites show a much higher H; evolution rate than pure g-C3Ny NS under visible light
irradiation. Collective photoelectrochemical characterizations disclose that the excellent
photocatalytic behavior can be attributed to the intimate interface with a sufficient contact
area, which endows the heterojunction with more high-speed channels for the migration of
charge carriers.

2. Materials and Methods
2.1. Materilas

All reagents were analytical grade and used without further purification. Urea,
Co(NO3),, AI(NO3)3, and NH4F were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China).

2.2. Preparation of Catalyst

Fabrication of g-C3Ny NS: Bulk g-C3Njy was firstly synthesized by annealing urea
(10 g) at 550 °C for 4 h at the rate of 2.3 °C min~! in air. The obtained sample was ground
into power. Then, 1 g bulk g-C3N, power was added into 50 mL H,O and ethyl alcohol
with a volume ratio of 1:1 and sonicated for 2 h. The resultant suspension was centrifuged
at 3500 rpm for 10 min to remove the residual layered precursor. Consequently, a g-C3Ny
NS suspension with a concentration of ~2 mg mL~! was obtained, denoted as CN.

Organic/inorganic g-C3N4/CoAl-LDH heterojunction was synthesized by in situ
growth of CoAl-LDH onto g-C3N4 NS. Typically, 0.25 mmol Co(NOj3),, 0.125 mmol
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Al(NOs3)3, 4 mmol urea and 8 mmol NH4F were added into the g-C3Ny NS suspen-
sion (50 mL) under vigorous stirring for 30 min. The mixture was heated at 120 °C in
a Teflon-lined autoclave for 12 h, then cooled to room temperature naturally. The obtained
precipitation was centrifuged and washed with deionized water several times and dried in
a vacuum oven overnight at 60 °C, denoted as CN-CoAlj 5. A series of g-C3Ny/CoAl-LDH
heterojunctions were prepared by varying the amounts of CoAl-LDH precursors via the
same synthesis method, and were named as CN-CoAly. For comparison, pure CoAl-LDH
was synthesized via the same method without the addition of g-C3N4 NS.

2.3. Characterization

The as-prepared samples were characterized by powder X-ray diffraction (XRD) on
a Bruker D8 Advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany),
operated at 40 kV and 40 mA with Ni-filtered Cu K irradiation (A = 1.5406 A). The Fourier-
transform infrared (FTIR) spectra were carried out on a Nicolet 670 FTIR spectromet-
ric analyzer (Thermo Electron, Waltham, MA, USA). UV-vis diffuse reflectance spectra
(UV-vis DRS) were obtained by using a UV-vis spectrophotometer (Varian Cary 500, Varian,
CA, America). The morphologies of the products were observed by scanning electron
microscopy (FEI Nova NANO-SEM 230 spectrophotometer, Hillsboro, OR, USA). Transmis-
sion electron microscopy (TEM) images were obtained using a JEOL model JEM 2010 EX
instrument (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements were carried out by using a VG Scientific ESCA Lab
Mark II spectrometer (VG Scientific Ltd., Manchester, UK), equipped with two ultra-high
vacuum 6 (UHV) chambers. The binding energies of all tested samples were calibrated
by C 15 at 284.6 eV. BET surface area tests were performed on an ASAP2020M apparatus
(Micromeritics Instrument Corp., Atlanta, GA, USA). Electron paramagnetic resonance
(EPR) spectroscopic measurements were tested via Bruker A300 EPR spectrometer (Bruker
AXS GmbH, Karlsruhe, Germany). Raman spectra were recorded on a Renishaw Raman
spectrometer (Renishaw InVia, Gloucestershire, UK) with a laser beam of A = 325 nm.
PL was measured by a fluorophotometer (Edinburgh FL51000, Edinburgh Instruments,
Livingston, UK) with an excitation wavelength of 375 nm.

2.4. Electrochemistry Measurement

The working electrode was prepared on fluorine-doped tin oxide (FTO) glass, which
was cleaned by sonication in acetone and ethanol for 30 min, and 5 mg of the as-prepared
samples were dispersed in 0.5 mL N, N-dimethylformamide under sonication for 2 h.
Additionally, 10 uL of slurry was dip coated onto the FTO side with exposed areas of
0.25 cm?. The uncoated parts of the FTO electrodes were sealed with epoxy resin. The
electrochemical measurements were performed in a conventional three-electrode cell, us-
ing a Pt plate and an Ag/AgCl electrode as a counter electrode and reference electrode,
respectively. The working electrode was immersed in a 0.2 M Na,SO4 aqueous solution for
40 s before measurement. The photocurrent measurement was conducted with a CHI650E
electrochemical workstation (Chenhua Instruments, Shanghai, China). Electrochemical
impedance spectroscopy (EIS) was recorded on a ZENNIUM IM6 electrochemical worksta-
tion (Zahner, Germany). A 300 W Xe lamp (PLS-SXE300C, Perfectlight Co., Beijing, China)
was used as a light source.

2.5. Evaluation of Photocatalytic Activity

The photocatalytic Hy evolution activity was evaluated in a Pyrex top-irradiation-
type reaction vessel connected to a glass-closed gas circulation system. In the typical
photocatalytic experiment, 40 mg photocatalyst with 40 pL of 10 mg mL~! HyPtCls-6H,O
were added into 50 mL solution with 10% triethanolamine (TEOA), which acted as sacrificial
agent to trap the photogenerated holes. The suspension was vacuum treated for 30 min
to eliminate the air. A 300 W Xenon lamp (PLS-SXE300C, Perfectlight Co., Beijing, China)
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equipped with a 420 nm cut-off filter was used as the light source. H, was detected using
an online gas chromatograph (Tianmei, TCD, Ar carrier, Shanghai, China).

3. Results and Discussion

Figure 1a schematically illustrates the synthesis of the organic/inorganic g-C3Ny/CoAl-
LDH heterojunction. Bulk g-C3Ny4 was ultrasonically exfoliated into 2D nanosheets, firstly.
Then, the nanosheets were employed as an organic support to mix with the LDH precursor
for hydrothermal treatment, which enabled the in situ growth of CoAl-LDH onto the CN,
forming 2D /2D heterojunction. Figure 1b depicts the XRD patterns of the as-prepared
samples. Two typical diffraction peaks at 13° and 27° were observed in CN, associated
with the trigonal N linkage of tri-s-triazine motifs (100) and periodic stacking of layers for
conjugated aromatic systems (001), respectively. For pure CoAl-LDH, all of the peaks can
be well indexed to a hexagonal CoAl-LDH phase (JCPDS NO. 51-0045). The diffraction
peaks at 11.5°, 23.3°, 34.4°, 38.9° and 46.5° corresponded to the (003), (006), (012), (015)
and (018) lattice planes of CoAl-LDH, respectively. In case of CN-CoAl, samples, both
characteristic peaks of CN and CoAl-LDH were observed. The peak intensity of LDH
increased gradually with the increment in CoAl-LDH content, demonstrating the successful
integration of the two components in the heterojunction.
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Figure 1. Schematic illustration of preparation of g-C3N4/CoAl-LDH heterojunction (a), XRD
patterns (b) and FTIR spectra (c) of the as-prepared samples.

The chemical structure of the nanocomposites was investigated by FTIR analysis, as
shown in Figure 1c. In comparison with CN, the FTIR spectra of CN-CoAly showed similar
characteristic peaks in the range of 900~1700 cm ™! assigned to the stretching vibrations
of tri-s-triazine heterocyclic rings [42], validating the preservation of the major chemical
structure of g-C3Ny in the heterojunction. As can be seen from the enlarged inset in
Figure 1c, the peak at 807 cm ! ascribing to the breathing vibration of tri-s-triazine showed
a gradual shift towards a higher wavenumber, with the increasing amount of CoAl-LDH
in the composites. The corresponding peak shifted to 809 cm~! for CN-CoAly 7 suggested
a strong chemical interaction between CN and CoAl-LDH in the heterojunction.

Figure 2 shows the SEM and TEM images of the CN, CoAl-LDH and CN-CoAlp5s,
which were employed to analyze the micromorphology and structure information of
the samples. As shown in Figure 2a, pure CN exhibited a typical 2D layered structure
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composed of ultrathin nanosheets. CoAl-LDH (Figure 2b) displayed a nanoflower assembly
structure of nanosheets. As for CN-CoAlj 5, the characteristic nanosheet structure of CN
was observed (Figure 2c). However, no obvious LDH nanoflower could be detected. This
might have been caused by the CN nanosheets that assisted the in situ growth of the CoAl-
LDH, which promoted the dispersion of the LDH and inhibited its aggregation. When it
further increased the loading amount of CoAl-LDH onto g-C3Ny, both the characteristic
structure of CN and CoAl-LDH were observed (Supplementary Materials, Figure S1). The
excessive loading of the CoAl-LDH caused the self-aggregation. Figure 2d—f displays
the TEM images of the CN-CoAlys. It is obvious that the heterojunction displayed a
sheet-on-sheet structure with planar interface, which is conductive for the high flow
and fast transference of charges, due to the large contact interface and excellent electron
mobility [43]. HRTEM analysis revealed obvious lattice fringes of 0.26 nm that are assigned
to the (012) facets of CoAl-LDH [44]. Meanwhile, an amorphous CN was observed to
attach closely to the CoAl-LDH, suggesting a good interfacial contact between the two
components. EDS elemental mappings of CN-CoAlj 5 presented the co-existence of C, N,
Co, Al and O, further validating the formation of a heterojunction structure.

Figure 2. SEM images of CN (a), CoAl-LDH (b), CN-CoAly 5 (c), TEM of CN-CoAly 5 (d—f) and the
corresponding EDS element mappings (g).

Moreover, the composition and chemical state of the as-prepared samples were mea-
sured by XPS. Both elements of CN and CoAl-LDH existed in the CN-CoAly 5 (Figure 3a),
verifying the integration of CN with CoAl-LDH. For the C 1 s spectrum of CN (Figure 3b),
two peaks located at the binding energies of 284.6 and 288.0 eV were detected, which
corresponded to the sp? C-C and N-C=N units, respectively. In comparison, the C 1 s of
CN-CoAly 5 could be fitted into three peaks at 284.6, 287.9 and 289.5 eV. The new peak at
289.5 eV could be attributed to C=0O, which was generated from the hydrolysis of urea
in the synthesis of CoAl-LDH [44]. The N 1 s spectrum of CN-CoAlj 5 could be fitted
into three main peaks at 398.5, 399.9 and 401.0 eV (Figure 3c), which were assigned to
sp2-hybridized nitrogen (C-N=C), tertiary nitrogen N-(C)3 and free amino units (C-N-H),
respectively [45]. The N 1s of CN was similar with that of CN-CoAly 5, excepting for a
shift of the peak responding to C-N=C at 398.4 eV. In Figure 3d, three pairs of peaks were
detected for Co 2p spectra in both CN-CoAlj 5 and CoAl-LDH. The main peaks at 781.1
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and 783.9 eV of CoAl-LDH were assigned to Co®" and Co?*, respectively [46]. A slight
shift towards low binding energy of Co* (783.8 eV) was observed for CN-CoAlys. In
addition, the Al 2p spectra of both CN-CoAlj 5 and CN were located at 74.0 eV (Figure 3e),
confirming the AI** in the samples. The O 1 s spectra of CN-CoAly 5 and CN also showed
no difference (Figure 3f). The predominant peak at 531.4 eV was attributed to the lat-
tice oxygen, while the peak at 533.4 eV was assigned to the chemisorbed oxygen [47].
Thus, it is notable that there was an increase in the binding energy of N and decrease in
Co?* in the CN-CoAly 5 sample, as compared to that in CN and CoAl-LDH, while other
elements showed analogous chemical states. This result suggests that a strong interac-
tion between CoAl-LDH and CN was formed through the coordination of Co with N in
the heterojunction.
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Figure 3. The survey spectra (a) and high-resolution XPS spectra of C (b), N (c), Co (d), Al (e),
O (f) of CN-CoAlj 5, CN and CoAl-LDH.

The chemical structure of the CN-CoAl heterojunction and the interaction between
the CoAl-LDH and CN components was further studied by an EPR and Raman spectra. As
shown in Figure S2 (Supplementary Materials), bulk g-C3N4 showed no EPR signal in the g
range of 1.92-2.08. When bulk g-C3Ny4 was exfoliated into 2D nanosheets, an obvious signal
at g =2.003 for CN was observed (Figure 4a), corresponding to the unpaired electrons in
m-bonded aromatic rings caused by C defects [48]. Notably, with the integration with CoAl-
LDH, the peak was gradually intensified with the increasing amount of CoAl-LDH, which
may be ascribed to the redistribution of 7-electrons caused by the strong coordination of
N with metal Co. The defect could serve as effective electron “traps” to accelerate the
separation of photocarriers [49], thus benefiting the photocatalytic performance. Raman
spectra of the as-prepared samples were recorded and are displayed in Figure 4b. The
characteristic peaks of pure CN at 481, 592, 766, 874, 978 and 1119 cm ! were assigned
to the C-N extended network, consistent with those obtained from pristine CN in the
literature [50]. The Raman peak at 707 cm~ ! arose from the breathing mode of the s-
triazine ring in g-C3Ny, while the peak at 664 cm ™! was associated with the heptazine
ring structure of CN. The CN-CoAl heterojunctions displayed similar spectra as those of
pure CN, suggesting the chemical structure of CN was preserved. However, the peak
ascribed to the heptazine ring structure at 664 cm~! of CN-CoAl composites exhibited a
slightly negative shift when compared to the spectrum of the bare CN, which may have
been caused by the formation of a new chemical bond at the interface between g-C3Ny4 and
CoAIl-LDH. The result well matched the FTIR and XPS analyses, consolidating the strong
chemical interaction between CN and CoAl-LDH.
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Figure 4. EPR (a), Raman (b), DRS (c) and BET (d) analyses of the prepared samples.

Furthermore, the optical absorption properties of the bare CN, CoAl-LDH and CN-
CoAly composites were measured by DRS. As shown in Figure 4c, the absorption edge
of CN was around 480 nm, revealing its visible-light response characteristic. CoAl-LDH
showed two distinct absorption peaks at 280 nm and in the range of 450-550 nm. The
absorption edge at 280 nm was assigned to the ligand-to-metal charge transfer of CoAl-
LDH, while the absorption at 530 nm was generated from d-d transitions of Co?* in an
octahedral geometry [44,51]. As for the heterojunction composites, both characteristic
peaks of the CN and CoAl-LDH were observed, suggesting the good integration of the
two components in CN-CoAly. Based on the transformed Kubelka-Munk function plots
(Supplementary Materials, Figure S3), the band gaps (Eg) of the CN and CoAl-LDH
were measured to be 2.6 eV and 2.1 eV, respectively. Nitrogen (N;) adsorption-desorption
measurements were measured to investigate the surface properties of the obtained catalysts.
As presented in Figure 4d, all of the measured samples showed a type IV adsorption
isotherm, revealing their mesoporous structure. The BET surface area of the CN, CN-
CoAlys and CoAl-LDH were determined to be 33.4, 25.3 and 18.8 m? g1, respectively. The
CN-CoAlg 5 showed a moderate surface area, which likely resulted from the hybridization
of CN with CoAl-LDH.

The photocatalytic Hp evolution activities of the as-prepared samples are presented
in Figure 5a. No H, was detected after 4 h irradiation for pristine CoAl-LDH. In the
case of bare CN, a relatively low H, production with the value of 233.2 umol g~ ! was
detected under visible light irradiation of 4 h, which should have been restricted by the fast
recombination of the photogenerated electrons and holes. After coupling with CoAl-LDH,
the photocatalytic H, production activities of the composites significantly increased. The
optimal CN-CoAly 5 showed the highest H, evolution amount of 1952.9 umol g1, which
is 8.4 times of CN. Moreover, the loading amount of the CoAl-LDH on g-C3Ny played
a significant role in the photocatalytic H, generation performance. With the increase in
the CoAl-LDH content from 0.25 mmol to 0.5 mmol in the hybrids, the H, evolution rate
enhanced gradually. The boosted photocatalytic activity may be due to the increased
interacted interface and surface active sites in the heterojunction, which facilitated the
separation of photogenerated carriers and promoted the surface reaction. However, a
further increase in CoAl-LDH to 0.7 mmol depressed the H; evolution activity. This may
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have been caused by the large amount of CoAl-LDH that shielded the light absorption
of CN. The excessive loading of CoAl-LDH caused self-aggregation, which decreased the
exposure of surface active sites, thus leading to a decline in the photocatalytic performance.
XPS measurement of the as-prepared samples was performed to investigate the effect of
the Co?*/Co®* ratio on photocatalytic activity. As shown in Figure S4 (Supplementary
Materials), the Co species were in the form of a mixed state of +2 and +3 for all of the
hybrid samples. By normalizing the peak areas, the atom ratios of Co%*/Co>" were
calculated to be 2.11, 2.14, 2.07 and 2.01 for the CN-CoAlj 25, CN-CoAlj 3, CN-CoAlj 5 and
CN-CoAly7, respectively. The Co?* /Co®* ratios were almost the same for the different
CN-CoAl samples, while their photocatalytic activities varied a lot. The result suggests
that the Co?* /Co®" ratio was not a main factor in affecting the H,-generation activity of
the CN-CoAl composites.
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Figure 5. Photocatalytic hydrogen evolution over CN and CN-CoAly (a), stability test of hydrogen
evolution over CN-CoAlj 5 (b).

For comparison, a reference catalyst of a CN/CoAl-Mix was also prepared by physical
mixing of CN with CoAIl-LDH. As shown in Figure S5 (Supplementary Materials), the
H; evolution rate of the CN/CoAl-Mix was slightly higher than the pure CN, while
much lower than that of CN-CoAlg 5. The result directly proves that the construction of
strong chemical bond interacted 2D /2D heterojunction is more effective for boosting the
photocatalytic Hy production activity. The stability of photocatalytic H, production over
the optimized CN-CoAlj s was also evaluated. As presented in Figure 5b, no obvious
decrease in catalytic activity was observed during the five recycle tests. Moreover, the
surface area and morphology of the CN-CoAly 5 after five cycles of stability text were
investigated and are displayed in Figure S6 (Supplementary Materials). The BET surface
area was measured to be 28.1 m? gfl, which was similar to the value before the reaction.
The SEM and TEM images reveal that the 2D /2D sheet-to-sheet structure barely changed.
These results verify that the 2D /2D CN-CoAl heterojunction had a satisfactory stability
and reusability for photocatalytic H, generation.

To gain mechanistic insight into the enhanced photoactivity of the CN-CoAlx, photo-
electric responses of the heterojunction composites were carried out. Figure 6a shows the
transient photocurrent test of the samples. The CoAl-LDH-modified CN samples exhib-
ited much higher photocurrent strength compared to the CN, suggesting the constructed
2D /2D heterojunction with a large contact area could efficiently reduce the recombination
rate of photogenerated carriers. The electrochemical impedance spectrum (EIS) results
reveal that CN-CoAl0.5 exhibited a decreased semicircle compared to the bare CN and
CoAI-LDH (Figure 6b), illustrating that the 2D /2D interface strongly favored the migration
of photogenerated charge carriers, and thus enhancing the photocatalytic H, evolution
activity. The behavior of photogenerated carriers was also monitored via PL spectra. As
shown in Figure 6¢, pure CN displayed an emission peak at around 470 nm. When the
CoAl-LDH was introduced, the heterojunction showed a dramatically depressed PL inten-
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sity, suggesting the inhibited recombination of photogenerated electron-hole pairs over
the strong interacted heterojunction structure.
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Figure 6. Transient photocurrent response (a), EIS (b), PL (c), Mott-Schottky plots of CN (d) and
CoAl-LDH (e), CPDs of the as-prepared samples surface related to Au reference (f).

Moreover, the specific band structures of the CN and CoAl-LDH were determined by
the Mott-Schottky test. As presented in Figure 6d,e, the spectra of both samples under
three different constant frequencies showed a positive slope of the line segment, suggesting
that the prepared CN and CoAl-LDH were typical n-type semiconductors. The derived
values of the flat-band potentials (Ef) of CN and CoAl-LDH were —1.4 V and —0.73 V
(vs Ag/AgCl) at pH 7, respectively. According to the conversion equation of
EntE = Eag/agal + E0ag/agcr, (Eag/agcl is about 0.197 V at 25 °C, pH = 7), E¢ of CN
and CoAl-LDH were determined to be —1.20 V and —0.53 V versus the normal hydrogen
electrode (NHE, pH = 7). Thereby, the valence band (VB) of CN and CoAl-LDH could be
calculated to be 1.40 V and 1.57 V. Furthermore, the Kelvin probe test was measured to
study the interfacial electronic structure. Figure 6f depicts the measured contact potential
difference (CPDs) of the as-prepared samples related to the Au (5.1 eV) reference. The work
function of the CN CoAl-LDH and CN-CoAlj 5 were calculated to be 4.62 eV, 5.4 eV and
4.85 eV, respectively.

Based on the above analysis, a plausible photogenerated charge carrier transfer mech-
anism over the CN-CoAl heterojunction could be proposed. As shown in Figure 7a, due
to the lower Femi level of CoAl-LDH than that of CN, free electrons transferred from CN
to CoAl-LDH through the N-metal bond until an equilibrium state formed (Figure 7b).
As such, an interfacial electric field oriented in the direction from the CN to CoAl-LDH
emerged. Under light irradiation, both CN and CoAl-LDH could be photoexcited to gener-
ate electron-hole pairs. With the driving force of the built-in electric field, photogenerated
electrons from the CB of CoAl-LDH transferred to the VB of CN and recombined with the
holes (Figure 7c), thus realizing the Z-scheme charge transfer. Concurrently, the accumu-
lated electrons on the CB of CN reacted with H,O for H, production, while the holes of
CoAI-LDH were trapped by TEOA.
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4. Conclusions

In summary, a 2D /2D organic/inorganic g-C3N4/CoAl-LDH heterojunction with
a strong interacted interface was synthesized via an in situ hydrothermal method. The
resulting composites showed a markedly improved photocatalytic H, production activity.
The optimal CN-CoAl composite displayed a H, evolution of 1952.9 umol g~! for 4 h
visible light irradiation, which is 8.4 times as that of pure CN. The enhanced photocatalytic
activity crucially relied on the well-matched band positions of g-C3N, and CoAl-LDH
components, as well as the sufficient interfacial contact between them, which greatly
benefited the migration and separation of the photogenerated charge carriers.
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Abstract: This review addresses the most recent advances in the synthesis approaches, fundamen-
tal properties and photocatalytic activity of CuzN nanostructures. Herein, the effect of synthesis
conditions, such as solvent, temperature, time and precursor on the precipitation of CuzN and the
formation of secondary phases of Cu and Cu,O are surveyed, with emphasis on shape and size
control. Furthermore, CuzN nanostructures possess excellent optical properties, including a narrow
bandgap in the range of 0.2 eV-2 eV for visible light absorption. In that regard, understanding the
effect of the electronic structure on the bandgap and on the optical properties of CuzN is therefore of
interest. In fact, the density of states in the d-band of Cu has an influence on the band gap of CugN.
Moreover, the potential of CuzN nanomaterials for photocatalytic dye-degradation originates from
the presence of active sites, i.e., Cu and N vacancies on the surface of the nanoparticles. Plasmonic
nanoparticles tend to enhance the efficiency of photocatalytic dye degradation of CuzN. Never-
theless, combining them with other potent photocatalysts, such as TiO, and MoS; augments the
efficiency to 99%. Finally, the review concludes with perspectives and future research opportunities
for CuzN-based nanostructures.

Keywords: CuzN; nanostructures; synthesis; optical properties; photocatalysis

1. Introduction

The production of nanoscale structures has attracted interest as they exhibit size and
shape-dependent physical, electrical and chemical properties that are absent in their bulk
counterparts [1-3]. Transition metal nitride nanostructures such as Co,N [4], TiN [5],
OsNj [6], ZngN; [7] and IrN; [8] are rising as strong candidates for a variety of industrial
applications, as they display excellent catalytic, electrochemical and optoelectronic proper-
ties. Transition metal nitrides simultaneously behave as ionic crystals, transition metals
and covalent compounds [9]. They are therefore being investigated as potential contenders
for electrochemical energy conversion, heterogeneous catalysis, fuel cells, batteries and
supercapacitors [10-14]. Additionally, their optical absorption, electrical properties and
tolerance to structural defects make them a new class of semiconductors of interest [15].
The most popular metal nitrides in the semiconductor family are GaN, AlGaN and InGaN,
which produce blue light-emitting diodes (LEDs) and lasers [16-18]. Furthermore, semicon-
ductors, such as TazNs [19], InN [20,21] and InGaN [22,23], are also potential candidates
for photocatalysis due to their simple chemical composition, tunable narrow band gap and
high stability. However, the metals, i.e., In, Ta and Ga, are relatively rare in the Earth’s
crust, and the price of indium has shot up by 900% in the last 10 years. Therefore, more
sustainable metallic raw materials are required for industrial applications.

In that regard, CuzN, composed of earth-abundant elements, is a potential candidate
for industrial applications. Moreover, owing to its cost-effectiveness of production and
environmental friendliness, it has gained importance. In addition, due to its physico-
chemical characteristics and tunable optical and electrical properties, CuzN is the focus of
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several research investigations [24,25]. The shape and size-controlled synthesis of CuzN
nanoparticles is one of the main challenges today. The current synthesis methods usu-
ally involve the use of reactive nitrogen precursors, high pressure and temperature [26].
Synthesis techniques, such as thermal decomposition [27], electroplating [28], solvother-
mal [26], chemical vapor deposition (CVD) [29], radio-frequency (RF) and direct current
(DC) magnetron reactive sputtering [30-32] have been employed for the synthesis of CuzN
thin films. For nanoparticle synthesis, several reports claim that solution-based synthesis
approaches tend to offer a better way of controlling the morphology and properties of
Cu3zN nanoparticles [24,33] by carefully varying the synthesis conditions, i.e., time, tem-
perature and precursors. Although CuzN itself has been extensively studied during the
last decade, there is still a significant disparity between the theoretical and experimental
optical band gaps. Nevertheless, all these studies concede that CusN has a narrow bandgap
with values ranging from 0.2 to 2.0 eV, exhibiting either metallic or semiconductor behav-
ior [30,34,35]. In fact, the physical and chemical properties of the material not only depend
on the synthesis conditions but also on the presence of dopants in the CuzN lattice [36,37].

Cu3N has been introduced as a new class of materials for the next generation of photo-
voltaic and photocatalytic applications due to its high optical absorption, good electrical
properties and p-type defect-tolerant semiconductor characteristics [38—40]. Photocatalysis
is an advanced oxidation process in which illumination is used to separate excitons that are
then transferred to the surface of the nanoparticles [41]. The oxidation-reduction reactions
produce reactive oxygen species (ROS) that oxidize organic matter on the surface of the
nanomaterial leading to its degradation. The mechanism is explained in detail in Section 4
of this review. According to Cheng et al., transition metal nitrides are capable of reducing
the overpotential or activation energy for photocatalytic reactions by providing additional
active sites that promote electron-hole separation [39]. Furthermore, improvement in the
catalytic yield of CuzN has been achieved by doping with transition metal ions, such as Au,
Ni, Cr, Fe and Co, at the interstitial sites of the cubic structure. In addition, some metallic
nanoparticles such as Ag, Au and Cu display localized surface plasmon resonance (LSPR)
that enhances their optical and electrical properties. In general, metal-semiconductor junc-
tions tend to enhance the physicochemical performances of the heterostructures [38,42].

This review attempts to provide the first comprehensive compilation of the current
research on synthesis approaches, electronic structure, optical properties and photocatalytic
activity of CuzN nanostructures. Herein, we analyze the effect of synthesis conditions on
the precipitation of CuzN and the formation of secondary phases of Cu and Cu,O, with
emphasis on shape and size control. In fact, synthesis conditions determine the shape, size
and surface defects of the nanoparticle. These have a direct on influence the electronic
structure and subsequently on the band gap, optical and photocatalytic properties of the
materials. Furthermore, it summarizes the emerging applications of CuzN in photocatalysis,
and for the first time, to the best of our knowledge, a possible photocatalytic reaction
mechanism of CuzN is proposed. The outlook of the material in commercial applications
and future research is described in the summary and outlook section.

2. Synthesis of CuzN Nanomaterials

During the last decade, significant progress has been made in the nitride chemistry
synthesis field. The main synthesis routes consist of solid—-gas state synthesis, solvothermal,
sol-gel, non-thermal plasma, electrospinning, electrodeposition, atomic layer deposition,
chemical vapor deposition and laser ablation methods among others [43—45]. These new
strategies for nanomaterial synthesis must consider the reaction conditions, along with
the most relevant precursors in order to obtain reliable and reproducible properties of the
synthesized materials. Compared to metal oxides, carbides, sulphides and oxynitrides,
the synthesis of metal nitrides is relatively challenging due to the requirements of inert
conditions during the growth process in order to suppress the formation of copper oxide. In
addition, metal nitride nanostructures also tend to oxidize in ambient conditions, making
their stability a challenging issue.
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in detail below (Table 1).

In particular, synthesis routes for CusN nanomaterials can be divided into chemical
and physical. The chemical methods have been the focus of recent research for the syn-
thesis of CuzN nanoparticles, as they offer better control of the morphology and particle
size distribution during the synthesis process. However, maintaining a controlled inert
atmosphere in order to impede the formation of secondary phases (Cu, CuO and Cu,0)
remains a concern. Alternatively, physical methods mostly focus on thin-film growth. In
both methods, the growth of CuzN nanomaterials requires different types of N sources,
including metal-nitride, ammonia, alkylamines and nitrogen-based reagents. Solid-gas-
state synthesis consists of Cu precursors reacting with nitrogen gas. On the other hand,
solution-based syntheses are usually carried out in non-aqueous media in order to avoid
oxidation. The synthesis methods for CuzN nanostructures are summarized and discussed

Table 1. Summary of synthesis conditions and experimental band gaps for CuzN nanostructures.

Experimental Details

Band Gap (eV)

CusN 5 i Second Ref
Morphology  Synthesis Method rgﬂg:ﬂ ;steasn Conditions Direct Indirect  Phases
Single source Cu(NO3), 3H,0, 1.110°C,1h B
precursor method ODA 2.260 °C, 5 min 189 cuo (24]
Thermal Cu(NO3),-3H,0, 1.110°C,1h B 1.6 eV - [38]
decomposition OAm, ODE 2. 210 °C, 15 min ’
Nanocubes Ammonolysis o
reaction Cu(OAc),, urea 1.300°C,2h - - - [46]
Cu(N03)2 '3H20, o
One-phase process ODA (or HAD or 5 12‘5%)59 C %0312'm 15 1.04 - [47]
OAm) + ODE ’ 4
One-step synthesis Cu(Ng%ZABHZO’ leiéé Ccé 1ngn 241 - - [48]
Thermal Cu(NO3),-3H,0, 1. 240 °C, 10 min B }
decomposition ODA Cu/Cu0 - [49]
Solvothermal Cu(NO3),-3H,0, 1.110°C,1h ~ ~ ~ [50]
synthesis method ODA, OAm 2.240 °C, 40 min
Single source 1.110°C,1h _
precursor method PPC, ODA 2. 260 °C, 5 min 22 Cu [24]
Pyridine-based Cul, pyridine, 1. -35°C 20 ; ; [51]
Spherical Thomat cNg?(a)q') L BHD P hose . ‘
i erma u(NO3)2-3H0, : , _
nanoparticles 4. mposition HAD 2,230 °C, % min 2.92 Cu/CuO - [52]
Ammorolysis  Cu(CO,CHy), HyO, ER . ) ceO 53]
reaction 1-nonanol, NHj3 gas 3185 °C
Surfactant-free
Solution-phase Cu(OMe),, BZA 140 °C, 15 min - - - [54]
approach
Ammonolysis 1.140°C,6 h
reaction CuFy, NH; gas 2.300°C,8h - - - 531
Ammonolysis CuCQOg, pivalic acid, 1.70 °C, 30 min _ B
reaction NHj3 gas 2.250°C,10h Cu 551
Ammonolysis CuCyg, 1-nonanol, o . _ . _
reaction NH3 gas 1. 190 °C, 40 min [56]
Solid state o
reaction CuO, NaNH, 1.170°C, 60 h - - Cu/CuO [57]
Powders Wet processing and ~ Cu(CF;COO),, NHj3 250-350 °C, 45 148 B Cu [58]
ammonolysis gas min-5h ’
1.~50°C,4h
Solvothermal CuCl,, NaNg3, 2. ~100°C,10-12 h _ _ CuO [59]
synthetic method Toluene/ solvent 3. T 1 for several
) days: ~40 °C/day
Ammonolysis CuFy, NHzgas  250-350°C,6h-18h - - - [60]
reaction
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Table 1. Cont.

Experimental Details

Band Gap (eV)

CuzN P d Second Ref
Morphology  Synthesis Method rgﬂg:ﬂ ;steasn Conditions Direct Indirect  Phases
. Cu(NO3),-5H,O
Single-step 3/2°9° 2%
solvothermal hexaﬁ;rtr}'lliynlsnete- 200°C,1h 1.6 - - [26]
approach (HMT)
Nanocrystals ALD cycle: 2 s for
Cu(hfac), (80 °C) in
PEALD (Cuthfack) NHs 55 orr, 55 for NH; ~ 1.92 . . [34]
p & lasma, and 5 s of
2> purge at 1 Torr.
Solution-phase Cu(NO3),-3H,0, 1. 120 °C, 10 min _ _ _ [61]
synthesis ODE, OAm 2.240 °C, 15 min
Ammonolysis Cu,O, NHj gas 250°C, 21 h 0.95 - ; [62]
1.150 °C, 3 h
Solvothermal Cu(NO3),-3H,0, 2. 220 °C, 10 min _ B Cu/Cuy0 [63]
process ODE, OAm or HDA 3550 °C. 10 min
Thermal evaporation . 1.120°C,1h
. Silicon substrate and o
and ir;rgci)gr?lysm ammonia solution % é?g 08 i }}: 2.0 - Cu/Cu0O  [28]
On silicon slice and P=1.0Pa, N; gas
Thin films RE agdugeargirrlletron quartz plate flow 40 sccm, RF }izgl - [25]
P & substrate power 300 W '
P =1.0Pa, N, gas
DC magnetron Quartz glass flow 3.5-4.0 sccm, B 1.44 B [64]
sputtering substrates RF power 100-130 :
W.
M ¢ Single-crystal silicon P=1.0Pa, N; gas
S ilgtrtfrirr?n and quartz flow 40 sccm, RF 2.0 - Cu/Cu,O [65]
P & substrates power 250 W.
Modified s P =10 mTorr, N, gas
activated reactive Boromgc?tetglass flow 40 sccm, RF 2.15 1.60 - [66]
evaporation substrate power 50 W
Thermal 1. P =102 Torr,
erma 1000 °C
evaporation method Glass substrate 2. N; gas flow 100 ) ) Cu 1671
sccm, 300 °C
P =10 mTorr of
RF reactive nitrogen balanced by
sputtering Glass substrate 10 mTorr of argon, B B B 168]
140-280 °C
Doped CusN and their nanocomposites
P=2x10"3Pa, Ar
. RF and DC . _ s gas flow 10 sccm, Np
Cl;ﬁlr\ifd magnetron Single Sll;yiﬁlt silicon gas flow 30 sccm, RF - - - [30]
sputtering substrate power 200 W, DC
power 0-7 W for Pb
CusN:A RF and DC Monocrystalline P=10 x 1073 Pa, N,
Thi3n f.ilr;gl magnetron silicon and glass gas flow 40 sccm, RF - 1.59 - [69]
sputtering substrate power 200 W
CusN 1P =1 torr,
nagri)&rl}&sl’gsls PEALD (Cu(hfac)), NHz gas 10 4;105511 Vi,’pﬁ‘ﬁsrgas 1.9 - - [70]
] 250 °C
Cii)lﬁgzlsoz Ammonolysis CuSiO3, NH; gas 350°C,1h - - - [71]

Acronyms: Octadecene (ODE), 1-octadecylamine (ODA), hexadecylamine (HAD), oleylamine (OAm) and benzy-
lamine (BZA), PPC = pyrrole-2-carbaldpropyliminato Cu(II).

2.1. Gas-state Synthesis and the Ammonia Source

In this method, the corresponding Cu-based metal precursor undergoes nitration
under gas flow (i.e., NHj or a mixture of Nj:H») to produce CusN nanostructures [72]. A
variety of N-rich complexes, including hydrazine, urea, ammonium salt, carbon nitride
and their mixtures, act as nitrogen sources in order to tailor the nanoparticle size and
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shape. Nevertheless, ammonia gas for ammonolysis has been widely used as it creates
a reductive atmosphere and simultaneously acts as a powerful nitrogen source [73]. In
ammonolysis, the reaction time, temperatures under 200 °C, heating and cooling rates,
as well as the amount of ammonia are often adjusted in order to optimize the reaction
conditions and the nanoparticle features. In addition, the properties of the produced
nitride depend on the precursor and preparation conditions, such as heating rate and final
temperature. For example, Panda et al. reported a method for the synthesis of CuzN
nanocubes by nitration of copper acetate at 300 °C inside a quartz tube, based on the
in situ decomposition of urea leading to the release of ammonia, as shown in Figure 1a.
Their TEM results show that the CuzN nanoparticles are cube-shaped with particle sizes
ranging from 60-100 nm presented in Figure 1b,c [46]. On the other hand, Nakamura et al.
used cooper (II) acetate monohydrate in an alcoholic solution of 1-nonanol along with
bubbling ammonia for 1 h at 190 °C to produce CuzN nanoflowers (Figure 1d—f) [53]. In
their study, the nanoparticles had granular shapes with a diameter of less than 200 nm.
The differences in morphology and size arise from a combination of copper precursors,
synthesis temperature and nitrogen sources. The utilization of urea as a nitrogen source,
as opposed to NHj is very advantageous owing to facile handling and controllability of
flux, implying that the risk of over-reduction of copper acetate to form metallic copper is
mitigated [46]. The mechanism of nanoparticle formation was elucidated by Nakamura
et al. and followed certain reaction steps: (1) formation of copper (II) amine complex,
(2) reduction, by the long-chain alcohol, of Cu?* to Cu* and (3) the reaction between
ammonia and Cu* [53].

d)

170°C 185°C |

100 nm

Ar
e

Calcination at 300 °C

— NH, Ar
=i T o @@
Urea ‘ NHs

190°C

' ' [Cu(OC(0)CH3)2-H;0];

Bubbled with
ammonia

' CusN Nanocubes

Figure 1. Schematic illustration of the synthesis and TEM micrographs of: CuzN nanocubes using urea
(a—¢). Reprinted with permission from Ref [46], ACS publications, 2019. Schematic illustration of the
synthesis of CuzN nanoflowers using ammonia gas in long-chain alcohol solvent and corresponding
TEM micrographs (d—f), adapted with permission from Ref [53], ACS publications, 2014.

Multistep synthesis approaches have also been applied to the synthesis of CuzN.
These approaches are used to reduce copper oxide nanoparticles produced in the first step
of the synthesis, followed by nitration. For example, Szczesny et al. synthesized CuzN
nanoparticles with diverse morphologies from oxygen-containing precursors using a two-
step process that combines solvothermal and solid—gas ammonolysis stages [74]. In the first
step, copper (II) chloride dihydrate was used as a precursor for the fabrication of copper (II)
oxide and copper (II) hydroxide nanoarchitectures by solvothermal methods. In the second
step, CuzN was obtained through ammonolysis of Cu(OH),; and CuO nanoparticles [74].
Deshmukh et al. synthesized CusN@SiO, composites using a multistep approach [71]. First,
CuO nanoparticles were synthesized within hollow mesoporous silica spheres by binding
or adsorbing Cu?* ions onto the surface of carbon spheres, followed by the formation
of a mesoporous silica shell by a sol-gel method. CuzN nanoparticles (size < 30 nm)
were formed within silica spheres through the nitration of copper (II) oxide composite
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(CuO@SiO,) with ammonia gas at 300 °C for 10 h [71]. In the two-step approach, chemical
nitration can only occur after the copper oxide is reduced to copper ions, which then react
with ammonia to form CuzN. During the synthesis, a change in the color of the solution
from yellow to brown indicates the reaction of copper ions with ammonia leading to the
precipitation of nitride nanoparticles [62]. Furthermore, Nakamura et al. suggested that for
successful nitration, ammonia must come into contact with the copper ions at an optimum
temperature as soon as the reduction of copper oxide starts [53].

The ammonolysis reactions provide a versatile route to synthesize CuzN nanoparti-
cles. Based on reports, ammonolysis is performed under specific conditions in solid-state
chemistry in order to obtain a complete exclusion of oxygen and water during synthesis
and handling. In addition, this approach can be optimized by varying the solid precursor,
ammonia flow rate, heating and cooling rates, temperature and reaction time. However, the
control of the nanoparticle shape and size in these processes remains a challenge. Moreover,
this pathway involves the use of NH3, which is toxic and corrosive at high temperatures.

2.2. Solution-Based Synthesis

In addition to ammonia gas, nitrogen-based compounds can also be used as nitrogen
sources for the synthesis of CuzN nanostructures. In consequence, the use of non-aqueous
solutions in the synthesis of metal nitrides has gained interest, as it suppresses oxidation and
allows controlling the nanoparticle size and shape. The technique of non-aqueous synthesis
requires water or hydrate-free solvents, as well as regulated temperatures and pressures in
a controlled environment, as it relies primarily on the solubility and reactivity of precursors
at relatively high temperatures and pressures [75]. Primary amines are commonly used
as capping agents to synthesize metal nitrides and semiconductor nanomaterials. In
general, solvothermal methods offer good control of the shape, size and crystallinity
of nanostructured materials by controlling synthesis parameters, such as reaction time,
temperature, precursor, surfactant and solvent, in order to vary the physical and chemical
properties of the nanomaterials [76].

2.2.1. Effect of Solvent

Presently, the thermal decomposition of copper salt-based precursors in long-chain
amines or alcohols is one of the most popular synthesis techniques for CuzN nanoparticles.
It not only serves as a nitrogen source but can also performs simultaneous functions as a
solvent, surface stabilizer and reducing reagent. Therefore, special attention is being paid to
the synthesis of CuzN nanoparticles using solvents, such as 1-octadecene (ODE) and amine
sources, including 1-octadecylamine (ODA), hexadecylamine (HAD), oleylamine (OAm)
and benzylamine (BZA) [33,38,47,49,54,63,77]. Synthesis of CuzN nanocubes with tunable
sizes was reported by Wu et al. through the decomposition of Cu(NO3), in ODE with
different capping agents by a facile one-step process [47]. The nanoparticle size depended
on the amine source used and ranged from 10 to 30 nm. In fact, the size was reduced
significantly to 26 nm with ODA, to 18.6 nm with HAD and even further to 10.8 nm
with OAm [47]. A similar synthesis approach for CuzN nanocubes using ODA and ODE
was also reported by Wang et al. [49]. They obtained CuzN nanocubes (size = 15 nm) in
Figure 2a after the thermal decomposition of Cu(NO3),-3H,O at 240 °C in ODA solvent [49].
Similarly, Barman et al. reported the synthesis of CuzN nanocubes with an average particle
size of ~10 nm using a 1:1 volume ratio of ODE and OAm solvents [38]. The TEM image
consists of smaller nanoparticles that coalesce into a nanocube, as visible in Figure 2b.
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Figure 2. TEM micrographs of CuzN nanostructures synthesized using different amines: (a) CuzN
nanocubes from Cu(NOj),-3H,0 in ODA. Reprinted with permission from Ref [49], RSC publi-
cations, 2011. (b) cubic-like CuzN nanoparticles from Cu(NOj3),-3H,0 in OAm. Reprinted with
permission from Ref [38], ACS publications, 2019. (c¢) CuzN nanocubes from Cu(NOs3),-3H,0 in
ODA. Reprinted with permission from Ref [48], Elsevier publications, 2019. (d) HAADF-STEM
micrograph of CuzN mesocrystals from PPC in ODA. Reprinted with permission from Ref [63], RSC
publications, 2021. (e) FE-SEM of CuzN cubic-like nanoparticles from Cu(NOj3);-3H,0O in ODA.
Reprinted with permission from Reprinted with permission from Ref [63] RSC publications, 2021.
(f) ultrasmall nanoparticles from Cu(OMe);) in BZA solvent. Reprinted with permission from Ref [54],
RSC publications, 2015.

In addition, different solvents and reaction parameters influence the size and mor-
phology of the nanoparticles. For example, Princ et al. synthesized two types of CugN
nanoparticles with different morphologies using two different capping agents dissolved
in ODE [63]. The report revealed that when OAm is used as a capping agent, spherical
nanoparticles of 8 nm were produced (Figure 2d). In contrast, HAD produces cube-like
nanoparticles of 50 nm (Figure 2e) [63]. Sithole et al., in two different reports, synthe-
sized CuszN nanoparticles and CuzN nanocubes using amines as solvents [24,48]. CuzN
nanoparticles with an average particle size of 2.8 nm were synthesized using pyrrole-2-
carbaldpropyliminato Cu(II) (PPC) as a single-source precursor with ODA [24]. On the
other hand, CuzN nanocubes with an average size of 41 nm, Figure 2c, were synthesized
using Cu(NO3),-3H,0 at 240 °C in ODA [48]. Finally, Deshmukh et al. reported the synthe-
sis of ultrasmall CuzN nanoparticles of ~2 nm, Figure 2f, via a one-step reaction of copper
(IT) methoxide (Cu(OMe),) precursor with BZA at lower temperatures for short reaction
periods (e.g., 140 °C for 15 min) [54].

2.2.2. Effect of Capping Agent

The above results suggest that the nanoparticle size and shape vary as a function of
capping agents or surfactants. In fact, the long-chained amine surfactant plays an important
role in shaping the nanoparticles at the nucleation and growth stages. They modify the
decomposition routes of the copper nitride (II) reagent contrarily to other solvents or
solid-state processes. According to Princ et al., the reasons for differences in the overall
morphologies of nanoparticles using different capping agents may be related to the different
mesocrystal subunits or the subsequent crystallographic orientations of subunits [63]. From
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the TEM images of Figure 2b—d, the coalescence of small spherical nanoparticles into
nanocubes could also be another mechanism. The formation of nanocubes via such a
mechanism appears to be more favorable in the case of long-chained amines. In fact, the
subunits of nanocrystals are subject to various competitive forces, such as van der Waals,
dipole-dipole and dissolution. Nonetheless, it is important to mention that so far, there is
no report that elucidates the effect of the amine chain length on the size and morphology
of the nanoparticles. Nevertheless, a complex combination of the synthesis environment,
reaction time, temperature and amount of reagents influence the final shape and size of
the nanoparticles.

2.2.3. Effect of Reaction Time

The reaction time related to the formation mechanism of CusN nanoparticles (nu-
cleation, growth, aggregation and breakage) is a primary factor to be considered. It has
been reported that the nanoparticle size, shape and stability are strongly dependent on the
reaction time [78]. For example, Xi et al. reported the solvothermal synthesis of magnetic
CuzN nanocubes with high electrocatalytic reduction properties [50]. The cube-shaped
Cu3N nanoparticles were synthesized by dissolving copper (II) nitrate in organic solvents
of ODA and OAm at a high temperature of 240 °C. The detailed growth process of CuzN
nanocrystals is shown in Figure 3a,b, consisting of three different stages: (1) nucleation
stage to form nanoparticles, (2) growth stage in which the nanoparticles adopt the cubic
shape, owing to the surface tension exerted by the solvent and (3) molding stage in which
nanocubes are formed [50]. In addition, Sithole et al. (shown in Figure 3c) reported a
fourth step, i.e., the transformation of CusN into Cu nanoparticles [33], which is due to a
spontaneous decomposition of CuzN nanocubes depending on the reaction time. In fact, a
cloud of nuclei with a few developed CuzN nanocubes was obtained after 5 min, followed
by well-defined nanocubes after 15 min. Finally, after 20 min of heating, degradation of the
nanocubes occurs, and the copper nitride decomposes into metallic Cu within 60 min.

2.2.4. Formation of Secondary Phases

Both routes have their share of advantages and drawbacks. One common disadvan-
tage is the precipitation of secondary phases during CuzN synthesis. For instance, it is
reported that by prolonging the reaction time at a particular temperature, a partial phase
transformation of CuzN into Cu and Cu,O occurs [63]. Kieda et al. applied a spray pyroly-
sis technique using a copper-amine complex solution. However, obtaining a pure phase
of CuaN using only Cu,CO3(OH); precursor [79] is unlikely, as the co-precipitation of Cu,
CupO and CuO secondary phases is inevitable. On the other hand, changing the molar
ratio of the reactants (Cu(NO3),-3H,O:0ODA) results in the formation of Cu and Cu,O
nanocrystals with or without CuszN [33]. The formation of CuO is suppressed most likely
due to a more reductive synthesis environment. Therefore, the development of a scalable,
reliable and reproducible method for the synthesis of high-quality CuzN nanostructures
with a high density of active sites is the need of the hour. Additionally, the degassing
process, which removes water molecules from the solution, is an important step in sup-
pressing the formation of secondary phases. The most commonly used gases are nitrogen
or argon, which eliminate water molecules from the solution while heating the solution
between 100 °C to 150 °C. Wet chemical routes tend to be more reliable and reproducible
in controlling nanoparticle shape and size compared to gas-state methods, thus making
them viable for larger-scale production. Major limitations in upscaling these methods
include high reaction temperatures and the use of surfactants, which increase their costs
and complexity.
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Figure 3. TEM micrographs of CuzN nanocubes synthesized at different reaction times: (a,b) 2, 5,
10 min of reaction. Reprinted with permission from Ref [50], RSC publications, 2014. (c) 5, 10, 15, 20,
30 and 60 min of reaction time. Reprinted from Ref [33], Creative Commons agreement from RSC
publications, 2019.

2.3. Thin Film Deposition Techniques

Several studies have focused on the growth of CuzN thin films. A number of tech-
niques, such as DC and RF reactive magnetron sputtering, thermal evaporation, pulse
laser deposition (PLD) and CVD, are commonly used to grow CuzN thin films. These
deposition techniques produce nitride thin films with controlled stoichiometry, thickness
and composition [39]. In fact, the efficient thin film deposition of CuzN has mainly been
achieved via physical methods for applications in optical data storage [80], solar energy
conversion [15], BloMEMs [81] and photovoltaics [82]. In general, physical methods are
useful for growing single-phase thin films but have the drawback of producing only a lim-
ited variety of compounds [76]. Furthermore, the doping of CuzN with other compounds
has marked a breakthrough in nitride thin film research. In that regard, thin-film deposition
techniques provide a simple pathway to introduce foreign atoms while retaining the CuzN
lattice stability.
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Most of the previous work on CuzN nanostructures has been on thin film deposition
using magnetron sputtering. The method is often used to produce transition metal nitride
thin film electrodes, which exhibit excellent adhesion, controllable composition and thick-
ness of nanostructured films with excellent electrochemical properties [83]. During the
reactive sputtering of CuzN, a reductive gas such as N, or Ar reacts with a Cu metal or a
CusN target, sputtering off the compound layer. Then, the sputtered Cu and N species
are deposited on substrates forming CuzN compound layers [68]. For instance, Jiang et al.
deposited CuzN:Pb thin films using different Pb concentrations on monocrystalline silicon
through DC and RF reactive magnetron sputtering [30]. In fact, Pb doping leads to a high
adhesion of the films to the substrate, as it promotes nucleation in the early stages of
thin-film growth [30]. Figure 4a shows the cross-sectional view of dense and well-adhered
films. Similarly, Xiao et al. investigated the growth of CuzN:Ag thin films using RF and
DC magnetron sputtering (Figure 4b) [69]. In this research, CuzN:Ag thin films were
prepared with variable sputtering power of Ag. They observed that an increase in the
Ag content brings about an increase in the grain size. Additionally, the optical band gap
of the films also increases owing to the plasmonic-induced Burstein-Moss effect leading
to an increase in the number of carriers in the conduction band of CuzN, which in turn
displaces the Fermi level towards the conduction band [69]. In both Ag and Pb doped thin
films, the growth mode is columnar, typical of the sputtering deposition process. However,
the roughness of the Pb doped films is higher than the Ag-doped films, most probably
due to the Pb atom being slightly larger than the Ag atom. Since the lattice mismatch for
Pb doped films is higher, the lattice relaxation process enhances the thin film roughness.
Similarly, nanocomposites of CuzN tend to have enhanced optical properties. For example,
TiO,-CusN nanocomposites manifest an improved bandgap compared to CuzN alone. Zhu
et al. also reported the growth of TiO,-CuzN and CuzN-MoS; nanocomposite films by
magnetron sputtering that demonstrate enhanced photocatalytic properties [35,84]. Both
TiO, and MoS; are n-type semiconductors that, when combined with p-type CuzN, create
p-njunctions. For catalytic activity, large specific surfaces of active materials are required.
Moreover, when the roughness increases, the number of active sites on the surface also
augments, which leads to an enhancement of photocatalytic activity [35,84]. Industrially
viable thin film growth techniques, such as sputtering, allow thickness control with the
possibility of depositing on large surface areas in order to obtain a high specific surface.
The deposition parameters of CusN thin films include sputtering power, N, pressure r
(r =N2/[Ny" Ar]), substrate temperature and deposition pressure, which have a signifi-
cant influence on CuaN thin film growth and their properties. Additionally, deposition
parameters also affect the crystal orientation and grain size of CusN thin films [65,83].

CusN thin films can also be deposited by thermal evaporation using nitrogen as a
gas source. In this method, the Cu powder is evaporated onto a glass substrate and then
exposed to N, gas in order to fabricate CuzN thin films. Ali et al. thermally evaporated
Cu powder on a glass substrate in a horizontal glass tube furnace at 1000 °C in a high
vacuum for 25 min [67]. Then, the temperature of the tube furnace was set to 300 °C, and
an N gas flow rate of 100 sccm was maintained for different reaction times. Figure 5a—-d
show the SEM images of CusN thin films deposited for a duration of 2, 4, 6 and 8 h under
nitrogen gas flow at 300 °C. When the growth time is prolonged, an increase in the grain
size is observed [67]. CusN thin films with a rough surface were deposited by Lindahl et al.
using a gas pulsed CVD [29], which is a gas phase chemical method by which thin films are
grown on a suitable substrate through precursor decomposition at elevated temperatures.
In that case, Cu-Ni-N thin films were prepared using CVD processes with intermittent NH3
gas flow. Ni-doped CuzN can be described as a solid solution of Ni in CuzN formed in a
pseudo-binary system composed of the two metastable phases CuszN and NizN (Figure 5b).
According to Lindahl et al., the texture of the deposited films changes with the increase
of Ni content, which was attributed to changes in the deposition mechanism through the
probable occupancy of the interstitial sites of CusN in the crystal structure [29].
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Figure 4. Cross-section view of thin films: (a) CugN:Pb thin film. Reprinted with permission from
Ref [30], Elsevier publications, 2019. (b) CuzN:Ag thin film. Reprinted with permission from Ref [69],
IOP publishing, 2018.

Figure 5. (a-d) SEM images of CusN thin films grown by thermal evaporation technique at different
reaction times. Reprinted with permission from Ref [67], Elsevier publications, 2021. (e-h) SEM
images of CusN films with different Ni metal content: (e) pure CuzN, (f) 21% Ni, (g) 46% Ni and
(h) 76% Ni. Reprinted with permission from Ref [29], Elsevier publications, 2018.

3. Electronic Structure and Band Gap

Cu3N has a primitive open anti-rhenium trioxide cubic structure (space group Pm3m,
lattice constant a = 3.82 A), presented in Figure 6 [85]. In the structure, N atoms occupy
the cube corners of the unitary cell in (0, 0, 0) and Cu atoms are located between two
consecutive nitrogen atoms in (%,0,0), o, %, 0) and (0, O, %) [26,51,86,87]. Each N atom
in the cubic structure of CusN is shared by eight cells, while each Cu atom is shared by
four cells. In pure CusN, the face centers and the body of the cube are empty. These void
interstitial sites are, therefore, available to host Cu, N or other foreign atoms under certain
conditions [88]. However, the insertion of additional metallic elements in the body of the
Cu3N lattice alters the chemical interactions between Cu and N, thereby modifying or
changing the electrical and optical properties. Experimental and computational studies
reveal that metal-doped CuzN adopts metallic characteristics due to the reduction of
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the metallic inclusions (MP) [88]. For instance, Hahn et al. demonstrated that CugN is
a semiconductor, while CuzN-Pd exhibits semi-metallic conductivity due to Pd atoms
causing modifications in the energy bands [89]. Additionally, CuzN:Pd presents higher
mass activities and stability in comparison with commercial Pd alone. In addition, Moreno
et al. established that the addition of an extra Cu atom into the body of the unitary cell of
CuzN endows it with metallic properties [90]. In turn, the unit cell of CuzN expands, owing
to the progressive insertion of Cu atoms. Furthermore, their computational studies show
that the lattice parameter of CuzN-Cu expands by 0.06 A. Moreno et al. inferred that CusN
with lattice constants higher than 3.868 A behave as conductors [90]. Finally, these types of
doped-compounds, i.e., CusMxN, present an anti-perovskite structure, owing to the metal
dopant occupation of (3, 3, 1), i.e., the body-center position [88]. Anti-perovskite structures
consist of interchanged A and B site atoms. They are defect tolerant, present excellent ionic
conductivities and are ideal candidates for electrodes of batteries [91]. This suggests that
they possess interesting redox capabilities, enabling their application as photocatalysts.

Figure 6. Schematic view of the anti-ReOj crystal structure of CuzN. Reprinted with permission from
Ref [85], Wiley publications, 2018.

Furthermore, the crystal chemistry of transition metal nitrides is largely dictated by the
bond coordination of N and M atoms. In these compounds, the M atoms are bonded with
nitrogen via covalent or ionic bonds. According to Rao et al., the addition of N atoms to a
transition metal converts the metal-metal bond to a covalent bond or a mixture of covalent—
metal bonds [44]. Moreover, the addition of N increases the bond length and, consequently,
the lattice parameters, resulting in a contraction of the metal d-band, further suggesting
that bonds in metal nitrides are ionic. This d-band contraction causes an increased density
of states (DOS) near the fermi level, giving rise to novel catalytic properties, which are
different from the parent metal but rather similar to noble metals [14]. Moreover, recent
studies suggest that both covalent and ionic bonds connect Cu and N atoms in undoped
CusN [30]. On the other hand, for M-doped CusN, the bond coordination has a covalent
character as the interactions between the inserted M and Cu atoms dominate [42,92].

Undoped CuzN tends to be insulating due to defect states created by metallic and non-
metallic vacancies of Cu and N, respectively [93]. However, due to the varying nature of the
vacancies giving rise to shallow defect states, the bandgap of CuzN shows variations and
ranges from 0.2 to 2.0 eV. Another study demonstrated that doping with iodine gives rise to
states that are located very close to the band edges and therefore resulting in the absence of
band gap states [94]. Furthermore, CusN being a p-type semiconductor, displays a strong
hybridization of the Cu 3d and N 2p orbitals close to the valence band owing to their
anti-bonding states, which causes their high tolerance to defects. Theoretical calculations
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confirm that Cu 3d electrons are a major contributor to the DOS and have an important
influence on the CuzN band gap.

Since nanostructured defect-tolerant transition metal nitrides possess semiconduct-
ing properties with band gaps corresponding to visible wavelengths, they are therefore
considered suitable materials for photocatalysis and photovoltaic applications [39,95]. In
the literature, there are several discrepancies in the band gaps of CuzN arising from both
theoretical and experimental studies. Theoretical calculations predict an indirect band gap
ranging from 0.23 to 1.0 eV depending on the calculation method [58,88]. Density Func-
tional Theory (DFT) tends to underestimate the band gap mainly due to self-interaction
errors and changes in potential upon changing the number of electrons in the conventional
framework of DFT [96]. Co-workers also calculated the band structure and DOS before and
after the addition of a foreign atom into the cubic structure of CuzN. In fact, the electronic
structure changes in the presence of foreign atoms, accompanied by an increase in the Fermi
energy, along with a consequential change in the band gap. For instance, computational
calculations reveal that pure CuzN is a semiconductor with a small indirect band gap equal
to 0.38 eV. In contrast, for M-doped CuzN (M = Sc, Ti, V, Cr, Mn, Fe, Co and Ni), the band
gap becomes negligible, giving rise to the metallic character of CuzN [42]. Other studies
confirm a semiconducting behavior but suggest that pure CuzN presents an indirect band
gap of 0.32 eV and direct gaps of 1.09 and 0.87 eV, whereas for CuzN-N rich compounds, a
partially filled spin-resolved narrow band of new electronic bandgap states at the Fermi
energy is observed [97]. This new band modifies the optical properties of CuzN and makes
the material susceptible to infrared absorption.

On the other hand, experimental results ascertain both direct and indirect band gaps
ranging from 1.17 to 2.38 eV that depend on the experimental conditions and N content.
Table 1 summarize the synthesis parameters and band gaps of CuzN and CuzN-M nanos-
tructures. Band gaps determined experimentally vary, for example, between 1.91 to 2.15 eV
for CuaN thin films deposited by sputtering, whereas a maximum band gap of 2.92 eV
was reported for nanoparticles of CuzN [52]. Furthermore, band gaps of 1.04 eV (indirect)
and 1.5 eV (direct) were obtained from cyclic voltammetry (CV) measurements on CuzN
nanocubes based on onset Redox potentials [47]. In general, the experimental band gap de-
pends on the synthesis conditions, which in turn determines the morphology and chemical
composition of the nanomaterial.

4. Photocatalytic Activity of CuzN Nanoparticles

Photocatalysis is a redox process involving three main steps: (i) the generation of
electron-hole pairs (e~ /h*) by photoexcitation, (ii) transportation of the excitons to the
semiconductor surface and (iii) the utilization of charge for surface oxidation-reduction
reactions [39,41]. The total efficiency in these processes is strongly determined by the prop-
erties of the semiconductor photocatalyst, such as the electronic structure, band gap, surface
properties along with kinetic and thermodynamic processes [98]. An ideal photocatalytic
material should primarily have a bandgap that is optimal for absorbing in the entire range
of the solar spectrum in order to dissociate water molecules while retaining its stability
during the reaction process. In addition, it must be cost-effective, easy to process, readily
available and non-toxic. Moreover, in order to efficiently harvest visible light and accelerate
reactions, the band gap should preferably be under 3.2 eV. However, since redox reactions
require a certain amount of energy, narrow band gap semiconductors may therefore not be
the most suitable for catalytic reactions. In addition, the probability of excitonic recombina-
tion increases for lower bandgaps. Therefore, an optimum balance between the band gap
and recombination lifetime is required. One method for efficient charge separation is the
combination of plasmonic nanoparticles with photocatalytic semiconductors.

Current reports demonstrate a keen interest in the photocatalytic activity of metal
nitride nanomaterials. Their metal-like properties, such as conductivity, optical band gap
and visible light activation, are beneficial for highly efficient separation and delivery of
photogenerated carriers. Unlike traditional semiconductors (oxides, sulfides and carbides),
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metal nitrides can lower the overpotential or activation energy for photocatalytic reac-
tions on the surface of semiconductors. They also provide additional active sites and
promote electron-hole separation at the interface of the co-catalyst [39,99]. Furthermore,
their low-cost production, high thermal stability and tolerance against acids and bases are
advantages in photocatalysis [39]. Inspired by these properties, the design and construction
of semiconductor-based metal-nitride nanomaterials have been carried out and applied
to photocatalytic processes for water splitting, organic dye degradation, CO, reduction
and decomposition. For example, CoN, [100] Ta;N, [100] TazNs, [101], NizN, [102,103]
and InGaN [104] have been tested as potential semiconductors for water splitting. In
photocatalytic water splitting reactions, the photo-induced process enables the produc-
tion of Hy and O, [44,105]. Additionally, metal nitrides are sturdy with good refractory
properties at elevated temperatures of 2000 °C owing to their metallic character. The
latter also dotes them with properties similar to plasmonic metal nanoparticles. However,
compared to noble metal nanoparticles, nitrides display plasmonic wavelengths in the
visible and infrared regions. For ex., TiN has been used as plasmonic interconnectors,
further suggesting that nitrides can replace noble metals in such applications. Nitrides
also display tunable optical responses and improved light-harvesting, equivalent to noble
metals. They can, in general, significantly enhance the local electromagnetic field when
the incident light interacts with the surface plasmons [44,106]. In other words, localized
surface plasmon resonance (LSPR) enhances the electric field, facilitating light absorption
and charge transfer processes of semiconductors [38,107]. In such cases, the generated
excitons have higher energy than the Fermi level of the photocatalyst, which is ideal for
driving photocatalytic reactions [108]. For example, ZrN [109], HfN [110] and TiN [111]
are reported as plasmonic metal nitride nanostructures. However, CuzN has not yet been
specifically reported as a plasmonic nanomaterial. Nevertheless, synthesis routes tend to
produce secondary phases of Cu metal, which is a known plasmonic material that enhances
the overall catalytic performance of the primary phase [33]. In all cases, metal nitrides need
to be combined with a metal or themselves possess a metallic character in order to display
surface plasmon resonance. This is likely if they are synthesized with an excess of Cu in
the case of CuzN. In soft chemical synthesis, excess Cu could favor the co-precipitation of
Cu metal and simultaneously incorporate Cu in the CusN lattice. For thin-film synthesis,
the Cu metal phase separation can be suppressed by controlling the growth conditions in
order to ensure the incorporation of Cu in the CusN lattice.

With further regard to CuzN-based nanostructures, several studies have reported
photocatalytic degradation of dyes. A schematic representation of the CuzN-based photo-
catalytic process is represented in Figure 7. The process starts when CuzN absorbs energy
equivalent to its bandgap, whereupon generating a wide range of electron-hole pairs (e™-h™")
under the photoelectric effect. The e’-h* pairs migrate to different positions on the surface
of the CuzN under the action of the generated electric field. The electrons on the surface of
CuzN are then transferred to the adsorbed molecular oxygen, generating reactive oxygen
species such as superoxides (6O,—). The holes react with water and hydroxyl ions to
generate hydroxyl radicals (¢OH) that can oxidize organic matter adsorbed on the surface
of Cu3N. The oxidizing ability of eOH radicals is the most potent among reactive oxygen
species in aqueous media. It is capable of oxidizing most of the inorganic contaminants, as
well as organic matter in water and degrading them to smaller inorganic molecules such as
carbon dioxide, water and other harmless substances. The possible chemical reactions of
the photocatalytic activity of CuszN are as follows:

CusN+hv —e” +h*

h* + H,O — eOH + H* (1)
e +0%2 =0,

OH+H+dyE*>... — CO, + HyO.
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Figure 7. Schematic representation of photocatalytic mechanism for CuszN photocatalyst.

In general, CuzN demonstrates excellent electrochemical performance. Both photo-
and electrocatalysis have the same mechanism of charge creation. The difference lies in
the type of activation energy provided to create these charges. Therefore, electrochemistry
can elucidate the redox reactions of CuzN in order to evaluate its potential for hydrogen
and oxygen production. Sajeev et al. evaluated the potential of CuzN in hydrogen evo-
lution reaction (HER), where they claim a lower overpotential than its oxide counterpart
Cu,O [112]. In general, the shift from oxides to nitrides for photo- or electrocatalysis has
been facilitated owing to the higher potential of N 2p than O 2p orbitals. This signifies that
metal nitrides have a lower bandgap than metal oxides, whereby they are more adapted
to photocatalysis. They can therefore be also employed as working photoelectrodes for
photocatalytic water splitting. Nevertheless, CusN tends to be unstable in aqueous media
and high and low pH conditions due to its tendency to oxidize. However, these concerns
are surmounted by synthesizing nanocomposites of CuzN [98], which are particularly
useful for dye degradation in aqueous media. CusN is also used as an electrocatalyst in
gas-phase reactions for the production of hydrocarbons via CO, reduction reactions [113].
Presently, there are no accounts of photoelectrocatalytic production of hydrocarbons with
CuzN or its nanocomposites, even though the potential exists.

In recent years, several studies of CuzN nanomaterials for photocatalytic applications
have been reported (Table 2). Jiang et al. reported the photocatalytic degradation of methyl
orange (MO) using CuzN thin films with an optical band gap of 2.0 eV [65]. In this work,
a MO solution of 20 mg/L in 50 mL water was used as the target degradation product
and CuaN thin films with dimensions of 2.5 cm x 1.0 cm x 120 nm as a photocatalyst
under a high-pressure mercury lamp (500 W). A degradation yield of 95.5% in 30 min
was achieved (Figure 8a). They infer that the effective photogenerated electron-hole pairs
mainly originate from Cu vacancies and interstitials in the film [65]. Although the CuzN
thin-film alone presents excellent photocatalytic properties for degrading dyes, it has a few
shortcomings. Therefore, CuzN nanostructures are combined with other semiconductors.
For instance, Zhu et al. demonstrated that the degradation of MO using TiO,@CuszN
thin films (effective band gap = 3.0 eV) is higher than in pure TiO, thin films, as seen in
Figure 8b [35]. A degradation rate of 99.2% of MO solution with an initial concentration
of 20 g/mL using a 500 W mercury lamp for 30 min was obtained [84]. Other studies
using CusN@MoS, thin films (band gap = 2.05 eV) as photocatalysts obtained a 98.3%
degradation rate of MO with an initial concentration of 10 mg/mL in 30 min. In this case,
controlled quantities of MoS; reduce the overall band gap of the nanocomposite to values
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lower than the band gap of CuzN [35]. On the other hand, during the past few decades,
researchers have also studied the photocatalytic activity of CuzN nanoparticles in aqueous
media. Sithole et al. reported the photocatalytic degradation of methylene blue (MB) and
MO using CusN nanocubes with a band gap of 2.41 eV [48]. In that study, 0.1 g of CuzN
nanocubes were added into the solution of MB and MO, with an initial concentration of
20 ppm under a solar simulator (AM 1.5 G 100 mW /cm?). Degradation efficiencies of 89%
of MO after 180 min and 61% of MB after 240 min were obtained. They argue that the
difference in degradation efficiencies was due to differences in the chemical structure of the
dyes. They affirm that catalytic reactions are more efficient in anionic than cationic dyes.
Similarly, Barman et al. evaluated the photocatalytic degradation of MB and MO using
Cu3N-Au heterojunction as a photocatalyst (Figure 8c) [38]. The Au-CusN heterostructures
ACNT1 (Au nanoparticle size is ~5 nm) and ACN2 (Au nanoparticle size is ~10 nm) exhibit
enhanced photocatalytic activity in comparison with pure CuzN nanocubes, mostly due
to the LSPR effect of Au nanoparticles that enhances charge carrier separation, Figure 8c.
In addition, the ACN2 sample with an Au particle size ~10 nm presents much better
photocatalytic behavior in MB under solar radiation. In this case, the enhancement of the
photocatalytic activity requires coupling between the conduction band of CuzN and the
Fermi level of plasmonic metals. Subsequently, charge carriers in semiconductors undergo
plasmon-induced resonance energy transfer [38], which can improve the photocatalytic
activity towards dye degradation.

Table 2. Summary of photocatalytic behavior of CuzN-based nanomaterials.

Semiconductor

Band

Dye Degradation

Composite Gap (eV) Concentration Condition Time Efficiency Particle Size Ref
CuzN@MoS, 500 W . o
thin films 2.05 MO-10 mg/mL Hg-lamp 30 min 98.3% - [35]
Au-decorated 167 MO/MB Unif/i?’s‘g arc 25 min for 84% for MO NC: 10 £+ 5 nm [38]
CusN nanocubes ’ 0.0008 mM lamp MB and MO 93% for MB  Au: 10 and 5 nm g
Solar 180 min for
simulator MO 89% for MO
Cu3N nanocubes 241 MO/MB 20 ppm source 100 240 min for 61% for MB NC: 41 £7nm [48]
mW /cm? MB
s 500 W . o
Cu3N thin films 2.0 MO-20 mg/L Hg-lamp 30 min 95.5% - [65]
T0,@CusN thin 3.0 MO-20 mg/L S0 W 30 min 99.2% - [84]
films Hg-lamp

Since photocatalysis is a surface phenomenon, the size of the nanocatalyst is a crucial
parameter in evaluating the efficiency of its photocatalytic activity [114]. The decreasing
size of the nanoparticle increases its specific surface, i.e., the number of active sites needed
for the production of ROS on photoexcitation. Active sites should be able to chemisorb
the dye molecule and simultaneously transfer the photogenerated charge carriers to them.
These active sites could be defects such as Cu or N vacancies at the surface of the nanoparti-
cle [112]. These surface defects are dominant in nanoparticles and augment with decreasing
size of the nanoparticle. In addition, the morphology of the nanoparticles also plays an
important role. Different morphologies such as rod, flower and cube tend to have different
photocatalytic efficiencies. For example, cubic, octahedral and spherical platinum (Pt)
nanoparticles present different photocatalytic activities under visible light [115]. Even
though CuzN nanoparticles exhibit high photocatalytic efficiencies of 80%, combining them
with plasmonic nanoparticles of Au further increases these efficiencies to 90%. Compared
to nanoparticles, thin films of CusN demonstrate extremely high efficiencies of 95%, most
likely due to better control of the stoichiometry during thin film growth. Furthermore, the
formation of secondary phases is easier to suppress during thin film growth by varying the
growth parameters. In contrast, chemical routes for nanoparticle synthesis inadvertently
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generate secondary phases of Cu and Cu,O that influence the overall photocatalytic activity
of CuzN. Moreover, nanocomposites of CugN consisting of TiO, and MoS, show a higher
photocatalytic dye degradation efficiency [35,84]. In such heterostructures, the Fermi level
alignment reduces the overall bandgap of the material, making the nanocomposite more
susceptible to visible light absorption and thereby increasing the absorption cross-section.
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Figure 8. (a) Methyl orange degradation by UV-Vis analysis using CuzN thin films. Reprinted
with permission from Ref [65], Creative Commons agreement from MDPI, 2020. (b) Degradation of
methyl orange by TiO, films and TiO,@Cu3zN composite films prepared by different gas flow radio
(r = [N2]/[Ar + Ny]), at r = 1/4 the degradation rate of MO is 99.2%. Reprinted with permission from
Ref [84], Creative Commons agreement from Elsevier publications, 2021. (¢) UV-Vis spectra of CuzN
nanocubes and Au-decorated CuzN nanocubes (ACN1 Au nanoparticles is ~5 nm and ACN2 Au
nanoparticles is ~10 nm) and (d) Solar light driven photo degradation of MB using Au-decorated
Cu3N nanocubes. Reprinted with permission from Ref [38], ACS publications, 2019.

CusN-based hybrid nanomaterials are considered stable and can be reused in environ-
mental remediation applications. Other than photocatalytic dye degradation in wastew-
aters, other environmental remediation applications of CuzN are also available. Li et al.
synthesized 3D Hierarchical NigN/CusN nanotube arrays for the electrolysis of urea, which
is a common effluent in wastewater [116]. Furthermore, Lee et al. demonstrate that the
catalytic activity of copper-based nanomaterials shows high stability and reusability. They
examined the reuse of the CuzN/Fe3N@SiO, magnetic catalyst. The recycled catalysts were
separated by a magnet and presented high stability and identical yield to those of the virgin
catalyst after five cycles [92]. Yin et al. also support the stability and reusability of CuzN
nanoparticles. They report a new perovskite-type copper (I) nitride (CuzN) nanocubes
catalyst for selective carbon dioxide reduction reaction (CO,RR), and they demonstrate the
reproducibility of their results after several cycles [113].

5. Other Applications of CuzN

Not only does CusN exhibit high photocatalytic activity, but it also has appreciable
catalytic activity for a range of important reactions. For example, CuzN is considered
a novel catalyst in the fields of sustainability, energy and the environment. Studies of
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the electrocatalytic activity of oxygen and hydrogen evolution reactions (OER and HER,
respectively) and in the oxygen reduction reaction (ORR) have already shown that CuzN
holds considerable promise for energy production systems [47,50,113]. Furthermore, recent
reports also indicate that CuzN can be very effectively used as a catalyst in the CO,RR.
Yin and co-workers demonstrated that CuzN nanocubes were stable and selective to ethy-
lene production at —1.6 V, with a Faradaic efficiency of 60% [113]. The electrocatalytic
activity of CusN is, therefore, also suitable for electrodes of Li- and Na-batteries, owing
to lithium-copper nitride reversible processes for a large number of cycles at elevated
temperatures [55,117,118]. The material displays high optical absorption and has therefore
been applied to photovoltaics [119]. In the electronics industry, CuzN has successfully
shown optical data storage capabilities when coupled with an Al,O3 protective layer [74].
The capacity to transform CuzN under laser pulses of different wavelengths to Cu is the
basis of optical data storage, measured in terms of changes in the reflectivity of the nanoma-
terial [80]. However, the thermal stability of CuzN under laser irradiation is not suitable for
spintronic applications. Therefore, FeN was combined with CuzN, and the nanocomposite
subsequently demonstrated potential for spintronic applications [120]. Nevertheless, the
ability of CuzN to decompose is an asset for other applications, such as Si-based large-scale
integrated circuits. These Cu-metal lines on Si wafers offer higher signal speed than tra-
ditionally used Al-metal lines [121]. Furthermore, patterning substrates by exploiting the
phase separation of Cu from CuzN allows applying the plasmonic effect of the segregated
Cu nanoparticles to Surface-Enhanced Raman Scattering (SERS) applications [122,123].
In fact, SERS is already being applied in several biomedical fields, such as bio-imaging,
cancer diagnostics and plasmonic sensors [124,125]. For antimicrobial applications, Cu
is considered a potent nanomaterial. However, in high doses, Cu presents cytotoxicity
also. Therefore, careful control of Cu quantities is required. Furthermore, the antimicrobial
properties of NiTi were enhanced when CuzN-Cu catalyst was deposited on its surface,
owing to a micro-galvanic effect [126]. Antibacterial activity against two strains of bacteria,
i.e,, E. coliand S. aureus were evaluated. In fact, the HER of the CuzN-Cu catalyst induces
oxidative stress on the bacteria through the production of ROS.

6. Summary and Outlook

The global market for nanomaterials has grown considerably in the last few years.
Recent reports suggest an increase in the production of nanomaterials with a compound
annual growth rate (CAGR) of 14.1% between 2021 and 2028. Among the various types
of nanomaterials, nanoparticles are likely to account for the largest market share. Recent
promising results on their applications in the health, energy, electronics and water treatment
sectors have been a major driving force towards their commercialization. However, the
synthesis of nanoparticles with specific properties for different applications is one of the
greatest challenges for researchers, especially in water treatment applications, including
photocatalysis. There are several photocatalytic nanomaterials in the market, with TiO,
and ZnO being the most effective. However, these nanomaterials suffer from certain draw-
backs, such as inefficient absorption of visible light, large band gaps, the low adsorption
capacity of hydrophobic contaminants, non-uniform distribution in aqueous suspension
and reclamation methods after treatment. In addition, recent reports mention that there are
regulatory restrictions in Europe on the use of TiO, due to concerns about its genotoxic-
ity [127]. Therefore, novel and industrially viable photocatalysts are necessary in order to
surpass these limitations.

Environmental pollution, including water contamination, is a global concern that
deteriorates ecosystems and negatively affects the climate. Today, climate change is the
focus of the hour. Wastewater effluents generated daily by chemical, electroplating and
metallurgical industries contain various organic dyes, e.g., methyl orange, rhodamine B
and methylene blue. These pollutants cause damage to water resources, in addition to
causing harm to humans and aquatic life owing to their toxicity and carcinogenicity. In the
literature, there are strategies to deal with dye-contaminated waters involving physical,
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chemical and biological methods [128]. However, their disadvantages, such as low effi-
ciency and incomplete contaminant removal, need to be further addressed. In this regard,
photodegradation using nanoparticles has gained enormous popularity in recent years.
Photobleaching of dyes is considered a favorable technology for industrial wastewater treat-
ment due to its environmental friendliness, low cost and absence of secondary pollution.
Therefore, photocatalysis research has become a niche topic in water treatment.

In the present scenario, metal nitrides appear as a versatile class of materials of growing
interest. CuzN specifically has attracted attention as an inexpensive, non-toxic material
with potential applications in solar cells, high-density optical data storage, lithium-ion
batteries, photocatalysis, electrocatalysis and photoelectrocatalysis. Chemical synthesis
routes lead to the formation of nanocrystals with characteristics that can be controlled
by varying the synthesis parameters. In fact, the size and shape of the nanoparticles are
sensitive to the reaction time, temperature and chemical reagents. Although there are a
good number of reports on the synthesis of pure phase Cu3N, there is still progress to
be made, as the routes are often multistep, may involve the use of hazardous gases such
as ammonia and provoke the co-precipitation of different phases, such as Cu,O and Cu
during the synthesis process. Cu,O is already a well-established photocatalyst, and Cu has
shown a synergistic effect on the latter. Therefore, CuzN could be an excellent co-catalyst
as it widens the visible absorption range of Cu,O. The large discrepancy in the bandgap of
Cu3N depends on the synthesis conditions, including doping, which can be considered an
advantage when tuning the bandgap of the material, especially when used as a co-catalyst
with CuyO. Similarly, thin films based on CuzN have been extensively studied. Sputtering
deposition of CuzN thin films being industrially viable, can be used to coat large surface
areas. Substrate dimensions on industrial sputtering lines can be as large as 1 m x 1.5 m.
Since photocatalysis is a surface phenomenon, a large surface area coverage of CuzN as
obtained by such deposition techniques is necessary to ensure efficient photoabsorption
and enhanced surface reactions. Therefore, CuzN nanostructures could be good candidates
as catalysts or co-catalysts in the photodegradation of polluted waters.

Cu3zN nanomaterials present enormous potential for applications in several fields.
However, the low stability of CuzN remains a shortcoming. The synthesis of pure CuzN
without the presence of secondary phases will be the target for the coming decade. The
field of application of CuzN nanomaterials and nanocomposites is very broad and includes
energy and environmental applications, such as catalysis, photocatalysis and electrocataly-
sis (OER, HER and ORR), as mentioned in this review. Furthermore, the electrocatalytic
activity of CuzN makes it a suitable electrode material for Li- and Na-ion batteries. Recent
investigations have shown that CuzN can also be integrated into microelectronic appli-
cations, i.e., for optical data storage when coupled with an Al,O3 protective layer and in
spintronics when combined with FeN. In the thin film form, CuzN presents promising
attributes for the field of photovoltaics owing to its versatile band gap modified via the
growth conditions in order to obtain higher optical absorption. Therefore, thin-film and
nanoparticle growth of CuzN offer promising routes for the next generation of applications.
Additionally, given its versatility, combining CuzN with other materials could augment
its electronic, optical and photocatalytic properties. Extensively studied materials, such
as carbon nanomaterials (graphene or CNTs), could enhance the adsorption of dyes and,
in turn, photocatalytic properties of CusN. Carbon-based nanomaterials themselves serve
as efficient dye adsorbents and, at the same time, enhance the charge conductivity of the
inorganic material, thereby facilitating charge separation and redox reactions. Furthermore,
they also tend to protect the inorganic material against oxidation, whereupon providing
them structural and chemical stability. Therefore, by combining the above strategies, highly
efficient, stable, low-cost and advanced semiconductors for large-scale photocatalysis could
be fabricated. Developing a stable, high efficiency and cost-effective photocatalytic system
will be the central theme of future research. CuzN-based nanostructure research is clearly
challenging and still young, but adding these nitrides to the portfolio of photocatalytic
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materials with excellent optical properties would open up many exciting possibilities for
environmental remediation.
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Abstract: Sunlight-driven photocatalytic degradation is an effective and eco-friendly technology
for the removal of organic pollutants from contaminated water. Herein, we describe the one-step
synthesis of Cu-CuyO-CugN nanoparticle mixtures using a novel non-aqueous, sol-gel route
and their application in the solar-driven photocatalytic degradation of methylene blue. The
crystalline structure and morphology were investigated with XRD, SEM and TEM. The optical
properties of the as-prepared photocatalysts were investigated with Raman, FTIR, UV-Vis and
photoluminescence spectroscopies. The influence of the phase proportions of Cu, CuyO and CuzN
in the nanoparticle mixtures on the photocatalytic activity was also investigated. Overall, the
sample containing the highest quantity of CuzN exhibits the highest photocatalytic degradation
efficiency (95%). This enhancement is attributed to factors such as absorption range broadening,
increased specific surface of the photocatalysts and the downward band bending in the p-type
semiconductors, i.e., CuzN and CuyO. Two different catalytic dosages were studied, i.e., 5 mg and
10 mg. The higher catalytic dosage exhibited lower photocatalytic degradation efficiency owing to
the increase in the turbidity of the solution.

Keywords: photocatalysis; nanoparticles; sunlight; CusN; dye degradation; semiconductor
band bending

1. Introduction

Presently, wastewater treatment is one of the most critical issues, owing to the release
of large amounts of industrial effluents into water bodies [1]. In that regard, the use of
organic dyes in food, papermaking, cosmetics, pharmaceuticals and textiles poses a threat
to the environment [2]. Presently, different aqueous remediation methods against organic
pollutants are being used, including advanced oxidation processes [3]. Today, heteroge-
neous photocatalysis is considered an efficient and environmentally friendly method for
the degradation or removal of water-soluble organic pollutants [4,5]. To that end, several
nanomaterials based on oxides and nitrides have been synthesized and studied in order
to enhance the degradation of aqueous contaminants using photocatalytic processes. In
particular, Cu-based nanomaterials have attracted interest due to the earth abundance of
Cu, which allows for tackling issues related to the sustainability and cost-effectiveness of
photocatalytic processes [6,7]. Therefore, cuprous oxide (Cu,O) and copper nitride (CuzN)
semiconductors, with narrow band gaps of 1.2-2.5 eV for Cu,O [8-10] and 0.2-2 eV for
Cu3N [11], are seen as promising visible-light-activated photocatalysts.
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In recent years, scientists have provided some insights into the photocatalytic degra-
dation mechanism of organic dyes using Cu-based nanomaterials. Norzaee et al. reported
a 90% degradation efficiency of aniline after 90 min under a UV-C lamp with CuO nanopar-
ticles [12]. Yu et al. synthesized Cu,O nanoparticles using the liquid-phase reduction
method, which degraded 83.2% of fluroxypyr under a 500 W metal halide lamp [13]. Sit-
hole et al. reported a photocatalytic degradation of 61% for methylene blue and 89% for
methylene orange by CuzN nanocubes after 180 min and 240 min, respectively, using a
solar simulator [14]. Furthermore, metallic Cu nanoparticles produce free-electron reso-
nance under visible light excitation and are therefore potential photocatalysts. For instance,
Zhang et al. demonstrated that the surface plasmon resonance (SPR) of Cu nanoparticles
engenders a spontaneous photocatalytic water-splitting [15]. In fact, plasmonic metal
nanoparticles combined with other luminescent nanoparticles tend to augment the overall
visible absorption range and also act as a sink for excited electrons that, in turn, reduces
excitonic recombination [16,17]. Even though there are some reports on the semiconductor-
metal-based photocatalyst-heterostructures [18], to the best of our knowledge, the synthesis
of Cu-CuyO-CuzN nanoparticle mixtures applied to photocatalytic dye degradation has
not yet been reported.

In the present work, a novel synthesis route that allows varying the proportions
of the crystalline phases of Cu, CuyO and CusN using a non-aqueous sol-gel method
was devised. The samples were characterized with powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier
transform infrared (FTIR), Raman, UV-Vis and photoluminescence spectroscopies. The
objective is to understand the influence of the nanoparticle proportions and the catalyst
dosage on the photocatalytic properties. Herein, the photocatalytic performances of the
samples in degrading methylene blue (MB) dye under solar radiation was evaluated
using a commercial hand-held Lovibond photometer, which also allows on-site analysis of
dye-contaminated aqueous media in real-life situations.

2. Materials and Methods
2.1. Materials

Copper (II) nitride trihydrate 99% (Cu(NO3),-3H,0O) was purchased from Acros Organ-
ics; 1-octadecene (90%), oleylamine (90%) and MB were purchased from Thermo Scientific;
and 2-propanol was purchased from Honeywell. All chemicals were of analytical grade
and used as received without further purification.

2.2. Synthesis of Cu-Based Nanocomposite

The Cu-CuyO-CusN nanoparticle mixtures were synthesized using a non-aqueous
sol-gel route inside a glovebox (controlled Ny atmosphere), and the reagents were sealed
in an autoclave for the synthesis [19,20]. In a typical experiment, 0.3 g of Cu(NO3),-3H,0
was dissolved in 10 mL of Octadecene. Then, 10 mL of oleylamine was added and
magnetically stirred at 110 °C for 20 min until a homogenous solution was obtained.
Subsequently, the solution was placed inside an autoclave and heated in an oven at
different reaction intervals of 3, 6, 12 and 24 h at a temperature of 280 °C, and the samples
were named Cu-3, Cu-6, Cu-12 and Cu-24, respectively. The autoclave was then removed
from the oven, and the reaction mixture was allowed to cool down to room temperature.
Finally, the precipitated nanomaterials were isolated using centrifugation, washed twice
with isopropanol and dried.

2.3. Characterization

The crystalline phase, proportions and particle sizes were examined with PXRD us-
ing a Bruker D8 Discover diffractometer (Bruker AXS, Karlsruhe, Germany) with CuK«1
radiation (A = 0.15, 406 nm) selected with a Ge (111) monochromator and LynxEye detec-
tor. Phases were identified using the crystallography open database [21] in Bruker EVA
version 6.0. Diffraction patterns were fitted using the Rietveld method in TOPAS version
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6 [22] to obtain phase weight percentages and crystallite sizes (Scherrer method with
full profile fit, k = 0.89). The peak shape was modeled using a fundamental parameters
approach and the cubic lattice parameter, scale and Lorentzian size broadening were
refined for three phases: copper (I) nitride (COD 1010167), cuprite (COD 1000063) and
metallic copper (COD 9013014). The microstructure of the samples was characterized
with the use of transmission electron microscope (TEM) JEOL 2010 LaBs TEM (JEOL,
Japan) operating at 200 kV in TEM mode and providing a point-to-point resolution
of 1.9 A. The surface morphology was investigated with a high-resolution scanning
electron microscope HR-SEM Zeiss Merlin (Carl Zeiss Microscopy, Munich, Germany),
and the chemical composition was determined using an energy dispersive X-ray analysis
(EDS) system Bruker EDX-XFlash6/30 detector (Bruker, Oxford, UK) with an accelera-
tion voltage of 4 kV for SEM and 10 kV for EDX analysis. The elemental composition
quantification was performed using PB/ZAF standard less mode. Another SEM, EVO
LS15 Zeiss (Carl Zeiss Microscopy, Germany), working in backscattered and secondary
electron mode at a voltage of 15 kV was used to study the morphology and topographic
characteristics of the Cu-based nanocomposites. The vibrational properties were studied
using a WITec Confocal Raman Microscope System alpha 300R (WITec Inc., Ulm, Ger-
many). Excitation in confocal Raman microscopy is generated with a frequency-doubled
Nd:YAG laser (New-port, Irvine, CA, USA) at a wavelength of 532 nm, with 50 mW
maximum laser output power in a single longitudinal mode. The incident laser beam
is focused onto the sample with a 60 x NIKON having a numerical aperture of 1.0 with
a working distance of 2.8 mm (Nikon, Tokyo, Japan). The acquisition time of a single
spectrum was set to 0.5 s. The chemical bonds were studied using a Fourier transform
infrared (FTIR) spectrometer (Nicolet is10 Thermo Scientific, Driesch, Germany) in the
range of 360-1100 cm~!. The optical absorbance of the nanocomposites was determined
using a VWR UV-VIS spectrometer (UV-1600PC, USA) in the range of 350-1100 nm.
Finally, photoluminescence spectroscopy was carried out at room temperature on the
nanopowders with excitation wavelengths of 365 nm and 532 nm using diode lasers
LSM-365A and LSM-533A LED (Ocean insight, Orlando, FL, USA) with specified output
powers of 10 mW and 1.96 mW, respectively. The emission was collected using a FLAME
ES UV-Vis spectrometer (Ocean optics, USA) with a spectral resolution of 1.34 nm.

2.4. Adsorption Experiments

The calibration curve of MB using the Lambert-Beers law is available in Figure S1,
which was obtained with a Lovibond MD 610 photometer at the MB characteristic absorp-
tion peak of 660 nm. The MB adsorption study on the photocatalysts was carried out at
room temperature under dark conditions. For this, 5 mg of the absorbent was added to
15 mL of a MB (5 mg/L) stock solution. Aliquots were carefully obtained using a pipet for
analysis. The amount of MB adsorbed was calculated using Equation (1):

_ V(C, —C.) ,mg
Q=—T—"" (?)/ )
where Q¢ (mg/g) is the amount of dye (MB) adsorbed/unit weight of the sample;
Cp—initial concentration of MB (mg/L); Ce—concentration of MB at equilibrium time
(mg/L); V—volume of solution (L) and m—the weight of the sample (mg). The percentage
of MB adsorbed is given by R (%) as is given in Equation (2):

R :@ 100%, )

where Cj and C; are the initial and final concentrations of MB in the solution, respectively.

The MB adsorption behavior of the nanoparticle mixtures was also verified for the
pseudo-second-order kinetic model, which assumes that the rate-limiting step is the
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interaction between two reagent particles. The equation of this model is illustrated as
Equation (3):
t_ 1t
Qt kZQg Qe ’
where kj is the equilibrium rate constant of the pseudo-second-order (g/mg min). The
linear fit between the t/Q; and contact time (t) can be approximated as pseudo-second-
order kinetics.

©)

2.5. Photoctalytic Experiments

The photocatalytic activity of the Cu-Cu,O-CuzN nanoparticle mixtures was evaluated
by monitoring the photodegradation of MB under solar radiation in the open air. In a
typical experiment, 5 mg and 10 mg of the photocatalyst were dispersed in 20 mL of the
MB aqueous solution with a concentration of 5 mg/L. For evaluating the photocatalytic
activity after adsorption, the suspension was placed in the dark for 2 h in order to attain
adsorption—-desorption equilibrium before being exposed to solar radiation in beakers with
and without a glass cover. The glass cover served as a filter to block UV radiation from the
sun and allowed us to solely evaluate the visible-light, solar-driven photocatalysis.

3. Results and Discussion
3.1. Structure and Morphology

The variation in the crystalline phase proportions of Cu,O, CuzN and Cu in the
samples as a function of synthesis time was studied using PXRD analysis (see Figure 1).
The PXRD patterns of samples Cu-3, Cu-6 and Cu-12 exhibit the characteristic PXRD peaks
of CupO, CuzN and metallic Cu structures in variable proportions (see Table 1). This
result clearly suggests that the Cu' species were generated with the reduction of Cull
by oleylamine upon heating in reductive environments. In the PXRD pattern, peaks at
29.68°, 36.47°, 42.3°, 61.4° and 73.6°, correspond to (110), (111), (200), (220) and (311),
respectively reflections of Cup,Obelonging to the cubic Pn3m phase (COD 1000063). The
diffraction peaks visible at 41.12° and 47.84° correspond to the crystal planes (111) and (200),
respectively, of CuzN nanocrystals belonging to the Pm3m space group (COD 1010167).
The proportion of Cu metal nanoparticles increases with the synthesis time, and sample
Cu-24 consists of pure metallic Cu nanoparticles, indicating a complete reduction of Cu'
to Cu’. The PXRD peaks visible at 43.26°, 50.42°and 74.12° correspond to the (111), (200)
and (220), respectively, planes of Cu-metal face-centered cubic crystal structure Fm3m
(COD 9013014). The differences in phase composition are due to changes in the synthesis
reactions, influenced by the synthesis time. In fact, as the synthesis time increases, a large
decomposition or/and desorption of the oleylamine capping agent is likely, leading to the
further reduction of CuyO and CugN into Cu metal [23]. The PXRD data indicate that the
thermal decomposition of Cu(NO3);-3H,0 in octadecene and olyelamine at 280 °C results
in the precipitation of Cu-CuyO-Cu3N after 3 h. Then, as the synthesis time increases, the
Cu3N and Cu,O phases are reduced to Cu metal.

Table 1. Phase ratios of Cup,O, CuzN and Cu in the samples and their crystallite size distribution
calculated from the PXRD patterns.

Cu-3 Cu-6 Cu-12 Cu-24
Crystalline  Crystallite  Crystalline  Crystallite  Crystalline  Crystallite  Crystalline Crystallite  Crystalline
Phase Size (nm) Phase (%) Size (nm) Phase (%) Size (nm) Phase (%) Size (nm) Phase (%)
Cu 50 321 55.7 44.6 54 90.3 71 100
CuyO 14.8 495 26.7 543 30 5.5 - -
CuzN 2.8 18 30 11 29 42 - -
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Figure 1. PXRD patterns of the samples.

The crystallite size and weight percentages of Cu,O, CuzN and Cu nanoparticles in
the samples are calculated from Rietveld fits of the PXRD data. Table 1 reports the average
crystallite diameter of each phase and the weight % composition of the samples from
Rietveld fits to their PXRD patterns. The calculations indicate that for Cu-3, the particle
sizes of CupO and CusN are 15 nm and 3 nm, respectively. As the reaction time increases
for Cu-6 and Cu-12, the nanoparticles adopt an average size of 30 nm for both the Cu,O
and CusN phases. After 24 h (Cu-24), only the diffraction peaks characteristic of Cu metal
are observed. The Cu nanoparticles have an average size of 50 nm in samples Cu-3, Cu-6
and Cu-12, but for Cu-24, in which it is the only phase present, the average particle size
increases slightly to 70 nm.

Figures 2 and 3 are the typical SEM and TEM images of the samples. In Figure 2a,b,
corresponding to the Cu-24 sample, the pure Cu nanoparticles exhibit a homogeneous
powder morphology. On the other hand, Figure 2¢c, showing the Cu-3 sample, contains
a blend of all three phases. However, two main morphologies are visible, including the
powder morphology of the Cu nanoparticles in Figure 2a,b. The existence of sphere-like
nanoparticles obtained after 3 h of synthesis can be attributed to CuyO nanoparticles,
considering their phase proportion of ~50%. These spheres are agglomerates of smaller
nanoparticles, given their granular surfaces. For this sample, the CuzN nanoparticles are
not discernable because of their small average particle size of 7 nm, according to the PXRD
results. With an increase in synthesis time, i.e., for the Cu-6 and Cu-12 samples (Figure 2d—f),
additional morphologies are visible. Some reports suggest that the thermal decomposition
of oleylamine depends on the synthesis time, which plays an important role in controlling
the size and shape of the nanocrystals [24,25]. Thus, in addition to the spherical and
powder morphologies corresponding mostly to Cu,O and Cu nanoparticles, tetrahedral
and cubic morphologies are also observed. In fact, both CuyO and Cu3zN can present
cube and pyramidal morphologies. In the case of Cu,O, several morphologies, i.e., cube,
truncated octahedron and tetrapods are possible with varying the quantity of ammonia,
hydroxyl groups and water in the solution [26]. In our synthesis, the quantity of ammonia
in the reaction mixture under solvothermal conditions, along with the optimum reaction
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time, determines not only the quantity of CuzN and Cu,O nanoparticles precipitated but
also their morphology [24].

Zun
= ¢

Figure 2. SEM images of (a,b) Cu-24, (c) Cu-3, (d) and (e) Cu-6, (f) Cu-12 (the inset is a higher
magnification image of all the 3 morphologies, i.e., powder, sphere and cube).

Figure 3. TEM images of the CuyO, CusN and Cu nanoparticle mixture samples synthesized at
different reaction times (a,d) Cu-3, (b,e) Cu-6, (c) Cu-12 and (f) Cu-24.
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Furthermore, EDX was performed on several particles for the Cu-6 sample, in order
to distinguish CuzN from Cu,O. It should be noted that EDX is not suitable to quantify
lighter elements, such as oxygen and nitrogen. However, variations in the EDX peak
intensities of N and O from various particles could provide an indication of N/O-rich or
poor compositions. As seen in the EDX spectrum in Figure S2, the truncated octahedral
particles manifest a relatively intense oxygen peak compared to the nitrogen peak and are,
therefore, most likely Cu,O.

TEM was carried out in order to study the particle sizes and morphologies of
the Cu-based nanoparticles. It is noteworthy that the TEM images on their own are
not sufficient to determine the nanoparticle phase. However, techniques such as XRD
coupled with Rietveld refinement provide the average crystallite size for each phase.
The size of nanoparticles from TEM was compared with PXRD data from Table 1 in
order to estimate the phase of the nanoparticles. Figure 3a,d shows the micrographs
of the Cu-3h sample. In Figure 3a, a nanoparticle of size 15 nm is most likely Cu,0O, in
agreement with the XRD results. However, a shell is visible on its surface (Figure 3a),
probably due to the incomplete reaction of oleylamine. Several studies have shown that
the presence of oleylamine surfactant modifies the optical properties of the materials. For
instance, ZnO/ZnCdSe alloy synthesized with oleylamine manifested a blueshift in the
absorption spectrum and a red shift in the emission spectrum [27]. A similar trend was
also observed for CuO nanoparticles synthesized with oleylamine [28]. In Figure 3d, the
contrast of the TEM images reveals the presence of twin boundaries, which are typical of
metallic nanoparticles such as Cu with a particle size of ~50 nm. In addition, there are
smaller nanoparticles in the background of ~5 nm in size, as shown in Figure 3d, which
are most likely CusN (Table 1).

As the reaction time increases, changes in particle sizes and morphologies are vis-
ible. Additionally, the capping agent that was present in the Cu-3 sample is absent at
longer synthesis intervals. In Figure 3b,e, the TEM images of the Cu-6 sample reveal dif-
ferent morphologies for Cu,O, CuzN and Cu nanoparticles. The cuboidal nanoparticles
would most probably correspond to Cu,O, as the crystalline proportion of CuzN is very
low (~1.1%). For the Cu-12 sample (Figure 3c), the TEM micrograph reveals spherical
nanoparticles of ~50 nm that correspond to the Cu phase, whereas smaller nanoparticles
of ~20 nm could be both CuzN and Cu,O. Finally, the TEM image of the Cu-24 sample in
Figure 3f displays pure Cu nanoparticles with sizes ranging from 50 nm to 300 nm.

3.2. Elemental Characterization

The relationship between the physical and chemical properties of the nanocomposites
was probed using Raman spectroscopy, as shown in Figure 4a. In principle, the presence
of Cu nanoparticles cannot be ascertained with Raman spectroscopy as metals possess
negative-real and positive-imaginary dielectric constants and also exhibit surface plasmon
resonance [29]. However, in the present case, Cu metal nanoparticles from the Cu-24 sample
oxidized under the green laser beam into cupric oxide (CuO) [29]. The peak at 280 cm~" is
assigned in the literature to the stretching vibrational mode of CuO. This peak is present
in all the samples due to the presence of Cu nanoparticles that systematically undergo
oxidation under the laser. It should be noted that CuO is not present in the as-synthesized
nanocomposites (Figure 1). However, the small redshift in this peak and the broadening in
the bandwidth at around 290 cm™! for the Cu-3 sample could be attributed to the small
nanoparticles in the CuzN phase (~3 nm). The Raman peaks at around 152 cm 1, 216 cm !
and 515 cm ™! are fully consistent with peaks of Cu,O [30]. According to Wei et al., the peak
at about 216 em ! could be attributed to the second-order overtones 2’1, and the other
weaker peaks at 152 cm !, 515 cm ™! and 624 cm ™! correspond to T'y5 of oxygen vacancies;
the fourth-order overtone 4I'1; and the red-allowed mode I'i5 are phonon vibrations of
Cu,0 [31]. The relative intensity of the peak at 515 cm ™! decreases with the synthesis
time due to the decreasing quantity of CuyO. According to Sajeev et al., the peak located
at 624 cm~! corresponds to the stretching and bending in the Cu-N bond from the CusN
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phase [32]. The relative intensities of this peak for Cu-6 and Cu-12 are almost the same
due to the low amounts of CuzN present in these samples. However, for the Cu-3 sample,
there is an increase in the relative intensity of this peak owing to a higher amount of the
CuzN phase (18%). In addition, the band between 151 and 171 cm~! corresponds also to
the Cu-Cu dimer, which is prominent in the Cu-24 sample [33].
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Figure 4. (a) Normalized Raman spectra and (b) FTIR spectra of the mixtures of the nanocomposites.

The FT-IR spectra, as shown in Figure 4b, highlight the vibrational bands of the
organic and inorganic moieties present in the nanocomposites. FT-IR indicates changes in
the framework configurations of the nanocomposites via shifts in the bands as a function
of synthesis time. In the FT-IR spectra of the Cu-3 and Cu-6 samples, the peak located
at 2868 cm ™! corresponds to the stretching vibrational mode of the Cu-O bonds from
the Cu,O crystalline phase [34,35]. Moreover, a decrease in the peak intensity signifies
a decrease in Cu,O content in the samples. This peak is no longer present in samples
synthesized at longer synthesis intervals. Furthermore, the characteristic peak located at
655 cm ™! in the Cu-3 and Cu-6 samples can also be ascribed to the intrinsic lattice mode
vibration in Cu-N bonds from the CuzN nanoparticles present in the nanocomposites [32].
However, for the Cu-12 sample, the peak at 655 cm ! is not visible due to a very low
fraction in the CuzN phase (1.1%), as well as for the Cu-24 sample that corresponds to
pure Cu-metal nanoparticles. The main stretching vibration in pure Cu nanoparticles
was found at 520 cm ! (represented by e) [36]. The FTIR spectra of the Cu-3 and Cu-6
samples also exhibit a small peak at ~2905 cm~! that can be attributed to the stretching
vibration in the C-H bonds from the oleylamine [37]. Free N, has a N=N stretching at
around 2331 cm ! [38]; in contrast, because N coordinated with a metal atom is a weak
Lewis base, this coordination shifts the stretching peak to 19702180 cm ™! [38].

3.3. Optical Properties

UV-Vis absorption spectra of the nanocomposites show a broad absorption peak
located at ~600 nm that can be assigned to the SPR band of Cu nanoparticles (Figure 5a) [39].
This peak is prominent in the Cu-24 sample, which corresponds to a pure phase of Cu
metal. For samples synthesized at shorter intervals, the SPR of the Cu-metal phase shows
a redshift. It is reported that the SPR band of Cu-metal nanoparticles shifts as a function
of the Cu-nanoparticle size, shape, dielectric properties and the presence of other phases
in the sample [40-42]. For instance, Mott et al. reported a redshift in the SPR of Cu as
the particle size increases [39]. In our study, the red shift in the SPR of Cu is attributed to
the presence of the CuyO and Cu3N phases, with additional absorption wavelengths in
the red part of the visible spectrum and the near-infrared, respectively. For the samples
that contain a higher amount of CuzN nanoparticles, i.e., Cu-3 and Cu-6, a characteristic
absorption peak is located at around 1020 nm, but for the Cu-12 sample, this peak is around
980 nm. These corroborate with the reported band gap of ~1.2 eV for CuzN [43,44]. The
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absorption peaks visible at around 870 nm (1.4 eV) in the Cu-3, Cu-6 and Cu-12 samples
correspond to the absorption edges of Cu,O nanoparticles, corroborating with the range of
the reported bandgap, i.e., 1.2 eV-2 eV [10,45].

The emission properties of the nanocomposites were examined using room temper-
ature photoluminescence spectroscopy. Under UV-excitation of 365 nm (Figure 5c), the
emission peak maximum of all samples is between 580 nm and 620 nm, corroborating
with the plasmonic emission of Cu-metal nanoparticles. The fluorescence is ascribed to the
radiative recombination of electrons in the s-p conduction band below the Fermi level with
the holes in the d-band of Cu. In addition, the asymmetrical emission spectra have a low
energy tail related to intraband transitions [46]. Changes in the intensity of the intraband
emission are a result of changes in the coupling of Cu with various nanocomposites, owing
to electron transfer mechanisms.

Since we performed solar-driven photocatalysis, and the maximum intensity of
the solar radiation is around 550 nm, we therefore chose a 533 nm excitation source
to study the emission properties of the samples (Figure 5d). The photoluminescence
emission spectra of Cu and Cu,O have been adequately studied in the literature [47].
However, very few reports exist on the photoluminescence emission of CuzN using a
visible light excitation source. In fact, in most of the studies, a UV excitation source with
very high emission intensity was used. Yeshchenko et al. studied photoluminescence
emission localized at 660 nm in Cu metal nanoparticles with an excitation wavelength of
355 nm [46]. Basavalingaiah et al. reported the photoluminescence emission of Cu,O
with an excitation wavelength of 250 nm, showing two-emission peaks at 712 nm and
564 nm [48]. Sithole et al. studied the photoluminescence spectra of CuzN nanoparticles
with an emission around 486 nm using an excitation wavelength of 200 nm [14].
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Figure 5. (a) Normalized UV-Vis absorption spectra of the nanoparticle mixtures, (b) downward
band bending in p-type semiconductors, along with electron accumulation and transfer to the oxygen
molecules generating ROS. The bandgaps of CuzN and Cu,O were determined using the Tauc plots
in Figure S4. Their band edges were then determined using the energy levels in references [49,50].
Photoluminescence emission spectra of the samples with an excitation wavelength of (c) 365 nm
(normalized emission) and (d) 533 nm.
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In the photoluminescence spectra shown in Figure 5¢c,d, the emission is dominated
by the Cu plasmonic emission for all the samples irrespective of the presence of other
phases. PL emissions corresponding to CuzN and Cu,O were once again not observed.
For the Cu-24 sample, the pure Cu metal nanoparticles exhibit a strong emission peak
at 554 nm, very close to the photoluminescence band of bulk cooper (560 nm) [46].
Nevertheless, a decrease in the emission intensity along with energy shifts are also
notable in the spectra, influenced by the presence of secondary phases and differences in
nanoparticle sizes. According to the literature, the blueshift in the photoluminescence
spectrum of the Cu-based nanoparticles is indicative of the presence of surface traps,
while a redshift towards the band edge emission indicates defect-free nanoparticles [14].
The changes in the emission peak positions and intensities can be attributed to electron
transfer mechanisms between various phases and changes in radiative recombination
influenced by the ambient as well as semiconductor band bending. In fact, band bending
is a phenomenon that occurs at the interface of a semiconductor and a metal. The nature
of the band bending depends on the work functions of the two materials. In our case,
the work function of Cu (4 eV) is lower than the work functions of CusN (5.06 eV) and
Cup0O (5 eV) [51,52]. Therefore, a downward band bending in the p-type Cu,O and
CusN occurs due to the formation of a Schottky junction with Cu nanoparticles [53-56].
As a consequence, the downward band bending reduces the radiative recombination
in CuzN and Cu,O in the band bending region (Figure 5b). Upon photoexcitation,
the band bending leads to an accumulation of electrons on the surface of CuzN and
CuO that are subsequently transferred to Cu nanoparticles. At the same time, holes
are directed toward the volume of the nanoparticle from the band-bending region.
Consequently, the excitonic recombination is suppressed in CuzN and CuyO. On the
other hand, owing to the electron transfer to Cu nanoparticles, the emission of Cu
metal nanoparticles is enhanced. Simultaneously, electrons on the surfaces of Cu;O and
CuzN would also undergo non-radiative recombination, e.g., via transfer to chemisorbed
oxygen molecules, when photoexcited in ambient conditions. The highest emission
is observed in the Cu-24 sample containing pure Cu metal nanoparticles, while the
lowest is attributed to the Cu-12 sample with Cu and Cu,O phases. For photocatalysis, a
low emission or longer excitonic recombination lifetime is important in order to ensure
electron transfer from the nanoparticle to the dye solution [54,56].

4. Adsorption Kinetics

Adsorption kinetics were studied at different time intervals in order to quantify the
adsorption rate and elucidate the mechanism of adsorption, i.e., physical or chemical
adsorption. Adsorption kinetics describe the rate of release of a sorbate from an aqueous
solution to a solid-phase interface. The isotherms of MB adsorbed on the surface of the
different nanoparticle mixture samples are show in Figure 6a. In dark conditions, the
MB adsorbed on the surface of the nanoparticles exhibits an abrupt increase up to the
first 100 min after which it reaches a plateau. This initial uptake is due to the abundance
of active sites on the surface of the nanoparticles, which decreases over time, i.e., when
solute concentration gradient becomes very high. When C./Cy reaches a plateau, it
suggests that all active sites have been filled and no additional adsorption is possible.
Furthermore, the adsorption-desorption equilibrium is achieved after ~2 h. This trend
indicates the layer-by-layer (monolayer to multi-layer) adsorption of MB on the surface
of the Cu-based nanoparticles [57]. The MB removal for the Cu-3, Cu-6, Cu-12 and Cu-24
samples is 8.04%, 7.58%, 7.16% and 5.77%, respectively, after 250 min. Additionally, Q; is
higher for samples containing mixed phases of Cu, CuyO and Cu3N and lower for the
pure Cu phase nanoparticles.
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Figure 6. Adsorption kinetics (a) and the pseudo-second-order kinetic (b) plots for 5 mg of the
nanocomposite in 15 mL aqueous solution containing a 5 mg/L concentration of MB.

For further investigation, the pseudo-second-order model was also applied in order
to interpret the adsorption kinetics (Figure 6b). In the pseudo-second-order model, we
assume that (i) the adsorbate concentration is constant in time and (ii) the total number
of binding sites depends on the amount adsorbed at equilibrium. Furthermore, this
model is most adapted to chemical sorption involving valence forces through sharing or
exchanging of electrons between adsorbent and sorbate, as in the case of organic pollutants.
A linear relationship with high correlation coefficients (R?) is observed between t/Q; and t,
indicating the applicability of the pseudo-second-order model to describe the adsorption
process of MB with the nanoparticle mixtures. In Table 2, the values of the correlation
coefficient R? suggest that the adsorption tendency corroborates with the pseudo-second-
order kinetic model with a slight improvement for samples containing larger amounts
of Cu nanoparticles (Cu-12 and Cu-24). The amount of MB adsorbed per gram of the
photocatalyst (Q.) is the highest for the Cu-3 and Cu-6 samples. The rate constant K; for
pseudo-second-order was the lowest for the Cu-6 sample followed by the Cu-3 sample,
indicating quicker reaction kinetics for these samples containing higher amounts of CuzN
and CuyO phases. In fact, the co-precipitation of the Cu phase during synthesis indicates
that both CuyO and CuzN were synthesized in Cu-rich conditions, likely resulting in
oxygen and nitrogen vacancies on their surface. These positively charged defects are active
areas for chemical adsorption and improved absorption kinetics.

Table 2. Adsorption kinetic parameters of MB by the nanocomposites obtained using the pseudo-
second-order kinetic Equation (3).

Pseudo-Second-Order

Sample -
Qe fitted (Mg/8) K; (g/mg min) R?
Cu-3 1.3089 0.0296 0.9783
Cu-6 1.4080 0.0174 0.9361
Cu-12 1.1629 0.0588 0.9821
Cu-24 0.9862 0.0431 0.9920

5. Sunlight-Driven Photocatalysis

Visible light photocatalytic activity of the nanoparticle mixture samples was sub-
sequently evaluated by measuring the removal or degradation of MB from an aqueous
solution under sunlight radiation with a UV index of 4-5. The photodegradation of MB
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was monitored with the normalized change in its concentration (C;/Cy) as a function of the
irradiation time (t), as shown in Figure 7. All the solutions tested consisted of 5 mg/L of MB
in distilled water except for the control sample, which did not contain any nanoparticles.
Under solar radiation, the photobleaching in the control sample is observed. However,
the tests with nanoparticles showed that the photocatalytic degradation of MB is higher
than the photobleaching in the control sample and reaches 55% degradation after 4 h of
sunlight exposure. Furthermore, an equilibrium is achieved after 6 h, and the photocatalytic
degradation rate decreases. MB degradation of 96%, 95%, 93% and 92% using the Cu-3,
Cu-6, Cu-12 and Cu-24 samples, respectively, is obtained using 5 mg of nanocomposites for
each experiment. All experiments were carried out in beakers without a lid. The higher
degradation efficiency observed for the Cu-3 sample can be ascribed to the augmented
visible light absorption range, owing to a higher amount of CuzN nanoparticles in the
sample. The presence of these phases broadens the absorption spectra up to the infrared.
In addition, the high specific surface of the CuzN and Cu,O nanoparticles is directly linked
to their average particle sizes of 2.9 nm and 15 nm, respectively. As the synthesis time
increases, the particles enlarge, and as a consequence, the specific surface is lowered. In ad-
dition, the SPR of Cu nanoparticles would create charge polarization that can influence the
absorption and scattering of visible light, in turn, enhancing the photocatalytic degradation
efficiency of CugN and Cu,O [58].
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(c) Cu-12 and (d) Cu-24 in 20 mL aqueous solution with an MB concentration of 5 mg/L.
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The photocatalytic degradation efficiency depends on the active surface area of the
photocatalyst. For higher amounts of catalysts, i.e., 10 mg, the dye-degradation efficiency
decreases to 87%, 85%, 83% and 82% for the Cu-3, Cu-6, Cu-12 and Cu-24 samples, re-
spectively, at the end of 6 h. It has been reported that the photocatalytic degradation
efficiency increases as the amount of photocatalyst increases up to an optimum quantity of
catalyst, after which a decrease in degradation is observed [59]. In this particular study,
the nanocomposites are hydrophobic and remain on the surface of the aqueous solution.
For 5 mg of catalyst, a thin layer of nanoparticles is formed on the surface of the liquid,
which thickens with an increase in the catalyst amount, making the surface opaque. Ad-
ditionally, only the topmost layers in the catalyst surface are exposed to sunlight, which
may not be in contact with the aqueous solution. This implies that the charge transfer from
the nanoparticles to the organic pollutants in the aqueous solution may be less efficient.
This shielding effect due to the increase in the quantity of the photocatalyst could explain
the lower photocatalytic activity. In addition, at high concentrations, the photocatalyst
nanoparticles have a tendency to aggregate, which, in turn, reduces the number of active
sites. Khataee et al. reported similar results, in which degradation efficiency increases
from 14% to 57% with a catalyst dosage from 0.25 to 1 g/L, followed by a decrease in the
degradation efficiency by 50% with a further increase in the catalyst dosage up to 2 g/L [60].
In fact, for very high concentrations of catalysts, the increase in turbidity of the suspension
decreases the light penetration and the photodegradation efficiency [61].

The photocatalytic dye degradation in several Cu-based nanomaterials is presented in
Table 3, for comparison. In general, their dye degradation efficiency is very high, depending
upon the dye, excitation source and catalyst load. However, most of the photocatalytic
degradation activity is carried out under high-power UV- light, which showed degradation
efficiencies of up to 90% for various organic dyes. Most of the studies used higher catalyst
amounts owing to higher Cy. Under sunlight or solar simulator, the degradation efficiencies
were lower ranging between 65 and 80%. In comparison, the nanoparticle mixtures in this
study manifest very high degradation efficiencies under sunlight, reaching 96% for Cu-3,
consisting of the highest quantity of CuzN nanoparticles.

Table 3. Comparison of photocatalytic performance of recent works using Cu-based nanomaterials
and the present study:.

. Initial Catalyst Degradation
Catalyst Dye Light Source Concentration Dosage Rate (%) Ref.
MB 150 W metal 80
CuO-Cu20 Methylene Orange halide lamp 5mg/L 028 50 18]
CuO Aniline UV-C lamp 50 mg/L 0.01-0.1g 90 [12]
500 W metal
Cu,O Fluroxypyr halide lamp 11.17 mg/L 0lg 83 [13]
MB Solar 61 )
CusN Methylene Orange simulator 20 mg/L 0lg 89 (4]
250 W
Au-CuzN MB UV lamp 25mg/L 15 mg 84 [25]
MB . 65
Cup,0/CuO/Cu Rhodamine B Sun light 20 mg/L 40 mg 60 [62]
Methylene Orange 30W 91
Cu-ZnO Indigo Carmine 13 10 mg/L 25mg 92 [63]
Rhodamine B UV-light lamp 90
Cu-3 96
Cu-6 . 95
Cu-12 MB Sun light 5mg/L 5mg 93 Present study
Cu-24 92
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In this section, the effect of blocking UV-radiation, in order to exclusively study vis-
ible solar-driven photocatalytic degradation of MB, is analyzed. The absorption spectra
of the nanoparticle mixtures provide an additional peak at ~300 nm (Figure S3), which
corresponds to the absorption peak of oleylamine, corroborating our FTIR studies [64].
The presence of this organic moiety shields the nanoparticle surface and could have a
negative effect on their photocatalytic efficiencies. For this, a glass lid is placed on the
beakers during sunlight exposure. Figure S5 provides the transmittance characteristics
of distilled water (DI), MB solution and the glass cover/lid. As observed, DI transmits
from the UV to infrared with an absorption peak at around 980 nm. The transmittance
of DI with MB is very similar to the transmittance of DI alone, except for a strong
absorption peak at 660 nm corresponding to MB absorption. However, the glass lid
transmits uniformly from 400 nm to 1100 nm, i.e., from the visible to the infrared regions.
The purpose of the lid was therefore to limit the photoexcitation wavelengths from
400 nm to 1100 nm, allowing us to study MB degradation under visible light. For the
5 mg catalyst loading, the lid did not change the photocatalytic degradation efficiency
significantly. On the other hand, for the 10 mg loading, an overall reduction in the
photocatalytic efficiency is observed compared to the 5 mg loading, irrespective of the
lid. Considering the 10 mg loading with and without the lid, the presence of the lid
improves the degradation efficiency by 10% with MB degradations of 92%, 89%, 88% and
90% for the Cu-3, Cu-6, Cu-12 and Cu-24 samples, respectively. In order to reduce the
shielding effect mentioned before, the 10 mg catalyst-loaded MB solution was sonicated
(represented as SS on the graphs in Figure 7) in order to homogeneously disperse the
nanoparticles in the solution. After sonication, the turbidity of the solution increased,
which consequently decreased the photocatalytic degradation by 10% compared to the
non-sonicated samples. In fact, the MB degradation with the lid was 83%, 88%, 81% and
79%, and without the lid, it was 76%, 81%, 76% and 77%, for the Cu-3, Cu-6, Cu-12 and
Cu-24 samples, respectively. Since, both Cu,O and Cu3N are p-type semiconductors,
when in contact with metallic Cu, air or water, they undergo downward band bend-
ing, creating an energy barrier for the photogenerated holes [65]. Band bending is an
important mechanism for tuning the surface properties of a semiconductor. For p-type
semiconductors in contact with O-rich environments, such as in aqueous media, the con-
duction band and valence band undergo downward band bending. This phenomenon
tends to reduce the excitonic radiative recombination in the band-bending region [66].
In nanomaterials with a high surface-to-volume ratio, it results in an overall decrease in
radiative recombination. In such situations, excitonic relaxation occurs via non-radiative
pathways. Furthermore, downward band bending results in electron accumulation
near the surface of the nanoparticles on photoexcitation. Subsequently, the transfer of
electrons to oxygen molecules and hydroxyl radicals in contact with the nanoparticle
surface occurs in aqueous media via a type II mechanism of dye degradation. Thereupon,
oxidizing species, such as singlet oxygen, superoxide, hydroxyl radical and ion, are
generated that degrade organic pollutants, such as MB, as shown in Figure 5b. Even
though, dyes undergo photobleaching under the appropriate radiation via type I and II
mechanisms, the presence of a semiconductor photocatalyst produces a high number of
electrons that are transferred to the oxygen molecules that subsequently create a higher
amount of ROS, which, in turn, enhances the dye degradation. After several oxidations
of the oxygen molecule to either the hydroxyl radical or ions that degrade the dye, they
finally condense into water, which is the final product of the photocatalytic process.
Even though Cu nanoparticles themselves demonstrate good photocatalytic efficiency
via efficient production of ROS, the samples with CuzN tend to possess a higher catalytic
efficiency of ~4%. However, the catalytic efficiency of Cu nanoparticles decreases with
higher catalyst loading. Additionally, samples containing CuzN tend to present higher
adsorption kinetics than the Cu-24 sample containing only Cu nanoparticles. Therefore,
the combined effect of adsorption and photocatalysis is required in order to obtain a
higher dye-degradation efficiency.
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6. Conclusions

In summary, we have successfully synthesized Cu-based nanocomposites with dif-
ferent ratios of Cu, CuyO and CuzN using non-aqueous sol-gel routes by varying the
synthesis time. These were successfully applied to the visible-light-driven photocatalytic
degradation of MB. The presence of the plasmonic Cu metal nanoparticles in these sam-
ples induces downward band bending in the p-type Cu,O and CuzN, creating electron
accumulation on their surfaces. Therefore, the mechanism of dye degradation in addition
to photobleaching is the generation of reactive oxygen species on the transfer of electrons
from the nanoparticle surface to the oxygen and hydroxyl radicals present in the aqueous
medium. In narrow band gap semiconductors, the rapid excitonic recombination rate that
tends to decrease the photocatalytic efficiency is circumvented via the band bending effect
in the p-type semiconductor at the metal interface as well as at the aqueous interface. Other
parameters that enhance the photocatalytic activity include the increase in the absorption
range of the photocatalyst, their morphology, higher specific surface, optimum catalyst
dosage and the homogeneity of the catalyst dispersion in the solution. This study showed
that the presence of CuzN extends the light absorption range to the near-infrared region,
with an effective absorption range from 600 nm to 1000 nm for the nanoparticle mixtures
adapted to visible light photocatalysis. The photocatalytic degradation is also the highest
for the sample containing nanoparticles with the highest specific surface, i.e., CuyO and
CuzN. However, the stability of these nanoparticles still needs to be explored as CuzN
and Cu can undergo oxidation and Cu,O can further oxidize to CuO. Another challenge
remains in applying these nanomaterials to larger-scale setups and reclaiming the catalysts
after exhaustion. Therefore, our future work will consist of understanding the stability
of these nanocomposites for various cycles of dye degradation by immobilizing them on
appropriate supports to facilitate their recovery.
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Abstract: ZnO is an effective photocatalyst applied to the degradation of organic dyes in aqueous
media. In this study, the UV-light and sunlight-driven photocatalytic activities of ZnO nanoparticles
are evaluated. A handheld Lovibond photometer was purposefully calibrated in order to monitor
the dye removal in outdoor conditions. The effect of ZnO defect states, i.e., the presence of zinc and
oxygen defects on the photocatalytic activity was probed for two types of dyes: fuchsin and methylene
blue. Three morphologies of ZnO nanoparticles were deliberately selected, i.e., spherical, facetted
and a mix of spherical and facetted, ascertained via transmission electron microscopy. Aqueous and
non-aqueous sol-gel routes were applied to their synthesis in order to tailor their size, morphology
and defect states. Raman spectroscopy demonstrated that the spherical nanoparticles contained a
high amount of oxygen vacancies and zinc interstitials. Photoluminescence spectroscopy revealed
that the facetted nanoparticles harbored zinc vacancies in addition to oxygen vacancies. A mechanism
for dye degradation based on the possible surface defects in facetted nanoparticles is proposed in this
work. The reusability of these nanoparticles for five cycles of dye degradation was also analyzed.
More specifically, facetted ZnO nanoparticles tend to exhibit higher efficiencies and reusability than
spherical nanoparticles.

Keywords: nanoparticles; ZnO; green photocatalysis; surface defects; ROS

1. Introduction

Removal of toxic chemicals, such as dyes from industrial effluents requires innova-
tive treatment methods. Dyes can be toxic and carcinogenic in high accumulated doses
in the body [1-4]. Furthermore, other than the dye itself, molecular side-groups, e.g.,
toluene generated from the dyes during natural degradation processes are also harmful
compounds [5]. In that regard, dye degradation in the presence of a photocatalyst ap-
pears to be an efficient and eco-friendly method that produces simple compounds, such
as water and carbon dioxide. Photocatalytic nanomaterials such as TiO, and ZnO are
capable of fully degrading a large variety of organic and some inorganic molecules [6-13].
The dye-degradation mechanism involves electron transfer from the nanoparticle to the
oxygen species, biomolecules or other organic compounds in its vicinity. While some
concerns about the toxicity of semiconductor nanoparticles due to the creation of reactive
oxygen species (ROS) have emerged [14-17], ZnO nanoparticles tend to be relatively safe,
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presenting cytotoxicity only in large quantities on inhalation and skin exposure [14-16]. In
places with an abundance of natural sunlight, photocatalysis has shown to be an excellent
option in terms of cost-effectiveness and sustainability. However, photocatalytic treatment
of wastewater still needs further research in areas such as the degradation rates of different
molecules, the influence of solar irradiation and their reusability. More particularly, the
effect of dye adsorption by the nanoparticles on degradation efficiency is still ambiguous.

ZnO is a wide-bandgap semiconductor with a direct bandgap of 3.37 eV and is
considered a highly efficient photocatalyst for wastewater treatment [7,8]. Absorption of
light in semiconductors leads to the creation of excitons. The excited electron—hole pairs
react with hydroxyl and oxygen molecules in their vicinity to form ROS that degrade organic
molecules, such as dyes. In wide-bandgap semiconductors, the longer recombination
lifetimes of excitons, augments the probability of ROS production through electron transfer.
However, a wide bandgap also implies photo-absorption in the UV region, which in turn,
renders them unsuitable for visible-light photocatalysis.

Previous reports have demonstrated that the ZnO-nanoparticle synthesis route has
an enormous impact on its photocatalytic activity [7,8,18-25]. Synthesis routes tailor the
morphology, size and specific surface of the nanoparticle. Besides the shape, the photo-
catalytic activity also depends on the crystalline quality of the material or the presence
of defect states [18-21,25]. Since the lifetime of excitons is short (~322 ps) for bulk ZnO,
only those able to reach the surface contribute to the photocatalytic activity through the
creation of ROS [26]. Furthermore, defects in the material, such as oxygen (Vo) and zinc
vacancies (Vzy) act as traps and prolong the lifetime of the excitons [27]. Nevertheless,
only defects on the surface of the nanoparticle participate in photocatalysis. On the other
hand, volume-related defects in ZnO act as traps and recombination centers and prevent
the photogenerated electron from reaching the surface. Therefore, the reduction of defects
in general has been of interest for several photocatalytic water-splitting applications using
oxynitride materials [28,29]. This was achieved through the increase in surface area of the
photocatalysts. Other strategies for more efficient photocatalytic water splitting include
adding a metal co-catalyst that acts as an electron trap and discourages radiative recombi-
nations [30]. Nevertheless, in small nanoparticles, surface defects are dominant due to the
high surface-to-volume ratio, while in larger nanoparticles, both surface and volume defects
are present. Surface defects can also adsorb oxide radicals and other molecules [18,19]. In
particular, Vo on the surface of the nanoparticles tends to capture excitons that are easily
transferred to the organic molecules adsorbed by them; therefore, these defect sites act as
active centers for dye degradation.

In this work, we investigate the influence of the synthesis routes on the photocatalytic
activity of ZnO nanoparticles through their size and morphology. Photocatalytic activity
is known to be dependent on the morphology, nanoparticle size and defect states of ZnO.
The adsorption and degradation of basic fuchsin (C;9H;7N3 - HCI) and methylene blue
(C16H18CIN3S) by the ZnO nanoparticles are evaluated. For this purpose, the Lovibond
handheld photometer, especially suited to on-site analysis (Lovibond photometer MD 600),
was calibrated for both dyes. The aim was to devise an on-site technique for facile and
rapid dye-concentration analyses. Besides experiments under UV-light at the lab-scale, the
samples were also exposed to direct sunlight in order to assess their photocatalytic activity
in outdoor conditions. In principle, a photocatalyst should be reusable for multiple cycles
of dye degradation. Therefore, the reusability of the nanoparticles for several cycles of dye
degradation is an important parameter to monitor in order to ensure sustainability, which is
also addressed in this work. All in all, this study evaluates the ability of ZnO nanoparticles
synthesized via three different routes to remove dyes with optimum turnover rates in a
sustainable and practical way.
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2. Methods
2.1. Materials and Reagents

Zinc acetate Zn(CH3CO;); (99.99%, Aldrich, St. Louis, MO, USA), benzyl amine
(>99.0%, Aldrich), zinc acetate anhydrous (99.9%, Aldrich), absolute ethanol (>99.5%,
Honeywell, Charlotte, NC, USA), NaOH (99.9%, Aldrich).

2.2. Synthesis of ZnO Nanoparticles
2.2.1. Synthesis of ZnO A

Inside a glovebox (>1 ppm H;0), 3.41 mmol (626 mg) zinc acetate Zn(CH3CO,),
(99.99%, Aldrich) was added to 20 mL benzyl amine (>99.0%, Aldrich). The reaction
mixture was transferred to a stainless-steel autoclave and carefully sealed. Thereafter, the
autoclave was taken out of the glovebox and heated in a furnace at 300 °C for 2 days. The
resulting milky suspension was centrifuged; the precipitate was thoroughly washed with
ethanol and dichloromethane and subsequently dried in air at 60 °C.

2.2.2. Synthesis of ZnO B

For the synthesis of ZnO B nanoparticles, 183.48 mg zinc acetate anhydrous (99.9%,
Aldrich) was dissolved in 20 mL of absolute ethanol (>99.5%, Honeywell). The solution
was maintained under continuous magnetic stirring at 65 °C until the precursor was fully
dissolved. Later, 0.125 M of NaOH (99.9%, Aldrich) in 20 mL absolute ethanol was added
dropwise to obtain a 1:2.5 molar ratio. Thereafter, the mixture was maintained at 65 °C
under continuous magnetic stirring for 2 h. The resulting dispersion was centrifuged at
4500 rpm for 6 min and dried for 24 h at 60 °C in air.

2.2.3. Synthesis of ZnO C

Firstly, 219.5 mg of zinc acetate dihydrate was dissolved in 20 mL of aqueous ethanol
(70%). Then, the solution was maintained at 60 °C with a water bath under continuous
magnetic stirring until a transparent solution was obtained. An amount of 0.125 M of
NaOH (99.9%, Aldrich) in 20 mL aqueous ethanol (70%) was added drop-wise to obtain a
1:2.5 molar ratio. The aqueous ethanol was made with absolute ethanol (>99.5%, Hon-
eywell) and distilled water. The solution was maintained at 60 °C for another 2 h. The
resulting dispersion was centrifuged and dried in air at 60 °C.

2.3. Characterization

X-ray diffraction patterns were collected in Bragg—Brentano geometry using a Bruker
D8 Discover diffractometer (Bruker AXS, Karlsruhe, Germany) with CuK«1 radiation
(A = 0.15406 nm) selected with a Ge (111) monochromator and LynxEye detector. Transmis-
sion electron microscopy (TEM) was carried out on a Tecnai G2 F20 equipped with a 200 kV
field emission gun (FEG) and a Jeol 200Cx equipped with a LaBg emitter. High-resolution
TEM provides a point-to-point resolution of ~2.4 A. Characteristics such as specific surface
and porosity were measured during N, adsorption-desorption experiments using a surface
area and pore size analyzer (BELSORP mini2, Osaka, Japan). Samples were degassed
overnight at a temperature of 110 °C. The specific surface and pore size distribution were
determined from the linear part of the Brunauer—-Emmet-Teller (BET) equation limited by
Rouquerol’s rules in a range of relative pressures p/pg from 0.05 to 0.35. The Barrett-Joyner—
Halenda (BHJ) method was used on the desorption branch of the isotherm for calculating
the pore size distribution. The optical absorbance of the ZnO samples was determined
using an UV-Vis UV-1600PC spectrophotometer in the 300-700 nm region. The bandgap of
the ZnO samples was subsequently calculated with Tauc plots. Photoluminescence (PL)
spectroscopy was carried out on ZnO powders at room temperature with an excitation
wavelength of 365 nm of a LSM-365A LED (Ocean insight, Orlando, FL, USA) with a
specified output power of 10 mW. The emission was collected using a FLAME UV-Vis
spectrometer (Ocean optics, Orlando, FL, USA) with spectral resolution of 1.34 nm. Raman
spectra were collected using a WITec Confocal Raman Microscope System alpha 300R
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(WITec Inc., Ulm, Germany). Excitation in confocal Raman microscopy was generated
using a frequency-doubled Nd:YAG laser (Newport, Irvine, CA, USA) at wavelengths of
532 nm and 633 nm with 50 mW maximum laser output power in a single longitudinal
mode. The incident laser beam was focused onto the sample through a 20 x NIKON (Nikon,
Tokyo, Japan). The acquisition time and accumulation time for a single spectrum were set
to10s.

2.4. Photocatalytic Degradation

The photocatalytic degradation of two different dyes, i.e., basic fuchsin (general-
purpose grade, Fisher Chemical, Hampton, NH, USA) and methylene blue (high purity,
biological stain, Thermos Scientific, Waltham, MA, USA) were investigated. Three different
configurations were tested. The measurements were performed with a handheld Lovibond
photometer (MD 600) which was calibrated against the UV-Vis spectrophotometer (UV-
1600PC) as shown in the supporting data Figure S1. The dye removal was tracked by
measuring the absorbance at or close to the main absorption peaks (i.e., 560 nm for basic
fuchsin and 660 nm for methylene blue) at regular intervals for 3 h. The amount of residual
dye in the solution is directly proportional to the absorbance. The removed amount can
be calculated from the difference in the initial and residual dye concentrations taking into
account the mass of the catalyst and the volume of the solution taken. This removal can be
due to adsorption of the dye molecules onto the nanoparticles, as well as degradation of
the molecules. The remaining dye concentration can be extrapolated from the calibration
curve of Figure S1 as the absorbance is directly proportional to the concentration of the dye
following Beers—Lambert law.

2.4.1. Photocatalytic Activity under UV-Light

For experiments in laboratory, 1 mg of each ZnO sample and 10 mL of 5 ppm dye
solution were added to a Petri dish and placed under a UV-lamp of 365 nm excitation,
consisting of four 9 W bulbs. The emission spectrum of the UV-lamp is provided in
Figure S2 of the supporting information. To evaluate the reusability of the samples, the
same experiment was repeated four times for each sample with a new solution.

2.4.2. Photocatalytic Activity under Sunlight

The second configuration was used to test the sample under solar irradiation in open
air, on the roof of the Tehnikainstituut, Kreutzwaldi 56/1, Tartu, Estonia. For this, 1 mg of
ZnO nanoparticles was mixed with a 10 mL aqueous solution containing 5 ppm of dye in a
Petri dish. The irradiance and UV-index of the corresponding days and location are shown
in Figure S3. All the experiments were performed on days with UV-index between 4-5.
In order to counteract the evaporation of the solvent, a constant volume of 10 mL was
maintained by adding distilled water before each absorbance measurement.

2.4.3. Adsorption of Dye and Its Influence on the Photocatalytic Activity under UV-Light

The third configuration enabled distinguishing the type of dye-removal process, i.e.,
photocatalytic degradation or adsorption. It also enabled evaluation of the influence of
the adsorbed dye on the photocatalytic activity under UV light. The decrease in dye
concentration after mixing 1 mg of ZnO nanoparticles with a 10 mL aqueous solution
containing 5 ppm of dye in a Petri dish was monitored at several intervals. Photocatalysis
was performed on these samples, first, immediately after attaining adsorption equilibrium
and second, after 24 h of adsorption.

In order to elucidate the mechanisms involved in photocatalysis after dye adsorption,
further experiments were carried out. After reaching an adsorption equilibrium, the
nanoparticles were isolated from the dye solution via centrifugation. They were then
exposed for three hours to the UV lamp, after which they were returned to the dye solution
to check their reusability. This procedure was repeated 4 times. The procedure adopted to
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Methylene Blue

evaluate the adsorption and photocatalytic activity of the ZnO nanoparticles is provided in
Figure 1.
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Figure 1. Procedure followed for evaluating the adsorption, photocatalytic efficiency and adsorption
plus photocatalytic efficiency of ZnO A, ZnO B and ZnO C.

3. Results
3.1. Crystal Structure and Morphology

Diffractograms of the ZnO samples are shown in Figure 2a. The peaks (100), (002),
(101), (102), and (110) correspond to the hexagonal Wurtzite structure (a = 3.25 A and
c=5.20 A) of ZnO (JCPDS, Card Number 36-1451). No secondary phases are visible in the
XRD patterns, indicating that only single-phase ZnO nanoparticles were precipitated. The
peak for ZnO B at 26° belongs to unreacted zinc acetate precursor [31].

The TEM images in Figure 2b—g provide an overview of the particle sizes and mor-
phologies of the three ZnO samples. All three samples present different morphologies and
particle sizes, due to differences in synthesis conditions (i.e., solvent, precursor, synthesis
temperature and time). Among the three samples, ZnO A in Figure 2b displays the largest
particle sizes with sharp edges and facets in hexagonal and triangular nanoparticles. The
higher magnification image of ZnO A in Figure 2e consists of hexagonal and triangular-
facetted nanoparticles. On the other hand, ZnO B, shown in Figure 2c, consists of much
smaller agglomerates of nanoparticles that are spherical, exhibiting a porous structure. The
HRTEM image of ZnO B in Figure 2f, illustrates spherical nanoparticles with an average
size of 5 nm. The size of ZnO C nanoparticles is intermediate to the other two samples and
nanoparticles with both sharp and smooth edges are visible in Figure 2d. Figure 2g is a
higher magnification image of ZnO C, where several large hexagonally facetted nanopar-
ticles are visible, along with less defined and smaller nanoparticles. The specific surface
of the nanoparticles was calculated using the average size of the nanoparticles provided
in the size distribution histograms in Figure S4. ZnO A, ZnO B and ZnO C have average
particles sizes of 112 nm, 5 nm and 23 nm, respectively [20,21,31]. The hexagonally shaped
nanoparticles were approximated to a sphere for specific surface calculations. Subsequently,
the number of nanoparticles in 1 mg of the catalyst loading was calculated after determin-
ing the volume of the sphere, which was multiplied by its surface area. The theoretical
specific surfaces of ZnO A, ZnO B and ZnO C are therefore 9.56 m?2/ g, 214 m?2/ g and
22.7 m? /g, respectively. Subsequently, the surface areas of dry powders were deduced
from N physisorption using the BET method shown in Figure 2h—j [32]. The insets are the
N physisorption isotherms. In particular, the isotherm of ZnO A is poorly resolved due to
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its very low surface area, even though we used more than one gram of powder, suggesting
that the detection limit of the apparatus was reached. Sample ZnO A presents a type II
adsorption isotherm characteristic of macroporous materials. Sample ZnO B presents an
isotherm with a hysteresis loop in between type IV-H2 and IV-H3 characteristics of the
presence of mesopores, probably due to the packing of the small ZnO particles observed in
the TEM image of Figure 2. Finally, sample ZnO C presents an isotherm with a hysteresis
loop above 0.9 in p/pg of type IV-H3 which can be attributed to mesopores with slit-shaped
porosities. Parameters such as the specific surface (Sggt), BET constant (Cggr), BET particle
size (dpgt), monolayer adsorption volume (V) and pore volume (V) are tabulated in
Table 1. ZnO B presented the largest specific surface of 72 m? /g and the specific surface of
ZnO C of 24 m?/g. In addition, the volume of the monolayer adsorption decreased with
increasing particle size, owing to the decrease in the specific surface. The pore volume
(Vp) of samples ZnO B and C are approximately equal. Furthermore, ZnO B displayed a
clear mesoporosity compared to ZnO C with a pore size distribution around 10 nm (inset of
Figure 2i). For ZnO C, the average pore size distribution is higher at ~46 nm with minimum
and maximum pore sizes of 10 nm and 60 nm (inset of Figure 2j), respectively. On the
other hand, ZnO A displayed near-zero mesoporosity, suggesting that ZnO A consisted of
large particles and that their packing creates a porosity larger than 50 nm and could not be
evaluated by the present method. We noticed that for ZnO A, the presence of facetted and
sharp-edged nanoparticles, could also promote their tight packing in dry-powder form.
Our study however consisted of employing a colloidal dispersion of the nanoparticles in
an aqueous dye solution that promotes the homogeneous distribution of nanoparticles
without agglomeration. Therefore, the specific surfaces of the dried powders obtained from
BET may not be entirely relevant for this present study, considering the fact that we are
evaluating the photocatalytic activities of ZnO nanoparticles as colloidal suspensions in
aqueous dyes.

Table 1. Parameters obtained from BET for the three samples.

Sample

Sger (M?/g)

Cger dpgr-__aw__ (nm) drem (nm) Vm (cm®/g) Vp (cm®/g)
BET* p 700

ZnO A
ZnO B
ZnO C

1.2 x 1077 0
1.66 x 107> 0.23
55 x 10°° 0.22

0.5
72
24

74
20
22

>50 114
14.8 5
44.2 47

ZnO B was prepared with absolute ethanol and an anhydrous zinc acetate precursor.
On the other hand, ZnO C was prepared with aqueous ethanol and a dihydrate acetate
precursor. Thus, the difference between these two synthesis methods is the presence of
water molecules in the solvent and precursor for ZnO C. These water molecules increase
the reaction rate of the hydrothermal synthesis route and in turn, engender the precip-
itation of larger nanoparticles [21]. On the other hand, ZnO A, which was synthesized
via non-aqueous sol-gel routes using benzyl amine as a solvent was devoid of water. The
characteristics of these nanoparticles are tabulated in Table 2. Therefore, the type of solvent
plays a crucial role in the morphology of the synthesized nanoparticles and influences other
properties, as given below.

Table 2. Description of ZnO nanoparticles.

Diameter

Sample (am)

Shape Synthesis Route (Solvent) 1;?(1:1)19 Reaction Time (h)

ZnO A 80-140
ZnO B 5
ZnO C 27

Hexagon, tetrahedron, octahedron
with sharp edges and facets.
Spheres

300 48
65 2
60 2

Non-aqueous (Benzylamine)

Non-aqueous (Ethanol)
Aqueous (Ethanol (70%) and

Spheres, facetted nanoparticles water (30%))
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Figure 2. (a) X-ray diffraction patterns of the ZnO nanoparticles (JCPDS, card number 36-1451). TEM
images of (b,e) ZnO A, (c,f) ZnO B, (d,g) ZnO C. (h—j) BET plots for N, adsorption on ZnO A, ZnO
B and ZnO C. Insets are the full adsorption isotherms for the three samples, along with their pore
size distributions.

3.2. Optical Characteristics

The Raman spectra for the samples were acquired within the range of 200 cm ! and
800 cm~ 1! in Figure 3. For the Samples ZnO B and ZnO C, the laser excitation was 532 nm.
On the other hand, due to the high fluorescence exhibited by ZnO A under the green
laser excitation, a red laser with an excitation wavelength of 633 nm was used. In fact,
532 nm corresponds to the defect level absorption in ZnO, which produced a fluorescence
signal that in turn, dissimulated the Raman signal. Starting from lower frequencies, Raman
signatures under 300 cm ! are assigned to the vibrations of Zn;, and those above 300 cm !
are assigned to the vibrations of oxygen atoms [33]. The peak at 275 cm~! has been
attributed to Zn; or Zn; clustering and is only visible in samples ZnO B and ZnO C [34,35].
The peak visible at ~320 cnlisa multiphonon scattering mode of E;jy—Epp. and is related
to the crystalline quality of the sample. In fact, Epy, involves the vibration of the heavy
Zn sublattice [36], and the Epyy at 440 cm ™! corresponds to lattice—oxygen vibrations of
Waurtzite ZnO. The relative intensity of this peak is the highest for ZnO A, owing to the large
particle size. The other phonon modes obtained at ~585 cm ! and ~667 cm ™! correspond to
E{(LO) and E;(TO) modes, respectively [37]. In general, the E>y, Eog—EoL, E1(LO) modes
involve the oxygen component of ZnO; especially, E;(LO) corresponds to oxygen-related
defects [38]. For ZnO C, the Epp mode has shifted to higher wave numbers, indicating a
more stable lattice—oxygen configuration, or a lower amount of Vp. On the other hand, the
Epp peak for the other two samples has shifted to slightly lower wavenumbers, indicative
of a higher number of Vg [31]. The A1(TO) with E;(TO) modes reveal variations in lattice
bonds affected by local changes induced by intrinsic defects. The E; (LO) mode is usually
dominant in doped ZnO samples, where Zn is replaced by a metallic dopant that modifies
the local charge distribution owing to the presence of Vz, or Zn; [39].
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Figure 3. Normalized Raman spectra of the ZnO samples in the range of 100-800 cm™".

UV-Vis absorption spectroscopy was carried out followed by Tauc plots (Shown in
Figure 4) in order to determine the absorbance range and band gaps of ZnO nanoparticles.
For all the samples, the band gap lies between 3.07 eV and 3.26 eV, which is typical for ZnO.
For ZnO B and ZnO C (Figure 4b,c), the band tail tapers off at ~1.75 eV and 2 eV in the
visible region, respectively. Variations in the band gaps for ZnO nanoparticles are likely
due to the differences in the synthesis conditions [20,40]. In addition, errors in the band
gap estimation from Tauc plots may be due to the presence of organic moieties as a result
of the synthesis routes [41]. In general, Tauc plot allows accurate estimation of band gaps
for bare semiconductors.

Photoluminescence emission spectroscopy is necessary to understand the various
radiative and non-radiative recombination mechanisms that could hinder or promote
the photocatalytic activity of ZnO. The emission properties of the three ZnO samples are
presented in Figure 4d. These emissions correspond to typical emission bands of ZnO with
variations in intensities of certain emission signatures. In general, the ZnO emission spectra
consist of two distinct bands called the near-band emission (NBE) and the defect level
emission (DLE). NBE is in the UV region corresponds to band-to-band transitions [42]; DLE
in the visible region arises from transitions between the conduction band or donor states
to defect or band gap states. These defect states correspond to Vo, Zn;, and Vz, in these
samples. ZnO emissions at ~2.5 eV and 2.2 eV correspond to volume (Vo*) and surface
(Vo) oxygen vacancy components, respectively, while the peak at ~3 eV corresponds
to either Zn; or Vz, [20]. In the Raman spectrum of ZnO A in Figure 3, the vibrations
corresponding to Zn; are absent. In addition, in a previous study it was demonstrated that
this sample was Zn-deficient and therefore, the emission at 3 eV is mostly likely due to
Vg, [43]. For ZnO B and C, redshifts of the NBE are due to shallow donor states, confirmed
by the presence of Zn; in their Raman spectra.

The ratio of the NBE to DLE is an indicator of the crystalline quality of ZnO. Therefore,
ZnO C, with the highest ratio, exhibits the best crystalline quality among the three samples.
Similarly, ZnO B displays a negligible DLE, which consists of mostly surface-related Vo**.
Despite the fact that the solvent and precursors used in the synthesis of ZnO B were
non-aqueous and anhydrous, the presence of NaOH in the reaction serves as an oxygen
supplying source via a hydrolytic reaction, which can reduce the quantity of Vo*/Vo*™*
For ZnO A, the volume-related Vo* emission at 2.5 eV dominates the PL spectrum followed
by the Vo™ emission. Therefore, the presence of both types of oxygen vacancies can be
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correlated to the non-aqueous and non-hydrolytic synthesis route creating an oxygen-
deficient synthesis environment.
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Figure 4. Tauc plots of (a) ZnO A, (b) ZnO B and (c¢) ZnO C and (d) photoluminescence emission
spectra of ZnO A, B and C under 365 nm excitation.

3.3. Photocatalytic Dyedegradation

The ZnO nanoparticles were applied to the photocatalytic degradation of two dyes:
methylene blue and basic fuchsin. Dye degradation or removal is noted as C/Cy, where Cis
the concentration of the dye after its removal and Cy is the initial concentration. Depending
on the experiment, the reduction of C/Cj is considered an outcome of both, adsorption of
dye molecules, as well as their degradation. In Figure 4a,d, the photocatalytic activity of
the three ZnO samples is provided under UV light. For fuchsin removal, the photocatalysts
are most efficient in the initial hours with the highest removal rate, as in Figure 5a. This
tendency is more prominent for ZnO B-containing nanoparticles with the largest specific
surface, displaying the lowest C/Cy (i.e., 57.3% at 60 min) or the highest removal rate.
However, the removal rate of fuchsin by ZnO B slows down significantly after the first
hour. On the other hand, ZnO A has a more constant removal rate, while also having the
lowest C/Cy after three hours. The different tendencies in the removal rates of fuchsin
with ZnO B and ZnO C compared to ZnO A could be a combination of both adsorption
and photocatalytic degradation processes. Furthermore, the lower removal rate for ZnO B
after the first hour suggests a shielding of the surface of the photocatalysts owing to the
adsorption of dye molecules, as explained further in the manuscript.
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Figure 5. Photocatalytic degradation of a 10 mL solution containing 5 ppm of (a) basic fuchsin
and of (b) methylene blue using 1 mg of ZnO nanoparticles under 365 nm UV light. Photocatalytic
degradation of (c) basic fuchsin and of (d) methylene blue for five cycles of photocatalytic degradation.
During each cycle of photocatalysis, the nanoparticles were exposed for 3 h to UV light. The
nanoparticles were centrifuged and dried before the next cycle.

For methylene blue in Figure 5b, on the other hand, the initial high removal rate for
the smallest ZnO nanoparticles (i.e., ZnO B and ZnO C) is absent. During the first 30 min,
the dye degradation tendency is similar, i.e., linear for all the three samples. After the initial
30 min, the removal rate decreases slowly but remains higher than for fuchsin. In general,
methylene blue is more actively degraded by the ZnO nanoparticles than fuchsin. Once
again, ZnO A shows the most efficient degradation reaching removal rates of 90% after 3 h
followed by ZnO C with 88% and ZnO B with 80%.

The reusability of the samples and the sustainability of the photocatalytic process were
evaluated for five cycles of dye degradation under 365 nm UV light (Figure 5c,d). For ZnO
A, i.e., the sample with the largest crystal size, no significant reduction in photocatalytic
activity was observable after five cycles. In addition, ZnO C shows similar removal
efficiencies for fuchsin in each cycle of Figure 5c. However, for methylene blue, the removal
efficiency decreases after the first utilization, and then shows the same efficiency for four
consecutive cycles, as seen in Figure 5d. ZnO C shows a lower efficiency than ZnO A,
but a slightly higher efficiency than ZnO B. On the other hand, ZnO B shows a large
decline in dye-removal efficiency after the first cycle for both fuchsin and methylene blue.
One possible explanation for this decline could be the agglomeration of the nanoparticles
due to drying between cycles or the adsorption of dye that degrades the surface of the
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nanoparticles and, in turn, decreases the photocatalytic degradation efficiency. In addition,
the attachment of the dye on to the surface of the nanoparticles can alter the electrostatic
charges on their surfaces and promote their agglomeration, which eventually results in
lowering the effective specific surface.

Even though the morphology of the nanoparticles plays an important role, other
reasons for the decrease in the removal capacity could be the passivation of surface defects
via dye adsorption. This surface shielding could explain the lower photocatalytic activities
of ZnO B and ZnO C. On the other hand, the presence of sharp edges in ZnO A of Figure 2b,
limits shielding because edges cannot be covered, exposing highly active sites on the
edges for catalytic reactions. Ni et al. [20], reported that edges are an important part of
nanoparticles in the field of catalysis. In their study, they showed that atoms on edge sites
are more active due to different chemical environments. They compared their activity with
atoms from the facets and showed that atoms on edges promote chemical reactions with
higher efficiency. Hejral et al. [37] also investigated the influence of nanoparticle shape in
heterogeneous catalysis. They observed that the efficiency of catalytic reactions increases
with the number of available edges on the surfaces.

On the other hand, facets in ZnO nanoparticles can be polar or non-polar. For example,
hexagonal nanoparticles contain six polar and two non-polar facets [44]. Polar facets
are either Zn- or O-terminated, and harbor the corresponding surface defect, i.e., Vz, or
Vo [45]. Since the dyes used in this study are cationic, they would most likely attach to
the negatively charged Vz,. Nevertheless, in aqueous media, hydroxyl groups or oxygen
radicals would also be adsorbed on the surface of these nanoparticles at Vo** that are
positively charged, turning their surfaces electronegative and serving as functional groups
to attach cationic dye molecules through covalent bonds. These edges are present to some
extent in ZnO C, but in high amounts in ZnO A (Figure 2b,d). Therefore, for ZnO A, both
Vzn and Vg serve as anchoring sites for oxygen radicals and dye molecules. Consequently,
despite having the lowest specific surface, ZnO A shows the highest efficiency after five
cycles of photocatalytic degradation, without loss in efficiency. In addition, ZnO A has the
highest number of volume-related defects, owing to the synthesis conditions that cannot be
passivated or shielded, unlike surface defects. However, it is very unlikely that volume-
related defects participate in the dye-degradation process. ZnO B harbours surface-related
Vo** and therefore, attracts hydroxyl groups or oxygen radicals. On the other hand, ZnO
C that possesses the lowest amount of surface defects due to improved oxidation of the
ZnO lattice during its synthesis, consists of shallow donors of Zn; and a negligible amount
of surface Vo**. Some of the nanoparticles in ZnO C present sharp edges in Figure 2d,
while others present no defined shape. The presence of these sharp edges is probably the
explanation of its slightly higher photocatalytic activity compared to ZnO B.

The same experimental conditions, as in the previous section were applied to the study
of the photocatalytic degradation of the two dyes under sunlight exposure. It is noteworthy
that both fuchsin and methylene blue undergo degradation under sunlight exposure even
in the absence of a photocatalyst (control sample), via the process of photobleaching
Nevertheless, the presence of ZnO nanoparticles increases the dye-removal rate. For
fuchsin, the presence of ZnO nanoparticles increased dye removal by 16-33% depending
on the sample, and for methylene blue it increased by 15%.

In all cases, the degradation follows similar tendencies for the control sample, as
well as the samples with the photocatalysts. In the initial stages, a fast decrease in dye
concentration is observed during the first 40 min in the presence of the photocatalysts
in Figure 6a,b. However, after this initial high removal rate, all curves then follow the
same tendency as the control sample, implying that photobleaching becomes the dominant
mechanism for dye degradation. Nevertheless, the dye-degradation efficiency is higher by
45% (ZnO A), 33% (ZnO B) and 25% (ZnO C) for fuchsin at the end of 3 h compared to the
control sample; the maximum dye-removal efficiency was ~75% for ZnO A. In Figure 5a,
ZnO B and ZnO C in fuchsin show lower removal rates under sunlight compared to ZnO
A, similar to UV light exposure in Figure 5a. It should be noted that photobleaching in
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the absence of a photocatalyst is not significant under the UV light of 365 nm, implying
that photocatalysis is the only mechanism for the decrease in C/Cy under UV light and
in the presence of ZnO. This suggests that photons of other wavelengths are responsible
for photobleaching under sunlight, which, naturally, are the wavelengths corresponding
to the main absorbance peaks of the dye (i.e., 660 nm for methylene blue and 550 nm for
basic fuchsin).
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Figure 6. Photocatalytic degradation of a 10 mL solution containing 5 ppm (a) basic fuchsin and of
(b) methylene blue with the three different ZnO samples (1 mg) and photobleaching of the control
sample during 3 h of sunlight exposure and (c) mechanism of electron transfer from ZnO surface
defects on sharp edges and the formation of ROS. The ZnO hexagonal nanoparticle considers only
non-polar ZnO surfaces harboring surface defects for the sake of clarity.

For both, fuchsin and methylene blue, the photobleaching depends on the formation
of singlet oxygen under oxygen-rich conditions, as photobleaching in de-oxygenated envi-
ronments is less prominent or even suppressed [46]. In fact, the enhanced photobleaching
of methylene blue compared to fuchsin is probably due to the longer lifetimes of the singlet
state of the former [22]. This allows a higher number of electrons in the excited singlet-state
to undergo intersystem crossing into the triplet state. At this point, they can either follow
a type I or a type II photochemical route or de-excite via phosphorescence, along with a
change in their spin multiplicity. Type I reactions involve the interaction or electron transfer
from the triplet state to biomolecules or organic species. However, like several dyes, triplet
states can react with the O, molecule in the ground state or sensitize the production of
singlet oxygen in a type II reaction [47]. These oxidizing species, viz., singlet oxygen,
superoxides, peroxides, hydroxyl ions and radicals are the main components involved
in the dye degradation process as shown in Figure 6¢ [48,49]. In the presence of electron
donors, such as from the conduction band of ZnO on photoexcitation, the dye degradation
is enhanced, due to the enhanced production of ROS. In particular, the high number of
electrons transferred to oxygen radicals create hydroxyl radicals that finally condense
into water.
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Photocatalytic studies using ZnO nanorods have shown that the aspect ratio of the
nanorods affects the surface defects, which in turn influences the photocatalytic activity
of the ZnO nanorods [50]. It has to be considered that nanomaterials with higher aspect
ratios tend to have lower quantities of surface defects, unless deliberately induced during
the growth process. In contract, nanoparticles of very small sizes harbor surface defects,
irrespective of the synthesis condition due to very large specific surfaces. Here, ZnO A with
distinct facets harboring Vz, or Vo, appears to have enhanced photocatalytic degradation
properties. Under photoexcitation, electrons are trapped at Vo*/Vo™, and holes are
trapped at Vz,~~ on the surface of the nanoparticle, as shown in Figure 6¢. Then, the
trapped electron is transferred to the oxygen molecule or radical, creating ROS via a type II
mechanism. Simultaneously, holes are trapped at Vzy,; since the dyes studied are cationic,
they have an affinity to the negatively charged Vz, that accepts an electron from the dye
molecule, leading to the oxidation of the dye. However, the transfer of the electron from
the dye to ZnO nanoparticles can only occur in the singlet state of the dye [51]. The dye
oxidation or degradation process is then finalized by the produced ROS. The presence of
both types of defects, along with sharp edges appears to be the main reason for a more
efficient dye-degradation compared to ZnO B and ZnO C that harbor mainly Vo**.

Since ZnO is a n-type semiconductor, in an aqueous environment, hydroxyl groups
and O, radicals attach to the surface of these nanoparticles and produce an upward band-
bending [52]. In consequence, a more efficient separation of the photogenerated charges is
possible. Another outcome is the suppression of the band-to-band transition due to the
increase in the depletion region size around the nanoparticle, whereupon the probability of
electron capture at defect sites increases [31]. The upward-band-bending phenomenon is
therefore beneficial to the photocatalytic activity.

The photocatalytic dye degradation of methylene blue in Figure 6b is ~20% higher for
all the ZnO samples after 3 h of sunlight exposure, and reaches almost 100% degradation
for ZnO C. In the present case, the shielding effect due to adsorption of dye molecules is
not observed, most probably due to the lack of affinity of the dye to the ZnO nanoparticle
surface. Another important effect that increases the rate and efficiency of dye degradation
is the wider excitation spectrum of sunlight ranging from the infrared to the UV. While ZnO
normally does not absorb visible light due to its large bandgap, the defect states present
in nanoparticles enable absorption of photons of visible light around 550 nm in ZnO A
(Figure 4a). In fact, a wavelength of 550 nm also corresponds to the most intense emission
wavelength of the solar spectrum.

3.4. Adsorption Dependent Photocatalytic Degradation

The decrease in fuchsin concentration in the presence of the ZnO nanoparticles under
dark conditions highlights a clear adsorption of the dye by ZnO nanoparticles (Figure 6a).
Interestingly, ZnO B and ZnO C both appear to have similar high adsorption capacities
compared to ZnO A, for which it is significantly lower. This lower adsorption is likely
due to the lower surface-to-volume ratio and its smooth crystalline surfaces or facets
with certain low-adsorption crystal faces [23,24]. In addition, surface defects can play an
important role in the adsorption of dye molecules [18]. Due to its high specific surface, ZnO
B will adsorb the highest amount of dye molecules. Regardless of the ZnO morphology
and defect states, it appears that methylene blue is not adsorbed by the ZnO nanoparticles
under dark conditions for up to 3 h in Figure 7b.

The effect of the preliminary adsorption of dye molecules on the photocatalytic activity
of ZnO nanoparticles was investigated. Figure 7c,d show the photocatalytic degradation
curves of the three different ZnO samples after 24 h of adsorption in dark conditions.
Unlike the photocatalytic degradation curves in Figure 5, C/Cy begins at 0.90 for ZnO
A, 0.65 for ZnO B and 0.625 for ZnO C, due to the preliminary adsorption of fuchsin in
Figure 7c. However, in the case of methylene blue, only 12% of the dye was adsorbed for
all the three samples after 24 h, (Figure 7d), with C/C starting at 0.88.
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Figure 7. Adsorption study under dark conditions with 10 mL aqueous solution of 5 ppm (a) basic
fuchsin, and (b) methylene blue using 1 mg of the three different ZnO samples for 3 h. Photocatalytic

degradation under UV light of a 10 mL aqueous solution containing 5 ppm of dye with 1 mg of ZnO

nanoparticles, after reaching adsorption equilibrium (24 h) for (c) basic fuchsin, (d) methylene blue
and for other basic-fuchsin dye concentrations of (e) 7.5 ppm and (f) 2.5 ppm.

The higher adsorption of fuchsin molecules on the surface of ZnO B and ZnO C influ-
ences their photocatalytic degradation properties significantly. In Figure 7c, an increase in
the fuchsin dye concentration is visible immediately under exposure to UV-light, i.e., an
increase in C/Cy, except for ZnO A that showed very low adsorption kinetics in Figure 7a.
The reason for the increase in dye concentration under UV exposure is the probable desorp-
tion of fuchsin from the surface of ZnO B and ZnO C samples. As basic fuchsin is a cationic
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molecule, extra surface holes and radicalization of hydroxyl groups under UV exposure can
weaken the ionic bonds on the surface, releasing loosely bound molecules. The presence of
dye molecule on the surface of the samples acts as a shield against photocatalytic activity,
which explains the low removal in the initial stages for ZnO B and ZnO C samples. For
methylene blue on the other hand, the desorption was not observable due to low adsorption
in Figure 7d. Nevertheless, the overall photocatalytic activity appears less efficient, when
photocatalysis follows adsorption.

In Figure 7e,f, we observe that the adsorption capacity does not depend on the dye
concentration in the solution. In fact, similar quantities of fuchsin were adsorbed by the
different ZnO samples in all three experiments (including the 5 ppm fuchsin concentration
in Figure 7c). The adsorption capacity of ZnO A is 0.5 pg/mg and 1.5 ug/mg for both ZnO
B and ZnO C samples. Thus, the adsorption capacity is solely determined by the number of
active sites available on the ZnO nanoparticle surface, regulated by the synthesis conditions
that influence the specific surface and surface defects.

In order to study the possible desorption of the dye molecules from the ZnO nanoparti-
cle surface, as well as the delay in the photocatalytic removal of the dye after adsorption, the
ZnO nanoparticles were removed from the fuchsin solution. Then, the ZnO nanoparticles
were exposed to UV light for three hours to degrade the fuchsin-dye molecules adsorbed
on their surfaces. After this treatment, the fuchsin solution was returned to the Petri dish
containing the UV-treated ZnO nanoparticles. Figure 8a shows the photocatalytic activity
under UV light of the remaining fuchsin using the UV-treated ZnO nanoparticles. In fact,
the UV treatment degraded the adsorbed dye molecules, which consequently suppressed
both the initial delay in photocatalytic activity and fuchsin desorption. This clearly suggests
that the desorption of dye is responsible for the initial increase in dye concentration in the
early stages of photocatalysis. However, both the initial adsorption and the photocatalytic
degradation of fuchsin by ZnO B and ZnO C in Figure 8a are significantly lower than in
Figure 7, suggesting that dye molecules may have modified the surface of the nanoparticles.
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Figure 8. Photocatalytic activity of 1 mg of ZnO nanoparticles in 10 mL aqueous solution of 5 ppm
fuchsin under UV light. Prior to photocatalysis, adsorption was carried out for 24 h followed by
separating the nanoparticles from the solution, drying them and exposing them for 3 h to UV light.
(a) The nanoparticles were then returned to the original solution to assess their photocatalytic activity.
To check their reusability, the nanoparticles were then isolated and exposed to UV light for 3 h to
clean their surfaces, and then returned to the original solution containing fuchsin. The procedure was
repeated for four cycles of adsorption and UV-light exposure. (b) The cumulative dye removal and
(c) the C/C difference for each cycle.

In Figure 8b,c, the experiments consist of several cycles of fuchsin-dye adsorption
followed by removal of the adsorbed dye molecules by exposing the ZnO nanoparticles to
UV light after isolating them from the dye solution. After a UV-light treatment of 3 h, the
treated ZnO nanoparticles were returned to the dye solution for further adsorption. For
each cycle, the concentration of fuchsin in the solution decreased as shown in Figure 8b.
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Therefore, adsorbed fuchsin is indeed degraded during UV exposure. However, as
shown in Figure 8c, the adsorption of fuchsin after the first cycle for ZnO B and ZnO C
decreases significantly. For ZnO A, the adsorption is the same for the first three cycles
and reduces slightly for cycles 4 and 5. Nevertheless, ZnO A has the highest adsorption
capacity after five cycles, among the three samples. In fact, ZnO B and ZnO C exhibited the
best adsorption capacity during the first test, but their adsorption capacity decreased after
UV treatment, showing a lower reusability. Between these two samples, ZnO C presents
the lowest adsorption per cycle that is reduced with every subsequent cycle. This result
suggests that the ZnO A, owing to its sharp edges and facets, is more robust and probably
exhibits a different surface chemistry than samples ZnO B and ZnO C, which needs to be
further investigated. These results suggest that the adsorption of dye molecules on ZnO
before photocatalysis tends to give only an initial boost in dye removal. However, these
nanoparticles tend to perform less efficiently when adsorption precedes photocatalysis,
which, in turn, adversely affects their reusability.

Table 3 summarizes the photocatalytic degradation efficiencies of various nanoparti-
cles, including commercial ZnO nanoparticles against MB. There are no reports of fuchsin
degradation with pure ZnO nanoparticles, to the best of our knowledge. In general, all
the presented ZnO nanoparticles tend to efficiently degrade MB. Nevertheless, in other
studies, the quantity of nanoparticles is higher, i.e., ranging from 15 mg to 4 g compared
to the present study, where only 1 mg of nanoparticle was used. The Cy of MB in all
the solutions was between 5-10 mg/L, similar to the present study. Our nanoparticles
appear to efficiently degrade under both UV light and sunlight, with a higher degradation
efficiency under sunlight. In particular, ZnO A demonstrates a very high dye degradation
efficiency for 1 mg of the photocatalyst after 3 h.

Table 3. Comparison of the photocatalytic efficiency of various ZnO nanoparticles against MB.

Crystal Time

Photocatalyst Illumination CICy Size (nm) (min) Co Mass Ref
ZnO (commercial Nanograph, )
Chicago, IL, USA) UV lamp 0.3 30-50 5 4¢g [53]
ZnO (green synthesized) sunlight 0 200 90 5 2g [54]
ZnO (commercial Aldrich) sunlight 0.03 50 140 10 25 mg [55]
ZnO (commercial Sigma Aldrich,

St. Louis, MO, USA) Xenon lamp 0.03 50 150 10 25 mg [56]
ZnO (green synthesized) UV lamp 0.03 50 100 5 15 mg [57]

ZnO A (this work) Sunlight/UV light ~ 0/0.08 100-300 180 5 1mg

ZnO B (this work) Sunlight/UV light ~ 0/0.15 5 180 5 1mg

ZnO C (this work) Sunlight/UV light ~ 0/0.22 50-200 180 5 1mg

4. Conclusions

In this work, we have investigated the photocatalytic activity of ZnO nanoparticles
synthesized via three different sol-gel routes, which determined their shape, size and defect
states. Solution-based synthesis routes are favorable, owing to the facile handling and
controllability of the reaction mechanisms. These nanoparticles were successfully applied
to UV-light- and solar-driven photocatalysis of fuchsin and methylene blue. The differences
in the morphology due to the synthesis conditions resulted in bandgap states that were
the determining factors in the photocatalytic efficiency of these nanoparticles. In fact, the
defect states in ZnO create bandgap states, acting as traps that improve charge separation,
instrumental in creating ROS. Even though, smaller ZnO nanoparticles with high specific
surfaces are extremely efficient photocatalysts; nevertheless, their reusability for several
cycles of dye degradation remains limited. On the other hand, ZnO nanoparticles with
sharp edges and facets demonstrate a much higher dye-degradation efficiency, reaching
nearly 100% in some cases. Clearly, the presence of Vz, along with Vg enhances the
photocatalytic degradation. In addition, their reusability emphasizes the sustainability of
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the photocatalytic process. Adsorption preceding photocatalysis appears to be an effective
method to initially boost dye removal. However, the dye molecules adhering to the surface
of the spherical nanoparticles tend to modify their surface chemistry and prove detrimental
to their photocatalytic efficiency and reusability. In that regard, facetted ZnO nanoparticles
appear to be good candidates for the removal of more recalcitrant organic pollutants, such
as nitrates and pharmaceuticals. Future works will consider a methodology to immobilize
these nanoparticles on a support in order to facilitate their recovery after exhaustion for
several cycles of dye degradation.
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direct sunlight. These parameters were almost identical in order to ensure that the photocatalytic
degradation was carried out in similar conditions in order to compare the photobleaching, as well
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