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This study presents the advances in the field of ZnO/Ag catalysts from the synthesis of hierarchical ZnO nano-
wires (NWs) decorated with Ag nanoparticles, prepared by a facile solvothermal method at 120°C. It evaluates
the photocatalytic efficiency from studying the time reaction of Ag/Zn concentration ratio and the presence of
cetyltrimethylammonium bromide (CTAB) as an organic dispersant. X-ray diffraction, scanning electron mi-
croscopy, and analytical/high-resolution transmission electron microscopy results confirmed the presence of
homogeneous cylindrical ZnO nanowires and quasi-spherical Ag crystals. ZnO NWs exhibited hexagonal wurtzite
structure and cubic FCC symmetry in Ag nanoparticles (NPS). Two types of nanostructures, including homo-
geneous cylindrical ZnO NWs in the absence of Ag and simultaneous presence of ZnO NWs and Ag NPs, formed
depending on experimental conditions. The photocatalytic activity was evaluated by studying methylene blue
(MB) degradation time under UV light excitation. Diffuse reflectance UV-Vis spectrophotometry (UV-Vis DRS)
allowed identifying the ZnO absorption band at ~393 nm. Crystal size varied depending on the reaction time and
the addition of CTAB. Synthesis time increased bandgap values, getting better photocatalytic performance in
samples synthesized in intermediate times (6 h), higher Ag*/Zn?" molar ratio (0.2/1.0), and CTAB. According to
HRTEM observations, the presence of silver nanocrystals with high content of defects (twinning, stacking faults)
could play an essential role in the photocatalytic response. In this context, the specific synthesis conditions of Ag/
ZnO might be more appropriate for their use in organic dyes degradation in water and the potential use in
protective treatments against materials biodeterioration processes.

1. Introduction react with the environmental pollutant dye, making it an environmen-

tally harmless substance [3]. Solar energy allows purifying the polluted

Nowadays, the alarming increase in industrial pollution levels due to
new technologies is becoming more critical. Unfortunately, effluents
containing many organic pollutants are released into the environment,
reaching the surface and groundwater. Most of these compounds do not
degrade by themselves, causing a significant social problem for envi-
ronmental pollution. The use of traditional pollutant adsorption
methods only transfers pollutants from one substance (e.g., water) to
another (e.g., carbon active [1]). Nanotechnology has become one of the
most active research fields because of its unique properties and potential
technological applications [2]. Besides, photocatalysis is a promising
technology for harvesting clean solar energy using hydroxyl radicals to
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wastewater by using nanomaterials [2]. The design of these materials is
commonly selected among different synthesis methods and subse-
quently evaluated based on their photocatalytic behavior as reported in
several materials based on semiconductors (such as WO3, CdS, TiO,, and
ZnO0) [2,4,5], [6]. Moreover, nanostructured materials deserve special
attention since they provide superior properties compared to their
counterparts at bulk scale [7,8]. Among these nanostructured photo-
catalysts, TiO2 and ZnO are the most studied materials [9-13]. Recent
studies have confirmed that ZnO presents a better efficiency than TiO; in
photocatalytic degradation of some dyes, even in aqueous solution, since
ZnO can absorb a more significant portion of the UV light [14].
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Zinc oxide (ZnO) is a heterogeneous semiconductor photocatalyst
with a broad and direct bandgap of 3.37 eV at room temperature [8].
ZnO system presents three polymorphic structures of which only the
hexagonal wurtzite is thermodynamically stable under ambient condi-
tions [15,16]. This semiconducting oxide exhibits many applications,
especially in photocatalysis, as described earlier. ZnO absorbs photons,
and electrons from the valence band shift to the conduction band in the
presence of a suitable light source, leaving an equal number of holes in
the valence band behind. This is known as “e”-h™ pair” [17,18]. When
this charge separation is maintained, the photogenerated electron-hole
pair participates in a redox reaction leading to the “in situ” formation
of hydroxyl radicals and is responsible for removing organic pollutants
present in water [19,20]. The photogenerated electrons react with dis-
solved Oy molecules forming the superoxide anion radicals (O2~*), while
holes react with H,0, leading to hydroxyl radicals (OH®). Under the high
redox potential of hydroxyl radicals, dye molecules are oxidized to CO»,
H,0, and mineral acids. However, the rapid recombination of photo-
excited electrons and holes reduces its photocatalytic efficiency. One
of the most efficient methods to overcome this problem is to add noble
metals with complementary properties to form core-shell, hetero-, or
doped structures [21,22]. Besides the fact that ZnO is chemically and
thermally stable, these functional properties make it a suitable and
valuable alternative to industrial-scale applications such as air purifi-
cation, disinfection, and waste treatment [23].

Several studies report the influence of local defects and impurities
[14,24,25] on the ZnO morphology as well as the type of dopant
[26,27]. Most of them study the functional properties, which depend on
the type and amount of dopant [28-30]. In that case, several works
attempt to synthesize materials of ZnO with noble metals on their sur-
face, improve the photocatalytic activity, enhance the corrosion resis-
tance, and increase the photo-stability during the photocatalytic process
[31,32]. Among them, Ag NPs could appear to be promising based on
their size and energy levels [33,34].

Different researches point out that Ag-ZnO photocatalysts are better
than pure ZnO for two reasons: (i) the nanostructures present the largest
surface area, which leads to enhance adsorption of the pollutant; (ii) the
cationic silver reacts with free electrons from the conduction band as
electron sinks to decrease the electron/hole recombination rate [8,34].

Similarly, ZnO and Ag have biocides properties to control deterio-
ration in various materials. Besides, they have bactericidal and anti-
fungal properties, achieving significant advances in different fields of
application, highlighting their biomedical applications [35,36].
Combining these two compounds is strategic to improve the efficiency
for biological colonization control, which causes damage and loss of
cohesion in construction or fine arts materials, among others, many of
them from cultural heritage [37,38].

Among the different methods for the synthesis of ZnO, the most
common are chemical vapor deposition (CVD), vapor transport,
ultrasonic-assisted [39], sol-gel process [40], precipitation [41], and
solvothermal [42]. However, the last one is widely common due to its
simplicity and low cost, making this process more accessible, less
expensive, and suitable for large-scale production than other approaches
[8,431.

Control of ZnO particle morphology is also a determining factor
because it plays a significant role in magnetic, electrical, optical, pho-
tocatalytic, and other properties [44-48]. Modifications in particle
nucleation and growth in the solvothermal process are possible by
introducing organic additives in the reaction media so that it is possible
to control the morphology and size [33]. Cetyltrimethylammonium
bromide (CTAB) is currently used as an organic dispersant to prepare
ZnO nanostructures [49,50]. The precise actuation mechanism is still in
the study. Some authors consider that, due to the synergic effect of
surfactant (CTAB) and solvent (common ethanol), the generation of
active sites on the ZnO surface is favored by the interaction of CTAB with
growth units, so that ZnO nanowires are created from those sites [43],
[51-53].
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Despite the constant advances in synthesis methods that seek to
improve the properties of Zn / Ag Nps or know the nanoscale structures
[54], there is a need to evaluate the role of defects and the possible
modifications at the atomic level in the photocatalytic efficiency.
Therefore, this work analyzes the presence of defects at the atomic level
and how they affect the photocatalytic activity of ZnO /Ag Nps syn-
thesized by a solvothermal synthesis method, in short times, low cost,
and at low temperatures.

2. Experimental section
2.1. Materials

All the chemical reagents used in the synthesis procedure: zinc ni-
trate hexahydrate (Zn(NO3),-6H20, purity >99%, Sigma-Aldrich), silver
nitrate (AgNOs, purity >98%), Sigma-Aldrich), sodium hydroxide
(NaOH, Sigma-Aldrich), ethanol (CoHgO), and cetyl-
trimethylammonium bromide, CTAB (CjoH42BrN), were used as
received, without further purification. High-purity deionized (DI) (18
MQ-cm™!) water obtained by a water purification system (Barnstead,
Dubuque, IA, USA) was used as a washing agent.

2.2. Synthesis of Ag/ZnO nanoparticles

Ag/7Zn0 nanostructures were synthesized via a facile solvothermal
method. The precursors, Zn(NO3)2-6H20 and AgNO3, were dissolved in
pure ethanol as the solvent and sodium hydroxide as a basic agent [42].
Besides, different synthesis times and precursor concentrations were
changed to evaluate the effect of these parameters in forming Ag/ZnO
hierarchical nanostructures fixing the reaction temperature at 120°C.
Table 1 summarizes the reaction conditions.

For a typical preparation process, an amount of Zn(NO3),-6H20,
AgNOg3 (Table 1), and cetyltrimethylammonium bromide (CTAB) as a
dispersant (where it has been appropriate) were added to 20 ml of high-
purity ethanol. The solution was stirred at room temperature (RT) for 10
min. After that, 7.5 mmol of NaOH was added to the previous solution
stirring for 60 min more. Then, the mixture was transferred into a Teflon
autoclave reactor of 75 ml maximum capacity, which was placed inside
a stainless steel container to seal tightly. The solvothermal reactor was
introduced into the oven at 120°C and at different reaction times
(Table 1). Subsequently, the formed precipitates were collected and
washed several times by centrifugation with pure ethanol and DI water.
Finally, the sample is dried in an air atmosphere at 80°C overnight. Pure
ZnO nanostructures without metallic silver nanoparticles were also
synthesized by an identical experimental process to compare the
behavior of prepared hybrid materials (Table 1).

2.3. Characterization methods

To study the crystal structure, purity, and elemental composition of
Ag/ZnO nanostructures, X-ray diffraction (XRD) was carried out by an
X-ray diffractometer (Philips Xpert) with Cu K, radiation (40 kV, 40
mA). The average crystallite size (CS) has been calculated by Scherrer’s
formula, D = k-A/(Bp-cos 6), where A is the wavelength of the X-ray ra-
diation (in }o\), K is a constant taken as 0.9, fp the full width at half-

Table 1
Synthesis conditions of Ag/ZnO nanostructures at 120°C.

Sample Reaction conditions
[Zn?"] (M) [Ag*1 (M) Time (h) CTAB* (mg)
1 _ _
i 1.85-1072 6 63
111 3.75.1073 18 )
A% 3.75:1072 -

" CTAB = cetyltrimethyl ammonium bromide (C,9H,2BrN) as dispersant.
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maximum height (FWHM) and 0 is the diffraction angle (in rad) used in
calculus. The samples' most intensive reflection peaks were used in the
line broadening analysis [55]. Bragg's law, nA = 2.d-sin 6, and the three
most intensive reflection peaks of the samples have been used for the
lattice parameter calculus of the different phases present in the samples.
The morphology, particle size, and chemical composition of Ag/ZnO
nanostructures were examined by scanning electron microscopy (SEM,
Philips XL 30/EDAX-Dx4) equipped with an energy dispersive X-ray
detector (EDS). The samples dispersed in acetone and deposited several
drops of this suspension on an aluminum SEM stub. Finally, the stub was
dried in air at RT and coated with a thin gold layer to avoid charging
before characterization. Analytical Transmission Electron Microscopy
(TEM) combined with the Selected Area Electron Diffraction (SAED)
study was performed on a JEOL JEM 2100 instrument operated at an
accelerating voltage of 200 kV. Previously samples were ultrasonically
dispersed in acetone and deposited on a holey carbon copper grid. The
High-resolution transmission electron microscopy (HRTEM) study was
carried out on a JEOL JEM 3000 FEG microscope operating at 300 kV
with a resolution of 0.17 nm point to point. The Digital Micrograph™
(DM, Gatanlnc.) software was used for the TEM-HRTEM interpretation.
The HRTEM observations include a combination image-calculated Fast
Fourier transformed (FFT) for structural interpretation and phase
identification. The analytical TEM was used to study morphology and
analyze the particle size distribution. To every sample, dimensions of at
least 25 nanoparticles chosen randomly were measured, and its standard
deviations were estimated. An inductively coupled plasma-atomic
emission spectrometer (ICP-AES, SpectrAA 220, Varian) analyzed the
elemental composition. Ultraviolet-visible (UV-vis) diffuse reflectance
spectra (DRS) were recorded by a Perkin-Elmer (Lambda 14P) spectro-
photometer using a 60-mm integrator sphere in the diffuse reflectance
mode (R) and with BaSO4 as a pattern, over the wavelength range of
250-700 nm. Spectra were registered at RT, and the data were treated by
transformation through the Kubelka-Munk function: F (R) = (1 — ch,)2 /
2R, where R, is the reflectance of samples [53]. Brunauer-Emmett—
Teller (BET) surface area measurements were performed in a Micro-
meritics Gemini VII instrument using Ny as sorbate (at —196.6°C).
Before analysis, the samples were outgassed at 90°C overnight.
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2.4. Evaluation of photocatalytic activities (PCA)

The photocatalytic activity (PCA) of Ag/ZnO was evaluated by the
methylene blue degradation (MB) in an aqueous solution at room tem-
perature, under UV light, as a model dye photodegradation [56]. In
every experiment, a fixed amount of photocatalyst (5 mg) was added to
MB aqueous solution (2.5 ppm) in a 600 ml Pyrex glass reactor. Before
the irradiation, each suspension was magnetically dispersed by agitation
for 40 min in the dark to get the adsorption/desorption equilibrium
(between catalyst and dye). The photocatalytic degradation was tested
in continuous stirring under UV-light irradiation using a 125 W high-
pressure mercury vapor lamp (Jinfei Company, Shanghai) in a dark
room. Then, 3 ml of the aliquots were extracted at time intervals fixed.
Finally, the UV-Vis spectrometer was used to determine the MB reduc-
tion. Also, a blank experiment was carried out in identical measurement
conditions as mentioned above to compare the MB decomposition of
ZnO.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Fig. 1 shows the XRD patterns of the pure ZnO (sample I) and Ag/
ZnO (sample II, III and IV) nanostructures respectively. The diffraction
peaks of the sample I were indexed to a single-phase ZnO with a hex-
agonal wurtzite structure (Joint Committee on Powder Diffraction
Standards, JCPDS card no.: 89-1397) without any other crystalline
phases [46]. Concerning the Ag/ZnO nanostructures, it was found that
the diffraction peaks, both in their peak position and their relative in-
tensity, were in complete agreement with the standard spectrum of ZnO
(JCPDS no.: 89-1397) and metallic face-centered-cubic (fcc) Ag struc-
ture (JCPDS standard card no.: 87-0720), indicating the formation of Ag
as the second phase. Silver diffraction peaks at 20 of 38.1, 44.5, and 64.5
in the samples II, III and IV indicate the metallic crystalline phase for-
mation beside the pure zinc oxide phase. Furthermore, no evidence of
other diffraction peaks related to Ag,0, AgO were detected in the pat-
terns. Similar to Xu et al. [45] and Wu et al. [42], our XRD results
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Fig. 1. XRD patterns of ZnO (sample I) and Ag/ZnO nanostructures (sample II, III and IV).
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indicate that impurities and other crystalline reaction phases are not
present apart from ZnO and Ag.

Comparing the XRD pattern of pure ZnO (sample I) with the refer-
ence card no.: 89-1397, the diffraction pattern presents an inversion of
the relative intensity of the diffraction peak corresponding to 20 =
31.74°. This inversion could imply a preferential growth orientation in
the (002) plane without Ag NPs. However, in the samples II, III and IV
prepared in the presence of AgNOs, the diffraction peaks of ZnO showed
relative intensities similar to the standard XRD with a hexagonal wurt-
zite structure (reference card no.: 89-1397). Concerning silver diffrac-
tion peak intensity increasing [Agl/[Zn] ratio, a consistent increase in
the intensity of silver peaks can be noted. Besides, it should be noted that
the peak positions of the ZnO phase are not shifted, which suggests any
partial substitutional incorporation of Ag* ions at the ZnO lattice. This
issue could presumably be related to the ionic size difference between
Ag' (0.115 nm) and Zn?" (0.074 nm).

Table 2 shows the calculated cell parameters of the pure ZnO sample
and those decorated with silver. No significant changes were observed in
the sample I compared with reference card no.: 89-1397. However, in
the case of samples I and III ([Ag*]/ [Zn?'] = 0.2), the calculated lattice
parameters are slightly lower than the JCPDS card. It is essential to
emphasize the considerable difference between ionic radii of 7Zn%t (0.74
A)and Ag' (1.15 A) [571, which limits the replacement of the Zn?* sites
or interstitial sites by Ag T in the ZnO lattice [31]. In fact, the ionic radio
of Ag™ is larger than that of Zn?*. Thus a dilatation of the “c” and “a” axe
should be observed according to a shift of diffraction peaks. From these
findings, it can be deduced that no diffusion phenomena of silver ions
within the ZnO structure have been observed. Diffusion phenomena
reported by Khosravi et al. [58] in Ag-doped ZnO nanoparticles obtained
by the sol-gel method showed important modifications in the lattice
parameters. However, unlike those results, the variation in this study is
not significant, proving that no diffusion phenomena are occurring.

The Crystallite Size (CS, in nm) was estimated from XRD patterns
using the Scherrer's formula for pure ZnO (sample I) and Ag/ZnO sam-
ples (sample II, IIT y IV). Table 2 lists the results derived from the most
intense indexed peaks (100), (002) and (101) for ZnO and (111), (200)
and (220) for metallic Ag NPs.

Table 2 shows that the maximum reduction in the CS to ZnO (crys-
tallite size of sample II = 15 + 3 nm) was obtained with a shorter re-
action time and with the addition of CTAB as a surfactant. As well, it has
been confirmed that both the increase of reaction time and the absence
of CTAB lead to an enhancement of the CS of metallic silver phase from
14 + 2 nm to 40 + 19 nm, and the crystalline phase of ZnO from 15 + 3
to 28 + 4 nm. According to the calculated data, reaction time and
dispersant presence are more pronounced to metallic Ag NPs than ZnO
NWs. Moreover, it is noted (Fig. 2) that the full width at half maximum
(FWHM) of the peaks becomes smaller with an increase of synthesis
time; besides, FWHM is broader with CTAB addition in the reaction
media.

Table 2
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3.2. Scanning electron microscopy (SEM)

High magnification (65,000x) SEM micrographs taken with sec-
ondary electrons (SE) detector and their corresponding EDS spectra of
synthesized samples (pure ZnO-sample I, II, IIl and IV) according to the
experimental conditions summarised in Table 1 are shown in Fig. 2.

Fig. 2.a shows highly agglomerated and heterogeneous bundles of
pure ZnO (sample I) and their respective EDS spectrum. Besides, nano-
wire morphology (NWs) is suggested and confirmed by the TEM analysis
presented below. The semi-quantitative analysis of a selected area
(Fig. 2.b) shows that the chemical composition analysis agrees with the
pure ZnO phase. All of the peaks on the curves are ascribed to Zn, O, Al,
and Au elements, and no peaks of other elements are observed. Al and
Au signals come from the sample holder and coating, respectively,
which should be ignored.

ZnO NW crystal growth is more evident when adding CTAB as an
organic dispersant in reaction media (samples II and III), as shown in
Fig. 2.c and 2.e. Also, when the reaction time increased from 6 to 18 h,
the morphology and the particle size, observed in sample III (Fig. 2.e) is
different from the previous one, sample II (Fig. 2.c), as will be described
in the following TEM results. Fig. 2.c shows a similar structure to the
pure ZnO morphology with truly agglomerated wire bundles. According
to EDS analysis, in the Ag-ZnO nanostructures, silver is detected, besides
Zn, Al, Ay, and O atoms. However, it is hard to identify the presence of
the metallic silver nanoparticles, their morphology, size, shape, and the
proper distribution over the ZnO NWs surface due to the resolution limit
of this technique. At most ample reaction time, a heterogeneous and
agglomerated surface of different NWs in size is observed (Fig. 2.e).
Therefore, analogously to sample II, it was impossible to distinguish the
particular morphology and shape of metallic silver NPs due to their
small size and distribution. Besides, the agglomeration phenomenon
caused by the high surface energy of ZnO NWs would hinder the iden-
tification of isolated metal silver NPs. [59].

In sample IV synthesized without dispersant (CTAB), it is difficult to
identify individual ZnO nanowires. On the contrary, a dense, compact,
and highly agglomerated morphology was observed. Likewise, as in the
previous samples, silver is also detected by EDS analysis, although the
isolated silver NPs could not be detected. Therefore, these results could
agree with the XRD as mentioned earlier results (Fig. 1.1l and 1.III).

3.3. Transmission electron microscopy

Analytical TEM and HRTEM techniques provide detailed information
about microstructure, shape, and morphology (Figs. 3 and 4).

Fig. 3.a shows a representative low-magnified TEM image of sample I
(pure ZnO phase). Homogeneous NWs with cylindrical morphology and
uniform diameters are observed. However, a bimodal length distribution
is determined. Therefore, the average lengths estimated are about 66 +
10 nm and 138 + 24 nm. Regarding the width of ZnO NWs, a narrow and
homogenous distribution is measured (11 + 2 nm). Finally, two average
aspect ratios (AR = length/width) are obtained (6 + 2 and 13 + 4, the

Crystallite size (CS, in nm) and lattice parameter determined from Scherrer Formula and XRD patterns, respectively.

Sample Crystallite size* (nm) Lattice parameters** @A)
ZnO Ag ZnO Ag
JCPDS 89-1397 Calculated. JCPDS 87-0720 Calculated.
a c A c a
I 27.4+£5.5 - 3.246 + 0.003 5.195 + 0.015 -
m meiss  mosry P S Solonl Simioes 407 4072 1 0.005
v 28.4 £ 3.7 40.1 +18.8 3.251 £ 0.003 5.210 + 0.017 4.087 £ 0.019

* Results obtained by the Scherrer's formula (D=K\/pcos6).

" Results obtained by Bragg's law (n\ = 2dsen6) and derived from the three most intense indexed peaks.
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Fig. 2. High magnification (65,000x) SEM images taken with SE detector and the corresponding EDS spectra of Ag/ZnO nanostructures: samples I (a, b), II (c, d), IIT

(e, f) and IV (g, h).

first one being the most representative value). This width corresponds to
NWs, which agrees with other authors such as X. Fan et al. [60]. The
obtaining of ZnO NWs has evolved into an essential interest since these
morphologies offer superior electrochemical properties. Consequently,
their dimensional anisotropy results in a more significant number of e™
and h™ on the active sites and, subsequently, higher activity than
spherical morphologies [61].

The semi-quantitative EDS analysis of sample I (Fig. 3.b) confirms
the only pure ZnO nanostructured NWs (Si and Cu signals come from
sample support). This result is in good agreement with the data of XRD
(Fig. 2.1).

The HRTEM image of the dotted rectangle area of the ZnO nanowire

(Fig. 3.c) shows the uniform lattice structure and crystalline nature. The
ordered crystalline planes with an interplanar spacing of 0.26 nm, cor-
responding to ZnO's (002) plane with wurtzite structure, were
measured. The FFT pattern (inset in Fig. 3.c) also confirms the hexagonal
structure of ZnO NWs.

As seen in Fig. 3.d, the SAED ring pattern of pure ZnO NWs confirms
its polycrystalline nature. In the pure ZnO sample, the indexed re-
flections are in agreement with the (100), (101) and (103) planes of the
ZnO phase reported in JCPDS standard card no.. = 89-1397. The
textured ring pattern suggests a high defect content, particularly in the
(101) intensity plane.

Fig. 4 represents the low (Fig. 4.a) and high-resolution TEM images
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Fig. 3. Low magnification TEM micrograph (bright field mode) (a), EDS spectra (b), HRTEM - FFT (inset) (c) and SAED ring pattern (d) of sample I: pure ZnO.

(Fig. 4.b) of sample II, synthesized according to Table 1. Table 3 details
particle dimensions and aspect ratio of all samples calculated from
lengths (L) and widths (W) obtained from TEM images. Fig. 4a and b
show two kinds of morphology, cylindrical and quasi-spherical nano-
particles. The cylindrical NPs correspond to ZnO nanowires, with ho-
mogeneous size and a uniform morphology (about 143 + 22 nm in
length and 13 + 2 nm in width, aspect ratio of about 11 + 6). The quasi-
spherical nanoparticles correspond to metal Ag NPs(diameter, ¢. about
17 + 3 nm), which are well-dispersed on ZnO NWs surface with a proper
distribution of secondary particles. These morphologies are similar to
those obtained by other authors who have researched to achieve nano-
structured systems of Ag/ZnO. [42] [62] [63].

The low magnification HRTEM image (Fig. 4.b) corresponds to a
cylindrical particle of the ZnO phase, which is in contact with a quasi-
spherical particle of silver. In the Ag Np is visible the development of
moiré fringes, suggesting the internal displacement of Ag planes due to
lattice defects.

Fig. 4.c displays EDS spectra carried out in different areas of sample
II. Results depicted in Fig. 4.c.1 verify that the chemical composition is
mainly silver, which belongs to the spherical NPs. However, there is also
evidence of Zn and O signals from ZnO NWs on which silver NPs are
dispersed. EDS analysis results, shown in Fig. 4.c.2, confirm the presence
of ZnO (owing to Zn and O signals) in the nanowires observed in the
micrographs. Moreover, there is a small amount of Ag in the study area
due to spherical NPs located on the surface of ZnO NWs. This result
corresponds to the data obtained by XRD (Fig. 2.1I).

The SAED pattern (Fig. 4.d) obtained for the Ag/ZnO sample II
confirms the presence of silver on the ZnO NWs surface. As it is evident
by this technique, the Ag nano-spheres have a polycrystalline structure.
The indexed diffraction rings correspond to (111), (200), (220) and
(311) atomic planes of the face-centered-cubic (FCC) structure of Ag
(JCPDS card no.: 87-0720). Besides, the ZnO phase is identified by the
presence of the (101), (002), (110) and (102) planes (JCPDS card no.:

89-1397). These measurements also confirm the previous XRD results
(Fig. 1.ID).

While the SAED pattern observed for sample I (Fig. 3.d) suggests its
polycrystalline nature with structural defects due to the aggregation of
fine wires, the polycrystalline nature of the pattern for sample II (Fig. 4.
d) may be caused for overlapping of the Ag spherical NPs and the ZnO
nanowires.

From the observations of HRTEM, it is possible to identify particular
characteristics inherent to the lattice at the atomic scale. The atomic
lattice of the ZnO NWs (Fig. 5a) presents low defect density being
possible to observe the growth direction along the plane {002}. The
corresponding FFT, oriented along the [010] shows a high intensity in
{002} planes (Fig. 5b). Besides, depending on the crystal orientation can
be observed a periodicity corresponding to the {100} planes perpen-
dicularly oriented to the growth direction (Fig. 5¢) as confirms the FFT
(Fig. 5d). The incorporation of silver NPs does not affect the ZnO NWs.

In the case of sample II, specific details can be observed regarding the
metal Ag NPs. The nearly circular appearance has a diameter of around
29 to 37 nm. The crystals present their faces affected by twins.
Depending on the crystalline face, it is possible to identify single or
multiple twinning with parallel lamellae. The twinning also conditions
the atomic disorder degree.

Fig. 6 shows silver NPs with different twinning in each face The faces
2 and 3 exhibit the {111} planes as confirming the FFT (Figs. 6¢ and 7d,
respectively). Multiple twins are affecting the face 3. A close-up view of
the twinning boundary of region 1 shows multiple twins (Fig. 6b). In this
case, three sequences with a spacing of 2.35 A (111) are delimiting the
twin boundary. Partial dislocations (marked with arrows) are affecting
the neighboring (111) planes.

In other cases, as shown in Fig. 7, a particle with truncated-
octahedron cubic shape (Fig. 7b) shows apparent differences in the
disorder degree associated with the {111} twining. Different orientation
in the diffuse streaking observed in the FFTs (faces 2 and 3) is due to
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Fig. 4. Low magnification TEM micrograph (bright field mode) with details of silver particles orientation (a), an enlargement shows an HRTEM image of an Ag quasi-
spherical NP and a ZnO NW (b), EDS spectra (c) and SAED ring pattern (d) of sample II: Ag/ZnO synthesized nanostructures.

Table 3
Particle dimensions of samples determined from TEM.

Sample Particle size* (nm)
ZnO Ag
L w AR** (9)
65.5 + 9.7 59+ 1.9
! 138.4 + 23.9 11.1£20 12.5 + 4.4
I 143.4 + 22.1 12.6 + 4.1 11.4 £ 5.5 17.3 £ 3.3
83.1 +9.2 6.6 + 2.8
111 183.6 + 27.2 125+ 3.8 147 4 6.6 94.3 + 29.5
I\ 125.4 + 0.7 14.8 + 2.5 85+ 1.5 113.1 + 30.4

In bold appear the most representative values of each case.
" Results determined from TEM images.
- Aspect Ratio (AR): Results obtained from length and width (AR = L/W).

shape effects (Figs. 7a and 8c). The FFT corresponding to face 4 shows
the crystallographic arrangement along the [011] orientation, where
intensity spots corresponding to {111} and {200} suggest minor disor-
der degree (Fig. 7d). A close-up view of the twinning boundary of region
1 (Fig. 7e) shows parallel-twin lamellae affected by deformation where
partial dislocations and stacking faults are affecting the sequence. The
arrows indicate local punctual defects.

From the information of HRTEM, it can be deduced that the incor-
poration of spherical silver NPs on the ZnO NWs could play an essential
role in the photocatalytic response. A critical aspect is a role played by
point and extended defects The initially formed ZnO NWs consist of very
ordered atomic lattices. It is evident that the twinned silver nanocrystals

have a high content of defects, where differences in their content depend
on the crystalline faces. Indeed, the twining can be subjected to local
deformation processes increasing even the density of disorder degree.

Lai et al. [64] suggested that the successful solvothermal method is
due to the weak reducing effect of ethanol used as a solvent to obtain
metallic silver NPs from Ag*. In all cases where AgNOs3 was added, even
in the absence of CTAB, the presence of ethanol leads to the growth of
the quasi-spherical metallic silver Nps on the ZnO NWs surface, proving
equal results of Y. Zheng et al. [65].

Usually, when sodium hydroxide is present in zinc (2+) solution, the
chemical reactions which take place are [66]:

Zn** +40H —>Zn(OH);~ €))

Zn(OH)}™ < ZnO + H,O +20H™ @)

In the case where silver ions are also a part of the precursor solution,
the following chemical reactions are included in the process
[58-60,64-66]:

Agt +20H —Ag(OH); 3)

Zn(OH);” +2Ag(OH); < Ag,0/Zn0 +40H~ 4

In the present work, the molar ratios of OH/Zn*" were 10:1 (sam-
ples I-III) and 20:1 (sample IV). In these high basic conditions, the ZnO
phase is complicated to obtain at RT because the reaction (Eq. 2) is a
chemical equilibrium that is easily shifted to the left [64] when a high
OH™ concentration exists. However, there are lots of studies demon-
strating that in extreme conditions (high temperature and pressure),
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[010] ZnO

Fig. 5. HRTEM images of ZnO NWs of Sample II: a particular NW showing lattice planes with a distance of 002 indicating the growth direction (a). The corre-
sponding low magnification image is shown as an insert. FFT oriented along the [010] zone axis (b). Detail showing the 100 planes perpendicular to growth direction

to ZnO NWs (c). The corresponding FFT confirms the 100 intensity spots (d).

ethanol acts as a weak reducing agent [42,64,65]. Therefore, in our
solvothermal process, ethanol could deprive the oxygen ions presented
on the ZnO surface, creating oxygen vacancy (V,"*) on the surface of
ZnO NWs (Eq. 2 or Eq. 3). Moreover, in these conditions, the reduction
reaction of Ag,0 would be favored, leading to the formation of pure
metallic Ag NPs on the surface of ZnO NWs (eq. 3).

solvothermal

Zn0 5 Zn0(1- X))Vt 0 < X < 1 (5)

solvothermal
=

Ag,0/Zn0 Ag/Zn0,(1-X)Vy",0 <X <1 (6)

3.4. Optical properties. UV-vis diffuse reflectance spectroscopy (DRS,
GAP values determination)

The energy bandgap value was estimated by extrapolation of the
linear portion of the graph, between the modified Kubelka-Munk func-
tion [F(R)-hv]2 versus photon energy (hv), where, h is the Planck's
constant and v is the frequency of light, as reported in previous work
[67]. Table 4 shows the samples' extrapolated value of the energy
bandgap (Eg). Compared with bulk ZnO (3.37 eV), the Eg reduced to
3.21 eV when it reached the nanoscale, as observed in the pure ZnO NWs
(sample I). This value is not more distant from the bandgap of com-
mercial ZnO nanoparticles (3.18 eV) [68]. Observing samples II-VI,
silver NPs does not substantially affect the Eg values remaining almost
constant (3.23-2.29 eV), compared with pure ZnO NWs (3.21 eV).

However, the Eg of sample III is slightly higher than sample II (3.24 and
3.29 eV, respectively), showing that GAP is minimally increased with
reaction time. This decrease could be due to the bandgap energy, which
is directly related to the particle size of the samples and the defect
presence of Ag/ZnO.

3.5. Measurement of surface area (N2 gas adsorption/desorption, BET
values estimation)

Table 4 summarizes the specific surface area values. Values are be-
tween 25 and 59 m?/g, higher than those reported commercial ZnO NPs,
around 9.8 mz/g [70]. These values may be due to the size of NWs.
Moreover, these values are in the range commonly accepted for meso-
porous materials (according to the IUPAC classification, Sggr = 10-200
m?/g). However, BET values show a slight reduction in the presence of
silver Nps, which could be due to the silver NPs deposition on the ZnO
NWs, which reduces the available ZnO surface. The lowest specific
surface area corresponds to sample IV, which has a high level of
agglomeration, as observed in the SEM images.

3.6. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

Comparing BET and elemental composition of samples (Table 4.)
indicates how higher metal loadings coincide with larger BET areas, and
consequently, there is more surface area to deposit the silver. Besides,
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Fig. 6. HRTEM image of silver NPs corresponding to sample II (a). A close-up of the region (marked as 1) shows local details of the twin boundaries and partial
dislocations associated with twin sequences (b). FFT showing the 111 and 200 of silver NP (c). Diffuse streaking corresponds to the region affected by dislocations

and faults of figure b (d).

sample IV has the lowest silver load, which could be due to higher zinc
precursor concentration and major particle agglomeration.

3.7. Photocatalysis

Fig. 8 shows the MB degradation percentage with the irradiation
time. According to previous works, if there are no ZnO nanostructures in
media, no significant MB degradation occurs under irradiation with UV
light [29,49]. Therefore, for interpreting the results of Fig. 5, it is
necessary to discuss them individually, according to different synthesis
conditions.

The precursor concentration indicates that a lower Ag*/Zn?* molar
ratio causes a lower percentage of silver available and, therefore, worse
catalytic results. Furthermore, sample IV was synthesized without
dispersant and at a long reaction time (18 h).

The reaction time shows that samples prepared at a longer time
(samples III and IV) present worse photocatalytic behavior due to
further growth of the particles. Longer reaction time leads to higher
inhomogeneity in the samples' sizes, aspect ratios, and a higher aggre-
gation observed (Fig. 2.e).

Apart from synthesis conditions, the dispersant also plays a vital role
in changing the morphology of ZnO nanostructures [48]. Studies carried
out in zinc oxide by Brunauer-Emmett-Teller (BET) Surface Area Anal-
ysis [17,71] demonstrate that the available surface area of nano-
structures affects the catalytic results. The morphology and size that
determine the surface area are critical parameters in photocatalytic

activity [47]. As displayed in Fig. 8, samples synthesized with CTAB
(samples II and IIT) have the best catalytic behavior. Due to the synergic
effect of dispersant and solvent, the dispersant can interact with growth
units of ZnO to generate active sites on the surface of ZnO nuclei so that
ZnO NWs are created from those sites [4,51-53]. Therefore, it leads to a
larger surface area than samples synthesized without CTAB (samples I
and IV).

When the Ag precursor is added in the presence of CTAB, and more
considerable reaction time (sample III), its photocatalytic activity is
almost similar to that of pure ZnO (sample I). In this case, it is necessary
to consider that sample III is less homogenous than the sample I despite
having silver (Fig. 2).

Compared with pure ZnO (sample I), loading an amount of Ag on
ZnO NWs was expected to enhance its photocatalytic activity. However,
as shown in Fig. 8, sample IV synthesized with Ag exhibits worse pho-
tocatalytic activity than the sample I (pure ZnO). This result is justified
with particle sizes (Table 3). In this Table 3, sample I presents a lower
aspect ratio (5.9 + 1.9) than sample IV (8.5 + 1.5), and the particle size
of Ag nano-spheres in the second one is the largest obtained (113.1 +
30.4 nm). This could decrease the available surface area due to nano-
particles agglomeration caused by their growth. Studies carried out by
W.L. Ong et al. [72] on various heterostructured ZnO-Pt/Ag/CuO
nanowires showed that the high agglomeration of the NPs could
reduce the surface area available for photoreactivity.

Analyzing samples II and III, both synthesized in the presence of
CTAB. The first one shows better catalytic activity. It could be related to
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Fig. 7. HRTEM images of a partially deformed silver nanoparticle with multiple twining on {111} corresponding to sample II (b). Different orientations of each face
are confirmed in the FFT patterns (a, ¢, d, and f). For more details, see the text. Enlarged image showing the stacking faults and partial dislocations of region 1 (e).

the surface and the particle size effects. i) Sample III has a heterogeneous
morphology with a worse silver Nps dispersion (see SEM images, Fig. 2).
ii) The particle size of sample III presents two ZnO NWs" value distri-
butions (length 83.1 + 9.2 and 183.6 + 27.2 nm). Therefore, sample II
shows a narrow size distribution leading to the optimum aspect ratio of
about 11, which may be related to the available surface area. Besides,
the particle diameters of the silver obtained in sample III (94.3 + 29.5
nm) are much higher than in sample II (17.3 + 3.3 nm), which can cause
problems in dispersion and a decrease in the available amount of silver
to collect the electrons from CB of irradiated ZnO NWs. Thus, the effect
of size on the PCA could be due to the particle size. If the particle size
decreases, the number of dispersed particles per volume in the solution
increases. It will conduce to an enhancement of the photon absorbance.
Besides, if BET values of the ZnO nanowires decrease, it will promote the
adsorption of more dye molecules. Therefore, the deviation in PCA
should also arise from a morphology difference. These results agree with
the work performed by Y. Zheng et al. [65], verifying that the photo-
catalytic activity of Ag/ZnO photocatalysts depends on mainly of the
dispersion of Ag nanoparticles on ZnO NWs surface. Therefore, the
higher the dispersity of Ag nanoparticles onto ZnO NWs, the higher the
photocatalytic activity of Ag/ZnO photocatalyst. Moreover, the dis-
persity of nanostructured systems of Ag/ZnO is another critical factor for
liquid-phase photocatalysis due to the UV-light efficiency.

In all cases, MB degradation was higher than 64% after two hours of
exposure. Also, increasing the time up to 120 min. (from 60 min.), the
percentage of MB degradation increases. So that, with more irradiation
time, the number of photons absorbed increases, producing more OH-
by facilitating the oxidation of MB. Sample II, synthesized at 120°C and
intermediate reaction time (6 h), showed the best results of MB degra-
dation (higher than 99%) with a high Ag*/Zn?" ratio in the presence of
CTAB. It confirms that the CTAB affects the system's morphology, one of
the most significant parameters, even if it is more critical than the
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presence or absence of silver. The results of the photocatalytic study
confirmed the viability of the prepared systems for their application in
the removal of organic dyes in water.

Furthermore, these results showed that photocatalytic activity could
be improved by incorporating silver nanoparticles on zinc oxide NWs.
Thus, the superior photocatalytic performance of nanostructured sys-
tems of Ag/ZnO (samples II-IV) can be explained by the fact that
coupling of Ag with ZnO leads to a larger surface area (compared with
pure ZnO), which gives rise to an enhancing of the adsorption capacity
of pollutants. Besides, the combination of ZnO and Ag can increase the
separation efficiency of photogenerated carriers and improve their
photo-stability of ZnO [17,18,20,32,73] [74]. Therefore, given that the
energy level of the conduction band of ZnO is higher than the Fermi level
of Ag/ZnO structure, electrons flow from ZnO nanostructures to Ag
nanoparticles. So, Ag NPs perform the role of photogenerated electrons
sink very efficiently, therefore, the recombination of electrons and holes
could be inhibited [8].

Fig. 8.c depicts Ln (C¢/Cp) plotted data versus photodegradation
time, where Cy and C; represent the concentration of aqueous MB at the
initial and after a given reaction time, respectively. In this plot, the MB
degradation reaction can be modeled as a pseudo-first-order reaction
obtaining from the slope of the linear extrapolations the experimental
constant, Kex, (Fig. 8.c).. Moreover, the elimination half-life, t; /2, is
calculated from the following equation:

1
tip=(— ) Ln2
= (g1

Synthesized samples' experimental kinetic parameters are shown in
Table 5. The rate of empirical constants follows the sequence: sample II
> III > I > IV; these values are in the same tendency that % efficiency of
elimination results. The highest reaction rate experimental constant,

)
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Fig. 8. UV-visible absorption spectra of MB dye decomposition by sample II (a) and degradation percentage of MB in all synthesized samples (b) during exposure to
UV light. The plotted data of Ln (Ct/CO0) versus photodegradation time (c). * Results obtained by % degradation = (C0-Ct)-100/CO0, where CO is the concentration of
MB solution before photocatalytic reaction, and Ct is a concentration of MB solution with photocatalyst following UV light exposure for time “t”.

Table 4
Band GAP values, BET surface areas and composition (wt%) of synthesized
samples.***

Sample  Band GAP* BET surface** % w/w % w/w
(eV) (m*g™ (Zn)*** (Ag)***

I 3.21 59.3 21 0

1 3.24 42.6 60 17

it 3.29 41.4 57 18

I\ 3.23 24.7 63 7

*Band GAP calculated from the Kubelka-Munk transformed reflectance spectra
of synthesized samples.
Theoretical Eg = 3.37 eV.
**BET surface area calculated from the linear part of the BET plot (P/P0 =
0.05-0.3).
Theoretical: BET <10 mz/g (NWs ¢ < 200 nm) [69].

" %w/w estimated by ICP analysis.

3.2.1072 min~}, is presented for sample II, which achieves the 50%
elimination after only 22 min of irradiation.

The chemical mechanism that leads to organic pollutant degradation
is proposed in Fig. 9, being in good agreement with other authors
[72,75] where: VB and CB are the valence and conduction bands,
respectively.
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Table 5
Experimental kinetic parameters of the synthesized samples.

Sample % elimination (after 2 h) Kexp. (min Y t1/2 (min)

I 90.1 0.013 53

I 99.9 0.032 22

111 88.9 0.014 50

v 63.7 0.007 99
0 % n (VB) + ¢~ (CB)“electron — hole”pair (€))
OH*~ + organic dye—CO, + H,0 9
05~ + organic dye—CO, +H,O (10)

The nanoscale observation of the ZnO nanowires indicated a highly
ordered surface. In contrast, silver nanoparticles exhibited a high dis-
order degree, and their inclusion improved photocatalytic effectiveness.
The higher content of nanoscale defects coincided with the sample that
gave better photocatalytic efficiency (Ag*/Zn*" (0.2/1) molar ratio).
The presence of twinning-type defects, local stacking faults, and dislo-
cations reduced the recombination reaction favoring photocatalysis.
Previous works have reported how the formation and growth of twins
result in substantial evolution of microstructures and properties in a
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Fig. 9. The proposed chemical mechanism for degrading of organic pollutants.

large variety of metallic materials [76]. Besides, catalytic studies have
pointed out the importance of surface defects in the effectiveness of
catalysis [77].

4. Conclusions

The present research got successfully synthesized Ag/ZnO-based
nanostructures with aspect ratios ranging from 5.9 to 11.4; obtaining
ZnO nanowires with hexagonal wurtzite structure and nanoparticles of
Ag with Ag face-centered-cubic (FCC) structure. XRD has shown no
evidence of the existence of silver in interstitial or substitutional posi-
tions in the host structure of ZnO and secondary phases. Metallic silver
formed spherical nanoparticles distributed onto the nanowires of ZnO.
By HRTEM, the presence of twinned silver nanocrystals with a high
degree of disorder at the atomic level (stacking faults, dislocations) and
differences depending on the crystalline faces could play an essential
role in the photocatalytic response. The application of CTAB as a
dispersant in the synthesis of Ag/ZnO composites strongly affects the
particles' nucleation and growth, affecting the final morphology of
nanostructures and the dispersion thereof. The photocatalytic behavior
improved by incorporating silver nanoparticles on nanowires of ZnO.
Furthermore, results close to 100% degradation were obtained for a
sample synthesized at intermediate reaction time, high Ag*/Zn?" ratio,
and in the presence of a dispersant, demonstrating that these were the
optimal operating conditions. Therefore, the Ag/ZnO-based nano-
structures PCA depends upon the crystallinity, surface area, and particle
morphology, which also rely highly on the synthesis conditions.
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