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Abstract: ZnO nanorods (NRs) films, nitrogen-doped (ZnO:N), and ZnO doped with nitrogen and
decorated with silver nanostructures (ZnO:N-Ag) NRs films were vertically supported on undoped
and N doped ZnO seed layers by a wet chemical method. The obtained films were characterized
structurally by X-ray diffraction. Morphological and elemental analysis was performed by scanning
electron microscopy, including an energy dispersive X-ray spectroscopy facility and their optical
properties by Ultraviolet-Visible Spectroscopy. Analysis performed in the NRs films showed that
the nitrogen content in the seed layer strongly affected their structure and morphology. The mean
diameter of ZnO NRs ranged from 70 to 190 nm. As the nitrogen content in the seed layer increased,
the mean diameter of ZnO:N NRs increased from 132 to 250 nm and the diameter dispersion decreased.
This diameter increase occurs simultaneously with the incorporation of nitrogen into the ZnO crystal
lattice and the increase in the volume of the unit cell, calculated using the X-ray diffraction patterns
and confirmed by a slight shift in the XRD angle. The diffractograms indicated that the NRs have a
hexagonal wurtzite structure, with preferential growth direction along the c axis. The SEM images
confirmed the presence of metallic silver in the form of nanoparticles dispersed on the NRs films.
Finally, the degradation of methyl orange (MO) in an aqueous solution was studied by UV-vis
irradiation of NRs films contained in the bulk of aqueous MO solutions. We found a significant
enhancement of the photocatalytic degradation efficiency, with ZnO:N-Ag NRs film being more
efficient than ZnO:N NRs film, and the latter better than the ZnO NRs film.

Keywords: spray pyrolysis; ZnO; nanorods; nitrogen-doped; photocatalysis

1. Introduction

The use of nanostructured semiconductors for photocatalysis has attracted significant attention
due to their potential applications for water and air decontamination [1-3]. Among the various
semiconductor photocatalysts, titanium dioxide (TiO;) in its anatase crystalline form and zinc oxide
(ZnO) in its wurtzite crystalline form are the most promising (see for example [4] and references
therein). Favorable position of the bands energy of ZnO with respect to TiO, expects a more efficient
photocatalytic performance [4,5]. The 3.37 eV of its optical bandgap at room temperature, the 60 eV
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of exciton energy [6], added to the fact that it is a GRAS (Generally Recognized as Safe) material
and present a large variety of morphologies allows ZnO to be considered a promising candidate for
photocatalytic water purification [7-10]. 1D structures [11-14] presents a charge transport property
different from those of spheroidal nanoparticles, modifying positively its surface-to-volume ratio
and electrochemical double layer, resulting in an enhancement of the photocatalytic efficiency [15].
However, its wide bandgap and the electron-hole recombination are two of the main drawbacks of the
ZnO nanostructures. Therefore, considerable efforts are being dedicated to overcome these problems,
particularly by extending its absorption to the visible part of the solar spectrum and by reducing
electro-hole recombination [16,17]. Using nonmetals as a carbon, nitrogen, and sulfur results in a
modification of the conduction band to more negative potentials, then narrowing the optical bandgap,
i.e. enlarging the absorption to lower energies of the solar spectra [18-21]. In the case of nitrogen, a
slight shift to the blue [22] and red [23] were reported in the literature. The blue shift was associated to
the presence of defects on the structure of the doped ZnO. Photocatalytic efficiency of ZnO NRs can be
further increased by the formation of heterostructured photocatalysts by associating ZnO and noble
metal particles. This effect is due to the well-known electron collector capacity of metal nanoparticles,
that improve charge carriers separation decreasing, thus, the recombination [24,25]. For instance, it
has recently been reported that ZnO doped with silver nanoparticles improves the electron transfer
process and photochemical stability, making them a better photocatalyst [26-28].

The incorporation of different dopants leads to the modification of the synthesis conditions,
and consequently, it may lead to the modification of the microstructure and/or morphology of ZnO
particles. This phenomenon is considerably less explored in the literature than the effect of doping
on electronic structure, but it also affects the performance of the photocatalyst. As far as we know,
there are no previous reports about the effects of nitrogen content in the seed layers on the properties
of the nanorods grown from these seeds and deposited by spray pyrolysis technique (SPT). SPT is a
low cost, easy-to-use, safe, simple, and reproducible way to control the seeds deposition [29]. The aim
of this work is to present the synthesis by wet chemistry of ZnO NRs, nitrogen-doped (ZnO:N) NRs,
and silver-decorated nitrogen-doped (ZnO:N-Ag) NRs on a transparent and electrically conductive
glass substrate. The emphasis is focus on the relationship between morphology, structure, optical, and
photocatalytic properties of the obtained supported NRs with the nitrogen content in the seed layers.

2. Experimental and Methods

2.1. Materials

We used analytical grade zinc acetate [Zn(CH3COO),-6H,0, Merck, Darmstadt, Germany]
and ammonium acetate [CH3COONH,, Merck, Darmstadt, Germany] as precursors of ZnO and
ZnO:N, respectively. Zinc nitrate [Zn(NO3),-6H,O, Sigma-Aldrich, Steinheim, Germany] and
hexamethylenetetramine (HMT), [C¢H12Ny4, Merck, Darmstadt, Germany] were used to prepare
the NRs growth solutions. All reagents were used as received.

A transparent and electrically conductive SnO;:F film of 8 ()/sq of sheet resistance (FTO) was used
as a substrate for the growth of undoped ZnO and ZnO:N NRs following a cleaning process [29]. In
brief, 2.0 x 1.5 cm? pieces of FTO conductive glass were cleaned in an ultrasonic bath, first with water
and then with ethanol, before depositing the seed layer.

2.2. Seed Deposition

Undoped ZnO and ZnO:N seeds layers were deposited onto FTO substrates using SPT [29]. The
seed layers were then used as a substrate to allow us to obtain undoped ZnO and ZnO:N NRs. In
total, five precursor solutions were prepared to obtain pure and doped seed layers. To obtain a pure
ZnO seed layer, a 0.5 mol/L solution of zinc acetate in water was used. ZnO:N seed layers with an
increasing amount of nitrogen were obtained by using four different precursor solutions. These were
prepared by mixing solutions of 0.5 mol/L of zinc acetate and 2.5 mol/L of ammonium acetate in water
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with different volume ratios (I'), keeping constant the volume of the zinc acetate solution and adding
different volumes of ammonium acetate solution. In total, four ZnO:N seed layers were prepared
(I'=1:1, 1:2, 1:3, 1:4). In order to ensure total dissolution as well as to adjust the pH to 5.5, a few drops
of CH3COOH were added to the five prepared solutions. The pure ZnO seed layer and the ZnO:N
seed layers prepared with the four different volume ratios mentioned previously are hereafter referred
to as ZnO, ZnO:N (1:1), ZnO:N (1:2), ZnO:N (1:3), and ZnO:N (1:4), respectively. Finally, a homemade
spray pyrolysis system was used to deposit the seed layers as it was described in detail elsewhere [30].
In brief, a medical nebulizer was used as atomizer to produce uniform size droplets which were
directed by a nozzle towards the hot substrate at 350 °C, keeping constant the 5 mm distance from the
nozzle to the substrate. The hot substrate performed an oscillating movement at constant velocity to
cover the whole area of the substrate. Micro-filtered air was used as a carrier gas at a fixed pressure of
1.7 x 10° Pa and maintained at a constant flux of 10 L/min.

2.3. The Growth of ZnO and ZnO:N NRs Films

In order to grow ZnO and ZnO:N NRs films from the ZnO and ZnO:N seed layer respectively, a
simple hydrothermal process was used and two solution growth were prepared. The first solution,
used to grow undoped ZnO NRs from undoped ZnO seed layer, was prepared by mixing equal
volumes of C¢H1,Ny (0.1 M) and Zn(NOj3),-6H,0 (0.1 M) in water. The second solution used to grow
ZnO:N NRs from the ZnO:N seed layers was prepared by mixing equal volumes of the following
solution: Zn(NQO3),-6H,O (0.1 M), CsH12Ny (0.1 M), and CH3COONH4 (0.1 M) in water. Then, a
substrate containing the seed layers of ZnO or ZnO:N were placed in a 100 mL screw-capped glass
flasks containing 40 mL of the solution growth. This glass flask containing the substrate and the
solution growth was placed in an oven at 90 °C for 1 h. After that, the substrate, covered with ZnO or
ZnO:N NRs was then obtained, removed from the glass flask, and gently cleaned with distilled water
and ethanol. Finally, the substrates with NRs film were dried at room temperature.

2.4. Photodeposition of Silver

In order to ensure the surface modification of undoped ZnO and ZnO:N NRs with silver
nanostructures, 10 mL of a 10 mM solution of AgNO3 (99% in purity from Sigma-Aldrich, Saint Louis,
MO, USA) in water was prepared. Then, the as fabricated ZnO and ZnO:N NRs films were submerged
in the AgNO; solution and exposed for 20 min to 1.9 mW/cm? of UV light in order to obtain photo
reduction. An Ultra Vitalux 300 W OSRAM lamp was used as a source of light. After the treatment,
the final product was washed with ethanol and distilled water and then dried at 60 °C.

2.5. Photocatalytic Characterizacion

Undoped Zn0O, ZnO:N, and ZnO:N-Ag NRs films (2.5 X 1.5 cmz) were placed at the bottom of a
vessel with the NRs pointing upward to test the photocatalytic degradation of 50 mL methyl orange
(MO) water solution under a constant stirring. The reactor system used to study the photocatalytic
decomposition of MO is shown in Figure Sla. The light source Ultra Vitalux 300 W OSRAM lamp
(OSRAM, Wilmington, USA ) in Figure S1b shows its emission spectra determined with an Oceanoptics
USB 4000 spectrometer, (Oceanoptics, Largo, FL, USA) was placed approximately 25 cm above the
sample, for which 6.5 mW/cm? in the UV-A range of intensity was measured. The initial concentration
of MO was 3 mg/L. Experiments were performed in a natural environment without controlling the
temperature (22 °C + 2 °C). 2.5 mL of the treated solution was collected each hour in order to analyze
with an UV-Vis spectrophotometer the MO concentration.

2.6. Characterization Methods

The micromorphology of NRs films was studied using a scanning electron microscopy HITACHI
SU8230 (Hitachi, Omuta, Japan). Image] 1.52r software was used in order to obtain the nanorod
statistics. The elemental composition was determined by EDS. The crystalline structure of the NRs
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was determined by X-ray diffraction using a Philips X’'PERT MPD (Malvern Panalytical, Malvern,
United Kingdom) with Cu-K radiation equipment. The transmittance of each film was measured
with a spectrophotometer Lambda 25 Perkin Elmer (PerkinElmer, Waltham, USA) working in the range
within 190 nm to 1100 nm

3. Results and Discussion

Figure 1a—d show SEM images of ZnO:N(1:0), ZnO:N(1:1), ZnO:N(1:2), and ZnO:N(1:4) NRs
films, respectively. All NRs exhibited hexagonal cross sections and generally grew perpendicular to
the surface. The diameter, density, and the thickness of the NR films displayed a clear trend with the
amount of N at the solution used to prepare the seed layers. The micrographs show that ZnO NRs
grown onto an undoped seed layer were thinner, more dispersed, and worse oriented than ZnO:N NRs
grown onto N-doped ZnO seed layers. When the N content in the seed layer increases, the diameter
and the film thickness of ZnO:N NRs films increases, while the dispersion in NRs diameter sizes
slightly decreased. The thickness of the ZnO NRs films increased continuously from 1.3 pm to 2.4 pm
when the nitrogen content in the ZnO:N increased from (1:0) to (1:4), respectively. The mean nanorod
diameter increased from 128 nm to 250 nm for ZnO NRs grown on undoped ZnO seed layers with
respect to the ZnO:N NRs grown on N-doped ZnO seed layer, respectively. The right side of Figure 1
shows the NRs frequency of diameters in the ZnO:N NRs films. The mean diameter and size dispersion
of NRs are shown in Figure 2a and also reported in Table 1 for all the samples. Figure 2b shows the
average number of rods counted on 5 X 5 um? squares located at different positions at the surface of
the samples. The number of NRs decreased as the N concentration increased in the seed layer. From
the mean diameter (2R), the NRs counted (N) on flat areas and the film thickness (d), we can estimate
the surface area Ag of NRs considering a rod as a hexagonal prism using the following relation:

AS:(§R2V§+6R*¢1)*N. (1)

Figure 2b shows the values of Ag, the calculated surface area of NRs, for the 5 x 5 mm? squares of
analyzed surface as mentioned previously. Clearly, the NR surface area increased with the increase of
N concentration in the seed layer. The NRs that grew from the ZnO:N (1:4) seed layer had the largest
surface area.

The increase in the mean diameter, shown in Figure 2a, can be attributed to the increase in particles
size in the seed layer [31-33]. Nitrogen dopant introduced in the ZnO seed layer increase the particle
size of seed layer, and as each particle acts as a nucleation site for the growth of the nanorods, it results
in the growth of nanorods with bigger diameters. Moreover, when the particle size of seed layer
increases the density of nucleation site decrease and therefore the number of nanorods per unit of
surface area decreases, this is in good agreement with results shows in Figure 2b. The less density of
nanorods with bigger diameter and better alignment, as show in Figure 1, promoted rapid growth
along the vertical direction result in films of bigger thickness [34,35].

The elemental composition of the ZnO NRs and ZnO doped with nitrogen NRs were obtained
by EDS spectroscopy. A typical EDS spectrum of undoped ZnO NRs is shown in Figure S4a. Signals
corresponding to the presence of Zn, O, C, and Sn can be clearly identified. The C and Sn peaks came
from the FTO substrate. No any other element was detected. In Figure 54b, the EDS spectra of the
ZnO:N (1:3) NRs film is presented. As can be seen from the inset, a weak peak at 0.39 eV corresponding
to nitrogen is observed. This provides direct evidence that nitrogen atoms were introduced into the
ZnO NRs film. The N content in the film was estimated at about 0.9 at.%. However, with this technique,
nitrogen was detected only in this film.
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Figure 1. Left: electronic micrographs of (a) ZnO (1:0), (b) ZnO:N (1:1), (c) ZnO:N (1:2), and (d) ZnO:N
(1:4); right: the corresponding NRs diameter distribution obtained through the software Image].
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Figure 2. (a) Mean diameter and dispersion of the ZnO NRs; (b) Surface area calculated by equation (1)

and number of NRs counted on different 5 x 5 um? squares at the sample surface.

Table 1. Summary of results: (a) thickness of the films (estimated from cross-sectional SEM images

shown in Figure S2); (b) mean NR diameter (obtained from SEM images); (c) optical transmittance at

550 nm; and (d) Onset of absorption edge as extracted from the extrapolation of the linear part of the

absorption spectra (for further details see Figures S2 and S3, and Appendix A).

Film Thickness Mean Diameter of the Optical Onset of
Sample from Micrgraphs d Nanorods from Transmittance, Absorption Edge
(nm) Micrographs (nm) 550 nm (%) (eV)

Bare FTO 346 +5 - 82 -

ZnO Pure 1290 + 180 128 + 58 2.7 3.27
ZnO:N (1:1) 1645 + 108 132 £35 8.9 3.25
ZnO:N (1:2) 2010 + 100 141 + 41 10.5 3.26
ZnO:N (1:3) 2272 + 107 152 £ 19 9 3.27
ZnO:N (1:4) 2380 + 78 249 + 50 13.8 3.27

Figure 3a,b shows typical scanning electron images of as-synthesized pure ZnO and ZnO:N (1:2)
NRs after the Ag photodeposition process, respectively. The presence of nanoparticles on the ZnO:N
(1:2) NRs is clearly noticeable in Figure 3b. Figure S5 shows an SEM images obtained with an energy

selective backscattered electron detector (EBS) of sample ZnO:N (1:2) in the same position of as show in
Figure 3b, the color contrast difference on ESB analysis clearly indicates that the elemental composition
of nanoparticles differ from the ZnO rods. Figure 3c depicts the EDS spectrum corresponding to the

region of the film shown in Figure 3a (ZnO-Ag NRs), indicating that silver is present in this system.
EDS and ESB analysis confirm that nanoparticles are indeed silver nanoparticles. Silver was deposited
in the form of nanoparticles on the top and lateral faces of the ZnO:N rods, but in the case of the
pure ZnO rods, although it is detected by EDS, cannot be identified as well-defined particles. To
determine the reason of this behavior a deeper study of this phenomenon is necessary. Very likely, it is
consequence of the presence of a higher amount of thick rods in the ZnO:N samples.
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Figure 3. SEM analysis of (a) ZnO-Ag, (b) ZnO:N-Ag NRs, and (c) Elemental EDS spectrum of
ZnO-Ag sample.

Figure 4a presents the X-ray diffraction patterns of ZnO and ZnO:N films of nanorods grown
on seeds with different ZnO:N ratios. All the samples displayed high crystallinity with an average
crystalline grain size between 44 and 51 nm, depending on seed composition. The main peaks of
the diffractograms can be attributed to the hexagonal structure of ZnO wurtzite corresponding to
the crystalline planes (100), (002), (101), (102), (103), and (112) [JCPDS card No. 36-1451]. The most
intense diffraction plane is (002) and indicates that the c-axis of the wurtzite structure is the preferred
growth direction for the supported nanorods. Meanwhile, the weak diffraction peaks corresponding
to the crystalline planes (100) and (101) tend to disappear as the nitrogen content in the seed layer
increases. Peaks marked with (*) are peaks corresponding to the transparent conductive substrate,
with no additional diffraction peak detected. Figure 4b shows an amplified view of the reflection
corresponding to the crystalline plane (002) of undoped and nitrogen-doped ZnO nano-films. It can be
clearly observed that the presence of nitrogen slightly shifts the position of the diffraction peak towards
a smaller diffraction angle. This would prove a successful doping due to a possible substitutional
modification of the oxygen, or in any case, interstitial, since the nitrogen atom is larger than the oxygen
atom but smaller than the zinc atom, thus increasing the lattice constant [36]. Figure 4c shows the
ratio of the relative intensity for the (101) and the (002) peaks corresponding to the different NRs
films. The decreasing trend indicates that the c-axis alignment improved as the N content of the seed
layer increased.
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Figure 4. The ZnO and ZnO:N NRs films shown: (a) the diffraction patterns, (b) an enlarged view of
the diffraction peak associated to the crystalline plane (002), (c) relative intensity ratio of (101)/(002)
peaks, and (d) volume of the unit cell and grain size.

Applying the Debye-Scherrer equation, D = 0.9A/3cos6, [37] to the crystalline plane (002) allow
us to calculate the crystalline grain size along the c-axis. In this equation, {3 is the full width at half
maximum of the peaks corresponding to the crystalline plane (002), A = 1,540598 A and 6 the diffraction
angle. The calculated D for all samples is shown in Figure 4d. In general, the grain size for all ZnO:N
NRs is larger than for undoped ZnO, with the grain size of ZnO:N (1:1) being the largest. Figure 4d
also shows that for ZnO:N NRs, the grain size decreases as the N content in the seed layer increases.

The lattice parameters ‘a’ and ‘c’ were calculated by using the relation of r spacing [37]

12

12 4(h?+k2+hk?
( —_(+—)+

) T3

LIZ C_2 . (2)
The lattice parameters and the c/a ratios are shown on Table 2, as well as the unit cell volume, which
is also plotted on Figure 4d. The calculated c/a ratio of about 1.603 which is correlated with the 1.633

published elsewhere [23]. All ZnO:N samples exhibit bigger crystal parameters as compared to pure ZnO.

Table 2. Calculated lattice parameter for pure ZnO, ZnO:N, and ZnO:N-Ag (1:1) NRs films.

Crystal Parameters

Sample FWHM (°) 20 (°) Grain Size D (nm) ~ . Volume (A3)
a=b(A) c(A) c/a
ZnO 0.220 34.84 44.0 3.2290 5.1763 1.603 46.739
ZnO:N (1:1) 0.189 34.79 51.0 3.2293 5.1799 1.604 46.782
ZnO:N (1:2) 0.193 34.78 50.0 3.2305 5.1801 1.603 46.819
ZnO:N (1:3) 0.196 34.77 49.0 3.2302 5.1795 1.603 46.803
ZnO:N (1:4) 0.202 34.79 48.0 3.2329 51776  1.602 46.864
ZnO:N-Ag (1:1) 0.335 38.05 30.0 - - - -
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Figure 5a presents the diffractograms of the ZnO and ZnO:N NRs films after the photoreduction
process. There is no obvious difference with the XRD patterns shown in Figure 4a, as both graphs
display the same peaks. However, an enlarged view of the FTO peak at 37.65°, shown in Figure 5b,
reveal the presence at 38.05° of one weak peak (*). The presence of this diffraction peak can be assigned
to the plane (111) of the FCC Ag structure [JCPDS card no. 04-0783], associated with crystalline
nanostructures of Ag in films. In addition, the fact that there are no additional diffraction peaks
associated to this element is probably due to the fact that they are only attached on the NRs surface.
The calculated grain size corresponding to the peak (111) of the Ag nanoparticles was 30 nm.

S Zn0-Ag

@ ¢

ZnON-Ag (1:1) (b)
ZnO:N-Ag (1:2)

ZnO:N-Ag (1:3)

~~
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= A 5
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S S
ZnO-Ag

20 25 30 35 40 45 30 55 60 65 70 37.0 375 380 385 390
26 (degree) 26 (degree)

Figure 5. (a) XRD patterns of Ag-decorated undoped and ZnO:N NRs with different nitrogen contents
in the seed layer; (b) enlarged view of the FTO peak shown in Figure 5a.

The optical transmittance spectra of the ZnO and ZnO:N NRs films were recorded over the
spectral range of 300-700 nm and are shown in Figure 6. In general, the transmittance was below
15% (at A = 550 nm) for all samples and the lowest transmittance was for undoped ZnO, the results
of this analysis for the different samples are summarized in Table 1. The onset of the absorption
edge (see Table 1, the supplementary material and references [38,39] for further details). The average
transmittance increased with doping, likely due to an increase in the axial order of the synthesized
ZnO:N NRs.

254

Zn0O
ZnO-N 1:1
20+ 7ZnO-N 1:2
1 ZnO-N 1:3
15- ZnO-N 1:4 -

10+

Transmittance(%)

54

0_| — T T T T T T T T T T T T —]
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6. Spectral transmittance in the visible range of ZnO and ZnO:N NRs films.
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The absorption onsets are similar for all synthetized materials, only a small reduction in the onset
of absorption was found for all the ZnO:N films as compared to pure ZnO. This reduction may be due
to substitution of N for O and later formation of Zn-N bonds. The existence of Zn-N bonds can result
in mixing of N 2p states and O 2p states, which can account for the restructuring of the valence band
and subsequent reduction of band gap [40]. However, no significant changes in the absorption onsets
are similar for ZnO and ZnO:N materials

The photocatalytic activity of all the samples is shown in Figure 7. Cj represents the initial
concentration of MO and C is the MO concentration after light exposure. As a reference on both graphs,
the green line shows the degradation of MO under direct light illumination in absence of photocatalyst;
almost no degradation was observed.

1.0 1.0+
08 03 —=— 7n0-Ag
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Figure 7. Variation of the photocatalytic efficiency of (a) pure ZnO and ZnO:N NRs and (b) ZnO-Ag
and ZnO:N-Ag NRs. Uncertainty associated with each measurement is 5%.

Figure 7a shows the photocatalytic activity of pure ZnO and ZnO:N NRs. An important
enhancement of photocatalytic activity is observed. All ZnO:N NRs photocatalysts exhibited a higher
degradation rate than pure ZnO NRs, with ZnO:N (1:1) being slightly the most efficient by removing
98% of the dye in 5 h. By contrast, during the same amount of time, only 55% of the dye was degraded
by using pure ZnO NRs. No big differences were found in the degradation rate between all ZnO:N
NRs films. The higher photocatalytic performance of ZnO:N NRs as compared to pure ZNO NRS films
is likely due mainly to their bigger surface area and crystal size than pure ZnO NRs, as can be clearly
seen in Figure 2 and Table 2 respectively, and to a lesser extent, to a small enhanced of visible light
absorption capacity due to nitrogen doping. As explained in [41], nitrogen dope introduces surface
states due to defects, reducing then optical bandgap [42] by adding a band tail.

The photocatalytic activity of ZnO-Ag and ZnO:N-Ag NRs films are displayed in Figure 7b. There
is a significant enhancement of photocatalytic activity due to the presence of silver in these materials
with respect to pure ZnO and ZnO:N NRs (shown in Figure 8a). All ZnO:N-Ag NRs films degrade
around 95% of the MO in only three h.



Coatings 2019, 9, 767 11 of 15

Acceptor N . .
Pt Fp—— OH , MO
MO - -
| O; OO }
. OH Decomposed
Decomposed VB oducts
p]_'oduc 5 m products
Ag Zno
b)
Visible light
SPR excitation

&

Decomposed

products Yo __* _/ ___________) l
Decomposed
products

Acceptor

lcve‘lié) / sz
VB
Zn0

Figure 8. Schematic band diagram of ZnO:N-Ag nanostructures showing the processes for the
photocatalytic degradation of MO dye under (a) UV light irradiation and (b) visible light irradiation.

The energetic position of the energy bands to ensure rapid transfer of photo-induced charge
carriers in nitrogen doped and silver-decorated ZnO films has been discussed before [22,23,26-28].
Figure 8 shows a scheme that resumes the different processes that takes place during the photocatalytic
degradation of MO under UV or visible light illumination. The influence of silver on a semiconductor
promotes the formation of a Schottky barrier, behaving as a container for these, which improves the
separation of photogenerated charge carriers. This allows electrons to flow from the ZnO to the Ag
nanostructures, since the lower energy level of the ZnO conduction band is higher than the Fermi
equilibrium energy level (Ef) of the ZnO-Ag heterostructures. On the other hand, the positive charge
carriers can, in principle, remain on the semiconductor surfaces, as shown in Figure 8a. Then, each of
the charge carriers will follow the well-known adsorption processes and redox reactions, producing
superoxides O, in the conduction band and hydroxyl radicals ¢OH on the valence band. This will
lead to methyl orange until it is broken down into CO, and H;O.

On the other hand, the increase of photoactivity in the visible range can be rationalized with
the mechanism described in Figure 8b. Where plasmon resonance under visible radiation produces
on the silver nanostructures a promotion of charge carriers [43—46], adding the fact that the Schottky
interfacial barrier would prevent the transfer of an electron from the surface of the silver nanostructure
to the semiconductor. However, it has been shown that electrons are still able to be transferred back
from the Ag to the ZnO:N due to the strong collective oscillation of electrons under the plasmon
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excitation [47-49]. As in the previous case, the photogenerated superoxide O, and hydroxyl ¢OH
radials would be generated and react with the MO.
The overall reactions under the UV and Visible photocatalytic reaction are shown below [45]:

ZnO nanorod + hv(UV) — ZnO(eEB + h:;B)

ZnO nanorod/Ag nanorod + hv(Visible) — ZnO nanorod /Ag*(e™)
ZnO nanorod/Ag*(e”) — ZnO nanorod(eEB) + Ag
ecg + 02 — -0
vy +OH™ — -OH
-0y +2H" -2.0H
‘OH + MO — decomposed products

‘0O, + MO — decomposed products

4. Conclusions

ZnO, nitrogen-doped ZnO (ZnO:N) and silver-decorated nitrogen-doped ZnO (ZnO:N-Ag)
nanorods (NRs) films were grown vertically on undoped and N doped ZnO seed layers by a wet
chemical method. The diameter, density of the NRs, and the thickness of the NR films were strongly
influenced by the properties of seed layers. The SEM analysis shows that ZnO NRs grown on
undoped seed layer were thinner, more dispersed and worse oriented than ZnO:N NRs grown on
N-doped ZnO seed layers. When increasing N content in the seed layer, the diameter of ZnO:N NRs,
surface area, and the thickness of the films also increase, but the spread of diameter sizes decrease.
Ag was photodeposited as nanoparticles attached on the surface of the ZnO:N nanorods, but was
amorphously and dispersed on the ZnO NRs. This different behavior might be associated with size
NRs. A significant enhancement of the photocatalytic efficiency of ZnO:N NRs as compared with pure
NRs was determined. Besides, the subsequent decoration of the ZnO:N NRs with Ag hetero-structures
resulted in an additional enhancement of the photocatalytic efficiency, with ZnO:N-Ag generally being
more efficient than ZnO:N and the latter better than pure ZnO nanorods.
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Appendix A. Onset of the Absorption Edge

For the estimation of the optical gap of ZnO, Eg, we considered direct transitions, for which
around E, the absorption coefficient, &, can be expressed as [46].

< () = A —Eg)' "7, (A1)

where } is Planck’s constant, v is the frequency of the incident photon, A is a constant and Eq is
the optical bandgap of thin film. Near the absorption edge the reflectance is much lower than the
transmittance and nearly constant, then, o can be obtained from:

(A2)
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