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ZnO and ZnO-nanorods thin films as supported
catalysts for enhanced dye degradation
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Zinc oxide (ZnO) thin films and ZnO nanorod thin films were prepared via sol-gel and chemical bath deposition methods at low temperatures,
respectively, and tested for their ability to photocatalytically degrade Methylene Blue. Both films were oriented in the c-axis in the (002)
plane, but the crystallinity of the ZnO nanorod film was better than the ZnO seed layer. The surface morphology of the ZnO film was in
ripple form, allowing the ZnO-nanorods to grow around the ripples and increase the contact area with the solution. The ZnO nanorod film
enhances the adsorption process. After 2.49 hours of irradiation, 50% of the dye degrades, and 80% degrades after 6 hours. The structur.
properties, such as good crystallinity and the orientation in the (002) plane, help improve the films’ photocatalytic efficiency. ZnO and
ZnO-nanorod films could be considered efficient and green options for the photocatalytic process of decomposing organic pollutants in an
agueous medium.
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1. Introduction the use of films is a new opportunity for escalating the photo-
catalytic reaction and making the photocatalyst easier to use.
ZnO is a material with a wide variety of uses and applica-In this sense, ZnO thin films can be obtained for different
tions. It belongs to the TCO family and has been used in somethods like atomic layer deposition, chemical bath deposi-
lar cells, gas sensors, photovoltaic devices, ultraviolet lighttion, pulsed laser deposition, spray pyrolysis, etc. [17-21].
emitting devices, and photocatalysis [1-7]. ZnO has interHowever, one of the most used methods for obtaining ZnO
esting photocatalytic properties since, despite not having thBlms is sol-gel, in which we can obtain homogeneous films
appropriate band gap (3.3 eV) to absorb visible light, its po-over any substrate through a hydrolysis and condensation re-
lar nature in the (002) plane allows him to absorb O2 ancaction. It has been reported that thin films obtained by the
OH- ions which produce radicals with high oxidizing power. sol-gel method have good structural, optical, and electrical
The OH- ions production in an aqueous medium is due tdroperties [22-25], and can be used for photocatalytic appli-
the H20 oxidation by photogenerated h+ during the irradiacations [26-28]. In the case of ZnO nanorods, chemical bath
tion, which enhances dye degradation [8-11]. The efficiencydeposition is a good option for growing 1D structures due
of ZnO in optoelectronic, photocatalysis, antimicrobial ac-to its easy-to-grow films of different semiconductors at low
tivity, etc., also depends on the physicochemical propertie(emperatures over different substrates.
of ZnO, such as structure size, shape, and morphology [12]. In this work, ZnO thin films are obtained by the sol-gel
If it centers on morphology, ZnO has the advantage that demethod. ZnO films were used as substrates to grow ZnO
pending on the deposition method; it can grow in differentnanorods by chemical bath deposition. The thin films were
morphologies, such as flowers, ribbons, nanorods, nanowiresharacterized by different techniques to know their optical,
etc. [9]. The one-dimension (1D) morphologies as nanorodsstructural, and morphological properties. The photocatalytic
nanotubes, nanowires, etc., are very attractive because thgfficiency of ZnO films was tested in Methylene Blue (MB)
kind of morphology increases the aspect ratio and the higldegradation.
surface-to-volume ratio, which improves the capacity of the
ZnO to absorb light or enhance electron mobility [9,11,13].

On the other hand, in photocatalytic processes, it is com-
mon to use powders that allow the area of the irradiated map.1. ZnO thin films
terial to be greater, increasing the activity. However, one of
the disadvantages of using powders is that it is difficult to reZnO thin films are obtained by the sol-gel method [29] at
cover the photocatalyst after the reaction [14-16]. For thatroom temperature using zinc acetate dehydrate [Fermont,
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(CH3C00)2zn*2H20], 2-Methoxyethanol (99%, Sigma- The Quartz vials were then irradiated under UV light of 15 W
Aldrich, CH3OCH2CH20H) and MEA [Ethanolamine for 1, 2, 3, 4, 5, and 6 hours and analyzed to determine the
ACS reagent> 99.0%, Sigma-Aldrich, H2N-OH)]. 2- residual concentration of MB.

Methoxyethanol and MEA were stirred at®D, and zinc ac-

etate was dissolved inside this solution under constant stirring.4. Characterization

for 120 minutes. The pH of the solution was 7, and the vis-

cosity of the solution was registered at 6 cp. The aging time>tructural properties were analyzed using a grazing angle
was 6 hours at room temperature. We used glass substratesHy@ diffractometer from the PANalytical EMPYREAN
VWR 3”7 x 17 x 1 mm: these slides were cleaned in an ultra-model. Transmittance spectra of the ZnO film were measured
sonic bath with a mixture of acetone, isopropyl alcohol, and!Sing & UV-Visible spectrophotometer (UV-VIS-NIR Cary
deionized water for 10 minutes and next dried with air. TherP000 Spectrophotometer) with a wavelength region from 175
the ZnO solution was deposited by dip coating at a constarf 3300 nm, taking as reference a Corning Glass substrate No
speed (9 mm/min). Preheating at 26Dper 10 minutes was 11 22 x 40 mm. The photocatalytic activity was determined

done to evaporate solvents and inorganics compounds amoMjjth @ UV-VIS spectrophotometer USBA4000 from Ocean Op-
each layer. Finally, thin films were annealed in a tubular fur-tics- Surface images were obtained with a JEOL JSM 6510

nace at 400C for 2 hours. scanning electron microscope.

2.2. Growth of ZnO nanorods 3. Results and discussion

ZnO thin films obtained by Sol-Gel were used as substratestg.1. Morphology

grow ZnO nanorods by chemical bath deposition [30]. Zinc

nitrate hexahydrate 0.005 M and NaOH 0.26 M were sepaFigure 1a), b), and c) shows SEM images for ZnO thin film
rately dissolved in deionized water, mixed in a beaker (pHobtained by the Sol-Gel Method. The surface of these films is
11), and put in a chemical bath at“Tfor 60 minutes. After Nnot entirely homogeneous because too many agglomerations

this time, ZnO substrates were rinsed in deionized water antBnging in size from Jum to 20 um are present in the sam-
dried with air. ples. ZnO solution by Sol-Gel was deposited in drops pro-

ducing many ripples on the borders. The segregation of the
2.3. Photocatalytic activity of ZnO thin films and ZnO  Phases could be due to the solvent’s low volatility and the va-
nanorods thin films por pressure, causing poor or rich regions of the solution and
yielding the presence of ripples over the surface [31]. Over
The photocatalytic activity of ZnO thin film samples with dif- this irregular surface, ZnO-nanorods were grown [Figs. 1e),
ferent morphology was evaluated by Methylene Blue (MB)1d), and 1f)], covering the entire surface and even enveloping
degradation in an aqueous solution of 5 ppm. Catalytic thirall ripples. Additionally, to the nanorods, stars were found
films have an active area ofx 1 cm?. We used three quartz over the surface, which can be formed by excess precipitates
vials with 3 ml of dye solution for the degradation reaction. over the surface substrates [Figs. 1d), 1e)].

FIGURE 1. SEM images of the surface of the ZnO films a), b), and c) and ZnO nanorods d), e), and f).
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SR solution to grow in this direction and inhibit the growth in
o0 S m |20 | o® other directions. To confirm this, the textural coefficient was
i AepE 52495 | Suee calculated by the following equation [34]:
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. perimental data and the standard pattern, and 1, the
200 ZnO-nanorods number of diffraction peaks. As the textured coefficient is

‘MJ\_A . for both films, the growth is oriented in a preferential direc-
7 Zno tion (h, k,!) different from the referent card [35,36], which
% 4 8 e 76 8o coincides with those mentioned above. On the other hand,
2 as seen in Fig. 2, the ZnO nanorod film crystallinity is bet-

ter than the ZnO film, which means that this film has fewer

FIGURE 2. XRD diffraction patterns for ZnO and ZnO-nanorods defects than the ZnO film. To confirm this assumption, the

thin films. dislocation density of each film was calculated using the fol-
lowing equation [37]:
3.2. XRD 1
0= 73 2)

Figure 2 shows XRD diffraction patterns for ZnO and ZnO-
nanorods thin films. The peak at 3495 the ZnO thin film  where D is the grain size. The dislocation density for each
deposited by Sol-gel has a higher intensity than the othefilm is shown in Table I. It can be observed that the disloca-
peaks. This peak corresponds to the (002) plane, whicHon density is lower for the ZnO nanorods film, which will
means that the film is oriented on the c-axis. As we havémprove the photocatalytic efficiency [22]. All these kinds
seen in SEM results, the ZnO surface has many agglomegf defects, like dislocations, grain boundary, stacking faults,
ates, which could detract from the film’s crystallinity. On the €tc., make the films under different sources of strain [38]. Us-
other hand, the intensity of the ZnO nanorods increased sighd lattice constant values, we can calculate the strain along
nificantly. Likewise, i n the ZnO films, the ZnO nanorods arethec axis using [39]:
oriented in the (002) plane since the ZnO film served as the
seed layer for the growth of the nanorods. Both films have €=
a hexagonal structure, preferentially oriented on the c-axis
(TRACES 6 database, 06-0891 card). Some authors repowtherea, as is the lattice parameter of the strained ZnO from
that preferential orientation is defined by the particle interacthe X-ray diffraction data and aL is the unstrained lattice pa-
tion with the substrate [32]; glass substrates are amorphousameter of ZnO. If the strain value is positive, the film is un-
so when a solution is deposited over a glass substrate, tlter tensile strain, but if the strain value is negative, the film
growth is random [33]. shows a compressive strain [40]. According to the results, the
Therefore, when we grow nanorods over ZnO thin filmsZnO film has a tensile stress (positive), while ZnO nanorods
with a preferential orientation over the c-axis, we force thehave a compressive strain (negative). For hexagonal crystals,

B AL 100%, ©)

ar,

TABLE |. Structural properties of the ZnO films.

Textured coefficient

Grainsize  a(A) c(A) Teo(i00) Teo(002) Teoon Density Strain Stress
(nm) dislocations (%) (GPa)
(nm~?)
Zn0O
(06-0891) 3.2595 5.2069
Zn0O 3.123 3.2434 5.2171 0.57 2.10 031 9.12x107* 0.0084 -3.94
Zn0O 50.98 3.2523 5.2083 0.12 2.80 0.06 3.85x 107* - 46.73
nanorods 0.1003
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the biaxial stressi() in the plane of the film can be calculated 3.4. Photocatalytic degradation of Methylene blue
by the relation [41]: . )
The degradation of a 5 ppm methylene blue (MB) solution
(C11 + C12)Css was conducted to probe the photocatalytic activity of ZnO
T O & (4)  and zZnO-nanorods thin films, as shown in Fig. 4a). First,
the adsorption of the MB solution in the dark was carried
for ZnO, the elastic stiffness constants ékg — 2.07x 1011 out for the ZnO [J) and the ZnO-nanorod film (. Then,
N/M2, Cas = 2.09 x 101! N/m2, Cyy = 1.17 x 101! N/m? to observe that MB degradation was not caused by photoly-
Cis = 1.06 x 10! N/m? [42], are negative for the ZnO sis, a pure solution of MB was irradiated with UV light)(
films and positive for the ZnO nanorods (Table I). Usually, Finally, the MB concentration was plotted vs. time for the
the total stress in thin films comprises two components: ex£nO thin f_|Ims_W|th nanorods () and without nanor_ods !
trinsic stress and thermal strain. Extrinsic stress is due to th{9" @ reaction time of 6 hours. The ZnO-nanorods film shows
lattice mismatch and the thermal expansion coefficient befigher photocatalytic activity due to a significant presence of
tween the film and the substrate. In contrast, thermal straiffXY9en vacancies that increase surface activity compared to
is related to the thermal expansion coefficient among zndhe ZnO film [40,41]. After 6 hours, the MB solution was
(4.75 x 1075 K~1) and glass substrat8.25 x 10~ K1) degraded by around 70% for the ZnO and 80% for the ZnO-
[40,43]. Some authors report that when the thermal exparﬂ&_mo_mds thin fil_ms because Of the _pho_torea_ction [47]. Both
sion coefficient of the film material is larger than the Sub_thln films have first-order reaction kinetics [Fig. 4b)]. In ad-

strate thermal expansion coefficient, the substrate can indudiition. can be noted a linear relation between In(C0/Ct) and
resultant tensile stress over the film material [43]. the irradiation time in the degradation process of the dye [47].

From Fig. 4b), it can be observed that both films have a sim-

ilar performance in the photocatalytic degradation of methy-
3.3. Optical properties lene blue. Still, the ZnO nanorod’s photocatalytic efficiency

is better due to high crystallinity, showing a lower presence
The optical properties of ZnO thin films were analyzed usingf defects than the ZnO film (Table 1). Also, the advantage
UV-VIS spectroscopy (Fig. 3). The final appearance of thinof this kind of morphology is that it can improve the effec-
films was opaque, so the average optical transmittance wale surface area, allowing better light capture and enhancing
about 20 and 30%. The absorption edge was found at 379te photocatalytic efficiency [48,49]. However, some authors
nm for ZnO thin film, whereas the absorption edge was afave reported that the photocatalytic efficiency of ZnO is due
385.3 nm for ZnO-nanorods thin film. The optica| band gaptO the grain size because if a material has a small grain size,
for each thin film was determined from the/{()? vs. hv  this can favor the surface area, giving more sites for better
plot. The ZnO thin film band gap was 3.22 eV and 3.24 evabsorption [28].
for ZnO-nanorods film. ZnO-nanorods increase carrier con-

g = 2(013)2 —

centration enabling lower energy states to be filled to increase
the optical band gap [44]. This phenomenon is known as the  1.00 - _
Burstein-Moss effect [45,46]. > T
100 0.80 -
= ZnO ’— =
i * ZnO nanorods ol évgﬁamﬂ?J
/ QO .60
99 20 J %)
8 £g=321ev 1.8
PR £ 4 1.5]k=0.241h; ¢,,=3.239n
e o0 o/ 1‘ k=0.278h"; t,,=2.491h
S S ) 0401905
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£ | T3
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04 4 Time (h)
" T FIGURE 4. a) Evaluation of the MB photocatalytic degradation by
a0  s0: @ 76 w69 the comparison of the initial concentration (CO) and the residual
Wavelength (nm) concentration (Ct) after different irradiation times and b) the de-

termination of the Kapp. The Adsorption of MB on the ZnQ)(
FIGURE 3. Transmittance percentage and optical band gap of ZnOand ZnO- nanorods () thin films, auto-photodegradation of MB
thin films and ZnO nanorods. An increase in the band gap is shown( ), the photocatalytic activity of the ZnO thin film §, and the
for the thin film of ZnO nanorods. ZnO-nanorod film ().
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FIGURE 5. Study of the adsorption kinetics of the MB on the surface of the ZnO thin filjrad the ZnO-nanorods thin filnid). Both of
them showed Langmuir-type behavior.

Using this information, it was possible to determine thesolution. Therefore, we can state that the presented ZnO and
rate constant k and the semi-reaction peribf2, resulting  ZnO thin films straightforwardly prepared by the chemical
ink =0.214 h—1andtl/2 = 3.293 h for the Zn films. And  bath deposition method deliver excellent photocatalytic per-
k =0.278 h — 1 with t1/2 = 2.491 h for the ZnO-nanorod formance for the degradation as they can degrade from 70-
films. Reaction kinetics are also highly related to other pa80% of the MB solution in 6 hours. It can be noted that de-
rameters such as the amount of the catalyst, light intensitypending on the synthesis method, it was produced different
temperature, etc. [47]. The reaction speed rate increases particle sizes, morphology, and total surface area. This yields
the presence of the nanorods, which can be attributed mainlariations in the photocatalytic performance of each catalyst.
to an improvement in surface area, generating an increase the ZnO catalyst films presented in this work show better
the dye adsorption on the surface of the catalyst. It took aboudegradation performance than the work of &li,al.

2.49 hours of irradiation to degrade until 50% of the dye. The  The proposed reaction mechanism for the rupture of the
structural properties, such as good crystallinity and the oriMB under UV irradiation pv = 3.24 and 3.22 eV) is as fol-
entation in the (002) plane, help to improve the ZnO films’ lows:

photocatalytic efficiency.

Figure 5 shows the adsorption kinetics of the MB
molecules on the surface of the ZnO- nanorods thin film (a) The decomposition of the BM molecule is induced by the

and. the ZnO thin f|!m (b). Both shovyed Langmuir-type be high reactivity of theh* and the subsequent formation of the
havior, corresponding to the formation of MB monolayers ; o

X hydroxyl radical due to the water decomposition.
on the catalyst surface. The absorption rate constants wer

calculated by the linearization of the absorption curves from ht + OH™ — OH". (6)

Fig. 4a). A rise in the adsorption rate for the ZnO-nanorods

film (8.787/mg*h) is noted in comparison to the rate of the  Furthermore, electrons on the conduction band surface

ZnO film (5.153 x 10* L/mg*h) because of the increase in can produce superoxide ions by reducing molecular O

surface area. Moreover, this radical is known to produce organic peroxides
Table Il compares the percentage of photodegradatioilsO, as well. In addition, hydroxyl radical can be generated

among various catalysts, including suspended and supportdxy capturing photogenerated electrons by the presence of O

TiO,, BaFg,049, and ZnO films for the degradation of MB dissolved in the reaction mixture.

Zn0O+hv — e +h'. (5)
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TaBLE Il. Comparison of the photocatalytic degradation of MB among various catalyst.

% MB Irradiation
Catalyst Light solution time Reference
source degradation (hours)
Ceramic disk
supported TiQ uv 64 3 Teekateerawet al. (2006)
Immobilized
TiO2 on Pyrex uv 75 4.4 Vaianet al. (2015)
ZnO and ZnO-nanorods films
(Chemical bath deposition) uv 70, 80 6 This work
ZnO films (magnetron sputtered
and hydrothermal deposition) uv 80 24 Adt al. (2011)
N-doped TiG Uv-
immobilized Visible 100 2 Saccet al., (2019)
4. Conclusions
Oy +e” — 057, Q) The ZnO and ZnO-nanorods thin films prepared by the Sol-
05 +H — 05, (8)  Gel method demonstrated excellent catalytic activity for the
degradation of the MB model molecule. Since it has a greater
HO; + HOZ — H20; + O, (9 contact surface that favors the interaction between the methy-
03~ +HO; ™ — O, + HO;, (10) lene blue molecul_e and the catalyst, it promotes a greater rgte
of photodegradation of the dye molecule than the ZnO thin
HO, + H — H,0,, (11)  film. One of the main advantages of these catalytic thin films
HyOy + I — 2HO" (12) is that they are inexpensive and can be straightforwardly fab-

ricated, easily recovered, and reused. In addition, the ZnO
HyO, + O~ — HO* + HO™, (13)  catalyst particles do not have to be recovered from the reac-

tion mixture using traditional chemical methods. This makes
Finally, it can be addressed that, as proposed in our previhe presented ZnO and ZnO-nanorod films efficient and green

ous work [54], the photodegradation of MB is produced firstapproaches for photocatalytic decomposing organic pollu-
by the rupture of the chromophore of the dye molecule, foltants in an aqueous medium.

lowed by the appearance of organic compounds composed by

-CHjs groups, double bonds, alkane - ¢Hind ketones. This

can be confirmed by the study of Akt al, 2011, in which

an HPLC analysis found that the photodegradation of MB byACKnowledgments

ZnO thin films produces four major reaction species Azure B

(AB), Azure A (AA), Azure C (AC) and Thionine (TH). In  The authors would like to thank Facultad de Ciencias,
addition, this study demonstrated that the MB molecule wasJASLP, Coordinadn para la Innovaéin y Aplicacbn de la
not completely oxidized in the observed reaction time, dueCiencia y la Tecnolog (CIACYT-UASLP) for the facilities
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a decrease in the probability of the interaction between the

catalyst and the MB dye molecules [55].
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