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ABSTRACT

Photocatalytic elimination of the toxic chemicals in water effluents is of interest

as a green approach and surface area of the catalyst material is critical for high

performance. Atomic layer deposition (ALD) provides a promising route to

immobilize conformal thin film photocatalysts on the rough and high surface

area substrates. In this study, very thin 10 nm of ZnO films were deposited on

glass fabric substrate, and their photocatalytic activities were determined with

and without post-processing annealing. After four hours of the solar simulator

and UV lamp illuminations, the solutions with ZnO ALD films showed up to

97% degradation of the methylene blue in, faster than the films on planar sub-

strates reported in the literature. With our proposed approach, a model con-

taminant is successfully cleaned quickly without the need to remove

photocatalyst materials afterward. Reaction kinetics showed a first-order reac-

tion for the photodegradation of the methylene blue in the presence of ZnO

photocatalyst thin films. Structural and optical characterizations also showed

that the defects play a significant role in the higher photocatalytic performance

of the films explained by XRD, XPS, UV–Vis, and PL spectroscopy results.

1 Introduction

Freshwater is one of the essential natural elements,

and it is contaminated by industrial and agricultural

activities that may cause acute or chronic detriment

to the life of all species [1]. Dyes used in textile and

other industries are among the major pollutants to

water since up to 20% of the total world production

of dyes is lost during the manufacturing process and

discharged as effluents into the environment [2–7].

The wastewater treatment by different physical,

chemical, and biological processes for saving the

environment are discussed and utilized [6]. The

conventional biological treatment processes have not

shown reliable results on removing organic dye

materials from the wastewater because of the recal-

citrant nature of synthetic dyes and containing high

salinity in dye wastewater [6, 7]. Chemical processes

like chlorination and ozonation processes are
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expensive because of their operating costs [8]. The

traditional physical methods like adsorption on acti-

vated carbon, ultrafiltration reverse osmosis, coagu-

lation by chemical agents, ion exchange on synthetic

adsorbent resins have been applied to remove the

contaminant dyes from wastewaters [6, 8–10]. How-

ever, these methods cannot eliminate the organic

pollutant; instead, they can transfer it from the water

to other phases that require another treatment to

dispose of toxicity, making the process expensive.

Photocatalysis is a promising method that can

obliterate the organic pollutants in wastewaters with

the help of photocatalyst material and solar energy

[7, 11, 12]. Using solar energy makes the method

more economical and environmentally friendly than

others. In addition, photocatalysis requires mild

atmospheric conditions such as mild temperature

and pressure to reduce the operating costs [7, 11, 13].

Photocatalyst systems can be homogenous where the

catalyst and the reactants have the same phase or

heterogeneous where reactants and catalysts have

different phases. Semiconductor materials such as

TiO2, ZnO, SnO2, and CeO2 are commonly used as

heterogeneous photocatalysts [3, 11, 12, 14–17] in

liquid solutions. Photocatalysts can be employed in

many forms, such as powder, nanoparticles, or thin

films. Some drawbacks had been documented using

powder or nanoparticle photocatalysts, such as low

light penetration during treatment due to high tur-

bidity and separation of particles from cleaned water

after the process needs additional attention [18, 19].

For that reason, it is desirable to immobilize photo-

catalysts on a surface for photocatalytic wastewater

treatment [20]. Among the immobilized photocatalyst

fabricating techniques, thin film deposition is con-

sidered the most promising method to fabricate the

photocatalyst on a substrate. There are various thin

film methods such as sol–gel [21, 22], sputtering

[23, 24], pulsed laser deposition [25], spray pyrolysis

[26], physical vapor deposition (PVD) [27], chemical

vapor deposition (CVD) [28], anodization [29],

(pulse) electrodeposition [30, 31], and atomic layer

deposition (ALD) which have been utilized for fab-

rication of photocatalytic films on various substrates.

ALD is a vapor phase deposition technique con-

sidered one of the most effective methods to deposit

the nanostructured thin films on the substrate

because of its sequential and self-limiting surface

reactions. During the ALD thin film deposition, a

substrate is exposed to the precursor that creates a

new monolayer of the material on the surface of the

substrate. The unreacted precursors and byproducts

from the surface reaction are removed by purging an

inert gas such as Ar or N2. Then another precursor is

exposed to the surface and reacts with the previous

monolayer forming a layer of the desired material on

the substrate. Since no other gas-phase reactions are

expected, the desired thin film is grown layer by layer

on the substrate so that the thickness of the thin film

can be precisely controlled with high conformality.

Another advantage of ALD is the deposition at

moderate vacuum and low temperatures so that

temperature-sensitive materials such as polymers can

be coated [32–40]. The most promising feature of

ALD is that it can deposit homogenous and uniform

thin films on complex and higher surface area sub-

strates such as fibrous structures like fibers or 3D

substrates. In addition, ALD can deposit thin films of

metals [41], metal oxides [42], metal nitrides [43],

metal sulfides [34], and many others on various

substrates. The ALD thin film method is relatively

expensive and usually applied as a batch process,

limiting the scalability of the method. However,

recent developments in the ALD technology offer

promising results for the scale-up of the technique via

roll-to-roll [44] and spatial ALD [45] systems. This

way, it is expected to reduce the cost and increase the

production amount of the method. Therefore, ALD’s

application in low-cost technologies is forecasted in

the near future, inspiring research in various areas,

including photocatalysis.

In this study, ZnO ALD thin films were success-

fully immobilized on a novel substrate to improve the

photocatalytic activity of the ZnO material. ALD thin

films have been deposited on the fibrous structure of

glass fabrics to use the highest surface area of the

substrate to explore photocatalytic activities of the

thin films. This way, 97% of methylene blue was

easily degraded in a short time as 4 h with high

efficiency. Similar results were confirmed with two

different light sources; a solar simulator and a UV

light. The photodegradation reaction kinetics of ZnO

ALD thin films were determined for methylene blue

degradation under both light conditions. The

repeatability and reusability of ZnO ALD thin films

were also evaluated. The effect of annealing temper-

ature on morphological change and photocatalytic

activities of ALD thin films also have been

investigated.

27028 J Mater Sci: Mater Electron (2021) 32:27027–27043



2 Results and discussion

The targeted ALD coating thickness of ZnO films was

10 nm for photocatalytic applications. Based on the

growth rate of the ZnO reported in the literature [46]

and experiences in the reactor (Savannah ALD sys-

tem in UNAM, Bilkent University), 65 cycles of ALD

were conducted to reach the aimed thickness. During

the ALD process, Si wafers were placed as reference

material to measure the resulting thicknesses of the

films using ellipsometry. Measured film thicknesses

on the Si wafers for various samples were in the

range of 10–12 nm and accepted as successful.

Morphological analysis of pristine and ZnO ALD

thin film-coated samples before and after annealing

was carried out with the FESEM images given in

Fig. 1. The image of the pristine fibers in Fig. 1a

shows the cylindrical shape of the fibers in the inset

and smooth surface in the high magnification image.

The inset image in Fig. 1b shows that after the glass

fibers were coated with ZnO ALD, they kept their

original shape, maintained their free-standing status.

When the high magnification image of the ZnO

deposited sample in Fig. 1b is compared to the pris-

tine sample in Fig. 1a, only a slight change in the

surface texture is observed. The image of the ALD-

coated sample after the 450 �C annealing process in

Fig. 1c shows more noticeable grains attributed to the

growth of the crystallites due to the thermal anneal-

ing process. When the sample was annealed at

600 �C, a similar observation is made in Fig. 1d. This

similarity is attributed to the ultrathin thickness of

the film (i.e., * 10 nm), making it challenging to

observe the changes in more detail in the FESEM

analysis. It is also possible to confirm that the fibers

retain their cylindrical form and free-standing status

upon coating and annealing, which is essential to

maintain the high surface area.

Changes in the crystalline structure of the films

were observed using the XRD method, of which the

results are given in Fig. 2. The pristine fabric sample

does not show any significant peak in the observed

angle range as expected since the glass fibers are

(b)

(c) (d)

(a)

300 nm

4 µm 4 µm

4 µm 4 µm

300 nm

300 nm 300 nm

Fig. 1 FESEM images of

a pristine, b as-deposited ZnO

coated, c 450 �C annealed

ZnO coated, and d 600 �C
annealed ZnO-coated glass

fibers
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made of amorphous silica. After coating with the

ALD ZnO, the XRD patterns of the samples exhibit

significant changes. Peaks observed at 2h angles of

31.77�, 34.42�, 36.25�, 47.54�, 56.6�, and 62.86� are

attributed to the (100), (002), (101), (102), (110), and

(103) planes of the hexagonal wurtzite crystal struc-

ture of ZnO. Columnar growth of the ZnO crystallites

during ALD with hexagonal unit cells can be con-

firmed with these results, as suggested in the litera-

ture [38]. The figure also marks the characteristic

hexagonal wurtzite crystal structure peak positions of

ZnO determined by JCPDS Card No 00-036-1451.

Even though the peak positions are highly consistent

with the JCPDS card, the peak intensity at 31.77� from
the (100) plane is not proportional to the other peaks

indicating that the ZnO grains were grown on the

surface with preferential orientation. After annealing

the ZnO-coated fabric sample at 450 �C, crystalline
peaks are observed at the same peak positions for the

as-deposited ZnO film. This time, the proportionality

of the peaks is more similar to the card due to

reducing the defects (i.e., grain boundaries) and grain

growth and orientation. After annealing at 600 �C,
peaks of the wurtzite crystal structure were barely

visible. This result is not in good agreement with the

literature [47]. We attribute the reduction of the XRD

peak intensity to the temperature sensitivity of the

fiber substrate. Glass fibers used in this study have a

softening point around 600 �C; therefore, they might

cause disintegration of the crystal structure via dif-

fusion of the materials from fiber to the film.

In order to further evaluate the crystal structure

and defects of the samples, the average crystallite size

(D), dislocation density (d), and micro-strain (e) of

ZnO ALD thin films were calculated from the XRD

data [48, 49] and presented in Table 1. The average

crystallite size (D) was calculated using Scherrer’s

equation given below.

D ¼ Kk
b cos h

ð1Þ

where K is Scherrer’s constant which can be from 0.62

to 2.08, the value of K is taken 0.9 in this study, k is

the wavelength of X-rays source (0.154 nm), b and h is
the FWHM and Bragg angles of the peaks (given in

Table S1), respectively. The dislocation density (d)
and micro-strain (e) were calculated from Eqs. (2) and

(3), respectively.

d ¼ 1

D2
ð2Þ

e ¼ b
4 tan h

ð3Þ

In Table 1, the crystallite sizes of ZnO thin film

were increased as they were annealed at higher

temperatures indicating thin films are more crys-

talline after the annealing process [50]. Larger crys-

tals also mean grain boundaries are also getting less

dense throughout the material surface. Along with

improving crystallinity, the reduction of defects is

also possible during the annealing [51]. Calculated

dislocation densities and micro-strains of as-de-

posited samples show that as the samples annealed at

higher temperatures, defects also decrease in the film

materials.

Elemental analysis of the pristine and ALD-coated

samples was carried out by X-ray photoelectron

spectroscopy (XPS). Survey spectra of the samples

have been presented in Fig. 3. In the survey spectrum

of the pristine fabric, the presence of Si, Ca, Al, N, C,

and O peaks at binding energies of 102.3 eV,

347.97 eV, 74.23 eV, 400.82 eV, 285.05, and 531.92 eV

can be confirmed, respectively. Si, Ca, and Al peaks

are originated from SiO2, CaO, and Al2O3, which are

typically used as raw materials for manufacturing

E-glass fabric [52]. C 1s peak is observed due to the

adventitious C species on the surface of the sample. O
Fig. 2 X-ray diffraction (XRD) patterns of pristine and ALD

ZnO-coated fibers with and without thermal annealing
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1s peak is attributed to all the oxides present in the

material and the oxidized C species due to the

adventitious C [53]. Upon coating the fibers with

ALD ZnO, Zn 2p3/2 and Zn 2p1/2 peaks are observed

around 1022 eV and 1045 eV, respectively. C 1s and

O 1s peaks are also present upon the deposition of the

thin film ZnO. However, the peaks due to Ca 2p, Al

2p, and N 1s are not seen after the ALD process

attributed to the surface sensitivity of the XPS

method. Since the thickness of the films was at the

edge of the probing depth of XPS, substrate species

were difficult to observe. A similar spectrum is

obtained for the sample annealed at 450 �C after the

ALD ZnO coating on the fibers. When the sample

was annealed at 600 �C, with the decrease in the peak

intensities, Ca and Si 2p peaks emerged once again.

We presumed that the deformation of glass fabric at

600 �C might have happened, which could be a rea-

son to appear the Si 2p peak at 600 �C annealed ZnO

ALD thin films. High-resolution C 1s spectra of the

samples were fitted, and the C-C peak positions were

adjusted to 285 eV in Figure S1. All other peaks were

also adjusted accordingly to eliminate the charging

effect.

Characterization of the oxygen element is critical in

understanding the structure and photocatalytic

performance of the ZnO coatings. Since the substrate

and coating have different binding states of O, the

XPS spectrum should reveal essential details. High-

resolution O 1s XPS spectra of the pristine and coated

samples are presented in Fig. 4. The peak of the

pristine fabric, given in Fig. 4a, shows a broad peak

centered at 532.04 eV binding energy. According to

the literature, Si–O bonds are very distinct at this

binding energy [54]; thus, this single peak is attrib-

uted to the glass fiber material. After the deposition

of ZnO films, the O 1s peak goes through significant

changes, as shown in Fig. 4b. The peak gets wider

and can be deconvoluted into three peaks at binding

energies of 530.53, 532.14, and 533.16 eV. The peak at

530.53 eV is assigned to the chemical state of the O2-

ions surrounded by the hexagonal wurtzite Zn2? ions

array (O–Zn). The peak at 532.14 eV can be attributed

to the various chemical states O. The first state can be

explained as the Si–O bonding from the substrate,

which is less likely. However, this explanation should

not be wholly left out since the substrate has a rough

surface due to the non-planar morphology of the

fibers. The second explanation for this chemical state

is that the Zn–OH bonding is expected to be at the

surface of the film material and the grain boundaries.

Perhaps this is the most significant contributor to this

peak for the as-coated ZnO on fibers. The third

Table 1 The average

crystallite size (D), dislocation

density (d), and micro-strain

(e) of as-deposited and

annealed ZnO ALD thin films

Samples D (Nm) d 9 10- 2 (nm- 2) e 9 10- 2

As-deposited ZnO 7 2.02 1.53

450 �C annealed ZnO 8 1.74 1.41

600 �C annealed ZnO 8 1.43 1.33

Fig. 3 XPS survey spectra of

pristine and ALD ZnO-coated

fibers with and without

thermal annealing
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chemical state is the defective (undercoordinated) O

species present in the ALD deposited film [55–57].

The peak at 533.16 eV is attributed to the O species

due to the oxidized adventitious C on the surface of

ZnO thin films [58]. Upon thermal annealing at 450

and 600 �C, the three peaks are still observable, as

given in Fig. 4c and d, respectively.

High-resolution Zn 2p doublet (i.e., Zn 2p1/2 and

Zn 2p3/2) core level sub-peaks of as-deposited and

450 and 600 �C annealed fabrics are displayed in

Fig. 5. In Fig. 5a, the Zn 2p1/2 and Zn 2p3/2 core level

peaks of as-deposited ZnO thin films have been

observed at 1044.83 and 1021.79 eV, respectively. For

450 �C annealed ZnO thin films, the core level peaks

have been observed at 1044.38 and 1021.33 eV in

Fig. 5b and for 600 �C annealed ZnO thin films, the

peaks are observed at 1044.68 and 1021.65 eV in

Fig. 5c for Zn 2p1/2 and Zn 2p3/2, respectively. The

binding energy difference between Zn 2p1/2 and

Zn2p3/2 is around 23 eV for all the samples. Similar

binding energy differences in literature are reported

for various nanostructures (i.e., nanoparticle, nano-

flower, and nanorod) of ZnO [59]. The Zn 2p3/2 peak

of all the samples implies the bonding between Zn

and O atom in the ZnO framework attributing the

presence of ZnO [58]. In Fig. 5, we also observe that

the core peaks Zn 2p1/2 and Zn 2p3/2 of annealed

ZnO ALD thin films are shifted towards the lower

binding energy in respect to the peaks of as-de-

posited ZnO ALD thin films attributing that the

number of defects is present in ZnO ALD thin films

are decreased when annealing was employed [58].

UV–Vis absorption spectra of ZnO ALD thin films

are presented in Fig. 6a. The UV–Vis spectra were

taken within the wavelength range between 200 and

700 nm for ZnO ALD thin films deposited on quartz

substrates. The figure represents the absorption

spectra of as-deposited, 450 and 600 �C annealed

ZnO ALD thin films with black, blue, and red spectra.

The strong optical absorption edge for ‘‘as-deposited’’

Fig. 4 High-resolution O 1s

spectra of a pristine, b as-

deposited ZnO coated,

c 450 �C annealed ZnO

coated, and d 600 �C annealed

ZnO-coated glass fibers
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and different annealed ZnO ALD thin films have

been observed at the wavelength range of 200–390

nm. Di Maura et al. also found similar optical

absorbance spectra for ZnO ALD thin films [60].

However, absorption decreases with increasing

annealing temperatures. As the samples are annealed

at high temperatures, grain sizes increase in the film,

and the amount of defects decreases, which may play

an essential role in the absorption mechanism and

photocatalytic activity. The bandgap energy of the

films deposited onto quartz substrate is calculated

using Tauc and Devid-Mott method, as shown in

Fig. 6b. It is observed that the band gaps of the films

are not very distinctive from each other. This simi-

larity in the bandgap while absorption amounts are

different is attributed to the additional absorption

mechanisms existing due to the defects present in the

material before the annealing process.

Figure 7 shows the room temperature PL spectra of

as-deposited and annealed ZnO ALD thin films on Si

wafer (7a) and glass fabric (7b). In Fig. 7a, a strong

emission peak at 650 nm for pristine Si wafer, and in

Fig. 7b, two broad peaks at 530 nm and 730nm for

pristine glass fabric were observed. It is known from

the literature that the near band edge (NBE) emission

of ZnO occurs at 380–400 nm due to the immediate

recombination of free excitons. ZnO also has visible

light emission known as deep-level (DL) emission,

located at 400–700 nm, which is related to the various

defects of ZnO [61]. In Fig. 7a and b, we can see that

the NBE emissions at around 380–390 nm have been

observed for as-deposited, 450 and 600 �C annealed

ZnO ALD films on both substrates, which is not

present on both pristine substrates thus emission is

originated due to the ZnO [62]. In Fig. 7a, a broad DL

emission has been observed for as-deposited ZnO

ALD thin films that significantly decreased for

450 �C, and 600 �C annealed samples indicating the

Fig. 5 High-resolution Zn 2p

XPS spectra of a as-deposited,

b 450 �C, and c 600 �C
annealed ZnO ALD-coated

samples

Fig. 6 UV–Vis Spectra of as-

deposited and annealed ZnO

ALD thin films on quartz

substrates
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defects of the films were decreased with the

increasing temperature of the annealing. The results

are consistent with the literature [47, 62] and consis-

tent with the XRD results given above in Fig. 2. Fig-

ure 7b shows the NBE emission at 393 nm and the

broad DL emission around 500–600 nm for the as-

deposited ZnO ALD thin film coated on the glass

fabric substrate. After annealing the ZnO film on the

fabric sample at 450 �C, the NBE of the sample

slightly decreases, whereas the DL emission peak is

significantly reduced with a redshift like the film on

the Si wafer in Fig. 7a. When the ZnO film on the

fabric sample is annealed at 600 �C, the spectrum

changes significantly. The first significant change is

observed for the NBE emission, which is significantly

decreased and showed a blue shift to 382 nm. Fur-

thermore, the emission is increased at the green

luminance area (where we see the DL emission of the

ZnO films for other substrates), and a strong emission

is observed at 735 nm. These changes were attributed

to the substrate softening effect, as discussed above,

since the peak positions are similar to the peaks of

glass fiber.

We tested the photocatalytic activity of all the

samples under three different conditions; darkness,

solar simulator illumination, and UV light illumina-

tion. Samples tested in a dark environment are a set

of control to observe if any process occurs indepen-

dently of light presence. MB concentration change as

a function of time is given for MB solution only, MB

solution with the pristine fabric, as-deposited and

annealed ZnO-coated fabrics. The concentration of

the MB does not show any significant change for all

of the five solutions when they are placed in a dark

environment for four hours (Figure S2). The results

indicate that no interaction can affect the MB con-

centration between the solution and the substrates

when the light is absent. As a result, any concentra-

tion change under light illumination can be attributed

to the photochemical processes. Figure 8a illustrates

the photocatalytic activities of ZnO ALD thin films

under the solar simulator. Along with the ZnO-

coated fabrics, the MB solution (i.e., MB-only) and the

pristine fabric are also tested in the same setup as

control tests. MB-only and the pristine fabric have

shown 25% methylene blue degradation after four

hours of solar simulator illumination. From this

result, it can be deduced that the dye degrades up to

25% without any catalytic material present. After the

glass fabric was coated with ALD ZnO, degradation

of the dye becomes faster, as seen in the graph. It

shows the highest and fastest degradation in four

hours with a 97% reduction in the MB concentration.

MB photodegradation efficiency of the thin films after

annealed at 450 and 600 �C were 92.7% and 73.5%,

respectively. Figure 8b presents the degradation data

of as-deposited, 450 and 600 �C annealed ZnO ALD

thin films under solar simulator fitted to the Lang-

muir-Hinshelwood model given in Eq. (4). The R2

value of as-deposited, 450 and 600 �C annealed ZnO

ALD thin films are 0.99472, 0.99508, and 0.99813,

respectively, showing a well linear fit as evidence of a

first-order reaction due to ZnO ALD thin film cata-

lyst. The reaction rate constants (k) were determined

from Fig. 8b for as-deposited, 450 and 600 �C
annealed ZnO ALD thin films are 0.01528 min- 1,

0.01087 min- 1, and 0.00539 min- 1, respectively. The

Fig. 7 Room temperature PL

spectra of the pristine substrate

(I), as-deposited (II), 450 �C
(III), and 600 �C
(IV) annealed ZnO ALD thin

films on Si wafer (a) and glass

fabric (b)
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highest photodegradation efficiency and reaction rate

constants are seen for as-deposited ZnO ALD thin

films. The photodegradation efficiency and reaction

rate constant of annealed ZnO thin films at 450 and

600 �C are decreased as annealing temperature

increased. Figure 8c represents the photocatalytic

activity of ZnO ALD thin films measured under a UV

lamp. We observe no photodegradation of MB for

neither MB-only solution nor pristine glass fabric

under UV lamp, indicating the dye’s photodegrada-

tion under solar simulator is due to the visible spec-

trum of the illumination. It is also observed that as-

deposited ZnO ALD thin film has exhibited the

highest photodegradation efficiency of MB solution

up to 96.6% in four hours. Even though the total

photodegradation amounts are comparable under

solar simulation and UV irradiation, the efficiency of

ZnO thin films under a UV lamp is better than the

films under a solar simulator. The reason for this

deduction is the fact that UV illumination caused no

degradation of the dye when no photocatalyst is

present. Dye materials can be sensitized via light

absorption that causes degradation, commonly

known as the fading in any colored material [63].

Moreover, light coming from a solar simulator

designed as artificial sunlight with a spectrum

spanning from UV to IR range of the electromagnetic

spectrum might affect this self-degradation. There-

fore the difference caused by the presence of photo-

catalyst is higher under UV light. The

photodegradation efficiency of MB solution for 450

and 600 �C annealed ZnO thin films have been

exhibited to 85% and 64%, respectively; thus, they are

also comparable to the values of solar simulator

illumination. Testing the photocatalytic activity of the

samples under different illumination conditions

shows that the UV region of the spectrum is more

effective in terms of photocatalyst materials’ perfor-

mance. Figure 8d depicted the degradation data of

MB due to ZnO ALD thin films under a UV lamp

fitted to the model given in Eq. (4). This time, a well

linear fit was achieved as the R2 value of as-deposited

Fig. 8 Photocatalytic

activities of pristine and ALD

ZnO-coated fabrics measured

with photodegradation of

methylene blue as a function

of time under a, b solar

simulator illumination, and c,

d under UV lamp illumination
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450 �C, and 600 �C annealed ZnO ALD thin films are

0.98817, 0.97636, and 0.91299, respectively. The cal-

culated reaction rate constants from Fig. 8d for as-

deposited, 450 �C, and 600 �C annealed films are

0.01331 min- 1, 0.00749 min- 1, and 0.00381 min- 1,

respectively. In this case, we observed that the

highest photodegradation efficiency and reaction rate

constant for as-deposited ZnO ALD thin films and

photodegradation efficiency and reaction rate con-

stants decreased after annealing at 450 and 600 �C,
which are similar to the results under the solar sim-

ulator. Compared to the photocatalytic activity of the

ALD films on planar substrates reported in the liter-

ature [64], the performance of the films on fabrics is

much improved (i.e., high MB degradation rates were

achieved in shorter times). This improvement was

enabled by the increase in the surface area of the ZnO

films via conformal ALD film formation on textile

fabric substrates, as discussed above. As observed in

the XRD analysis, as-deposited and 450 �C annealed

ZnO ALD have shown the ZnO’s sharp wurtzite

crystal characteristic peaks. In contrast, the sharpness

and intensity of the characteristic peaks are decreased

at 600 �C annealed ZnO thin films resulting in a

decrease in photocatalytic activities. As discussed by

XRD and PL analysis, we also observed that as-de-

posited ZnO ALD thin films contained the highest

amount of defects as the film has the smallest crys-

tallite size, highest dislocation density, and micro-

strain compared to the annealed ZnO thin films

(Table 1).

The repeating performance of as-deposited ZnO

ALD thin film was evaluated under a solar simulator

for the photostability and reusability of the thin films,

and the results are given in Fig. 9. The ZnO thin film

was used for the photocatalytic activity test as

received from the prior photocatalytic experiment,

and a new MB solution was used for every repeated

experiment. It is observed that after every repeat

photocatalytic activity of the as-deposited ZnO thin

film decreased slightly. The photodegradation effi-

ciencies of 1st, 2nd, 3rd, and 4th cycles are 96.9%,

92.5%, 88.9%, and 63.4%, respectively, after 4 h of

solar simulator irradiation. A decline of 7.7% of

photodegradation efficiency is recorded after 3rd

cycle of the experiment. After 4th cycle, a significant

decline of photodegradation efficiency has been

observed, suggesting that ZnO ALD thin films have

good photostability and potential reusability up to 3

cycles of the experiments.

Table 2 presents the photocatalytic test parameters,

photodegradation rate constants, and photodegrada-

tion efficiencies of ZnO ALD thin films from the lit-

erature, compared to the photocatalytic activity

observed in our study. Photocatalytic test parameters

such as concentration of MB, amount of MB solution,

substrate type (i.e., related to the surface area), sub-

strate size, distance to the light source, type of the

light source, thicknesses of the thin films, and irra-

diation time are essential parameters to evaluate the

photodegradation performance of particular photo-

catalyst materials. We see that MB concentration, MB

solution amount, and distance to the light source

used for our study are higher or equal to the other

literature studies. We used a solar simulator and UV

light, making our study unique from other studies

reported in Table 2. Using a solar simulator in our

study the photodegradation efficiency of the catalyst

materials was explored under a broader spectrum

which imitates the projected applications of photo-

catalyst materials. Substrate size has played a sig-

nificant role that directly affects the photocatalyst

thin film’s photodegradation efficiency. In Table 2,

the substrate size represents the active substrate area

of other studies as they all used planar substrate.

However, we used glass fabric which is consists of

numerous glass fibers. As the diameter of glass fibers

Fig. 9 Repeatability of photocatalytic activities of as-deposited

ZnO ALD thin films
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is very thin (micrometer range), it is complicated to

calculate the actual active surface area of glass fab-

rics. As discussed in the FESEM results above, the

cylindrical glass fibers were uniformly coated with

ZnO ALD thin films; therefore, the active surface area

of ZnO ALD thin films on glass fabrics is much

higher than any equivalent area of the planar sub-

strate. In Table 2, our study has shown the highest

photodegradation efficiency and photodegradation

reaction rate in comparison to other studies. Com-

pared to the other studies in the literature 97%

degradation rate is also achieved in a much shorter

time. Another essential difference between the ALD

films in our study and other studies is that we tested

a thinner film compared to the most of the literature.

The higher surface area of glass fabrics coated with 10

nm ZnO ALD thin films plays a significant role in

achieving this higher photodegradation of MB within

4 h of irradiation, reported so far in the literature.

3 Conclusions

In this article, ZnO thin film photocatalysts deposited

on the glass fabric substrates via atomic layer depo-

sition present a way to immobilize the catalyst

material to increase the photocatalyst performance.

Photocatalytic activity of the as-deposited films

compared to the annealed films, found higher, which

can be explained by small grain sizes and higher

defect concentrations within the film material

explained by XRD, XPS, and PL analysis. As the

samples are annealed at 450 �C, grains grow larger,

which results in a decrease in photocatalytic activity,

indicating that the defect sites play a crucial role

during photocatalysis. As the samples are annealed

at 600 �C photocatalytic activity decreases further.

However, this time XRD and XPS analysis indicate

the films’ crystallinity decreases attributed to the

softening of the glass fibers resulting in diffusion of

ZnO and SiO2 species into each other. Photocatalytic

Table 2 Comparison of photocatalysis test parameters and methylene blue photodegradation efficiency for ZnO ALD thin films from

literature

Methylene

Blue

(M)

Solution amount

(ml)

Substrate type Substrate

size

Distance to light source

(cm)

Light

source

5 9 10- 5 50 Glass fabric 25 cm2 10 UV and solar simulator

(SS)

3 9 10- 5 50 Si wafer 79 cm2 2 UV

2 9 10- 5 5 Si wafer 2 cm2 N/A UV lamp

1.5 9 10- 5 N/A Si wafer 1 cm2 N/A UV lamp

2 9 10- 5 N/A Glass 10 mm2 N/A UV LED

3.5 9 10- 5 N/A Sapphire 2 cm2 N/A UV lamp

1 9 10- 5 10 Corning glass 1 cm2 10 UV-C lamp

4 9 10- 5 15 Glass microscope

slides

3 cm2 N/A UV lamp

Methylene Blue

(M)

Thickness or ALD cycle Time

hour

(h)

Degradation rate constant K (min- 1) Degradation % References

5 9 10- 5 10 nm 4 0.0153 (SS)

0.0133 (UV)

97% (SS)

96.6% (UV )

This study

3 9 10- 5 28 nm 24 0.0006 92% [65, 66]

2 9 10- 5 100 nm 5 0.0043 90%? [66, 67]

1.5 9 10- 5 42 nm 4 0.0016 40% [60, 67]

2 9 10- 5 50 nm 6 0.0036 78% [67, 50]

3.5 9 10- 5 450 cycle 6 2.25 9 10- 7 N/A [68]

1 9 10- 5 250 nm 5 0.00204 53% [50]

4 9 10- 5 100 nm 7 0.0024 35% [69]
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activity tests also showed that ZnO films are acti-

vated via UV absorption, but under solar simulation,

the dye also degrades via visible absorption, resulting

in similar degradation amounts under both lighting

conditions. Reaction kinetics showed that there the

photocatalytic degradation mechanism was a first-

order reaction. Above 90% dye degradation in the

presence of ALD-coated fabrics was observed in four

hours, and repeated tests with the same catalyst

showed only an 8% decrease in the degradation

performance, which is promising for environmental

applications.

4 Experimental

Glass fabrics (plain weave pattern, 200 g/m2, 0.15

mm of thickness, Hexel, Stamford, Connecticut,

United States) were used as the substrate for the ZnO

thin films. For atomic layer deposition (ALD) of the

ZnO thin films, fabrics were cut to approximately 25

cm2 and used as received. Savannah ALD system

(Cambridge Nano Tech Inc. USA) was used for thin

film deposition of ZnO. Glass fabrics were placed

into the reactor along with a 2 9 2 cm undoped sili-

con wafer (Nanografi, Turkey) and a 2 9 2 cm fused

quartz slide (Technical Glass Product, USA). Before

ALD, silicon wafers and quartz slides were cleaned in

acetone for 10 min, later 5 min in methanol, and then

rinsed in DI water. The glass fabrics were employed

for the photocatalytic activity test, while other sub-

strates were employed to characterize the films (i.e.,

quartz substrates were used for UV–Vis). Diethyl

Zinc (DEZ) (CAS # 557-20-0, Sigma Aldrich) and H2O

were used as precursors of Zn and O, respectively,

during ALD. High purity N2 gas was used as the

inert gas for carrying the reactive gases and

byproducts. ALD was conducted at reactor temper-

ature at 150 �C for all the samples, while the pre-

cursors were kept at room temperature. Pulsing times

of both DEZ and H2O were 0.015 s and separated by

20 s N2 purge. In order to obtain 10 nm of films, 65

ALD cycles of ZnO were carried out. The growth

mechanism of ZnO ALD thin films on the glass

substrate and different substrates were reported in

literature comprehensively [38, 70]. The ZnO thick-

ness on the silicon wafer was confirmed using a

variable angle spectroscopic ellipsometer (Spectral

range: 200–2000 nm, J.A. Woollam Co., Inc. Lincoln

Nebraska US.).

Changes in the structure and photocatalytic

behavior of the thin films were investigated after

thermal annealing was carried out at 450 and 600 �C
under an ambient atmosphere in a furnace for 2 h.

After the annealing process, the furnace door was left

open to cool down to the room temperature without

any specific control on the cooling rate. Pristine and

ZnO-coated fabric samples were tested for their

photocatalytic activity using methylene blue (MB)

(CAS # 122965-43-9, ISOLAB Chemicals, Germany).

An aqueous solution of MB with a concentration of

5 9 10- 5 M was prepared using DI water. Fabric

samples were cut into 5 cm2 pieces, placed into 50 ml

of MB solution, and let to reach absorption and des-

orption equilibrium in a dark closet for 30 min. Then

photocatalytic activities of the samples were tested

under dark medium, under solar simulator (Model:

SF-300-B, Sciencetech, Canada; 300 W Xenon arc

lamp USHIO Inc. Japan) illumination and UV lamp

(UVP Balk-Ray 365nm High-Intensity 100 W, USA)

illumination. For the photocatalytic activity test

under a dark medium, MB solutions with the sam-

ples were kept under a dark cabinet for 4 h. For the

solar simulator and UV lamp, the samples containing

methylene blue solutions were placed under the light

source for the same amount of time. The distance

between the light source and the surface of the MB

solution was kept at 10 cm. The absorbance spectrum

of MB was obtained by UV–Vis spectrophotometer

(UV-3600, SHIMADZU, Japan) to determine the

maximum absorption wavelength. The highest

absorbance of MB was observed at 664 nm wave-

length, which was used for the concentration calcu-

lations. Using the Lambert–Beer law, A/A0 was taken

equal to the C/C0, where A0 and C0 were the initial

absorption and concentration of MB solution and A

and C were the absorption and concentration of MB

at any given time. During the photocatalytic activity

tests, the concentration variation of the MB solution

was recorded as a function of time at 20 min, 40 min,

60 min, 120 min, 180 min, and 240 min. A small

amount of MB solution sample was taken for every

given time interval, and absorption at 664 nm was

measured using a UV–Vis spectrophotometer (UV-

3600, SHIMADZU, Japan). The MB solution was

agitated by a magnetic stirrer during irradiation time

to maintain a homogenous MB solution. The reaction

rates constant (k) of degradation of methylene blue

due to photocatalysis can be calculated using the
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Langmuir-Hinshelwood model [50, 60] given below

in Eq. (4).

lnC=C0 ¼ �kt ð4Þ

here, C0 is the initial concentration of methylene blue,

C is the concentration of methylene blue at any given

time (t).

The morphology of the ALD thin films deposited

on glass fabrics was investigated by Field emission

Electron Microscope (FESEM) (Zeiss / Gemini 300).

SEM images were taken with a secondary electron

detector using a column voltage of 10 eV. The crys-

tallinity of ALD thin films on glass fabric was studied

using X-ray Diffractometer (XRD) (High-resolution

Bruker/D8 Advance system) using Cu Ka radiation

(Cu tube, 1.54 Å). X. h–2h scans were used to measure

the samples from 5� to 90� with a step width of 0.01�.
Baseline correction of XRD patterns was edited by

Origin Pro-2019 software. The elemental composi-

tions and element bonding states of ALD thin films

were analyzed using X-ray photoelectron spec-

troscopy (XPS, K-alpha Thermo Scientific) using a

monochromatic Al Ka X-ray source. The photon

energy of the X-ray source was 1486.6 eV, and a

400 lm spot size was used for XPS analysis. The peak

of XPS spectra was fitted using the Gaussian-Lor-

entzian function via XPSPeak41 software. Optical

properties such as absorbance properties of ALD thin

films were investigated by UV–Vis spectrophotome-

ter (UV-3600, SHIMADZU, Japan). Absorbance was

measured between 200 and 700 nm of wavelength

through the ALD-coated fused quartz samples. The

energy bandgap of the thin films was determined

from the Tauc plot using absorbance data acquired

from the UV–Vis spectrum and Tauc and Devid-Mott

equation [71]. The Tauc and Devid-Mott equation,

ahmð Þ1=n¼ Kðhm� EgÞ ð5Þ

here, a is an absorption coefficient, hm is the incident

photon energy, K is the energy-independent photon

energy, and Eg is the optical band gap energy of thin

films. The exponent ‘‘n’’ represents the nature of

electron transition from valance to the conduction

band. For direct bandgap transition, the value of n =

1/2, while indirect transition the value n = 2. The

direct transition has occurred for ZnO thin films;

therefore, the value of n = � is used [72]. To analyze

the PL behavior of the ZnO ALD thin films room

temperature ANDOR SR500i-BL photoluminescence

spectrometer with a Spectra Physics Nd: YLF laser

(k = 349 nm, 1.3 mJ pulse energy) was used on both

Si wafer and glass fabrics.
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