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Abstract

Three zinc oxide catalysts with different morphologies are synthesized by the sol-gel method. Zinc acetate and
hexamethylenetetramine (HMTA) are used to produce nanorods (NR) and nanodiscs (ND). ZnO nanoflowers (NF) are
produced from different reactants, namely zinc nitrate and sodium hydroxide. The photocatalysts are efficient for degrading
p-nitrophenol under halogen lamp illumination (300-800 nm). X-ray diffraction confirms the presence of the wurtzite
structure, and scanning electron microscopy confirms the desired morphologies. In order to understand the differences in the
kinetic rate of degradation between the three catalysts, surface defects are investigated using photoluminescence and Raman
spectroscopy. Moreover, colloidal stability and specific surface area are determined by zeta potential and nitrogen sorption
measurements, respectively, and allow the impact of the different parameters on the photocatalytic performance of the
samples to be clearly understood. Although they do not have the highest number of defects nor the largest specific surface
area, ND shows the best degradation results by reaching 75% of degradation after 8 h. This result can be attributed to the
morphology of this catalyst, where the polar facets are exposed to the medium and play a crucial role in the photocatalytic
performance by enhancing the lifetime of the electron/hole pairs generated upon illumination. The polar nature of both
catalyst and pollutant increases the contact between them and, consequently, the degradation efficiency.
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Graphical Abstract

Controlling the morphology of ZnO allows better degradation of p-nitrophenol under UV-vis. Three morphologies were
compared, and the nanodiscs showed the best photocatalytic activity.
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e Nanorods, nanodiscs and nanoflowers zinc oxides are synthesized by sol-gel method.

e X-ray diffraction confirms the presence of the photoactive wurtzite structure.

e The photocatalysts are efficient to degrade p-nitrophenol under UV/visible illumination.

e The best degradation result is obtained with the nanodiscs (ND) by reaching 75% of degradation after 8 h.
e ND show high polar facets exposition leading to a longer lifetime of photogenerated species.

1 Introduction

Industrial activity, from its beginning in the 18th century to
the present day, has continued to grow in order to meet the
demands of society, bringing with it new problems that
need to be resolved. Among these, water pollution repre-
sents one major nuisance [1]. As water is a natural resource
that is essential for all human activities, water disinfection
and treatment must be put in place to guarantee its quality.
Conventional water disinfection methods such as filtration
or chlorination are effective in reducing certain pathogens in
water but have limitations when degrading organic pollu-
tants such as pesticides, pharmaceuticals, etc [2].

The need to develop more efficient chemical methods has
led to a growing interest in exploring new advanced oxi-
dation processes (AOP) [3]. AOP consist of the production
of highly reactive chemical species, usually hydroxyl radi-
cals, to degrade organic molecules. There are various ways
to produce these radicals: homogeneous and heterogeneous
photocatalysis [4, 5], ozonation [6], or reactions using
Fenton reagents [7]. Among these methods, heterogeneous
photocatalysis is a first choice because of its efficiency in
degrading a large range of organic pollutants in the water
medium, its simple implementation, and their low produc-
tion cost [8]. Among the possible photocatalysts, zinc oxide
(ZnO) has attracted attention for several years. Indeed, it is
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easy to produce, non-toxic, with a band gap of 3.3 eV and
moreover with a high antibacterial efficiency, which makes
it a good candidate for photocatalysis [9].

Governing its activity, among the materials parameters
that can be controlled, two appear particularly interesting:
the control of the ZnO morphology and the concentration of
defects present on the surface of the catalyst [10]. Indeed, as
ZnO crystallizes with preferential orientations, the synthesis
conditions make it possible to control its morphology and
study its impact on the catalytic performance [10]. In this
sense, the exposed polar and non-polar crystallographic
planes seem to play an important role, as well as the type
and quantity of defects present on the catalyst surface [11].

Among the different ways to synthesize ZnO, i.e.,
hydrothermal [12], solvothermal [13], microwave [14], or
sol-gel [15], the sol-gel method presents the advantage of
being low-energy and therefore environmentally friendly
[15—17]. The photocatalysts presented here will therefore be
synthesized by this method.

In this paper, three types of ZnO particles with very
different morphologies are studied: nanorods (NR), nano-
discs (ND) and nanoflowers (NF). The influence of different
crystallographic planes on the photocatalytic efficiency will
be discussed. The diffractograms of these catalysts will be
studied to confirm the presence of the wurtzite phase of
ZnO in all three cases. Nitrogen sorption is used to
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determine the BET-specific surface area of the samples.
Photoluminescence and Raman spectroscopy methods are
used to probe the defects present on the surface of the
catalysts. Also, diffuse reflectance spectroscopy allows the
band gap energy of the three powders to be determined. The
colloidal stability, by determination of the zeta potential,
will also be investigated. Finally, a model pollutant will be
used: p-nitrophenol (PNP), in order to study the pollutant
degradation kinetics obtained with the synthesized catalysts
as a function of all the parameters mentioned above. Our
aim is to explore the impact of these parameters on the
photocatalytic efficiency.

2 Materials and methods

2.1 Synthesis of photocatalysts with different
morphologies

2.1.1 ZnO Nanorods

Zinc acetate (3.0g) (99%, Zn(CH3COO),.2H,0, VWR
CHEMICALS, The Netherlands) and 1.92 g of hexam-
ethylentetramine (99%, SIGMA-ALDRICH, Germany) are
added to 360mL of milli-Q water under stirring. The
solution is heated up to 90 °C for 12 h. The resultant powder
is washed with water and ethanol before being put in an
oven under static air at 100 °C overnight. The resulting ZnO
sample is called NR.

2.1.2 ZnO Nanodiscs

The same procedure as described in Section 2.1.1 is used to
synthesize the ZnO nanodiscs, but instead of using 360 mL,
25mL of water is used to dissolve the precursors. The
resulting ZnO sample is called ND.

2.1.3 ZnO Nanoflowers

Zinc nitrate (2.6 g) (98%, Zn(NO3),.6H,O, HONEYWELL,
Germany) is dissolved in water (150 mL) under stirring.
After the complete dissolution of zinc nitrate, an aqueous
solution of 0.75 M NaOH (97%, SIGMA-ALDRICH, Ger-
many) is added quickly to the solution until pH 12 is
reached. The reaction takes place for 2 h at room tempera-
ture. Subsequently, the resulting powder is washed several
times with water and ethanol and put in an oven at 80 °C
overnight. The resulting ZnO sample is called NF [12, 18].

2.2 Characterization

The microcrystalline structure and phases were determined
using a Bruker D8 twin-twin X-ray diffractometer using

1.54 A (Cu-Ko) radiation in the 2-theta range from 10° to
70°.

Nitrogen adsorption-desorption isotherms were collected
on a Micromeritics ASAP 2420 at a temperature of
—196 °C. Prior to this, the samples were degassed under a
high vacuum at 80 °C for 15h. The specific surface area
(Sger) was determined using the Brunauer, Emmett and
Teller (BET) equation by obtaining relative pressure data
between 0.05 and 0.25.

The morphologies of the three powders were obtained by
scanning electron microscopy (SEM) on a TESCAN
CLARA device from Bruker operating at 15kV. The
samples, previously dispersed in acetone in an ultrasonic
bath for 2 min, were placed on a glass slide divided into
eight parts. The latter was metallized with gold before SEM
imaging to prevent charging effects.

Photoluminescence emission (PL) and excitation (PLE)
spectra were recorded with an Edinburgh FS920 fluores-
cence spectrometer (Edinburgh Instruments Ltd, Living-
ston, UK) using a 450 W xenon arc lamp as the excitation
source. Samples were put on a metallic plate with double-
sided adhesive tape. The excitation wavelength was 325 nm
for all three samples. The emission spectra were measured
in 0.5nm increments from 350 to 800 nm. Experiments
were performed at room temperature. The obtained spectra
were analyzed using OriginPro Lab software.

Diffuse reflectance (DR) analyses were performed on a
UV 3600 Plus UV-VIS-NIR spectrophotometer from Shi-
madzu Kyoto Japan. The spectral range of analysis was
from 200 to 600nm. The baseline was realized using
Spectralon as a reference. The solid sample preparation
consisted of filling the 3 mm diameter microsampling cup
using the appropriate funnel (praying mantis™ sampling
kit, Harrick). The sample was then flattened with a micro-
scope glass slide and then introduced into the praying
mantis™. The spectra were transformed using the
Kubelka—Munk function to produce a signal, normalized for
comparison between samples, enabling the calculation of
the band gaps (Eg, direct). The details of this analysis
method have been described in detail elsewhere [19].

Raman measurements were performed on a Horiba Jobin
Yvon LabRam 300 spectrometer equipped with a dispersive
grating (1800 gratings/mm) and equipped with an Andor
iDus CCD detector (256 x 1064 pixels) cooled at —68 °C by
a Peltier device. The spectrometer was connected to an
Olympus BX40 confocal microscope and used a 532 nm
DPSS Nd: YAG laser (Cobolt Samba 500). Spectra were
recorded using a 50x (NA 0.5) microscope objective with an
approximate power of 4 mW at the sample and an acquisi-
tion time of 30s with a spectroscopic resolution of 3 cm™".

The zeta potential was measured on the different colloids
with a DelsaNano C device from Beckman Coulter, giving
information about colloidal stability.
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Fig. 1 XRD pattern for the three catalysts, from the bottom to the top:
NR, ND and NF and ZnO wurtzite JCPDS 36-1451

2.3 Photocatalytic experiments

The photocatalytic performances of the different synthe-
sized powders were evaluated by the degradation of a model
pollutant, p-nitrophenol (PNP).

For this purpose, tests tubes were filled with 10 mg of the
as-synthesized ZnO and dispersed in 10mL of a 10™*M
PNP aqueous solution continuously under stirring. They
were placed at 3 cm from the halogen lamp (230 W), cov-
ering a spectrum from 300 to 800 nm. The lamp and tubes
were maintained at a temperature of 20 °C by a water cir-
culation system.

In parallel, and in order to distinguish photocatalytic
degradation of PNP from adsorption, duplicates of all tubes
were made and placed in the dark.

The absorbance of the PNP solution was measured after
4, 8, and 24 h by withdrawing 1 mL of each PNP solution
with a syringe and passing the solution through a 0.2-
micron filter in order to remove the solid fraction. The fil-
tered solution was placed in a polymethyl methacrylate
(PMMA) cuvette to which 2 drops of 0.01 M HCIl were
added to analyze only the acidic form of the pollutant.
Measurements were done by using a UV-VIS spectro-
photometer (Genesys 150 UV-VIS from Thermo Scientific)
at a wavelength of 317nm, which corresponds to the
absorption peak of PNP’s acidic form.

3 Results and discussion
3.1 Crystallinity, texture and morphology
Figure 1 shows the diffractograms corresponding to the

three different ZnO morphologies obtained, i.e., NR, ND
and NF. All the diffractograms show the characteristic
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Fig. 2 On the left, preferential growth along the C-axis (orange) for the
NR (exposing non-polar facets) and on the right, preferential orien-
tation perpendicular to the C-axis (orange) plane for the ND (exposing
polar facets)

peaks of ZnO in its wurtzite phase located at 26 of 31.6°,
34.3° and 36.1° without impurities. The differences in
intensity of the peaks located at 31.6 and 36.1 between NR
and ND highlight a preferential orientation of the (100) and
(101) crystallographic planes for NR (corresponding to the
non-polar facets) and (002) for ND (corresponding to the
polar facets of ZnO) [20-22], as illustrated in Figs. 2, 3. In
order to compare the proportion of polar versus non-polar
facets exposed, a ratio of the areas of the three main peaks,
i.e., the area of the second peak divided by the area of the
sum of peaks 1 and 3, was calculated; the results are shown
in Table 1. The intensity of the peak located at 34.3° being
higher than the two other peaks (31.6° and 36.1°), the ND
show the higher proportion of (002) facets with a ratio of
0.9 followed by the NF and then NR. For the NR, the non-
polar facets are dominant, contrary to the ND where the
polar facets are principally exposed [21] (Fig. 2).

These preferential growths can be explained by the fact
that the HMTA used in the synthesis acts as a source of
hydroxide. Indeed, under the effect of temperature, HMTA
decomposes into formaldehyde and ammonia. The latter
reacts with water in order to form hydroxide ions which
react with Zn>* ions producing zinc hydroxide and then
oxide, as described by the following equations [22]:

C¢Hi»N4 + H,O — 6CH,0 + 4NH; (1)
NH; + H,O — NH; + OH™ (2)
20H™ + Zn*" — Zn(OH),— ZnO + H,0 (3)

The ZnO is directly formed from the zinc hydroxides,
which constitute the nucleation points for the catalyst for-
mation [23]. By only modifying the concentration of the
precursors, as described in the materials and methods
part (Section 2.1), ND or NR are obtained as can be seen in
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Table 1 Data from characterization of ZnO samples: specific surface area, zeta potential, XRD, DRUVS, Raman and photoluminescence

Sample Sggr Zeta XRD: A2/ Eg i  Raman Raman PL_Peak PL_Peak PL_Peak PL_(PA2/

(mZ/g) pot. (Al 4 A3) V) FWHM FWHM area | (PA1) area?2 (PA2) area3 (PA3) (PA_1,2,3))x 100

(mV) 436cm™) 97cm™)
NR <5 -3.61 02 3.25 9.75 342 1.19x 10° 1.16 x 107 1.25x 10° 90%
ND <5 373 09 3.29 13.34 3.74 2.83x10°  1.35x107 325x10°  97%
NF 10 457 03 3.29 13.88 4.56 433%10° 4.18 x 107 99%
Fig. 3 Synthesis of NR and ND, Bolarfaets-exposed
only the concentration of the Nanodisks
precursors is different resulting N -
in different morphologies 25mL water /
Nanorods
360mL water

Fig. 4 SEM images of the three
catalysts with different
magnifications. From the left to
the right: NR (a) and (d), ND (b)
and (e) and NF (c) and (f)

Fig. 3. Consequently, different morphologies are produced
where different facets are exposed (Fig. 4).

The SEM images of the three catalysts with different
morphologies are shown in Fig. 4. NR show preferential
growth along the C-axis (Fig. 4a, d), resulting in pre-
dominantly exposed non-polar facets in contrast to ND
(Fig. 4b, e) where growth occurs perpendicular to the
C-axis. As the synthesis time is quite long (12 h), there
seems to be some growth on the ND facets, as can be seen
on Fig. 4e. Concerning NF (Fig. 4c, f), they do not seem to
grow in a preferential direction, as different crystallographic
planes are present but with less intensity compared to the

Non polar facets exposed

two other powders. However, according to the intensity
ratios of the XRD patterns (Table 1), the non-polar facets
appear to be more exposed.

3.2 Optical properties: photoluminescence, Raman
and DRUVS

Three main peaks can be distinguished in the PL spectra (Fig.
5): a peak that corresponds to the recombination of excitons
around 380 nm [24], a second broad peak in the red part of the
spectrum, around 630 nm [25], that corresponds to the defects
present in the crystal lattice of the ZnO; and, third, for the NR

@ Springer
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Fig. 6 a Raman spectra for the NR, ND and NF and zoom on the two main Raman peaks located at Raman shift (b) 97 em™! and (¢) 436 cm™!

and ND samples, a peak in the near IR, around 750 nm [25].
By comparing the ratio between the areas under peaks 1 and 2
(Table 1), the proportion of defects present in the three dif-
ferent ZnO samples can be inferred. This is done in Table 1
where the ratio between the area under the second peak (PA2)
and the sum of the first, second and third peaks
(PA1 + PA2 + PA3) are shown in order to estimate the defect
concentration present in the crystal lattice. The NR sample is
the least defective. Indeed, as it can be seen in Fig. 5, the peak
corresponding to the exciton recombination (380nm), ie.,
from the conduction to the valence band is, proportionally to
the peak around 630 nm, more important for the NR ZnO
sample than for the two other samples. This indicates that
more exciton recombination occurs in the NR compared to the
ND and NF samples where many defects are therefore present,
consequently decreasing the amount of recombination from
the conduction to the valence band. In the literature, the nature
of the defects corresponding to certain emission energies is
debated and no consensus has yet been found since the
mechanisms behind these transitions are not clearly under-
stood [24]. DFT calculations have been carried out in order to
calculate the energy levels of the various defects present in the
crystalline structure of ZnO which gave different results [25,
26]. Nevertheless, among envisaged point defects, oxygen
vacancies seem to play a significant role in the photocatalytic
performance [27].

In order to support the results obtained by photo-
luminescence, Raman spectra of the three powders were
recorded (Fig. 6).

@ Springer

As 7ZnO crystallizes in a hexagonal wurtzite structure, it is
characterized by a unit cell constituted of four atoms: two zinc
and two oxygen atoms (Fig. 7) [28], with each zinc atom being
tetrahedrally coordinated to oxygen atoms. ZnO has Cg, point-
group symmetry (or hexagonal space group P6_3mc); this
group has 12 symmetry elements i.e., 12 phonon modes (four
atoms in the unit cell giving 3 N = 12) corresponding to the
irreducible representation: I' = 2A; 4 2B; 4 2E, 4 2E,. These
phonon modes split into two groups: three acoustic modes and
nine optical modes. The A; and E; contributions are active in
Raman and IR, the B, is inactive, and, finally, the E, modes
are only active in Raman [29]. Both peaks corresponding to
the E, modes are the most intense and represent the vibrations
of zinc atoms for the peak located around 97 cm™' and that of
oxygen atoms for that located around 436 cm™' (Fig. 6). The
movement of the atoms is perpendicular to the C-axis and
leads to the movement of neighboring atoms, which is why
this mode is called non-polar (Fig. 7). The full width at half
maximum (FWHM) for the peaks located at 97 cem™! and
436 cm ™! ascend as follows: NR < ND < NF showing that the
crystallinity of the NR is greater than that of ND, which is
itself greater than that of NF, highlighting the presence of a
greater number of defects in the case of NF compared to ND
and NR. Indeed, atoms vibrate more freely when disorder is
present in the crystal lattice. This will lead to a wider peak due
to the intermediate vibrational mode that can exist when
defects are present, which is the case for peaks corresponding
to the E, high mode for ZnO samples with different
morphologies. Moreover, the interactions of phonons with
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Fig. 7 a Unit cell of the zinc oxide consisting of four atoms; b two zinc and two oxygen atoms in E, (low) vibrational mode (100 cm-1) and (¢) two

zinc and two oxygen atoms in E, (high) vibrational mode (437 cm™h

lattice defects lead to more scattering of these phonons and
thus result in a broader peak, which is the case for the E; high-
mode phonon. This is in good agreement with the peaks
located between 300 and 400 cm ™! (shown in Fig. 6a). Indeed,
these peaks are better defined for the NR than for the ND and
NF, showing better crystallization. The A;(LO) mode (Fig. 6a,
blue curve) around 574 cm™' is of greater intensity for NF,
showing that another type of defect is more abundant in it than
for the two other samples (NR and ND). This can be explained
by the different synthesis methods used for the NF sample
compared to the two other catalysts (same synthesis with
different reactant concentrations), and the absence of any
thermal treatment. All of these results are in good agreement
with the photoluminescence data, where the ratio between the
peaks indicates the presence of more defects for the NF sample
than for the two other catalysts.

The ZnO band gap of the three catalysts was calculated
by plotting (F(R)hv)2 eV cmfl)2 as a function of the
photon energy (hv). The values obtained for the ND and NF
are the same (3.29 eV), but the NR show a slightly different
value (3.25 eV), as can be seen in Table 1. As expected and
reported in the literature [26], similar band gap energy
values are determined from the DRUVS experiment since
all three catalysts are pure ZnO samples.

3.3 Photocatalytic activity

Figure 8 shows the PNP photocatalytic degradation under
UV-vis light illumination during 24 h as obtained with the
three samples. The percentage of degradation as a function
of time is shown in Table 2.

First, the incident UV-vis light, which has an energy
greater than the energy difference between the conduction
band and the valence band (Eg gireer» Table 1) of ZnO, pro-
motes electrons from the valence band to the conduction
band, thus creating electron/hole pairs (Fig. 9) [30].

These electrons and holes are involved in redox reactions
creating the reactive oxygen species, such as hydroxyl
(OH®) and superoxide anion (O, ®), that are involved in

No adsorption for the 3 catalysts.

1.0 |[c> NF

0.8

0.6

cIc,

0.4

0.2

0.0

0 5 10 15 20 25
Time (h)
Fig. 8 Degradation of PNP as a function of time for the three catalysts

under halogen lamp: NR (black), ND (red) and NF (blue). Test tubes
are filled with 10 mg of catalysts and 10 mL of PNP 10~*M

the PNP degradation, as described by the following equa-
tions [31]:

ZnO +hv — e +h' (4)
h* + H,0 — OH - +H* (5)
e +0;— 0y (6)
0, +H' — HO, (7)
2HO, — H,0, + 0, (8)
H,0, + 2¢~ — 20H" (9)

The degradation rates (Table 2) obtained with the three
ZnO photocatalysts are as follows: NR < NF <ND. This
difference can be explained by the fact that the pollutant,
which is polar, interacts more easily with catalysts,

@ Springer
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Table 2 Percentage of degradation as a function of time for the three
catalysts

Sample PNP degradation
after 4 h (%)

PNP degradation
after 8h (%)

PNP degradation
after 24 h (%)

NR 10 30 75

ND 45 75 100

NF 20 45 100
02

Oz~

Conduction Band
hv > Eg T

/nO E
Valence Band

l
I

h+ H+ + OH.

E R

H20

Fig. 9 Mechanism for reactive oxygen species (ROS) generation under
a halogen lamp

especially ND, with more exposed polar facets. Indeed, the
PNP molecule has an asymmetric character due to the
presence of a nitro group and, in the para position, a
hydroxyl group (Fig. 10).

The electron-withdrawing nature of the nitro group fur-
ther accentuates the polar nature of the molecule. Indeed, by
attracting electrons towards it, the nitro group depletes the
benzene ring of electrons, thus creating partial positive
charges on the carbons of the ring compensated by the
hydroxyl donor group [32]. Some of the PNP physical
characteristics are summarized in Table 3.

From the intensity ratios of the main X-ray diffraction
peaks (Table 1), it can be inferred that ND has the most
exposed polar facets, followed by NF and NR. This is in
good agreement with the SEM images (Fig. 4). Therefore,
the polar facets of ND are exposed and of two types: one
Zn-ZnO terminated by zinc atoms (1010) and one O-ZnO
facet (0001), terminated by oxygen atoms [34].

As the Zn-ZnO facets are positively charged, contrary to
the O-ZnO facets, which are negatively charged, the dis-
tribution of these charges at short range results in the

@ Springer
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07 ™o
Fig. 10 p-nitrophenol molecule

Table 3 Physical characteristics of PNP [33]

Dipole moment (D) pKa Solubility

5.83 7.15 Polar solvents

appearance of an electric dipole generating an electric field
[21, 34]. When the catalyst receives sufficient light energy
to create electron/hole pairs, the lifetime of these pairs is
increased by the presence of the generated electric field
within the catalyst [35].

In this way, this morphology promotes the interactions
between the surface of the catalyst and the oxygen and
water to achieve the creation of radicals that will be
involved in the PNP degradation.

As the PNP molecule is itself polar, the interactions
between it and the surface of the ND are much better than
for NR and NF, thus allowing better adsorption of PNP on
the surface of the catalyst, maximizing contacts between
catalyst and pollutant and facilitating electron exchanges
leading to faster PNP degradation. NR, on the other hand,
have the least polar faces, so there is less interaction
between the pollutant and the catalyst resulting in a lower
degradation rate.

Looking at the results obtained by the different optical
techniques, NF shows the highest proportion of defects,
compared to NR, which shows the lowest proportion of
defects. Among these defects, oxygen vacancies play a
determining role in the photocatalytic performance of the
three catalysts [36]. Indeed, the creation of these defects
involves energy states within the band gap of ZnO,
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increasing the probability of generating electron/hole pairs
that contribute to the efficiency of the photocatalyst.
Although NF have a higher number of defects and a slightly
better colloidal stability (Table 1) than ND, the photo-
catalytic activity remains lower. This shows that the
exposed polar facets, with the generation of an electric field
increasing the lifetime of electron/hole pairs, play a more
important role in the catalytic efficiency by increasing the
degradation kinetics obtained with the ND.

4 Conclusion

In this contribution, three ZnO photocatalysts were syn-
thesized using a sol-gel process. Two catalysts were syn-
thesized by using HMTA and zinc acetate as a precursor but
in different concentrations and the third one by using zinc
nitrate and NaOH. The aim of these three different synth-
eses was to obtain three distinct morphologies and to study
their impact on the degradation kinetics of a model pollu-
tant: PNP. Three different morphologies were obtained: NR,
ND and NF. The ND showed more exposed polar facets
with a ratio between main diffraction peaks equal to 0.9,
contrary to NR and NF where the non-polar facets are
exposed (0.2 and 0.3, respectively). Moreover, the photo-
luminescence and Raman spectroscopy results highlighted a
greater number of defects for the NF compared to the ND
and the NR.

The PNP degradation efficiency is affected by several
parameters, such as the quantity of defects present on the
surface of the catalyst and, above all, the type of exposed
or non-exposed facets, i.e., polar or non-polar. Indeed,
although the NF have a higher quantity of defects, which
was shown by the comparison of the ratios of the areas
under the photoluminescence curves and by the FWHM
of the two main Raman peaks, the morphology of the ND
shows that the exposed polar facets (1010) and (0001)
play a key role in the catalytic degradation reactions of
PNP. The latter being respectively positively and nega-
tively charged, and the pollutant having a non-zero dipole
moment, the interactions between PNP and the ND cat-
alyst are stronger than for the two other catalysts. In
particular, the NR, for which the non-polar facets are
exposed, do not allow such strong interactions with the
pollutant.

The creation of radicals is facilitated by the interactions
between, on the one hand, the oxygen dissolved in water
and the electrons generated after illumination of ZnO and,
on the other hand, the holes formed and the water mole-
cules. It has therefore been shown that the control of the
catalyst design and more particularly of the exposed polar
facets is a key element for the efficiency of ZnO
photocatalysts.
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