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Introduction

Colloidal fluorine-doped ZnO quantum dots: the
synergistic action of atomic doping and growth
conditions directs fluorescence and photoactivityy

Noemi Gallucci,®® Alessandro Cangiano,?® Simone Russo,® Giulio Pota,®
Rocco Di Girolamo, €22 Eugénie Martinez,® Nicolas Vaxelaire,” Luigi Paduano® and
Giuseppe Vitiello (2 *°¢

Quantum dots are nano-sized semiconductor particles showing peculiar optical properties due to the
quantum confinement effect. They can efficiently absorb photons and generate excitons, leading to a
stable fluorescence emission decisive to designing light-sensitive devices, or they can exert a
pronounced photoactivity that favors their use in photocatalysis and photodynamic fields. Among the
inorganic quantum dots, ZnO ones show unique optical and electronic properties together with low
toxicity, good biocompatibility, and excellent photochemical stability. These features can be deeply
influenced by tuning their size, surface, and/or bulk defects as well as by doping. Doping with anionic
atoms represents an intriguing alternative to cationic metals to improve ZnO activity. Here, the emission
behaviour and photoactivity of fluorine-doped ZnO quantum dots were simultaneously studied as a
function of fluorine content and synthesis conditions (e.g., wet-precipitation or solvothermal) adopted
for the fabrication. The obtained results demonstrated that a low fluorine content (<5 nominal at%) was
pivotal to induce a significant enhancement of the relative emission quantum yield of quantum dots
from the wet-precipitation route, while a high photocatalytic activity was guaranteed for those obtained
by a solvothermal strategy due to the bulk distribution of atomic defects.

diodes,* solar cells,’ and photodetectors.6 Also, the photoactiv-
ity of QDs extends beyond conventional optics, with potential

Quantum dots (QDs) are nano-sized semiconductor particles
that exhibit unique properties due to their quantum confine-
ment effects in all dimensions."”” These structures, typically
ranging from 2 to 15 nm in diameter, can emit or absorb light
at specific wavelengths depending on their size, shape, and
composition. Due to their unique electronic structure, QDs can
efficiently absorb photons and generate excitons, leading to
compositions with bright and stable fluorescence emissions.>?
Moreover, their size-dependent bandgap enables light absorp-
tion across a broad range of wavelengths, making them valu-
able components for diverse applications such as light-emitting
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applications in photocatalysis and photodynamic therapy,
where their ability to generate reactive oxygen species under
light irradiation holds promise for environmental remediation
and cancer treatment.””’

The properties of QDs are profoundly influenced by synth-
esis conditions, which encompass parameters such as reaction
temperature, precursor concentration, reaction time, solvent
choice, surface ligands, and doping agents.'>'" These factors
directly impact the size, shape, composition, crystallinity, and
surface chemistry of the QDs, consequently determining their
optical, electronic, and structural properties.’>** For example,
doping agents can play a crucial role in amplifying the optical
and photoactivity properties of QDs by introducing controlled
impurities and defects into their crystal lattice.'®'” By incor-
porating doping agents with appropriate energy levels, such as
transition metal ions or rare earth elements into QDs, it is
possible to effectively tune the energy bandgap and to extend
the range of absorbed and emitted wavelengths, thus broad-
ening the final optical response.""” Additionally, doping can
modify the charge carrier dynamics within the QD structure,
enhancing the photoactivity and photoresponsivity, which are
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crucial for applications such as photocatalysis and
photovoltaics.">'® Moreover, doping can enhance the stability
and quantum efficiency of QDs, making them more suitable for
long-term and high-performance applications in fields like
display technologies, sensing, and biomedical imaging.'*>*

Among the inorganic materials used to realize photoresponsive
QDs, zinc oxide (ZnO) shows fascinating and unique optical and
electronic properties.>*> Compared with the traditionally II-VI
group quantum dots, such as CdSe and CdTe, ZnO-QDs are cheap
and biocompatible with biological systems and have attracted
great attention in biological labeling and photocatalytic applica-
tions thanks to low toxicity and excellent photochemical
stability.>® In this way, atomic doping emerges as a valuable
strategy for fine-tuning many features of ZnO-QDs, and in parti-
cular the fluorescence and photoactivity properties (especially
their visible emission).””*® By substituting Zn and O atoms and/
or replacing the atomic vacancies within the bulk structure or on
the surface of nanocrystals with specific dopants, such as alumi-
num, indium, or nitrogen,* it is possible to finely control the
crystalline structure and the photoinduced performances of QDs
to suit specific nanotechnological applications.>***! The doping
with fluorine (F) was proposed as an interesting strategy to
improve the activity of ZnO.>” Indeed, bringing one electron more
than an oxygen atom, fluorine atoms may represent a shallow
donor state by exploiting their tendency to fill oxygen vacancies
(Vo), which are the prevalent defects in the ZnO crystalline
structure. As proposed by theoretical calculations, F atoms could
increase the distance between neighbouring Zn, leading to the
formation of deep localized electron states, and can act as donors
when they fill Vo or as acceptors if they remain interstitials.**~**

In this context, the role of synthesis conditions appears
decisive in finely tuning the growth and properties of undoped
and doped ZnO. In particular, wet-chemical syntheses belong-
ing to the bottom-up approach were widely used to produce
ZnO nanomaterials offering a high degree of controllability and
reproducibility.>®> Among them, wet-precipitation, solvothermal,
templated, self-assembly, and interface-mediated syntheses are
the main ones used to produce semiconductor nanomaterials.
All of them deal with chemical reactions in the solution phase
using precursors under suitable conditions. However, each wet-
chemical synthesis method differs from the others, meaning
that one cannot find a general rule for these kinds of synthesis
approaches. To the best of our knowledge, although several
F-doped ZnO-based functional materials have been prepared in
various shapes and morphologies, such as nano/meso/micro-
crystals or thin films, the effect of a synergistic action of
synthesis conditions and fluorine doping on the properties of
Zn0O-QDs was not well-proposed yet.

Our study focused on exploring the optical behaviour and
photoactivity of colloidal F/ZnO-QDs. We achieved this by
adjusting the doping agent content (between 0 and 20 nominal
atomic %) and by implementing two different wet-chemical
synthetic routes — wet-precipitation and solvothermal methods,
which allowed us to control the surface, morphological,
dimensional and structural properties of the nanocrystals. A
combined approach of physicochemical techniques allowed us
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to assess how the photoluminescence and photoactive perfor-
mances of the resulting F/ZnO-QDs were tuned with the aim of
favoring a specific application in sensing and/or photocatalysis.

Experimental section/methods

Materials

Zinc acetate dihydrate (ZAD) Zn(CH;COO,)-2H20 (>99% purity),
ammonium hydrogen difluoride NH,HF, (>99.999% purity),
sodium hydroxide KOH (>85% purity), triethylamine (TEA)
CeHisN (>99% purity), quinine sulfate monohydrate C,oH,,N,-
0,-H,50,-H,0 (90% purity), methanol (>99.8% purity), and etha-
nol (96% vol.) were purchased from Merck (Germany) and used
without further purification.

Synthesis of fluorine/doped ZnO nanoparticles

Wet-precipitation method. Undoped (ZnO-QDs) and fluor-
ine/doped ZnO (F/ZnO-QDs) quantum dots were first prepared
by adapting a synthesis protocol defined by Beek et al>®
Specifically, the precursor salt, ZAD, was solubilized in metha-
nol to obtain a 0.11 M solution. This was heated at 60 °C, which
is a temperature close to the boiling temperature of methanol,
equal to 64.7 °C. An appropriate amount of doping salt NH,HF,
(corresponding to a nominal content ranging between 0 and
20 at%) was opportunely added to the mixture to induce the
formation of nanocrystals including fluorine atoms.**** Different
compositions were considered as detailed in Table S1 (ESIt). After
the temperature stabilization, a 0.4 M KOH solution was added
drop by drop as a basifying and morphologic agent to induce the
formation of size-controlled nanocrystals. The resulting solution
was stirred for 2 h at 60 °C. The reaction mixture was slowly
cooled down to room temperature, then placed in 50 mL cen-
trifuge tubes and centrifuged at 5000 rpm for 5 minutes to
separate the supernatant from ZnO-QDs. They were re-dispersed
in methanol, and the centrifugation step was repeated twice to
wash out all the unreacted substances. Finally, undoped and
doped ZnO-QDs were collected in methanol.

Solvothermal method. Undoped ZnO-NCs and F/ZnO-NCs
nanocrystals were also synthesized by adapting a protocol
previously proposed.®*** In detail, 0.528 g of ZAD was dissolved
in 144 mL of ethanol, and then 3.36 mL of TEA was introduced
into the system at room temperature as a capping agent. After
the complete dissolution of the inorganic precursor, 16 mL of
bi-distilled water was added to induce hydrolysis and conden-
sation reactions. An appropriate amount of doping salt NH,HF,
(corresponding to a nominal content ranging between 0 and
20 at%) was opportunely added to the reaction mixture, as
detailed in Table S2 (ESIt). After the doping agent addition,
each suspension was transferred into a Teflon recipient, and
placed in a circulating over at 120 °C for 2 h. The final mixture
was cooled to room temperature, then placed in 50 mL cen-
trifuge tubes, and centrifuged at 10 000 rpm for 5 minutes, to
separate the supernatant from ZnO nanocrystals. The obtained
nanocrystals were finally dispersed and stored in ethanol.
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Physicochemical analysis

Transmission electron microscopy (TEM). TEM images were
acquired using the FEI TECNAI G2 200 kV microscope. For
all samples, approximately 10 pL of each sample were placed on
a carbon-coated copper grid and allowed to air dry before
imaging. Images were taken at various magnifications for each
sample, from the lowest magnification to have an overall view
of the sample at the highest magnification to allow a statistical
analysis of the size of the synthesized nanocrystals. The images
were processed with a free digital imaging processing system,
Image].>”~%°

Dynamic light scattering (DLS). DLS measurements were
performed to measure the size of F/ZnO-QDs and F/ZnO-NCs
in suspension with a home-made instrument composed of a
Photocor compact goniometer (Moscow, Russia), SMD 6000
Laser Quantum 50 mW light source (Laser Quantum, Fremont,
CA, USA) operating at 532.5 A, a photomultiplier (PMT-120-OP/B)
and a correlator (Flex02-01D) from Correlator.com (Shenzhen,
China). The experiments were carried out on 1 mL of a nanopar-
ticle suspension at a constant temperature (25.0 + 0.1) °C, by
using a thermostatic bath and at the scattering angle 0 of 90°.>*?

X-ray diffraction (XRD). XRD measurements were carried out
to investigate the crystalline structure of F/ZnO samples, by
using the Empyrean instrument from Malvern Panalytical
(Cambridge, UK). The X-ray source is Cu, / = 1.54 A, 45 kv,
and 40 mV. The spectra of F/ZnO powders were collected in the
20 range between 20 and 80 degrees.

X-ray photoelectron spectroscopy (XPS). The surface proper-
ties of F/ZnO samples were investigated via XPS analysis, which
was carried out using a spectrometer VersaProbe II with a
monochromatic Al Ko X-ray source (hv = 1486.6 €V), a spot of
200 pm, and a dual-beam system (Ar+ ete) for charge compen-
sation. The pass energy was set at 23.5 eV, leading to an overall
energy resolution of 0.6 eV. Photoelectrons were collected at a
take-off angle of 45°, which means a sampling depth of
approximately 5 nm. The decomposition of the spectra was
done using Voigt functions after Shirley’s background subtrac-
tion with the Multipak software.*®

UV-Vis spectroscopy. UV-Vis spectroscopy measurements
were performed using a Jasco V-560 UV-Vis instrument, a
dual-beam instrument, equipped with a deuterium lamp
(190-350 nm) and a halogen lamp (330-900 nm). 1.5 mL of
suspension containing the F/ZnO was placed in a quartz cuvette
to carry out the measurements (optical path: 1 cm, bandwidth:
2.0 nm, and scanning speed: 40 nm min~*).*°

UV-Vis diffuse reflectance spectroscopy (DRS). UV-Vis DRS mea-
surements were carried out using a UV-2600i UV-VIS spectrophot-
ometer, 230 V (Shimadzu, Milan, Italy), equipped with an integrating
sphere ISR-2600Plus operating in a wavelength range of 220-
1400 nm. Barium sulfate was used as a reflectance standard. The
measured intensity was expressed as the value of the Kubelka-Munk
function, F(R), while the direct band-gap energy value was evaluated
according to the Tauc-plot linearization of (F(R)av) against Av.>"®

Fluorescence spectroscopy. Fluorescence spectra were
recorded at 25 °C using a Horiba Scientific Fluoromax-4 spec-
trofluorometer equipped with a Peltier control system and 1 cm
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path length cells. Each F/ZnO suspension was excited to the
specific absorption wavelength, determined using UV-Vis
spectroscopy measurements (integration time: 0.1 s, excitation
and emission slit width: 5 nm). For a correct determination of
the relative emission quantum yield, each measurement was
performed on three independent samples of both F/ZnO system
and quinine monohydrate used as the standard reference. All
systems were excited at the maximum absorption (maximum
value of 0.3) wavelength determined by UV-Vis spectroscopy
measurements, while the standard was excited at 317 nm.
These analyses were performed using the following experi-
mental set-up; integration time: 0.1 s, excitation, and emission
slit width: 2 nm.?%*°

Photoactivity under UV-light irradiation. The redox activity
of undoped and F/ZnO nanocrystals was assessed by monitor-
ing the degradation of Rhodamine B (RhB) in the dark and
under UV-Vis light irradiation. In detail, 100 pg of ZnO-NCs
were dispersed in 1 mL of an 8 pg mL ™' RhB solution. The
mixture was sonicated for five minutes at room temperature
and then magnetically stirred. For the photodegradation test-
ing, a high-pressure mercury vapor lamp (Helios Italquartz)
with a nominal output of 125 W was utilized.>”** Both the
visible and UV ranges are covered by the emission lamp, which
occurs at 404.7 and 435.8 nm in the visible spectrum.
A thermostatic bath (Falc GTR 90) was utilized to maintain a
constant temperature of 25 °C while the lamp operated over its
full emission spectrum. The lamp was housed inside a quartz
sleeve. Each suspension underwent a 5-minute, 1000-g centri-
fugation after testing. The absorbance of the supernatants was
measured with a Shimadzu (Milan, Italy) UV-2600i spectro-
photometer at 230 V. The rate of degradation D(¢)% at time ¢
was calculated according to eqn (1):

A, — A
D(t)%:'A—OOx

100 (1)
where A; and A, are the absorbances of the supernatants at time
t and 0, respectively. OriginPro software was used to fit the
experimental data obtained by the photocatalytic tests. The
estimation of the kinetic parameters was realized by consider-
ing valid all the fittings with R> > 0.999 e * < 10~ **.

Results and discussion

Morphological and dimensional features of F/ZnO

The formation of F/ZnO through both the adopted synthetic
routes was proven by morphological and dimensional analyses.
As reported in Fig. 1 and Fig. S1 (ESIt), TEM images clearly
showed dramatic changes in the morphology and size of
undoped and doped ZnO depending on the synthesis condi-
tions and as a function of the amount of doping salt used
during the syntheses. In the case of the ZnO-QDs synthesized
through the wet-precipitation method, undoped ZnO-QDs (F0/
ZnO-QDs) showed a pseudo-spherical morphology with a mean
size of ~3 nm in radius (Fig. 1A). These morphological and
dimensional properties were obtained for F/ZnO-QDs with a
nominal F content in the range 1-7.5 at% (Table S3, ESIY),
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Fig. 1 TEM images of undoped and F-doped ZnO were obtained through
the two synthetic approaches: FO/ZnO-QDs (A), F5/ZnO-QDs (B), F7.5/
ZnO-QDs (C), F15/ZnO-QDs (D), FO/ZnO-NCs (E), F5/ZnO-NCs (F), F7.5/
ZnO-NCs (G), F15/ZnO-NCs (H).

although they showed an increasing tendency to form disordered
nanoclusters (Fig. 1A-C and Fig. S1A-E, ESIt). By increasing the
fluorine content, QDs with an irregular morphology and a slightly
increased size were obtained (Fig. 1D and Fig. S1F-H, ESIf).
Moreover, it gradually became almost impossible to distinguish
the borders of the single QDs, which resulted in assembled and
strongly interconnected as demonstrated by the formation of very
irregular clusters with a final morphology like small bushes. This
effect was directly related to F content and indicated that the
relative composition of the synthesis mixtures drove differently
the growth of ZnO-QDs, favoring self-aggregation.

View Article Online
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On the other hand, ZnO-NCs synthesized through the sol-
vothermal method showed many differences in morphology
and size as a function of doping. Specifically, undoped ZnO
nanocrystals (FO/ZnO-NCs) were characterized by a rod-like
shape with a rod length (L) equal to about 50 nm (Fig. 1E).
This evidence indicated that the solvothermal synthesis,
although realized for the same time as the wet-precipitation
route, hindered the formation of confined quantum dots thus
favoring the growth of nanocrystals into nanorods with higher
dimensions (Table S3, ESIt), similar to what was previously
achieved for a comparable synthesis strategy.** The presence of
the doping salt drove the formation of pseudo-spherical nano-
crystals with a mean radius of ~30 nm for the F1/ZnO-NCs
sample (Fig. S1], ESIT) and of ~10 nm with the increase of the
fluorine content (Fig. 1F, G and Fig. S1K-M, ESIt). By increas-
ing the atomic percentage of the doping agent, the morphology
of nanoparticles varies further, allowing the statistical determi-
nation of a length of about 30 nm for F10/ZnO-NCs (Fig. S1N,
ESIt) and F15/ZnO-NCs (Fig. 1H) samples. Finally, F20/ZnO-
NCs systems showed a heterogeneous character with the pre-
valence of spheroidal nanoparticles of ~50 nm in radius
(Fig. S1P, ESIt) together with microstructures.

The obtained results confirmed that the incorporation of F~
ions into ZnO seeds influenced the growth of the host lattices.
Also, the relative concentration of dopant precursor in the
reagents represented a key factor that resulted in initial growth
seeds with different crystallographic phases and shapes, lead-
ing to doped nanocrystals with different structures and
morphologies.***® This evidence agreed with those of mecha-
nistic reports describing the effect of the mostly studied doping
with cationic species on the primary stage of semiconductor
nanocrystal growth.*”*®

The colloidal behavior of F/ZnO systems in alcohol suspen-
sion was investigated by DLS measurements (Fig. S2, ESIt) with
the aim to verify if the clustering process was only due to the
solvent evaporation occurring during TEM analysis or if F/ZnO
exerted a natural tendency to self-aggregate as a function of
their morphology and composition. Hydrodynamic radius dis-
tributions revealed the presence of a single population in all the
samples, except for the F0/ZnO-NCs system, which showed
two populations with R, of ~100 and 600 nm, respectively.
This behavior can be explained as due to the very different
morphology and size of such nanocrystals, which favored their
clustering and the subsequent increased colloidal instability.
At greater F contents, Ry, increased moving from F0/ZnO-QDs to
F2.5/Zn0O-QDs and remained constant for F5/ZnO-QDs and
F7.5/Zn0O-QDs. Ry, values of F10/ZnO-QDs and F15/Zn0O-QDs
were smaller than those of samples with less fluorine, being
about 28 nm, while for a population with a hydrodynamic
radius value of about 62 nm was observed F20/ZnO-QDs sam-
ple. In contrast, for samples obtained through the solvothermal
method, the self-aggregation process was not controllable with
the formation of aggregates with R}, ranging in 75-300 nm, not
following any specific trend as a function of fluorine content
and confirming that the process of self-aggregation was not a
controllable process.
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Structural and chemical features of F/ZnO

As shown in Fig. 24, B and Fig. S3A, B (ESI{), XRD patterns of all
F/ZnO nanosystems indicated the presence of typical peaks of
wurtzite crystalline structure (JCPDS 36-1451). This was quanti-
tatively confirmed by the values of the diffraction angles (20),
the cell dimensions (a, b, c, «, 8, and ), and Miller indices (%kI)
of the peaks, as listed in Table S4 (ESIf). Any shift of the
diffraction peaks resulted from the experimental data of doped
versus undoped samples, suggesting that any distortion of the
crystalline lattice of ZnO occurred because of the presence of
the doping agent and the synthesis method. However, the
presence of diffraction peaks corresponding to a second differ-
ent crystalline phase was detected in the diffraction spectra of
samples obtained using a high amount of doping salt (from
F7.5/Zn0O-QDs to F20/ZnO-QDs). It could be ascribable to the
presence of ZnF, (indicated by stars in Fig. 2A) in the tetragonal
crystalline structure with spatial group P4,/mnm was also
observed. The formation of ZnF, may be a direct consequence
of the dissociation of the fluorine-based doping salt, NH,FHF,
into H', HF, , and HF species occurring in the reaction
mixture. The HF specie was able to react with Zn(CH3COO),
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salt, inducing a competitive reaction Zn(CH;COO), + 2HF —
ZnF, + CH,COOH which led to the formation of ZnF,.*® At the
same time, these species could exert a corrosive action toward
the nanocrystal surface exposed to the solution, probably con-
tributing to the definition of the irregular morphology of QDs.
Although these phenomena were secondary concerning the
formation of the ZnO phase, they became very decisive at the
highest nominal content of the doping agent (F10/ZnO-QDs to
F20/Zn0O-QDs) in causing the deepest morphological differ-
ences and highest tendency to form disordered clusters, as
indicated by TEM and DLS. These results confirmed that both
the synthesis conditions and the relative amount of doping
agent strictly influenced the chemical process of nanocrystal
growth, simultaneously tuning the crystalline structure, shape,
and size of F/ZnO.

The XPS analysis led to the description of the surface
chemical composition of doped ZnO nanocrystals compared
to the undoped ones. The spectra reported in Fig. 2C, D and
Fig. S3C, D (ESIY) showed the characteristic peaks of ZnO (Zn
2p, Zn 3s, Zn 3p, Zn 3d, and O 1s) for all the samples, while in
those with the highest nominal F concentration (F15/ZnO-QDs
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Fig. 2 XRD patterns of undoped and F-doped ZnO-QDs as synthesized through the wet-precipitation method (panel A) and of undoped and F-doped
ZnO-NCs as synthesized through the solvothermal method (panel B). Dot lines indicate ZnO peaks, while stars indicate the ZnF, ones; and XPS patterns
of undoped and F-doped ZnO-QDs as synthesized through the wet-precipitation method (panel C) and undoped and F-doped ZnO-NCs as synthesized

through the solvothermal method (panel D).
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and F20/Zn0O-QDs), the F 1s peak was visible. The very small
C 1s peak was ascribable to carbon contamination, probably
due to the presence of unconverted reagents and/or of reaction
by-products not completely removed during the purification
step. A quantitative determination of the chemical species was
also realized by a deeper analysis of the main XPS peaks, such
as Zn 3p, O 1s, F 1s, and C 1s (Fig. S3, ESIt). The spectrum of Zn
3p (Fig. S3A and B, ESIt) showed two peaks related to the two
components of the Zn3ps,-Zn3p,,, doublet located at 87 and
90 eV respectively. The XPS spectrum of O 1s (Fig. S3C and D,
ESIY) also presented two peaks: (i) one between 529 and 530 eV,
due to the oxygen bound to zinc, and (ii) the other one at about
532 eV, due to the oxygen bound to carbon and fluorine. In all
the cases, the intensity of the O-Zn peak was higher than that
of the O-C/O-F peak, except for the F15/ZnO-QDs and F20/ZnO-
QDs samples. The peak of F was visible and, therefore, its
concentration was quantifiable only for the highest nominal
concentration samples obtained through the wet synthesis (Fig.
S3E and F, ESIt). Finally, as previously indicated, the C 1s
signal (Fig. S3G and H, ESIf) was due to the presence of an
unconverted reagent as well as to the K 2p signal (Fig. S3G,
ESIT) which was detected only in the samples with the highest F
amount. By integration of these peaks, the atomic composition
of the different F/ZnO was estimated, as summarized in
Table 1.

For all F/ZnO nanocrystals, no significant changes were
observed in the surface atomic concentration of Zn as well as
of C and both C-bonded and Zn-bonded O species. Only in the
case of F15 and F20 samples for both syntheses, a lower
concentration of O-Zn species with respect to the other sam-
ples was detected, suggesting that the content of oxygen
vacancies (Vo) on the nanocrystal surface was greater. The
presence of F atoms was not detectable below the XPS sensi-
tivity (~1 at%). Indeed, the presence of F atoms on the surface
of F/ZnO-QDs synthesized through the wet method (up to F5/
ZnO-QDs) resulted in approximately equal to ~1.5 at% for
F5 and F7.5, ~7-8% from F10 to F20 samples. Instead, for
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F/ZnO-NCs samples synthesized through the solvothermal
method (up to F10/ZnO-NCs), the F content was estimated to
be ~4 at% for F10, ~9-13 at% for F15 and F20 nanocrystals.
These results indicated an increasing amount of surface
defects. This probably indicated that a concentration of 7/8
at% (wet-precipitation method) and of 9/13 at% (solvothermal
method) is the maximum concentration of dopant that ZnO
may exhibit on the surface. However, in the case of ZnO-QDs
from wet-precipitation synthesis, it is plausible to consider that
the F content estimated from the XPS analysis may represent
the effective one, given that the QDs diameter (~5 nm) was
compatible with the penetration depth of the beam used for
analyses. Instead, in the case of solvothermal ZnO-NCs, these
results could indirectly suggest that the monovalent anionic
species were partially included in the crystalline structure by
replacing the oxygen vacancies,”® and not only localizing on the
surface.

Optical features of F/ZnO: absorption, emission, and relative
quantum yield

UV-Vis and fluorescence spectroscopy measurements were car-
ried out to define the optical properties of F/ZnO as a function
of size and fluorine relative content.

All F/ZnO samples showed an absorption behavior in the UV
region exerting with a peak ranging between 332 and 361 nm,
with changes directly related to the preparation methods, and
consequently to nanocrystal size and fluorine content. Indeed,
the quantum dots synthesized by the wet-precipitation (Fig. 3A)
showed a maximum absorption centered between 332 and
347 nm, while a redshift was observed for nanocrystals obtained
through the solvothermal method (Fig. 3D), with a maximum at
~360 nm. This effect is ascribable to the greater size of such
nanocrystals in agreement with previous results.>*>"

Fig. 3B, E and Fig. S5 (ESIt) reported the Tauc plot reflec-
tance data for the different F/ZnO samples. They were deduced
using Tauc formulae and Kubelka-Munk function F® and
expressed in eqn (2) and (3) respectively,

Table 1 Atomic concentrations of Zn, O, C, and F as obtained by the XPS spectra

Sample Zn at% O (0-Zn) at% F at% C at% O (0-C) at%
Wet-precipitation synthesis

F0/ZnO-QDs 31+6 31+6 14 +3 24+5
F1/ZnO-QDs 33+6 27 £5 18+ 3 22 +4
F2.5/Zn0O-QDs 33+7 25+5 18 + 4 23 £5
F5/ZnO-QDs 36 £7 27 £5 1.5 £ 0.3 17 £ 3 19+ 4
F7.5/ZnO-QDs 39+38 27 £5 1.7 £ 0.3 15+ 3 17 £ 3
F10/Zn0O-QDs 40 £ 8 29+ 6 7+1 15+ 3 16 £ 3
F15/Zn0O-QDs 31+6 13 +3 8+2 14 +3 24+5
F20/ZnO-QDs 35+£7 19+ 4 7+1 17 £ 3 23 £5
Solvothermal synthesis

F0/ZnO-NCs 41 £38 28 £5 15+ 3 15+ 3
F1/ZnO-NCs 37+£7 24 £5 21 +4 18+4
F2.5/ZnO-NCs 42 £+ 8 27 £5 11+ 2 20+ 4
F5/ZnO-NCs 38+8 31+6 15+ 3 16 + 3
F7.5/ZnO-NCs 39+8 29+ 6 17 £ 3 15+ 3
F10/ZnO-NCs 41 £38 26 £5 4.2 +£0.8 9f2 19+ 4
F15/ZnO-NCs 40 £ 8 18+ 3 9+ 2 6+1 26 £5
F20/ZnO-NCs 38+8 10 £ 2 13 £3 7+1 32+6

3978 | Mater. Chem. Front., 2024, 8, 3973-3984 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qm00655k

Open Access Article. Published on 11 October 2024. Downloaded on 8/30/2025 2:46:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

5 A
s 332
Ny
v
=
<«
F15/Zn0O-QDs
343
"\ ¥7.5/Zn0-QDs
343
\ F5/Zn0-QDs
339
-K F0/ZnO-QDs
T T T T T 1
300 400 500 600 700 800
A/ nm
— 40 - B
1
E F0/Zn0-QDs
>
© 30
-
o~
—
>
=
20
<)
=
—
10 4 F7.5/Zn0-QDs
,_iio___ F15/Zn0-QDs
i - )/;T_- F5/Zn0-QDs
T T T 1
3.1 3.2 3.3 34 3.5
hv / eV

View Article Online

Research Article

5 360
«
~
-g F15/Zn0O-NCs
< 359
\L F7.5/ZnO-NCs
s\\ssL
F5/ZnO-NCs
F0/ZnO-NCs
300 400 500 600 700 800
A/ nm
30 4 D

¥7.5/Zn0O-NCs

[F(R)hv1Z / eV em’]

[
=)
1

F0/ZnO-NCs

5 ‘:/-zgﬂr—_l’li’ln() NCs

F5/ZnO-NCs

3.1 32 3.3 34 3.5

hv / eV

Fig. 3 UV-Visible spectra of undoped and F-doped ZnO as synthesized through the wet-precipitation method (panel A) and the solvothermal
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method (panel D).
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where R is the reflectance, F(R) is the Kubelka-Munk function,
proportional to the absorption coefficient «, hv is the photon
energy, E, is the optical bandgap, B is a constant and 7 is a
constant that determines optical transition type, n = 2, for
direct transition commonly considered for ZnO, respectively.
The bandgap energy (E,) is an important parameter for the
definition of the properties of a semiconductor. The trends of
E, values as a function of the F atomic% are shown in Fig. 4.
By the inspection of Fig. 4, it is possible to note that the
relative doping concentration strongly affected the optical
properties of F/ZnO. Indeed, the maximum absorption wave-
length of F0/ZnO-QDs, F1/ZnO-QDs and F2.5/ZnO-QDs, for
which XPS had not detected the fluorine presence, increased
as the R}, of suspended aggregates increased, as also observed
by Xu et al. for undoped ZnO-QDs with a dimension between 15
and 40 nm.**> F5/ZnO-QDs and F7.5/Zn0O-QDs (with an esti-
mated F amount of 1.5 and 1.7 at%, respectively) had a
maximum at about 343 nm, as well as the same F concentration
shifted the maximum peak in F10, F15 and F20 ZnO-QDs at
about 333 nm. It is interesting to note that the increased
concentration of the doping agent caused a decrease in the
absorption maximum, as already observed by Singh et al
doping ZnO nanoparticles with Mn and observing a blueshift
from 366 to 352 nm by increasing the Mn concentration from 1
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to 4%.>° The same trend was also observed by Hammad et al.
for Co-doped ZnO nanoparticles.”

Instead, a redshift can be observed for samples synthesized
through the solvothermal method. This shift is typical of doped
zinc oxide nanoparticles and increases with the amount of
doping agent."®**> The presence of defects and doping agent
also affected the bandgap values of F/ZnO. For undoped ZnO, it
was 3.31 eV for FO/ZnO-QDs and about 3.24 eV for FO/ZnO-NCs,
which was slightly lower than that of ZnO bulk (3.37 eV) and
can be explained as due to the presence of defects in the
crystalline structure of nanocrystals.’®>” Then, F1/ZnO-QDs
and F2.5/Zn0O-QDs samples showed values comparable to that
of FO/ZnO-QDs, which confirmed the results of XPS that do not
detect the presence of F in these samples. In the case of F5/
Zn0-QDs and F7.5/Zn0O-QDs samples, E, was equal to 3.27 €V;
this decrease, if compared to the values of previous samples,
was due to the presence of the doping agent at low amounts
(1.5 and 1.7 at%, respectively) as indicated by XPS analysis.
Indeed, the presence of the fluorine doping agent can create a
new valence band causing a decrease in the bandgap value.*®
Finally, the bandgap of F10/Zn0O-QDs, F15/Zn0O-QDs, and F20/
ZnO-QDs samples was even lower, probably due to a greater
concentration of fluorine anions. These values agreed with the
shift of the maximum absorption peaks observed for F/ZnO-
QDs in suspension. Instead, the bandgap of doped ZnO-NCs
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synthesized by the solvothermal method was lower than that of
the undoped ones but, in all cases, the value was equal to about
3.17 eV, except for F10/ZnO-NCs, F15/ZnO-NCs, and F20/ZnO-
NCs samples prepared with a greater nominal amount of
fluorine doping agent. This evidence confirmed that the
changes in the electron structures depended not only on the
dopant amount but also on the size and shape of nanocrystals
as driven by preferential growth way due to the specific synth-
esis method.***°

Fluorescence spectra were recorded in the 400-700 nm
range by exciting each sample at the maximum absorption
wavelength as determined by UV-Vis analysis. All emission
spectra of F/ZnO-QDs synthesized by wet-precipitation
(Fig. 5A, B and Fig. S7, ESIT) showed a single band centered
at about 530 nm that can be attributed to the presence of point
defects, such as oxygen vacancies or interstitial oxygen, directly
related to emission peaks and affecting the fluorescence inten-
sity. An emission band between 500 and 520 nm was ascribable
to oxygen vacancies Vp; a band between 550 and 560 nm to
interstitial oxygen O;; a band between 400 and 440 nm to zinc
vacancies Vz, and interstitial zinc Zn;.®*"®® The green emission
could be associated with a transition between Vo and holes.®*
The intensity of these broad bands depends on the number of
luminescence centers and the recombination of the electron-
hole pairs.>*** In the range of 1 to 7.5%, the fluorescence
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Fig. 5 Fluorescence spectra and relative quantum yield values of undoped and F-doped ZnO as synthesized through the wet-precipitation method (A)

and (B), respectively or the solvothermal method (C) and (D), respectively.

3980

| Mater. Chem. Front., 2024, 8, 3973-3984 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qm00655k

Open Access Article. Published on 11 October 2024. Downloaded on 8/30/2025 2:46:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

intensity decreases with increasing dopant, due to the decrease
in the Vo number, since the F atoms fill V, sites.** The trend is
not linear for the last three samples of the series, probably due
to the presence of another crystalline species, as demonstrated
by XRD data. Instead, the emission spectra of F/ZnO nanocrys-
tals synthesized through the solvothermal method (from Fo0/
ZnO-NCs to F7.5/Zn0O-NCs) resulted in more complex with the
presence of multiple peaks which were identified by a Gaussian
peak deconvolution as shown in Fig. S8 (ESIt).

This approach highlighted that the emission of F/ZnO-NCs
consists of several contributions. For all analyzed systems (F0/
ZnO-NCs-F7.5/ZnO-NCs), four different peaks were identified,
together contributing to the fluorescence behavior of these
nanocrystals. The comparison of experimental and fitted spec-
tra indicated that the doping agent did not influence the optical
properties. Consequently, it is plausible to consider that a key
role was played by the structural characteristics of ZnO nano-
crystals given by the synthetic protocol.®® Indeed, ZnO nano-
crystals are characterized by various kinds of defects, which are
directly related to the features of their fluorescence emission
spectra. Especially, defects such as zinc vacancies (V,) and
interstitial zinc (Zn;) were widely recognized as responsible for
the emission in the region of 400-440 nm.°® However, the origin
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of the broad emission band in the 540-560 nm region was still
the subject of debate in the scientific community. In particular,
two kinds of defects, such as oxygen vacancies (Vo) and inter-
stitial oxygen (O;), can be considered as possibly responsible for
this emission band,*"®* acting as acceptor and donor punctual
defects, respectively. Carefully analyzing the experimental data
obtained in this work and the scientific literature can be inferred
that the Vo was pointed out as responsible for the “green”
emission band (large emission band between 500 and 520 nm)
of ZnO-NPs; hence, the emission band observed in the systems
here (emission band centered at 550 nm) can be attributed to O;
occupying octahedral sites,’>®” as more thermodynamically
stable than tetrahedral O;.%

To quantitatively estimate the changes in fluorescence emis-
sion, the relative quantum yield (&) with respect to the quinine
sulfate chosen as a standard was determined by following the
analytical procedure as described in the ESL{ The trends of the
experimental values are reported in Fig. 5C and D. In the case of
ZnO-NCs, the relative quantum yield is not affected by the
presence of the doping agent, in fact, in all cases, it is less than
3%. Conversely, relative quantum yield increases with the fluor-
ine content up to the sample F5/ZnO-QDs, which by XPS analysis
has an atomic percentage of F on the QDs surface of 1.5% at,
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Fig. 6 Absorption spectra of the supernatants collected after the interaction of RhB solution with FO/ZnO-QDs (A), FO/ZnO-NCs (B), F5/ZnO-QDs (D),
F5/ZnO-NCs (E), F15/ZnO-QDs (G), and F15/ZnO-NCs (H) at different times (black curve = time 0, red curve = 15 min, blue curve = 30 min, green curve =
60 min) under UV-vis irradiation. Degradation rate profiles over time for each couple of ZnO from different synthesis routes reported aside (C, F, and |).
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Table 2 Summary of the estimated kinetic constants obtained by fitting
the experimental trends

0 order kinetics 1st order kinetics

Samples ko (min™) &, (umol L™" min™")
F0/ZnO-NCs 0.097 £+ 0.007
F0/ZnO-QDs 0.10 &+ 0.01

F5/ZnO-NCs 0.053 £ 0.001
F5/Zn0O-QDs 0.082 £+ 0.008

F15/ZnO-NCs 0.17 &+ 0.02

F15/Zn0O-QDs 0.028 £ 0.004

then decreases by further increasing the fluorine content, with
quantum yields of F15/ZnO-QDs and F20/ZnO-QDs lower than
that of the undoped sample. So, for QDs with a size less than
4 nm, a minimum amount of dopant was sufficient and optimal
to improve the optical properties of F/ZnO-QDs.

Photoactivity under UVA-light irradiation

The photoactivity of F/ZnO was evaluated by monitoring their
ability to degrade Rhodamine B (RhB) selected as a model
dye.°® First, the pro-oxidant activity of nanocrystals was
assessed in the dark and no RhB degradation was recorded.
This result was in agreement with what was observed for
preliminary pro-oxidative peroxidase (POD) and oxidase (OXD)
mimicking assays, during which all the samples were inactive.
This multiple evidence led to suppose that the production of
free radicals had to be light-triggered.

Fig. 6 summarizes the results of photodegradation tests for
undoped and F/ZnO at two significantly different fluorine
contents (F5 and F15), as obtained from both synthetic routes,
while Table 2 reports a summary of the estimated kinetic
constants obtained by fitting the experimental trends.

By comparing the general trends, NCs produced by the
solvothermal method were way more active than those produced
through the wet-precipitation approach. In particular, the degra-
dation of RhB was more intense for F/ZnO-NCs and this could be
ascribable to a higher presence of defects in the crystalline
structure. Indeed, as reported in the literature, the presence
of intrinsic defects may intensify the photo(electro)chemical
properties.®>”° Specifically, oxygen vacancies Vo, and zinc inter-
stitials Zn; could act as charge-carrier traps which delay the
charge recombination. In addition, these defects may behave as
surface sites facilitating the degradation of organic molecules
through charge transfer interactions between the site and the
analyte.”" These results could be also explained by considering
that the defects in the ZnO-NCs decreased the recombination of
the excitons which turned into a lower emission intensity at
higher F content, and also in agreement with luminescence
results previously reported in literature.>* It must be pointed
out that the degradation efficiency of the nanocrystals with a
higher content of fluoride decreased, this occurred because the
fluoride had almost the same atomic radius as oxygen, so it
could occupy the V, decreasing the number of defects present in
the structure. Finally, RhB concentration profiles over time were
fitted to linear and exponential decay equations to identify the
kinetic model suiting the most the photocatalytic behaviour of

View Article Online

Materials Chemistry Frontiers

each nanosystem. In detail, F15/ZnO-NCs and all the photoactive
nanosystems produced through wet-chemistry route exhibited
0-order kinetics, with the solvothermal one outperforming the
others since exhibiting the highest k, (0.17 & 0.02). Moreover, k,
constant decreased with increasing nominal fluorine content.
On the other hand, the best-performing F0/ZnO-NCs and F5/
ZnO-NCs samples exhibited 1st order kinetics, with k; constant
being again dependent on nominal fluorine content. Definitely,
kinetic analysis was effective in further clarifying that the (i)
solvothermal approach provided higher number of defects and
active sites; (ii) wet-chemistry approach resulted in less photo-
active nanomaterials, with saturated active sites even at such low
RhB concentration (16.7 uM); and (iii) fluorine was particularly
able in replacing oxygen in the lattices, reducing the number of
defects and thus the charge transfer efficiency.

Conclusions

The study aimed to prepare colloidal fluorine-doped ZnO nano-
crystals using two different synthesis strategies — wet-precipitation
and solvothermal methods - with varying amounts of doping
agent. The focus was to investigate how atomic doping, nanocrystal
growth, and surface defects affect the optical behavior and photo-
activity of F/ZnO. The research was conducted with a wide range of
nominal atomic% of the doping agent (0-20) to understand how
the properties of the nanocrystals could be simultaneously tuned as
a function of the fluorine content and synthesis strategy employed.
The wet-precipitation route led to the formation of very small
quantum dots of about 3 nm in radius, showing good colloidal
stability in suspension which was reduced by increasing the
fluorine content as a consequence of the significant changes in
the morphological and surface features induced by a greater
amount of doping agent used during the synthesis. F/ZnO-QDs,
obtained through the wet-precipitation method, exhibited scarce
photoactivity and a significant fluorescence emission with the
highest value of the relative quantum yield (@ = 22%) for F/ZnO-
QDs doped with a nominal concentration of fluorine of 5 at%.
During solvothermal synthesis, nanocrystals are formed with varying
shapes (from rod-like to spherical), sizes (ranging from 10 to 50 nm),
and clustering tendencies that are strongly influenced by the
presence of fluorine. These conditions result in low fluorescence
emission, but high photoactivity is observed in F/ZnO with a low F
content (5 at%), small size (approximately 10 nm in radius), and high
surface defects. The photoactive efficiency of these nanocrystals can
reach up to 95% after 60 minutes. This suggests a different growth of
the crystalline structure and highlights the importance of controlling
the fluorine content during the synthesis process. Definitely, this
study allowed us to define the optimal conditions to alternatively
design fluorescent F/ZnO-QDs for sensing and optoelectronic fields
or photoactive F/ZnO-NCs for photocatalytic applications.
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