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ABSTRACT: Selective surface lixiviation is commonly employed
to quantify dopants segregated on the surface of nano oxides. In
this study, we utilize this method as a strategy to enhance the
photocatalytic activity of Cl-doped ZnO. Diffuse reflectance
spectroscopy revealed that the dopant was not dissolved in a
solid solution, and surface defects were confirmed through color e 3 \)"‘%
measurements using the CIE Lab* system and electron para- J‘OG: > °®
magnetic resonance (EPR). X-ray photoelectron spectroscopy CoR°

(XPS) and diffuse reflectance infrared Fourier-transform spectros- J@J

copy (DRIFTS) confirmed the presence of ZnCl, on the surface of >

doped ZnO samples. STEM EDS elemental mapping revealed an

~6 nm-thick Cl-enriched surface layer at the edge of the ZnO

nanoparticle. The selective lixiviation method effectively removed the Cl dopant from the surface of ZnO nanoparticles, as
demonstrated by FTIR-DRIFT, while preserving the additive in the grain boundaries (GBs). This process mitigated chloride
poisoning during photocatalysis by removing soluble Cl and enhancing electrical conductivity through GB segregation. These
synergistic effects contributed to the improved photodegradation of the model contaminant acetaminophen, positioning lixiviated
Cl-doped ZnO nanoparticles as highly effective for the target application of acetaminophen degradation.

Improved
photocatalysis
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1. INTRODUCTION excess, that is, surface segregation; however, in this article, we

In recent years, there has been a surge in the development of explore its use as a tool to enhance the catalytic properties of

metal oxide-based semiconductor materials for photocatalysis, photocatalytic nano ogdes. .
L . - o The surface segregation of dopants is intrinsically connected
from the ubiquitous TiO, to more exotic inner transition metal

oxides, such as ThO,. The key driving force behind this to the thermodynamic stability of the nanoparticles, which is
governed by the surface energy term, and has been used as an

efficient tool to enhance nanoparticle stability."” Its occurrence
is directly related to the segregation enthalpy, which can be
attributed to four driving terms in polycrystalline materials: (i)
the difference between the surface energies of the solute and
the solvent; (ii) an elastic solute strain energy directly
influenced by the difference in the ionic radius between the
host and dopant ions; (iii) the solute—solvent interaction; and
(iv) charge compensation and electrostatic potential.”® The
energy of the system is minimized by the segregation of dopant

exploration of the periodic table is the search for materials with
superior electronic transfer capacity and band energy positions
compatible with the target catalytic reactions. The most
common approach to preparing new photocatalysts is the
incorporation of a foreign species (a dopant) into a well-
known photocatalyst, such as TiO,,” ZnO,”> or WO,.* A key
limitation of most studies in the field is the lack of
comprehension of where the dopant is located within the
material domain. This information is not only important to
explain the mechanism behind eventual activity enhancements
but also essential to draw roadmaps for future improvements.
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Within this context, the selective lixiviation method is a Received: December 1, 2024 R
procedure that has been recently proposed and used to Revised:  January 16, 2025
quantify dopants segregated on the surface of nano oxides.”™"* Accepted: January 17, 2025
The method relies on the solubility difference between the Published: January 29, 2025

matrix (the host oxide) and the solute (the dopant itself). It
was initially developed as a technique to quantify surface
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ions to more energetic interfaces, which can be surfaces (e.g.,
solid—gas or solid—liquid interface) or grain boundaries (a
solid—solid interface, GBs), both impacting the overall charge
conductivity of the system.

Nanostructured zinc oxide (ZnO) was the chosen material
for the present study. It is among the most well-known
polycrystalline semiconductors for technological applications.
As an intrinsic n-type semiconductor, electrons are the main
charge carriers due to the formation of oxygen vacancies (V)
(08 = 1/2 O4(g) + V§ + 2¢’) and interstitial zinc (Zn;) sites
(Zn, + OF=Zn; + 2¢’ + 1/2 0,(g))."*"* Wurtzite, the most
common phase of ZnO, has an electronic configuration that
results in a direct band gap. ZnO is used as a base material to
prepare catalysts for different chemical processes, for example,
Cu/ZnO/Al,O5 composites have been widely used for more
than 50 years in the industrial production of methanol, and
pure ZnO has been investigated to develolp a greener synthetic
route using CO, and H,O as precursors. ?

One of the promising strategies to enhance the photoactivity
of nanoparticles, such as ZnO, is to improve their electrical
properties. Approaches to tailor this property include
modifications by doping, including transition metals such as
Mo,”* and anions such as CL.>'~* Anionic doping presents key
advantages for photoelectric enhancements:**~*” it is consid-
ered a better route to improve charge mobility while
concurrently avoiding photonic losses. This occurs because
the conduction band (CB) of semiconductors is composed of
the d-orbitals of the metal species, and the incorporation of
other cations can cause a disturbance in the CB, leading to an
increase in scattering events, and hence a decrease in mobility
and conductivity. Conversely, since the valence electrons in
anions are localized in p-orbitals, the perturbation is restricted
to the valence band of the semiconductor, and the scattering of
conduction electrons is minimized.*

One drawback of using Cl ions in the photocatalytic process
is catalyst deactivation due to the formation of zinc chloride
(ZnCl,) on the surface of the nanoparticles, a phenomenon
known as chloride poisoning.’’ The surface-segregated Cl
sterically blocks the adsorption of organic molecules, inhibiting
the photoactivity while consuming the photogenerated holes,
hindering the formation of highly reactive oxygen species that
are responsible for the oxidation of organic pollutalnts.32 Thus,
this work aims to use the selective lixiviation method as a tool
to remove most of the Cl from the surface, reducing the
chloride poisoning effect while preserving the Cl in the GB to
enhance electronic conductivity, hindering e”/h* recombina-
tion, and improving the photoactivity. While the method has
broader potential for various photocatalytic applications, this
work specifically focuses on the photodegradation of
acetaminophen as the target application.

2. EXPERIMENTAL PROCEDURE
2.1. Synthesis of Cl-Doped ZnO Nanopowders. The

polymeric precursor method, known as Pechini, was used to
synthesize ZnO nanopowders.*® 45.8 wt % anhydrous citric acid
(Synth, C¢HgO5, >99.00 wt % purity), 30.5 wt % ethylene glycol
(Synth, C,H,0,, >99.00 wt % purity), and 23.6 wt % hydrated zinc
nitrate (Synth, Zn(NO,),-6H,0, >99.98 wt % purity) were used to
prepare the precursor resin, the latter being the zinc source. The
dissolution of the anhydrous citric acid and zinc nitrate into ethylene
glycol was carried out at 70 °C until a completely homogeneous and
transparent solution was obtained. Next, the temperature was raised
to 120 °C to promote polymerization and eliminate volatiles from the
nitrates. The introduction of chloride (Cl) doping was made by
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adding determined amounts of aqueous solutions of NH,CI (Synth,
99.50 wt % purity) to the resin. The molar concentrations of Cl in the
doped materials were targeted as x = 1.0, 3.0, and 6.0%. An undoped
sample was also synthesized. The corresponding samples used in this
study were labeled ZnO (undoped) and ZnO-xCl. The prepared
precursors were then calcined in two steps. The first aimed to
decompose organic traces, the samples were treated at 360 °C for S h.
Subsequently, a mortar and pestle was used to manually grind the
powders, and the second calcination was carried out at 360 °C for 15
h. Both steps were performed under constant airflow.

2.2. Powder Characterization. Powder X-ray diffraction (XRD)
patterns were collected using an X'Pert-MPD (Philips) diffractometer
with Cu Ka radiation (1 = 1.5406 A), operated at 45 kV and 40 mA.
Data were collected in the range of 5—70°, with a step size of 0.02° 26
per second. Rietveld analysis was used to estimate the crystallite sizes
and lattice parameters using X'Pert Highscore software, with
MgAlL O, as the standard. In the refinement, the average crystallite
size was utilized, as the goal was to evaluate the overall effect of the
additive on the nanostructure. ZnO exhibits anisotropy due to its lack
of local symmetry; however, this does not significantly impact the
average crystallite size, which was also measured by transmission
electron microscopy.

Specific chloride ion-selective electrodes (ISE) from Hanna
Instruments were used to measure the Cl content of the samples.
The samples were dissolved in a 1 N sulfuric acid solution, followed
by neutralization using a suitable amount of a 2 M KOH solution to
regulate the pH of the sample according to the operational range of
the electrode.

The density of the powders was measured with a Micromeritics
AccuPyc II 1340 He gas pycnometer. For proper degassing, the
experiment was carried out after 200 purges. Surface area measure-
ments were carried out using the Brunauer—Emmett—Teller (BET)
method with nitrogen gas (N,) adsorption at 77 K (Micromeritics
Gemini IIT 2375). Before the experiment, the powders were degassed
at 300 °C for ~12 h in a VacPrep 061 (Micromeritics). Lixiviated
samples were also pretreated for 12 h under vacuum but at 150 °C to
avoid redistribution of dopants through interfaces.

A Shimadzu UV-2600 spectrometer, fitted with an integrating
sphere, was used to record the diffuse reflectance spectra (DRS) of
the samples. Color measurements were performed by a MiniScan XE
Plus equipment using the CIE L*a*b* system and the standard
illuminant D6S. For this experiment, the ZnO nanopowders were
pressed into cylindrical pellets, 35 mm in diameter and 11 mm in
thickness, using a Carver hydraulic press at 125 MPa.

The surface electronic characteristics of the samples were examined
by X-ray photoelectron spectroscopy (XPS). The analysis was
performed by employing a Scienta Omicron ESCA+ apparatus with
an Al Ka source, while charge compensation was achieved using a
low-energy electron flood gun. High-resolution spectra were acquired
with a pass energy of 30 and 0.05 eV energy increments. The
reference point for XPS spectra calibration was established based on
the binding energy of adventitious carbon (C—C/C-H bonds at 284.8
eV). Data analysis was carried out by utilizing CasaXPS software.

EDS measurements were conducted in a Titan Themis Cubed
(Themo Fischer) equipped with four energy-dispersive spectroscopy
(EDS) detectors. The measurement was carried out in the STEM
mode. The probe size used was 0.15 nm; the pixel size for the EDS
image spectrum was 0.2 nm; and the total pixel time acquisition was
0.32 s.

2.3. Selective Surface Lixiviation, DRIFTS, and EPRs.
Chloride segregation on the surface of ZnO was verified using the
selective lixiviation method.>**~'%3* In brief, this method consists of
ultrasonicating ~200 mg of nanoparticles dispersed in ~1.8 g of
distilled water for 1 h. The suspension is centrifuged twice at 13,000
rpm (10,390 G) for 1S min to separate the powder from the solution,
allowing quantification of the ions dissolved in the solvent. The
supernatant is collected (~1.4 g), and the dopant content is measured
with a Cl-specific ISE. The schematics of this method are shown in
Figure 1. The hexagons in the left-hand corner represent the ZnO
nanoparticles before lixiviation. The dark green dots represent Cl ions
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ACS Appl. Nano Mater. 2025, 8, 2481-2492


www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c06747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Cl-doped ZnO
nanoparticles as prepared.
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~1 g of the The samples are
supernatant solution centrifuged at
is collected and 13,000 rpm for

analyzed chemically. 15 min.

ZnO nanoparticles without Cl
on the surface are collected to
be used in photocatalysis.
Dopants in the GBs and bulk
remain in the material.

Figure 1. Schematic of the selective surface lixiviation method.

segregated on their surface, while the light green dots represent Cl
ions segregated in the GBs or dissolved in the oxide matrix. The
procedure is divided into four steps: (i) the nanoparticles are mixed
with water, used as the solvent since it can solubilize Cl but not Zn;
(ii) the mixed suspension is ultrasonicated for 1 h to facilitate the
transport of Cl from the ZnO surface to the solution; (iii) the samples
are centrifuged at 13,000 rpm for 15 min to promote the separation of
the powder; and finally, (iv) in the last step, ~ 1 g of the supernatant
solution is collected and analyzed.

The diffuse reflectance infrared Fourier-transform (DRIFT)
spectroscopy analyzed the functional groups adsorbed on the surface
of the nanopowders by using a Shimadzu IRTracer-100 spectrometer.
DRIFT spectra were recorded from 400 to 4000 cm™ with 4 cm™
resolution.

The paramagnetic response of ZnO nanopowders was assessed by
using electron spin resonance (EPR) spectroscopy. The measure-
ments were conducted at room temperature and 100 K using an X-
band EPR spectrometer (Bruker EMX PLUS). The parameters used
were as follows: 100 kHz field modulation frequency, 2.0 mW
microwave power, 3370 G center field, 400 G sweep width, 4.0 G
modulation amplitude, 81.9 ms time constant, and 10 scans. Room
temperature measurements were performed at 20 °C in a controlled
humidity environment.

2.4. Electrical Measurements and Photocatalytic Reactions.
The electrical transport properties of the samples studied were
analyzed by electrochemical impedance spectroscopy (EIS) measure-
ments. The samples were compressed into cylindrical pellets, 35 mm
in diameter and 11 mm in thickness, by uniaxial pressing (125 MPa).
Then, the pellets were heated to 370 °C for 1 h to improve the
contact among the grains. A high-purity silver paste (EMS Silver
Conductive Coating, EMS #12684-15) was carefully deposited,
precisely covering the surface of the cylindrical pellets and preparing
the contact pads in the Ag/Cl—ZnO/Ag symmetric cell configuration.
The silver paste applied was then cured at room temperature for more
than 24 h, following the manufacturer’s recommendation. EIS data
were collected with an impedance meter and gain-phase analyzer
(Novocontrol Alpha-A analyzer) in a frequency range from 107 to 1
Hz with an amplitude of S00 mV AC voltage. Electrical contact in the
EIS sample holder was made by platinum leads, and temperature was
measured using a type K thermocouple located next to the three
samples. The sample holder was placed into a gastight alumina tube
inside a tube furnace. To ensure that the samples were free of H,O
and CO, on the surface, the pellets were treated at 200 °C under
synthetic air flux (~10 mL min™'). EIS data were measured under
(dry) synthetic air flow on cooling at 200, 175, 150, 125, and 100 °C.
Before EIS measurements, the samples were kept for ~30 min at each
programmed temperature for thermal stability. The total electrical
conductivity was calculated by fitting the EIS diagrams, normalized to
the geometric factors of the specimens.
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Figure 2. Characterization of ZnO and Cl-doped ZnO samples. (a) X-ray diffraction patterns of ZnO, ZnO-1Cl, ZnO-3Cl, and ZnO-6Cl samples.
(b) Diffuse reflectance spectroscopy (DRS) analysis showing the reflectance as a function of energy for all samples. (c) CIE Lab* color system
illustrating the color variations induced by Cl doping. (d) Cl 2p XPS spectrum for the ZnO-6Cl sample, confirming the presence of chlorine.
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Table 1. Total Cl Content, Crystallite Size, Density, SSA, TSA, SGB, and SGB/SSA Ratio of ZnO and Cl-Doped ZnO Samples

sample total Cl content (mol %) crystallite size (nm) density (g/cm®) SSA” (m?/g) TSAY (m?/ g) SGB* (m?/g) SGB/SSA

ZnO 0.07 + 0.01 29.7 + 0.6 545 + 001 13.6 + 0.1 43.9 + 09 15.1 £ 1.0 L11 % 0.08
ZnO-1Cl 0.43 + 0.04 272 £ 0.5 547 £ 0.01 144 + 0.1 47.8 £ 0.8 16.7 + 0.9 1.1§ + 0.07
Zn0-3Cl 1.03 + 0.09 25.8 + 0.4 544 + 0.01 169 + 0.1 50.6 + 0.9 16.8 + 1.0 0.99 + 0.06
Zn0-6Cl 1.25 £ 0.11 29.8 + 0.6 541 + 0.01 16.7 + 0.1 44.2 + 0.9 13.7 £ 1.0 0.82 + 0.06

“Specific surface area, as measured by N, adsorption using the BET theory. bTotal surface area, as calculated using eq 1. “Specific grain boundary

area, as calculated using eq 2.

The photocatalytic performance of the undoped ZnO and the
nonlixiviated and lixiviated Cl-doped ZnO samples was performed as
follows. In a borosilicate glass test tube, S mg of the powder samples
was suspended in 4 mL of a S ppm acetaminophen (ACT) solution
prepared in deionized water. The tube was irradiated by a UV-A LED
chip (peak emission at 370 nm), which provided an irradiance of 4.2
mW cm™ on the outer walls of the test tube, positioned 10 cm from
the light source. 100 yL aliquots were collected periodically, diluted,
filtered, and stored under refrigerated conditions before analysis. ACT
was quantified by UPLC (20-AF, Shimadzu Co.), as described
elsewhere.”*

3. RESULTS AND DISCUSSION

3.1. Characterization of the Nanopowders. The X-ray
diffraction (XRD) patterns for undoped and Cl-doped ZnO
samples are listed in Figure 2a. The presence of broad peaks in
all samples indicates the nanosized nature of the crystallites.
The only phase observed is wurtzite (JCPDS card no. 36-
1451), which confirms the purity of the samples. The ratio of
the peaks for the (002) and (100) planes changed slightly for
the Cl-doped samples compared to the undoped ZnO. This
change suggests enhanced stability of the facet oriented along
the (100) plane relative to the (002) plane, likely resulting
from the preferential surface segregation of Cl ions.

To provide a precise interpretation of the results presented
in this study, the total CI contents left in the ZnO samples after
calcination were measured by ISE. The results are shown in
Table 1. The higher the CI added, the greater the amount
retained in the samples. However, higher Cl dosages retained
proportionally less, demonstrating a saturation of around 1.0
mol % of Cl, which is consistent with previous studies.”* Cl
losses are usually caused by evaporation during the calcination
stages. Undoped ZnO also showed traces of Cl, which likely
arise from impurities present in the precursors used in the
synthesis.

The average crystallite sizes of the undoped and Cl-doped
ZnO nanopowders, calculated by Rietveld refinement of the
XRD data, are presented in Table 1. All synthesized
nanopowders showed crystallite sizes smaller than 30 nm.
Unlike usually seen for cation dopants,”®**™*" the crystallite
sizes did not increase proportionally to the amount of added
Cl. Although the crystallite sizes did not show a clear trend, the
size variation observed for ZnO-1Cl and ZnO-3Cl samples
may be related to the synthesis processing steps, where the
evaporative loss of Cl ions, its bulk solubilization, and
segregation affect the interfacial energy of the samples,*
causing variations in the crystallite sizes.

The density, specific surface area (SSA), total specific area
(TSA), specific grain boundary (SGB) area, and SGB/SSA
ratio are also presented in Table 1. Cl doping caused a general
reduction in the pycnometric density, which may be related to
the formation of point defects, such as zinc vacancies (Vy,)."
However, as observed for the crystallite sizes, there is no clear
dependence on the amount of dopant.
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The SSAs, obtained by N, adsorption, correspond to the
solid—gas interface. The values increased with increasing
amounts of Cl, which might be an indication of surface
segregation. For a better interpretation of the dopant
distribution, the TSA, SGB, and SGB/SSA ratios must be
analyzed together. The TSA is calculated using eq 1, which
assumes a truncated octahedron shape, where d is the average
crystallite size, and p is the measured density. The SGB area is
calculated according to eq 2.*

Tsa = 1
d-p (1)
sop = (TSA — S5A)
(2)

The TSA and SGB areas do not follow the progressive
amount of Cl measured. This behavior indicates variations in
the distribution of the dopant during the crystallization
process, and consequently, variations in the energy balance
of the interfaces. Conversely, the SGB/SSA ratio presented a
direct correlation with the amount of dopant. The SGB/SSA
ratio decreased as the amount of CI increased, suggesting an
improved stabilization of the surface (solid—gas interface) with
respect to the GB (solid—solid interface). It seems that Cl
segregates preferably on the surface of the nanoparticles.

Sample ZnO-6Cl does not strictly follow the trend observed
for samples ZnO-1Cl and ZnO-3Cl in Table 1 (crystallite size,
TSA, and SGB). This difference arises from high saturation
and a strong excess of the additive at the interfaces. When a
small amount of the cation dopant is added to a nano-oxide
matrix, it 5generally segregates preferentially at the grain
boundaries.”** However, with larger amounts of the additive,
while segregation at the grain boundaries continues, there is a
proportionally greater segregation on the surfaces. Once the
interfaces reach saturation, the additive exudes to form a
second phase,8 which, in the case of chlorides, results in the
formation of volatile species.”*

The pieces of evidence seen so far indicate that the
incorporated Cl is mainly segregated on the surface of the ZnO
nanoparticles, which should not affect the band gap energy. To
verify this information, the band gap energies of the samples
(Figure S1) were calculated from UV-—visible diffuse
reflectance data using the Tauc model (Figure 2b).* Details
about the methodology and calculations can be found in the
Supporting Information. The band gap energies did not change
with the addition of Cl ions, and the values were all ~3.16 +
0.1 eV, which indicates that Cl doping did not significantly
change the bulk lattice.

Although the band gap energies did not change, a decrease
in reflectance was observed for energies below ~3.0 eV. This
decrease is normally associated with surface defects, which
cause color changes. Following this information, color
measurements using the CIE L*a*b* system were performed.

https://doi.org/10.1021/acsanm.4c06747
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The results are shown in Figure 2¢ and indicate a gradual shift
to purple, that is, positive a* and negative b*, while L*
decreases, suggesting that the powders are becoming darker.
Three mechanisms are usually responsible for color changes in
oxide materials: (i) charge transfer between ions and defects,
(ii) introduction of a donor or acceptor level in the band gap
by defects, and (iii) the presence of color centers generated by
electron transfer from the semiconductor lattice to defects on
the surface.*® Considering that the band gap energies did not
change among the samples, it is likely that this change was
caused by defects on the surface of the nanoparticles. To better
visualize the color differences between undoped and doped
samples, the perceptual distances, AE, were calculated using
ZnO as the standard. The perceptual distance provides a
measure of how far apart, or rather, how much contrast exists
between two colors. AE was calculated according to eq 3, and
the results are presented in Figure S2a,b.*’

AE = [(AL)Y*? + (Aa)*? + (Ab)*?]V? 3)

Figure S2a shows AE versus the amount of Cl retained in
the samples. The values increased as the Cl content increased.
However, the slope between the last two points, which
represent ZnO-3Cl and ZnO-6Cl samples, was higher. The
difference between these two points was considerably high,
suggesting that the amount of Cl retained in the sample is not
solely responsible for the color changes. Figure S2b shows AE
versus the amount of Cl added to the samples. The perceptual
distances from ZnO increased almost linearly with the Cl
content added to the samples. Similar behavior was seen for I-
doped TiO,, in which defects were formed during iodine
evaporation.”® In this study, the data indicate that surface
defects are also formed during Cl evaporation.

X-ray photoelectron spectroscopy (XPS) was utilized to
examine the presence of chlorine (Cl) in the doped ZnO
samples. The CI 2p spectra for ZnO-6Cl, the ZnO-sample, are
shown in Figure 2d, while those for ZnO-1Cl and ZnO-3Cl are
illustrated in Figure S3a,b, respectively. Within these spectra,
two distinct peaks, located at approximately 199.3 and 200.9
eV, correspond to Cl 2ps,, and Cl 2p, )y, respectively.”® The
binding energy associated with CI 2p;,, indicates the formation
of ZnCl,, confirming the successful doping of Cl atoms into
ZnO, effectively substituting oxygen (O) atoms within the
lattice structure.”” These observations also suggest that the
majority of Cl is localized on the surface of the ZnO
nanoparticles. However, given the inherent surface sensitivity
of XPS, precise determination of the CI distribution within the
sample remains challenging.

To address this, scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS)
elemental mapping was conducted on the ZnO-6Cl sample, as
depicted in Figure 3.

Figure 3a shows the HAADF image of the area chosen to
acquire the EDS spectrum. Figure 3b—d shows the intensity
peak maps for chlorine (green), zinc (red), and oxygen (blue),
respectively. Figure 3e,f shows the ratio between the Cl and Zn
peak intensities and the ratio between the Cl and O peak
intensities, respectively. Both Zn and O maps follow
approximately the same contrast variation observed in the
HAADF image; however, the O map is noisier than the Zn
map. To clarify, the term “ratio” in this context refers to the
intensity peak of Cl divided by the intensity peak of Zn for
each pixel in Figure 3e, and the intensity peak of CI divided by
the intensity peak of O for each pixel in Figure 3f. This ratio
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Figure 3. STEM EDS mapping of the ZnO-6Cl sample. (a) HAADF
image. (b—d) intensity peak maps for chlorine (green), zinc (red),
and oxygen (blue), respectively; (e) ratio between Cl and Zn peaks
intensities; and (f) ratio between Cl and O peaks intensities.

cannot be straightforwardly interpreted as a compositional
ratio; however, it can be correlated since the composition
between elements A and B is related to the intensity ratios in
the first approximation (C,/Cy = Kug (Is/Iz)). To ensure
reliable results, only intensities higher than 3X the background
in Figure 3b—d were considered; otherwise, pixel intensity was
set to 0. Additionally, to avoid division by zero during the ratio
calculations, a value of 1 was added to the denominator.

The thin regions are darker in all three images (a—c), while
the contrast observed in the Cl map is higher on the surface of
the nanoparticle. The ratio between Cl and Zn, as presented in
Figure 3e, indicates an enrichment of Cl at the edge of the
nanoparticle, with a thickness of approximately 6 nm. The dark
blue region in Figure 3e has an average ratio of 0.05, while the
edge region, shown in yellow/red, has an average ratio of 0.20.
This corresponds to a four-fold enrichment of CI at the edge/
surface. Similarly, the ratio between Cl and O, as shown in
Figure 3f, also indicates an enrichment of Cl at the edge of the
nanoparticle, with a thickness of approximately 6 nm. The
average ratio for the dark blue region in Figure 3f is 0.15,
whereas the edge region in yellow/red has an average ratio of
0.4S. This represents a three-fold enrichment of Cl at the
edge/surface. The difference in the average values between
Figure 3e,f can be attributed to the differing ionization yields of
the Zn(K) and O(K) edges. These features point to the
formation of a Cl layer on the surface of ZnO-6Cl
nanoparticles, which confirms the evidence seen previously.
Similar dopant enrichment on the surface has been observed in
other similar systems, such as BaO-doped Ti02,6 SrO-doped
TiO,, and MgO-doped TiO,.

The formation of zinc chloride (ZnCl,) on the surface of the
nanoparticles has been reported to be responsible for catalyst
deactivation, a phenomenon known as chloride poisoning.*!
The ZnO surface at neutral pH (~7) is positively charged, and
soluble Cl can be strongly adsorbed, hindering the adsorption
of organic reactants.” In the particular case of photocatalysis,
adsorbed Cl sterically blocks the adsorption of organic
pollutants.”

In this study, we intentionally removed Cl ions from the
surface of ZnO nanoparticles using the selective surface
lixiviation method to avoid the chloride poisoning phenom-
enon and improve the photocatalytic response of Cl-doped
ZnO due to the improvement in the GB electrical conductivity.
Our previous work showed that Cl segregated in GBs increases
the electrical conductivity of ZnO nanoparticles.”* In this
study, the goal is to show how it affects the photocatalytic
activity.
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3.2. Selective Surface Lixiviation, DRIFTS, and EPRs.
The details of the selective surface lixiviation method are
shown in Section 2. The powders collected after the treatment
were used in the photocatalytic tests. The representation of
ZnO nanoparticles in the bottom left corner of Figure 1 shows
that, after treatment, Cl remained only in the GB and the bulk
of the material. These powders were labeled lixiviated, and the
suffix Lix was added to the sample labels. The ones that did not
go through this process were labeled nonlixiviated.

Surface segregation of dopants is also called surface excess,
and it is represented by the capital Greek letter gamma. The
surface excess is denoted by I'c;® and was calculated using eq
4,087103% yhile the GB excess, indicated by [ was
calculated from eq S.

S
s _ Ia
a7 ssA (4)
T S bulk
LGB _ Ncg — N — N
cl SGB ()

where n¢" is the total amount of Cl (mol g™') in the material,
and ng™* is the Cl dissolved in the bulk (mol g™*). ng" and
ng® are directly measured by ISE chemical analysis, and ng*"
is estimated. Assuming the same analysis as used by Fortes et
al,”* the bulk solubility was estimated as 0.044% Cl. The
results are shown in Table 2. Most of the Cl is segregated on
the surface, reaching ~6 /,tmol/m2 for the ZnO-6Cl sample.
The data agree with the STEM EDS mapping observed in

Figure 3.

Table 2. Surface Excess (I'¢;%), GB Excess (I';°®), and
/T for Undoped and Cl-Doped ZnO

sample I'c® (umol/m?) I'®® (umol/m?) | )
ZnO 0.15 + 0.01 0.04 + 0.04 0.26 + 0.27
Zn0O-1Cl 2.14 + 0.19 0.26 + 0.06 0.12 + 0.04
Zn0-3Cl 4.63 + 0.41 0.87 = 0.11 0.19 + 0.04
Zn0-6Cl 6.32 + 0.55 142 + 0.27 0.23 + 0.06

The characterizations presented from this point forward,
including DRIFTS, TEM, EPR, EIS, and photocatalysis, were
performed on nonlixiviated and lixiviated powders. Diffuse
reflectance infrared Fourier-transform (DRIFT) spectroscopy
was the first analysis performed. The results are presented in
Figure 4. Figure 4a shows the DRIFTS results for the undoped
ZnO nanoparticles, and Figure 4b shows the results for the
ZnO-6Cl sample. In both cases, solid lines denote the
nonlixiviated samples, and dot lines represent the lixiviated
samples. The peaks ranging from 800 to 1200 cm™' are
characteristic of Zn—O surface vibrations and phonon mode
vibrations (700—1100 cm™') of ZnO.*" The 1414 and 1507
cm™! peaks are observed in all samples and can be attributed to
carbonates,”” adsorbed CO,,>*** surface Zn—OH groups,54 or
even adsorbed H,0.°* For undoped ZnO, these peaks
increased after lixiviation. The wide band from ~2700 to
~3700 cm™' is associated with adsorbed water and OH
vibrations and is seen in all compositions.”*>> This broadband
is typical of oxide nanoparticles and is related to the capacity to
adsorb H,O and the high SSA of the nanoparticles. The two
peaks at 3448 and 3497 cm™' are seen only in the ZnO-6Cl
sample and are assigned to the free O—H stretching vibrations
from adsorbed hydroxyl groups characteristic of the ZnCl,
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Figure 4. DRIFTS spectra for (a) undoped ZnO nanoparticles, (b)
Cl-doped ZnO samples, and (c) spectral difference between the
nonlixiviated and the lixiviated samples. Dot lines represent the
lixiviated samples, and solid lines represent the nonlixiviated samples.

surface.’® This result agrees with the XPS results, which
confirm the formation of ZnCl, on the surfaces of ZnO-doped
samples. The absence of these peaks in the ZnO-6Cl-Lix
sample indicates that the chloride was successfully removed
from the surface. Removal of these peaks is more clearly
evidenced in Figure 4c: subtraction of ZnO-6Cl and ZnO-6Cl-
Lix clearly shows the species related to the surface of ZnCl,.

Figure S5 shows the TEM images and particle size
distribution histograms for pure ZnO, Cl-doped ZnO (ZnO-
6Cl), and lixiviated Cl-doped ZnO (ZnO-6Cl-Lix) samples.
The TEM images do not show any clear differences between
the undoped and doped samples or between the unlixiviated
and the lixiviated samples. The particle size distributions also
show similar average particle sizes: 32 & 11 nm for pure ZnO,
33 + 10 nm for ZnO-6Cl, and 29 + 10 nm for ZnO-6ClI-Lix.
On average, the mean particle sizes for lixiviated samples
decreased slightly, which might be due to the slight solubility
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Figure 5. Room-temperature EPR spectra of the ZnO samples. EPR signals of ZnO (a) as prepared and (b) after the lixiviation process; (c) their
respective absorption spectra, and (d) inspection of the area of the peaks corresponding to g = 1.9600 (bar graph) and the ratio of peak areas

(scatter-line) for the as-prepared and lixiviated ZnO samples.

of ZnO in water (0.2—0.5 mg/L) at pH 7.0. The same
behavior was noticed in the average crystallite sizes calculated
by Rietveld refinement (Table S1). However, both results are
still within the standard deviation, suggesting that the doping
and lixiviation processes did not have a significant effect on
ZnO nanoparticle sizes. Additional TEM images are provided
in Figure S6.

The paramagnetic response of undoped ZnO and Cl-doped
ZnO samples was assessed by using EPR. The results are
shown in Figures 5 and S7. Figure Sa shows the EPR spectra of
all samples obtained at room temperature for nonlixiviated
samples, while Figure Sb displays the spectra for lixiviated
samples. The spectra show two distinct features, at g-factors
near 1.9600 and 2.0011, which are usually assigned to shallow
donor states caused by surface oxygen vacancies (V') or
interstitial Zn atoms (Zn;), and to Zn vacancies (Vy,),
respectively.”’ In nanosized materials, these features are
explained in terms of the core—shell model, according to
which, the signal at 1.9600 relates to bulk or GB-segregated
defects, and the signal at 2.0011 corresponds to surface
levels.”® The effect of Cl on the intensity of both signals is
clear. Inspection of the absorption spectra, given by the first
integral of the EPR signal, makes this distinction clearer
(Figure Sc). The increasing presence of Cl ions increased both
EPR signals.
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Furthermore, lixiviation did not appear to affect the trend of
the signals concerning the increase in Cl dopants. Never-
theless, the position of the peaks (hence the g-factor) shows a
shift toward higher values of the magnetic field.

Figure S7 shows the results of the analysis carried out at 100
K. For all samples analyzed, the magnitudes of the signal of the
first peak do not show appreciable differences compared to the
spectra obtained at room temperature. However, the second
peak signal (g = 1.9600) is significantly stronger at 100 K.
Furthermore, the spectra of the undoped sample and the
sample with the lesser amount of added dopant exhibit a small
feature near g = 1.9845. However, this feature gradually
disappears when more Cl is added to the system.

Inspection of the absorption spectra reveals a curious
pattern: the signals for the undoped samples intensify after the
lixiviation process, whereas the doped samples generally exhibit
a slight decrease in intensity. Notably, the exception to this
trend is the material with the greatest dopant concentration
(Zn0O-6Cl), which exhibits peak intensities that remain
constant regardless of the lixiviation process.

The area of the absorption peaks is proportional to the
concentration of the species present in the sample. Figures 5d
and S7d show the trend of areas of the peak corresponding to g
1.9600 (peak 1) for nonlixiviated and lixiviated samples,
respectively, along with the trend of the peak ratios (g = 1.9600
by g = 2.0011). It can be seen that an increase in Cl content
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will generally increase the presence of paramagnetic species in
the material (possibly V;). Moreover, the trend is not affected
by washing the surface-segregated Cl, although the energy
absorption is reduced more significantly in the lixiviated
samples.

Additionally, the ratio of the signals of both features, P1/P2,
shows that the distribution of defects is considerably affected
by the addition of Cl into the material. While increasing the
amount of Cl appears to favor the formation of both defects at
g = 1.9600 (P2) and 2.0011 (P1), the formation/stabilization
of defects at g = 1.9600 at room temperature is more
pronounced, gradually reducing the ratio P1/P2 to near 1.0
under this condition. Conversely, at 100 K, the trend is
reversed, and Cl seems to promote the formation/stabilization
of defects at g = 2.0011. This comparison suggests that the
bulk/GB defects (g 1.9600) are stabilized by the
incorporation of Cl ions in these locations, as a consequence
of the increasing I';°® observed in the samples. However,
because these defects are more mobile than surface-segregated
defects, increasing temperature tends to quench them to some
extent, lowering their EPR signals. Surface-segregated defects,
on the other hand, are more strongly localized, and hence are
more stable to temperature changes. Therefore, an inspection
of the spectra obtained at 100 K will likely provide more
relevant information about the defect structure of the material.

An analysis of the P1/P2 ratio (surface/bulk+GB defects)
indicates that increasing the amount of Cl increases the
number of surface defects and the proportion of surface-to-
bulk/GB defects. When the samples are lixiviated, the ratio
seems to stabilize at ~0.52, suggesting that there are twice as
many defects in the bulk/GB than at the surface of the doped
oxides.

3.3. Electrical Measurements and Photocatalytic
Reactions. The electrical measurements of the samples were
performed by electrochemical impedance spectroscopy. The
main objective was to access the electrical transport properties
of the samples, especially through the grain boundaries. The
results are shown in Figure 6a,b, which represent nonlixiviated
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Figure 6. Impedance spectroscopy diagrams for nonlixiviated (a) and
lixiviated (b) Cl-doped ZnO pellets measured at 150 °C. The
numbers indicate the logarithm of the frequency. The ZnO data is
divided by a factor of 10 to fit the displayed scale.
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and lixiviated samples, respectively. The nanopowders used in
these measurements were pressed pellets with similar relative
densities (46—50 vol %). The first data obtained from the
measurements were the total electrical conductivity, which was
extracted from the EIS spectra at 150 °C. The data were
acquired from the low-frequency end of the EIS diagram
interception with the real axis. The results were 4.14 X 1075,
6.11 X 1075, 6.73 X 107* and 2.22 X 10~* Q '.cm™!, which
correspond to the ZnO, ZnO-1Cl, ZnO-3C], and ZnO-6Cl
samples, respectively. An increment in the total electrical
conductivity is observed with the increase in Cl doping. The
dopant promoted an increment of 2 orders of magnitude,
which follows the increase in surface and GB excesses shown in
Table 2.

The IS diagrams shown in Figure 6 present at least two
semicircles, corresponding to different electrical contributions,
which can be associated with several transport phenomena,
such as bulk transport, space charge layers, surface ionic
diffusion, blocking of charge carriers in pores, and electrode
reactions.' %%

The EIS data of the lixiviated samples (Figure 6b) presented
a trend similar to that observed for the nonlixiviated samples.
However, a more pronounced decrease in electrical resistivity
was observed for Cl-doped samples. A remarkable correlation
is seen between the amount of Cl and the total electrical
conductivity; the higher the Cl doping, the higher the electrical
conductivity.

The last analysis performed on ZnO and Cl-doped ZnO
samples was the photocatalytic activity. The experiments were
performed on nonlixiviated and lixiviated samples to obtain
insight into the role of Cl-doping ZnO. Previous studies have
shown that soluble Cl can inhibit photocatalytic reac-
tions.””**° The Cl segregated on the surface of ZnO
nanopowders is susceptible to solubilization in water during
photocatalysis, causing significant interference in the photo-
catalytic reaction. However, we hypothesize that if the CI from
the ZnO surface is removed before the photocatalytic reaction,
the photoactivity might be improved due to the decrease in the
electrical barrier at the GB, which also affects the electrical
conductivity.

The electrical conductivity is affected by the doping ion and
can be modulated, depending on where it is segregated, as
discussed previously. The improvement in electrical con-
ductivity promoted by Cl excess in the GB can increase the
mean free path of the photogenerated charge carriers (e~ and
h*) and extend their lifetimes, which are essential for the
degradation of ACT.’> Both contributions are expected to
change the efficiency of the photocatalytic performance.

Acetaminophen (ACT) was selected as the tracer to evaluate
the effects of doping and lixiviation on the photocatalytic
performance of ZnO. Figure 7a shows the degradation profile
of ACT after the reaction for nonlixiviated Cl-doped ZnO
samples. The results are normalized by the surface area of the
samples. The efficiency of the photocatalytic reaction,
measured at 180 min of exposure to UV irradiation, increases
for low concentrations of dopants, that is, samples ZnO-1Cl
and ZnO-3Cl, but decreases for higher concentrations (ZnO-
6Cl). As presented in Table 2, surface and GB segregation
increase with total Cl concentration, but at low concentrations,
the increase in electrical conductivity seems to be predominant
against the deleterious effects of soluble CI from ZnO surfaces.
However, the high amount of soluble CI from the surface of
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Figure 7. ACT photodegradation of nonlixiviated (a) and lixiviated
(b) Cl-doped ZnO, upon irradiation of 4.1 mW/cm?® of a
monochromatic UV-A light (370 nm).

the ZnO-6Cl sample makes this sample the least effective of
the series.

New photocatalysis assays were performed using the
lixiviated samples to demonstrate that the balance between
the Cl segregated in the GB and the elimination of the soluble
Cl segregated on the surface can improve photocatalysis by
promoting more efficient charge-carrier transport in the
absence of detrimental surface-segregated species. Figure 7b
presents the ACT photodegradation results, which show a
modification in the photocatalytic efficiency; the most efficient
sample was that containing the greatest amount of Cl
segregated in the GB (ZnO-6Cl-Lix) and, consequently, the
highest electrical conductivity. An improvement in ACT
photodegradation after lixiviation was also observed for
undoped ZnO, which can be associated with the removal of
Cl from the surface as well as the surface modification due to
the lixiviation process. Figure S8 illustrates the relationship
between ACT conversion and the Cl excess partition between
the GB and the surface.

The photocatalysis kinetics and efficiency parameters are
summarized in Table S2. It can be seen that lixiviation
substantially improves the performance of ZnO-6Cl, reaching a
reaction rate of 19.5 X 107 min~". The results are comparable
to previously reported data on ACT degradation by ZnO
under simulated solar irradiation, which showed reaction rates
ranging from 3.8 to 52.4 X 10> min~! for N-doped ZnO®* and
by a ZnO/g-C;N, heterojunction,”* respectively. Additionally,
the performance is comparable to the standard P25 TiO,,
which has a reported rate of 2.5 X 10~ min~1.%°

The results demonstrate that Cl segregation at the nano-
ZnO interfaces plays a crucial role in photocatalytic processes.
These results reinforce the importance of the often-neglected
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charge-carrier transport properties in the design of efficient
catalysts. Moreover, the results confirm that the selective
lixiviation method is a powerful tool to improve photocatalytic
processes.

4. CONCLUSIONS

In summary, this study demonstrated the effectiveness of the
selective lixiviation method in enhancing the performance of
Cl-doped ZnO nanoparticles for the target application of
acetanomiphen degradation. Interface segregation of Cl on
nano-ZnO was observed at both the surface and grain
boundaries, with no discernible dependence of band gap
energy on Cl concentration. STEM EDS elemental mapping
revealed a Cl-enriched layer at the periphery of the ZnO
nanoparticles, approximately 6 nm thick. These findings
underscore the significance of controlling dopant distribution
to optimize nanoparticle properties. The selective lixiviation
approach proves eflicient in achieving this control. The CI-
doped ZnO nanoparticles investigated in this study serve as a
valuable reference for future research involving different
systems, offering insights into the manipulation of dopant
distribution for enhanced functionality.
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