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ABSTRACT

La-doped Zn(O,nﬂ icles (NPs) with different contents of lanthanum have been synthesized with a simple
sol-gel method at low fﬁatm& (90 °C) for 4-nitrophenol (4-NP) detoxification. The as-prepared catalysts
were characterized with X-ray diffraction (XRD), scanning electron microscope (SEM), high resolution trans-
mission electron microscope (HRTEM), phot inescence (PL) and UV-vis absorbance spectroscopy, X-ray
photoelectron spectroscopy (XPS), declmmgrwmpedance spectroscopy (EIS), and photoresponsivity. In this
work, it is considered that the detoxification of 4-NP to 4-aminophenol (4-AP) without NaBH,; by using pho-
tocatalytic method is a green chemical conversion. The experimental data showed 30 ppm toxic 4-NP had been
totally converted to useful 4-aminophenol (4-AP) with lower toxicity in 2 h, which was co ed with a specific
peak shift as indicated with UV-vis absorbance spectra and high performance liquid togra HPLC)
measurement. The lower amount of evolved hydrogen from photocatalytic process on La-doped Zn( s in
the presence of 4-NP confirmed the produced hydrogen was consumed as areducing agent during the 4-NP-to-4-
AP conversion. The photocatalytic detoxification of 4-NP to 4-AP had been demonstrated and an appropriate
mechanism based on the experimental data had been proposed and elucidated in this work.
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1. Introduction

The highly stable 4-nitrophenol (4-NP) has been noticed its adverse
effects to human body. The man-made 4-NP was produced for industrial
manufacturing and processing such as to darken leathers, to produce
drugs, fungicides, and dyes [1]. There is no evidence that 4-NP is
naturally formed, therefore it is a sole responsibility of human to 54/
mediate the ical. Many efforts [2-4] had been done to detoxify 4-
NP to 4-a enol (4-AP) which was useful for some applications
such as the manufacture of dyes, photographic developers, and anti-
pyretic drugs [5-7]. However, those works utilized sodium borohydride
(NaBH,) as a hydrogen source to reduce the nitro to amine groups. No
reducing activities are observed without NaBH,, in solution. The excess
utilization of NaBH, which was commonly used to accelerate the re-
duction reaction could reversely atfect our environment due to its
corrosive and irritative properties as reported in the material safety
data sheet (MSDS). Therefore to find new environmentally friendly and
green chemical methods to safely convert toxic 4-NP to less toxic 4-AP
in agqueous solution are considerably required. To compare the toxicity
of 4-NP and 4-AP as well as other well-known hazardous chemicals, a
table with the lethal dose (LDg,) which was based on acute oral toxicity
experiments for rats was provided in Table 1. LDy, value of a substance
was the dose required to terminate half the members of a tested po-
pulation after a specific duration. LDs, values were often used as a
general indicator of acute toxicity of the substance. A lower LDs, value
is the indicative of higher toxicity. The LDsy values in Table 1 were
based on the material safety data sheets (MSDS) and some data from
previous works [8,9].

To generate H' ions from water by utilizing photocatalyst mate-
rials, some requirements such as the valence band of photocatalyst
should be positively higher than the water oxidation potential. As the
generated H* ions were adsorbed on catalyst surfaces, they could be
used as a reducing agent for a certain synthesis reaction during the
photocatalytic reaction [10]. Otherwise, the generated H" ions will be
reduced by electron on conduction band to form hydrogen, if the con-
duction band of photocatalyst is negatively higher than hydrogen re-
&i{m potential [11]. Based on the mechanism, it is possible to reduce

ic chemical by utilizing the generated H* to form less toxic one. As
H" ions are either consumed for the reduction reaction or reduced to
hydrogen, the reaction solution is safe for the environment and human
health. Therefore, hydrogen evolved photocatalysis is identified as one
of the promising methods for chemical hydrogenation conversion.

The 4-NP reduction mecha had been well studied by many
previous works [2,4,5,12,13] in the presence of NaBH., with the
availability of H" ions on catalyst surfaces as the most critical step in
their mechanisms. It is possible to replace the utilization of NaBH, with
hydrogen evolved photocatalysis (HEP) for the hydrogen ion source.

Table 1

Toxicity of various kinds of well-known chemicals with their LD, values.
No. Chemicals LDy
1 4-nitrophenol (4-NF) 202@(3
2 4-aminophenol (4-AP) 375 mg/Kg
3 Paracetamol (acetaminophen) 338 mg/Kg
4 Aspirin 200 mg/Kg
5 Aspartame 10,000 mg/Kg
[ Methyl orange 60mg/Kg
7 Methylene blue 1.1
8 Congo red 15.%3
9 Rhodamine B 887 mg/Kg
10 Caffeine 192 mg/Kg
11 Dichlorediphenyltrichloroethane (DDT) 135 mg/Kg
12 Benzaldehyde 1,300 mg/Kg
13 Benzyl alcohol 1,230 mg/Kg
14 Chloroform 695 mg/Kg
15 Hexavalent chromium 50-150 mg/Kg
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The consideration to use HEP is water will be oxidized to form H" on
catalyst surfaces during the photo-reaction and available for 4-NP re-
duction. However the lifetime for adsorbed H" ions on catalyst surfaces
should be long enough before they are reduced to form H, gas, other-
wise, 4-NP may not be converted to 4-AP. Therefore, a great HEP might
be not good for 4-NP reduction if the adsorbed H* lifetime was not
sufficient for the reductioraaction.

In our previous works, noble metal free Zn(0,S) solid solution was
successfully synthesized agd utilized for hydrogen production in
ethanol solution [11], howleler, Zn(0,S) was not effective for 4-NP
reduction. To enhance thefglydrogen evolution reaction and the cap-
ability for 4-NP reduction, Zn(0,5) was coupled with Ga,0, to form a
nanocomite. It was found the nanocomposite was effectively used to
convert 4-NP to 4-AP in ethanol solution without NaBH,, as a hydrogen
source [10]. To the lm:four knowledge in this field, only a little work
attempted to reduce 4-NP to without NaBH4 as a reduction agent.
To extend the application of Zn(0,S) based material for 4-NP reduction
or another chemical synthesis, several works with metal (M) doping to
form (Zn,M){0,S) solid solution were still in progress.

In this work, it was found Zn(0,S) with rare-earth lanthanum metal
doping had a great capability to detoxity éa’ to form less toxic 4-AP in
10% ethanol solution without NaBH,,. La-doped Zn(0,S) was prepared
with different La cmnts to find out an optimum composition for the
reduction reaction. The incorporation of La to Zn{0,S) lattice enhanced
the adsorbed hydrogen ions on catalyst surfaces and promoted 4-NP
reduction. As a result, 30 ppm 4-NP solution can be totally reduced with
the presence -doped Zn(0,S) in 2 h under low-intensity blacklight
UV lamp ill tion (0.088 mW/cm? A = 352nm). The detail char-
acterization of La-doped Zn(0,S) nanoparticles (NPs) and the me-
chanis detoxify 4-NP in ethanol solution were presented and elu-
cidated in this work.

2. Experimental procedure
2.1. Materials

All the chemicals used in this work were commercially available and
utilized without further purification treatments.
2.2, Synthesis a-doped Zn(0,5) NPs

La-doped Zn(0,S) NPs were prepared based on the previous work
[11] with the additional La{NO);6H,0 precursor. In our typical pre-
paration, 20 mmol zinc acetate dihydrate and 2 mmol La(NO)y6 Hy,0
were first dissolved in 500 mL distilled (DI) water. After all the pre-
cursorsme well dissolved, 10 mmol thicacetamide (TAA) as sulfur
source was added into the reaction solution. During the preparation
process, the solution temperature was_kept at 90 °C for 4 h. White
precipitation was formed during the £&ss and collected with cen-
trifugation. The obtained powder was wash ith ethanol for three
times and dried at 80 °C in vacuum condition. obtained powder was
named as 10% La-doped Zn(0,5). The other 2.5%, 5%, and 20% La-
doped Zn(0,S) NPs were prepared with the same procedure using ap-
propriate amounts of La precursor.

2.3. Characterization a

B Phase identification of La-doped Zn(0,S) powder was recorded with
Bruker D2-phaser diffractometer using Cu Ko radiation with a wawve-
length of 18 A. Morphology and microstructure of La-doped Zn
(0,S) NPs were examined with field emission scanning electron mi-

croscopy (FE- , JSM 6500F, JEOL, Tokyo, Japan) and high-resolu-
tion smis electron microscope (HRTEM, Tecnai F20 G2, Philips,
Nef ds). Diffuse reflectance spggitra (DRS) and photoluminescence

(PL) of La-doped Zn(0,S) powder were recorded using a Jasco(;?()
UV — visible — near IR spectrophotometer. Photo-responses of La-
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doped Zn{0,S) NPs were measured in dark chamber with the light
source varied from 300 nm to 1000 nm and Keithley-2400 as a power
supply. The chamber background response was calibrated with stan-

Si material which was changeable with samples for measurement.
Electrochemical impedance spectros (EIS) measurements of La-
doped Zn(0,S) powders were done by using@l VMP300-based tech-
nology, SP-300 Bio-Logic Science Instrument. Glassy carbon electrode
(GCE), Ag/AgCl/KCl electrode, and platinum plate were respectively
used as thaivorki reference, and counter electrodes in the mea-
surements. X-ray oelectron spectroscopy (XPS) measurements of
La-doped Zn{0,5) were done on a VG ESCA Scientific Theta Probe
spectrometer system with Al Ka (1486.6 V) source and 15-400 mm X-
ray spot size by using ion gun operated at 3kV and 1 mA. The absor-
bance peaks of reaction so n before and after photocatalytic reac-
tions were observed with Jasco V-670 UV — visible — near IR spec-
trophotometer and Hjtachi Elite LaChrom high performance liquid
chromatography (HPEER. Finally, to confirm the evolved hydrogen was
consumed during the 4-NP reduction, taamounts of evolved hydrogen
from solutign with and without 4-NP in the presence of La-doped Zn
(0,8) were@btermined with gas chromatography (GC-1000). The GC-
1000 was equipped with thermal conductivity detector (TCD) and
99.99% Ar as carrier gas. During the measurement, molecular sieve
(MS-5 A 60/80; 3.5m x 1,/8") column was used to identify the evolved
hydrogen from reactor.

2.4. Photocatalytic experiment to detoxify 4-NP to 4-AP

In this experiment, 30 ppm 4-NP (450 mL) was used to evaluate the
reduction capability of La-doped Zn(0,5) NPs under low power black-
light UV tube lamp illumination (0.088 mW-<m~ 2 based on the pho-
é]'rlleter measurement). The UV light source consisted of 4 x 6 W
blacklight UV tube lamps which were inserted in the middle of reactor.
The lamps which usually used for banknote detector had low intensity,
therefore this experiment did not need water cooling during the pho-
tocatalytic experiments. To detoxify the 30 ppm 4-NP solution, 225 mg
catalyst powder was well dispersed in 450 mL 4-NP solution. Ar gas
with the purity of 99.99% was continuously flowed through the reactor
to eliminate all the atmospheric gases in reactor during ph talytic
reduction reaction. Aliquots were taken from the reaction solution in
the interval of 15 min during the experiment and were examined
with UV-vis spectroscopy. The existences of 4-NP and 4-AP were ob-
served with the lmmorbance peaks at 316.4 and 298.7 nm, respec-
tively. To ensure the conversion of 4-NP to 4-AP, the aliquots for Oh,
1h, and 2 h photocatalytic reactions were also investigated with high
performance liquid chromatography (HPLC) measurement. The sche-
matic experimental set up was provided in Fig. S3 in supplementary
data.

2.5. Photocatalytic hydrogen evolution experiment

The experiment was carried out in the same reactor which used for
4-NP reduction under 4 x 6 W blacklight UV tube lamps illumination.
This experiment was done to show the produced hydrogen on catalyst
surfaces was used for 4-NP ification. For this purpose, the ex-

riment was conducted by dispersing 225 mg catalyst powder in
mL ethanol solution (10% v/v) with and without 30 ppm 4-NP.
Prior to starting the experiment, the reactor was purged with 99.99% Ar
to remove all the atmospheric gases. The experiment was for 3h
and the produced gas from the reactor was hourly sampled by flowing
Ar gas through the reactor to GC machine. During the GC measurement,
thelZibduced gas in reactor was flowed at 100 cc/min to GC system and
the amount of hydrogen gas was determined by the peak area with the
retention time at 0.6 min.
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Fig. 1. XRD patterns of La-doped Zn(0,8) powders with different La contents.

3. Results and discussion

65 70 75 80

3.1. X-ray powder diffraction pattern

Firstly, to clearly indicate the solid solution falation of Zn(0,S),
the XRD pattern of Zn(0,S) was compared to cubic ZnO (PDF#65-2880)
and ZnS (PDF#05-0566) in Fig. S1 (supplementary data). Fig. 51
showed Zn{0,S) peak pattern oul doping for (111}, (220), and
(311) planes was shifted and loca een those of ZnO and ZnS
patterns. The peak shift is attributed to the formation of Zn(0,S) solid
solution, in which the O~ anions (140 pm) [14] occupied the S* an-
ions (184 pm) [14] in ZnS leaé to smaller lattice parameter. A
comprehensive discussion about Zn{0,S) NPs had been well discussed
in our previous work [11].

The phase formatio different La-doped Zn(0,S) NPs were ex-
amined with X-ray di ion (XRD) patterns. Fig. 1 showed the
sphalerite or zinc blende patterns of La-doped Zn(0,5) with diffe; La
contents. Based on the Scherrer equation for the (111) peak, all of the
La-doped Zn(0,5) powders had a calculated crystalline size about
2.5 nm. The observed p&rn.s inFig. 1 did not show any differences for
different La contents, indicating the formation of La-doped Zn(0,S)
solid solution. Although the ion radii of La is larger than that of Zn, the
peak shift in XRD pattern was not obviously ed due to the small
amount of La that could be incorporated into Zn(Cmattice. The actual
amount of La in Zn(0,S) system was examined based on the energy
a)ersiw& X-ray spectroscopy (EDS) analysis as indicated in Table 2.

3.2. High resolution transmission eleciron mansa:y (HRTEM) analysis

La-doped Zn(0,S) in-
dicated La-doped Zn(0,S)

The morphology of as-prepared 1
vestigated with HRTEM analysis. Fig.
contained of tiny particles (about 2.5nm as ¢ ed by Scherrer
equation) that naturally aggregated to form a particle with the
size about 50 nm. The lattice fringe image and selected area electron
diffraction (SAED) pattern which were presented in Fig. 2b and c
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Table 2
Energy dispersive X-ray spectroscopy (EDS) analysis of different La

contents doped in Zn(0,S) NPs.

As-designed percentages Actual percentages

2.5% La 0.12 %
5% La 0.20 %
10% La 0.40 %
207 La 0.51 %

suggested the multi-quantum well (MQW) formation of La-doped Zn
(0,S). The formation of MQW was indicated by different lattice fringe
values at (111) which were found in the range between the lattice
parameter values of d(111) ZnS = 3.12 A (PDF#05-0566) and d(111)
Zn0 = 2.67 A (PDF#65-2880) as shown in Fig. 2b. Moreover, the broad
ring pattern in SAED in Fig. 2¢ was also consistent to the varying lattice
fringe values in Fig. 2b. To show it clearly, the inner and outer depicted
ZnS and ZnO ring patter provided in Fig. 2c. The broad ring
pattern of La-doped Zn{O t (111) was located between the depicted
ring patterns, suggesting there were many lattice fringe values which
formed between those of ZnS and ZnO to naturally establish the MQW
of La-doped Zn(D,S). A complete discussion of MQW formation had
been provided in our previous work [11], therefore there was no dis-
cussion about it in this present work. All the elements in La-doped Zn
(0,S) were confirmed with HRTEM element mapping. High angle an-
nular dark field (HAADF) image with the depicted red rectangle area for
element mapping in Fig. 3 indicated the as-prepared 10% La-doped Zn
(0,S) NPs contained of Zn, La, O, and S elements. However, the La
mapping image was not as dense as others, indicating the amount of La
in the nanoparticles was much lower compared to others.

3.3. Optical properties of La-doped Zn(0,S) NPs

The optical properties were examined with diffuse reflectance
spectroscopy (DRS) and photoluminescence (PL) measurements. The
UV light absorbances of Zn(0,S) at 250-320nm (UV—B range) was
significantly increased after doped with different amounts of La as
shown in Fig. 4a. However, UV—B lamp was not utilized in this work
due to safety issue. As the light illumination wavelength was 352 nm in
this work, a dash line was marked at that wavelength positionin Fig. 4a
and it showed the highest intensity was found at 10% La content. To
find out the bandgap values of as-prepared catalysts, a related Tauc plot
was del@i@ated for each catalyst to determine its bandgap as shown in
Fig. 4b. Tauc plot was determined by the formula of ahy = A(hy - Eg)™
for Eg > hv and ahy = 0 for Eg < hv. In where a is the material op-
tical absorbance, he is the photon energy, Eg is bandgap energy value,
and m = 0.5 and 2 for materials with direct and indirect allowed
transition bandgap, respectively.[15] The bandgap values o loped
Zn(0,8) for all compositi were increased about 0.1 €V as compared
with that of Zn(0,S). To racterize the recombination rate for each
catalyst, PL measurement was carried out and the result was provided
in Fig. 5. Photoluminescence emission intensity was related to the re-
combination rate of photo carriers after excitation process. The higher
the emission intensity is, the higher recombination rate of photo car-
riers will be occurred after illumination. In this case, 10% La-do
(0,5) exhibited the lowest emission intensity which was important for a
photocatalytic process, since lower emission intensity indicated longer
lifetime of photo carriers to provide reduction reaction for 4-NP. Based
on the DRS and PL measurement, 10% La-doped Zn(0,S) catalyst was
selected to detoxify 4-NP in this work.

3.4. X-ray photoelectron spectroscopy (XPS) analysis

The chemical state of 10% La-doped Zn(0,S) was examined with
XPS analysis to ensure the appropriate value of binding energy for each
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Fig. 2. BTEM images of (a) L.a-do;ﬂn(O,S) at low magnification, (b) lattice
fringes of La-doped Zn(0,5), and (c) selected area electron diffraction (SAED) of
La-doped Zn(0.S) with the depicted ring patterns for standard ZnS and ZnO at
(111) plane.
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—i 50 nm

Fig. 3. (a) HAADF image and element mapping of (b) Zn, (c) La, (d) O, and (e) S in La-doped Zn(0,S) nanoparticles as indicated with red rectangle on figure (a) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

element in catalyst. The xpsmh resolution scans for Zn, O, S, and La
ﬂmnts were respectively shown in Fig. 6a—d. The binding energy

es of Zn (2py,0) and Zn (2py,0) in ZnOS-0.5 were noticed at 1021.7
and 1044.9 eV, res ively, which were consistent with our previous
work. [10,11] The gen binding energy wvalues were found at
530.6eV, 531.6eV, and 532.2 eV which were related to oxygen in
lattice (O,), oxygen vacancy site (Oy), and adsorbed oxygzen lﬁ‘) as
hydroxides attached on catalyst surfaces, respectively. All the ing
energy values of oxygen were agreed with our previous work [11].

A)oso 4
(@) 20% La-doped Zn(0.5) (b)
0.45 -»—‘ﬁ —— 10% La-doped Zn(0.5)
i ] i a-doped Zni(),5)
= 2.5% La-doped Zn(0,5)
0.35 o — 0% La-doped Zn(0.S) =
g =
2 0304 =
j:‘ 352nm  fees 0
T 0251 : :E 3
Z
-: 0.20
.15 4
010 =
005 =
.00

Based on the peak areas, the amounts gf oxygen in lattice (0.), oxygen
vacancy site (Oy), and adsorbed oxy (0.4.) were 70%, 14%, and
16%, respectively. The presences of S (2pa») and S (2ps,2) peaks were

tively confirmed with the binding energy values at 161.6 ¢V and

9 eV, which were consistent to previous work [16]. Finally, the La
(3ds,,) and La (3d,,,) peaks were found at 834.19 ¢V and 850.87 eV
respectively [17]. However, the peak intensities were much lmg
compared to other peaks due to the small amount of La doped into
(0,5) as confirmed with the EDS and element mapping analysis.
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Fig. 4. (a) Diffuse reflectance spectra (DRS) of La-doped Zn(0,S) powders with different La contents and (b) the Taue plot for bandgap value determination.
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Fig. 5. Photoluminescence (PL) spectra of La-doped Zn(0,S) with different La
contents.

3.5. Elecrochemical impedance spectroscopy (EIS) analysis

S analysis was used to understand the electrochemical property of
La-doped Zn(0,S) NP powders for different La contents. EIS measure-
ment is the powerful tool to determine the electrical resistance between

4500
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Fig. 6. High resolution XPS spectra of Zn 2p, O 18, § 2p, and La 3d in La-doped Zn(0,S) NPs.
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Fig. 7. Electrochemical impedance spectra (EIS) of La-doped Zn(0,5) NPs with
different La contents and the Randles equivalent circuit for curve fitting as
shown in the inset.

the catalyst coated glassy carbon electrode and electrolyte. The capa-
citive double layer between them will be formed at the interfaces and
gives a specific semicircle spectrum in Nyquist plot. The sma@r semi-
circle indicated the lower electron transfer resistance at the interfa

between catalyst and electrolyte. The measurement was conducted in
0.1 M KCl electrolyte solution with the frequency range from 200 KHz
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to 100 mHz, window potential and signal amplitude were set from -5 —
5V and 10 mA, respectively. The deposition of catalyst powder on GCE
was done by dropping catalyst dispersed nafion solution on GCE surface
which was dried at 80 °C in air. The catalyst dispersed solution was
prepared with 5 mg photocatalyst powder that well di.arsed in 1 mL
Nafion solution (DI water : isopropanol = 3: 1). Fig. 7 showed the EIS
spectra for La-doped Zn[28) with different amounts of La and Randles
fitting which was done to estimate the electron transfer resistance for
each catalyst during the electrochemical measurement. The symbols of
Ry, Ry, and Q. were related to the electrolyte resistance, tron
transfer resistance, and double layer capacitance, respectively. Based on
the Randles fitting, the calculated electron transfer resistance values of
0%, 2.5%, 5%, 10%, 20% La-doped Zn({0,S) modified GCE were 12.96
K, 9.35 KQ, 7.71 KQ, 5.10 and 9.83 KQ, respectively. The lowest
electron transfer resistance was found in la La-doped Zn(0,S), in-
dicating the most efficient electron transfer in the interfaces between
electrode and electrolyte during the electrochemical measurement.
Based on the EIS measurement, 10% La-doped Zn(0,S) was possibly a
great photocatalyst material for 4-NP detoxification.

3.6. Photo-response analysis

Photo-response property is an important d'laracaizaﬁon for photo-
driven materials such as photocatalyst. To show the as-prepared La-
doped Zn(0,S) NPs with great responses to the incoming light irradia-
tion, the different La-doped Zn(0,S) NPs (0%, 2.5%, 5%, 10%, and
20%) were dispersed in Nafion solution (5mg/mL) and coated on Pt
substrate (3 mm?) which was sputtered on glass. Ag paste was used as
the connecting electrodes to increase the electrical current during the
photo-response measurement. Prior to starting the measurement, a drop
of 0.1 M KCl electrolyte was used to connect the electrodes as shown in
the schematic diagram for experimental photo-response in Fig. 8a. To
identify the wavelength of light absorbance peak for photo-response
measurement, one of the catalyst-coated Pt electrode was illuminated
with 300-1000 nm light irradiation and the generated electrical signal
was detected. Fig. 8a showed the maximum light absorbance was found
at 330 nm which was close to the bandgap values of La-doped Zn{0,S)
NPs. The photo current as shown in Fig. 8b was observed as the cata-
lyst-coated electrode was illuminated with 330 nm light. The peaks in
the photo current vs time spectra in Fig. 8b represented a light-on
condition for 5s, however the tails of the peaks were quite long to
achieve steady-state (light-off) condition which was set for 20s. The
long tails of the peaks indicated the as-prepared La-doped Zn(0,S)
catalysts had sufficient lifetime to provide the photo reactions. Based on
the photo-response data, the photo-generated currents were 0.003,
0.003, 0.018, 0.035, and 0.0125 pA for 0%, 2.5%, 5%, 10%, and 20%
La-doped Zn(0,S) NPs, respectively. The highest photo-generated cur-
rent was occured for 10% La-doped Zn(0,S) which was consistent with
DRS, PL, and EIS data.

3.7. UV-vis absorbance analysis for ph&)camiytic reaction

After characterization for La-doped Zn(0,5) with different La
contents, it was found that 10% La-doped Zn(0,S) exhibited a low re-
combination rate of photo carrier and a great electron transfer property
with lower resistance as confirmed with PL and EIS measurements,
re ively. Furthermore, the amount of hydrogen evolution on 10%
La-doped Zn(0,S) was found as the highest one compared to other
catalysts with different La contents as shown in Fig. 54 (supplementary
data) which was also consistent with other properties in PL, EIS, and
photo-response measurements. Therefore, the catalyst with 10% La
doping was utilized to detoxify 30 ppm 4-NP under 352 nm blacklight
UV tube lamp illumination. To understand the 4-NP reduction me-
chanism, the experiments with different conditions, i.e., (1) 30ppm 4-
NP + 10% ethanol solution, (2) 30 ppm 4-NP + 10% La-doped Zn{0,S)
catalyst, and (3) 30ppm 4NP + 10% ethanol solution + 10% La-
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Fig. 8. Photo-responsivity of (a) 10% La-doped Zn(0,S) under light ilaina-
tion with different wavelength illumination and (b) photo current-time spectra
of La-doped Zn(0,5) with different La contents under 330 nm light illumination.
The set up experiment was shown in the inset in figure (a).

do Zn(0,5) catalyst were separately prepared in 450 mL solution
an ted under UV blacklight illumination to observe the conversion
of 4-NP to 4-AP. During the photocatalytic reaction, an aliquot was
taken in a certain time interval and its light absorbance was examin
with UV-vis spectroscopy. The UV-vis absorbance spectra with
ferent experimental conditions were shown in Fig. 9. The existences of
4-NP and 4-AP in reaction solution were identified based on the ab-
sorbance peaks at 316.4nm and 298.7 nm, respectively, as shown in
our previous work. [2,10] The UV-vis absorbance spectra with different
experimental conditions suggested that there was no reduction reaction
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Fig. 9. UV-vis absorbance spectra of (a) 30ppm 4-NP + 10% ethanol solution,
(b) 30 ppm 4-NP + 10% La-doped Zn(0,5) catalyst, and (¢) 30 ppm 4-NP +
10% ethanol solution + 10% La-doped Zn(0,S) catalyst with different 24 W
UV-light illumination periods.

occurred in the solution containing 30 ppm 4-NP and 10% ethanol
without catalyst as shown in Fig. 9a, since the absorbance peak shift
was not observable. In the other case, the solution with 30 ppm 4-NP
and catalyst without ethanol showed a little peak shift to a lower wa-
velength near 298.7 nm as shown in Fig. 9b, however the absorbance
peak did not respectively shift with reaction time due to the low
evolved-hydrogen amount without ethanol as a hole scavenger agent.
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Fig. 10. High performance liquid chromatography I.C) spectra of (a) 4-NP
and (b) 4-AP solution after photocatalytic reduction in the presence of 10% La-
doped Zn(0.S) with different reaction time using UV and fluorescent detectors,
respectively.

Based on ak shift from 316.4 nm to 298.7 nm in Fig. 9¢, the de-
toxification of 4-NP to 4-AP had been obviously occurred in the reaction
solution that containing 4-NP, 10% ethanol, and 10% La-doped )
catalyst. The yellowish color of 4-NP solution and clear solution of 4-AP
was observed with the absorbance peaks at 31 and 298.7 nm,
before and after photo reaction, respectively, as shown in the inset in
Fig. 9c. The experimental data suggested the utilization of ethanol as a
hole scavenger agent was a critical step to evolve :ﬂogen as a re-
duction agent on catalyst surface during the 4-NP r ion. To show
the important effect of La doping in this work, the pure Zn(0,S) NPs was
also tested with the same condition as Fig. 9¢ and the result was shown
in Fig. 52 in supplementary data. Without La-doped into Zn(0,S) lattice,
only photodegradation of 4-NP (without peak shift) was observed in-
stead of photo reduction.

m

3.8. High performance liquid chromatography (HPLC) analysis

To ensure the UV-vis results thz&ﬂ ppm 4-NP solution had been
reduced to 4-AP with 10% La-doped Zn(0,5) catalyst in the presence of
352nm UV blacklight lamp, the aliquots for 0, 1, 2h reactions were
carefully examined with HPLC machine. During the HPLC
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Fig. 12. Hydrogen evolution amount of La-doped Zn(0,S) with and without 4-
NP in 10% ethanol solution.

measurement, a reversed phase liquid chromatography C-18 column
was used with 20% methanol solution containing 5mM tetra-
butylammonium phosphate (TBAP) as mobile e to separate 4-NP
and 4-AP in the aligouts. The measurement was
temperature with the flow rate of 1 mL/min and ount of sample
intake was 50 pL for each aliquot. The existences of 4-NP and 4-AP in
the aliquots were respectively observed with UV and fluorescent de-
tectors with the retention times about 25 min and 5 min. The observa-
tion wavelengths for UV and flourescent detectors were both at 323 nm.
The chromatograms with the decreasing peak intensities of 4-NP and

operated at room
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the increasing peak intensities of 4-AP after reactions proceeded from 0
to 2h were shown in Fig. 10a and 10b, respectively. The additional
peak at 12.5 min which was attributed to polymerization product of 4-
AP was also observed during the monitoring of 4-AP in Fig. 10b. All the
peak positions for 4-NP, 4-AP, and the 4-AP polymerization product
were confirmed with commercial 4-NP and 4-AP with the same mea-
surement condition. The polymerization product was easily observed
from its brown color solution after several days since the 4-AP forma-
tion. Based on the chromatograms in Fig. 10, it is confirig?d that 4-NP
has been totally reduced to form 4-AP in 2h photo reaction. The
amounts of 4-NP and 4-AP and its polimerization products with respect
to reaction time were calculated and presented in Fig. S5 based on
HPLC measurements.

3.9. Photocatalytic reduction mechanism to detoxify 4-NP

The photocatalytic reduction will be initiated with photoexcitation
to form hole and electron in the valence and conduction bands, re-
spectively [2,10,11,15,18]. Based on our previous works [10,11], the
photo reaction with Kréger-Vink notation was proposed as follows:

La — doped Zn(0, S) 2%'nt 4 ¢ (1)
H,0 + Ofy + 20t — 20Hg + Vi, (2)
CH:OH + O3y + 4kt — CHyCHO + HaO + Vit (3)
H0 + Vil — 2H" + 0L )
2H* 4 20 = H, 5)

As shown in the Egs. ((1)-(5)), the photo-generated hole together
with the adsorbed oxygen anion on catalyst surfaces can oxidize water
and ethanol. The water and ethanol oxidation as shown in Egs. (2) and
(3) will produce oxygen vacancy sites which are critical to reduce water
and to form H* ions as shown in Eq. (4). As long as the produced H*
ions on catalyst surfaces are not reduced by photo-generated ron as
shown in Eq. (5), they are readily for 4-NP reduction. The schematic




H. Abduliah et al.

drawing of the proposed mechanism is shown in Fig. 11. The avail-
ability of 4-NP in solution after H* formation and the positive charge
on catalyst surface will easily attract 4-NP on catalyst surfaces due to
electrostatic interactions. [19] At the same time, the existence of the
surpl oto-generated electrons on cataly faces induced the up-
take of electrons by the adsorbed 4-NP my es. Furthermore, the
availability of H* on catalyst surfaces led to the reduction of 4-NP into
4-AP products. The critical role of H" ions on catalyst surfaces to re-
duce 4-NP had been eluci by many other works. [2,5,13,19,20]
However, all of the works used NaBH; as the source of hydrogen for
their reduction reaction. In order to confirm the reaction mechanism,
photocatalytic hydrogen evolution experiments were conducted and the
results were shown in Fig. 12. The evolved hydrogen amount in the
presence of 4-NP in ethanol solution was obviously lower than
without 4-NP, indicating the evolved hydrogen ion was consumed by
the photocatalytic reduction reaction during the detoxification of 4-NP
reduction. The resultin Fig. 12 also confirmed the produced H* ions on
catalyst surface were an important step to 4-NP reduction as asserted by
many other works in this field.

4. Conclusions

La-doped Zn(0,S) photocatalysts with different La contents had
been synthesized with solution based method at low temperature and
successfully utilized to detoxify 4-NP solution. The as-prepared cata-
lysts were characterized with XRD, HRTEM, DRS, PL, XPS, EIS, and
photo-responsivity measurements. As compared to catalysts with other
compositions, 10% La-doped Zn(0,S) showed better PL spectra, lower
electron msfer resistance, and higher photo current, therefore it was
used for 4-NP reduction. The photocatalytic detoxification of yellowish
4-NP solution to colorless 4-AP solution was initially identified with the
absorbance peak shift from 316.4 nm to 298.7 nm in UV-vis spectra.
Furthermore, to ensure the 4-NP conversion to 4-AP, HPLC analysis was
done and it showed a complete detoxification of 30 ppm 4-NP could be
achieved with 2-hour photo reaction. The photo detoxification of 4-NP
was related to the availability of H* ions which were produced duri
the photocatalytic reaction on catalyst surfaces in 10% ethanol soluti
This work had shown a promising chemical synthesis route, not only to
convert 4-NP to 4-AP but also to possibly catalyze other hydrogenation
reactions by utilizing the hydrogen evolution photocatalyst.
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