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eduction of p-nitrophenol on
green-synthesized gold nanoparticles decorated
on ceria nanorods
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Hong Phuong Phan,cd Hoang Bao Nguyen,cd Pham Phuong Trang Vob

and Nguyen Tri *ae

A green synthesis using extract fromCitrus maxima peel was developed to fabricate Au–Ce catalysts for the

reduction of p-nitrophenol (PNP). Au nanoparticles with a diameter of 6.6 � 2.5 nm were deposited onto

the surface of CeO2 nanorods with a length of 33.1 � 15.0 nm and a diameter of 7.1 � 2.1 nm. The

mesoporous and non-porous capillary structures of these materials were observed. The interaction

between Au and CeO2 increased the specific surface area, pore diameter, and pore volume compared

with pure CeO2 (90 m2 g�1, 23.8 Å, and 0.110 cm3 g�1 versus 72 m2 g�1, 23.0 Å, and 0.089 cm3 g�1). The

splitting peaks of the surface oxygen and their shifting at lower temperatures compared with CeO2

nanorods were found thanks to the Au–CeO2 interaction, suggesting that their reduction occurred more

easily. The synthesized Au–Ce catalysts exhibited excellent activity in the reduction of PNP to p-

aminophenol. The 0.2Au–Ce catalyst was the most efficient one for PNP reduction, enabling the

conversion of PNP in 30 minutes with a catalyst concentration of 20 mg L�1 and a PNP/NaBH4 molar

ratio of 1/200. Moreover, the 0.2Au–Ce catalyst could be reused for at least five consecutive cycles

without considerable loss of its activity.
Introduction

In recent years, the applications of nanomaterials have gained
several achievements in physical and chemical technologies.
Due to the unique properties of nanomaterials, scientists and
researchers in different elds have paid much attention to the
exploration of their advanced use for important issues in the
modern world, such as medicine,1,2 antibacterial,3,4 electronics,5

batteries,6 and remediation.7 Despite the inuence in numerous
areas, water and wastewater treatments are always a primary
concern for humanity. Thanks to nanomaterials, polluted water
from rapid industrialization and massive growth in population
has been puried, including the elimination, inactivation, or
transformation processes of heavy metal and toxic pollut-
ants.8–11 Among these contaminants, p-nitrophenol (PNP) is
considered to be the most common organic compound present
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in wastewater of pharmaceutical, paper, pesticides, and plastic
industries. Since PNP is able to cause diverse health problems,
like inammation, coughing, burning, rapid heartbeat, etc., as
well as having a huge impact on the environment, scientists
have been developing novel techniques for PNP treatment.
Among them, using catalysts to convert PNP to less problematic
and more useful compounds is a continuing focus.

Noble metal-based catalysts (Pd, Pt, Au) have outstanding
performance in the catalysis of specic reactions, including
hydrogenation and water splitting.12 In addition, their redox
potential makes them valuable in the applied multifunctional
materials eld, especially in the hydrogenation reaction of
PNP.13,14 Among them, Au-based catalysts have played an
effective role in PNP reduction.13,15 Nevertheless, synthesis of Au
nanoparticles (AuNPs) involves huge consumption of chem-
icals. In contrast, the evolution of green chemistry has been
pushing scientists to further approaches to decrease hazardous
waste discharged into the environment. In the way of seeking
alternatives, using plant species is emerging as a promising
solution. Due to some benets including simple implementa-
tion, eco-friendliness to the environment, affordable cost, and
abundant supply, taking advantage of plant extracts to reduce
metal ions is the next movement in bringing helpful things to
human life, particularly the extracts from by-products or waste
of these plants.16–18
RSC Adv., 2022, 12, 25753–25763 | 25753
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Fig. 1 XRD patterns of Au–Ce samples: (a) r-Ce, (b) 0.1Au–Ce, (c)
0.2Au–Ce, and (d) 0.3Au–Ce.
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Citrus maximum (CM) is a Rutaceae family member that is
extensively distributed in Southeast Asia, notably in Vietnam.
The peel of CM was traditionally regarded as agricultural waste
for further treatments.19 It has been proved that numerous
avonoids are found in the peels such as narirutin, naringin,
hesperidin, eriocitrin, and neohesperidin.20 These substances
are also known to have analgesic, antiviral, anticancer, anti-
inammatory, and antiallergenic properties.21 It is possible to
synthesize AuNPs using the peel extract of CM as reducing and
capping agent.22 In addition, the growth of plants is usually
affected by geographic regions and climatic conditions. For
practical uses and scaling-up of phytobiosynthesis techniques,
another crucial challenge is how to cheaply extract and store the
biomass. Peels of CM may be easily harvested, dried, and
preserved for a long time. Because of the characteristics of CM,
the proposed approach is more viable and practical. The ability
to synthesize AuNPs using CM peel not only offers us a simple
biosynthesis approach but is also useful for the benecial
utilization of agricultural waste. Furthermore, as previously re-
ported, our research group successfully manufactured nano-
silver using CM peel extract as a reducing and stabilizing
agent.23

The discovery of various new supports results in the
improvement of many catalysts. In recent decades, ceria (CeO2)
has been applied in different areas, such as CO oxidation,24

water–gas-shi reaction,25 oxygen sensors,26 and fuel cells.27 As
a consequence of its oxygen storage capacity, CeO2 can trans-
form between oxidizing and reducing form, leading to oxygen
mobility, enhancement of the metal-support interaction, and
high dispersion of metallic sites. In addition, the shape-
dependent property makes CeO2 distinctive in terms of
specic surface area and particle size.28 Among different
morphologies, the nanorod form is a promising structure on
which to load metallic species. The arrangement of lattice
fringes is displayed with 3 planes, involving (111), (200), and
(220). Among them, the (111) plane is the most stable, the
following then are (220) and (200) planes, respectively. It
has been reported that the more stable a plane is, the less
reactive it is.29,30

In this work, a series of Au-based catalysts supported on
CeO2 with various metal loading contents were synthesized by
a green and eco-friendly process, using an extract from Pomelo
peel (CMP) as a reducing agent for the transformation of Au
ions to AuNPs. These samples were used to catalyze PNP
hydrogenation to p-aminophenol (PAP) – an important
Table 1 Textural properties of the as-prepared catalysts

Sample Au,a wt% SBET,
b m2 g�1 dpore,

b Å

r-Ce — 72 23.0
0.1Au–Ce 0.09 — —
0.2Au–Ce 0.17 90 23.8
0.3Au–Ce 0.23 — —

a The quantitative ratio of Au in the three composite samples was analyzed
(dpore), and total pore volume (Vpore) were obtained from N2 adsorption i
hydrogen consumption (Hc) were obtained from H2-TPR results.

25754 | RSC Adv., 2022, 12, 25753–25763
compound in pharmaceutical, cosmetic, and textile industries.
The physicochemical characteristics of the catalysts were
examined to elucidate the effect of different factors on their
performance in the reaction.
Results and discussion
Characterization of catalysts

The XRD patterns of CeO2 nanorods and Au–Ce samples are
shown in Fig. 1. The XRD results showed the appearance of
diffraction peaks of CeO2 nanorods in all samples at 2q ¼ 28.7,
33.4, 47.7, 56.5, 59.4, 69.7, and 77.1�, corresponding to the face-
centered cubic structure of CeO2 (JCPDS no. 34-0394). The CeO2

crystal structure did not change aer the Au loading. In addition,
no peak of Au0 nanoparticles was observed in the patterns of Au-
loaded samples with 0.1 to 0.2 wt% Au. However, Fig. 1 clearly
shows that the 0.3Au–CeO2 catalyst has two very weak peaks at 2q
¼ 38.4� and 43.1� (JCPDS no. 04-0784). These peaks may have
resulted from the (111) and (200) facets of Au.31 But, because of
the extremely low gold loading (only 0.3 wt%), the gold diffrac-
tion peaks are not clearly dened, which is also consistent with
previous reports.31,32 The small Au particles estimated by the
Debye–Scherrer equation33,34 with sizes of around 1 nm are
considered to be below the XRD detection limit,32 which suggests
that Au nanoparticles were well dispersed on the surface as well
as in the internal structure of the CeO2 nanorods.35 The XRD
results also showed no interaction between AuNPs and CeO2 to
form a new phase. Based on the highest peak at 2q¼ 28.7� of the
Vpore,
b cm3 g�1 Tmax,

c �C Hc,
c mmol g�1

0.089 450; 820 0.118
— — —
0.110 380; 450; 730 0.149
— — —

by the ICP-MS method. b BET surface area (SBET), average pore diameter
sotherm analysis. c The maximal reduction temperature (Tmax) and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(111) CeO2 plane, the average crystallite size of samples was
determined following the Scherrer equation (eqn (1)),36 being
20.1, 19.7, 19.5, and 19.8 nm for rCe, 0.1Au–Ce, 0.2Au–Ce, and
0.3Au–Ce samples, respectively.
Fig. 2 FT-IR (a) and Raman (b) spectra, N2 adsorption/desorption isotherm
spectrum (f) of samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
D ¼ kl

B cos q
(1)

in which k ¼ 0.89, l ¼ 1.540598 Å, D is the crystallite size, B is
the full width at half-maximum of the diffraction peak, and q is
s (c), BJH pore diameter distributions (d), H2-TPR patterns (e), and EDS

RSC Adv., 2022, 12, 25753–25763 | 25755
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the Bragg angle. The crystallite size of CeO2 did not change
much with the addition of Au. The 0.2Au–Ce sample exhibits the
smallest crystallite size, demonstrating the good dispersion on
CeO2 nanorods. By ICP-MS analysis, the mass composition of
Au in the three nanocomposite samples was determined (Table
1), being 0.09, 0.17, and 0.23 wt% for 0.1Au–Ce, 0.2Au–Ce, and
0.3Au–Ce samples, respectively. This result shows that
compared with the theoretical calculation amounts (0.1, 0.2,
and 0.3 wt%), the amount of Au active phase decorated on the
ceria nanorods reached 90%, 85% and 76.7%, respectively. It is
possible that at the high concentration, Au ions were not
reduced completely to AuNPs or the formed AuNPs were not
fully supported on the ceria. And they were separated during
centrifugation and washing of the sample aer the green
synthesis.

Fig. 2a shows the FT-IR spectra of pure CeO2 nanorods and
0.2Au–Ce nanoparticles. The pure CeO2 spectrum revealed the
presence of some absorption bands at 452 cm�1, 1628 cm�1,
and 3435 cm�1 (broad) corresponding to CeO2 stretching
vibration,37 the molecular H2O (H–O–H) bending,38 and the O–H
stretching vibration of hydroxyl functional groups,39,40 respec-
tively. However, the FT-IR spectrum of 0.2Au–Ce sample showed
higher signal intensity, proving that Au crystallites were inser-
ted into the CeO2 lattice and highly dispersed on the CeO2

support.10 Besides that, it is possible that organic compounds
le in the green-synthesized Au–rCe sample led to this differ-
ence. Organic compounds, typically avonoids, are the main
component in the CMP extract, reducing Au3+ and capping the
AuNPs on the surface of ceria nanorods to enhance their
stability. The mechanism to form green-synthesized gold
nanoparticles (Au0) decorated on ceria nanorods (rCe) can be
described as in Fig. 3.

Raman spectra are illustrated in Fig. 2b to examine the
structure of rCe and 0.2Au–Ce. Obviously, the sharp and
Fig. 3 The mechanism to form green-synthesized gold nanoparticles (A

25756 | RSC Adv., 2022, 12, 25753–25763
symmetric peak at 461 cm�1 was related to the F2g vibration
mode of the uorite structure of CeO2, which characterized the
stretching of the Ce–O bond.41 For pure CeO2, a weak peak
located around 250 cm�1 might be attributed to the (111) CeO2

surface,42 which disappeared aer Au-loading. On the other
hand, a small peak at 590 cm�1 could be detected, being related
to the formation of oxygen vacancies in the CeO2 nanorod
structure. Two bands in the range of 830–840 cm�1 and 1120–
1130 cm�1 were assigned to the stretching vibration of the O–O
bond,43 which contributed to the oxygen storage capacity.
However, the peak in the rst range could not be seen in the
spectrum of the rCe sample; this indicated that the presence of
Au had a signicant impact on CeO2 nanorod structure. Typi-
cally, the interaction between Au and CeO2 led to formation of
oxygen vacancies and transformation between different Ce
oxidation states promoting the catalytic activity.

The porosity of pure CeO2 and as-prepared 0.2 wt% Au
sample was analyzed using the N2 adsorption–desorption BET
isotherm method. Fig. 2c shows that all samples exhibited type
IV isotherms with the H3 class of the IUPAC classication,
demonstrating a typical mesoporous structure of the material.42

The adsorption–desorption isotherms almost had no obvious
change, showing that the CeO2 nanorod structure was well
maintained aer Au doping. Fig. 2d illustrates the BJH pore size
distribution of the samples in the range of 10–60 Å, hitting
a peak at 23–24 Å, conforming to the structural feature obtained
from isothermmodels. Loading of Au on CeO2 nanorods caused
a slight change in pore size, from 23.0 Å of the support to 23.8 Å
of 0.2Au–Ce. The textural and structural characteristics of the
samples are presented in Table 1. The pure CeO2 possessed
a specic surface area of 72 m2 g�1 and pore volume of 0.089
cm3 g�1. Moreover, it could be asserted that adding of Au on
CeO2 nanorods led to an increase of the BET surface area and
pore volume, to 90 m2 g�1 and 0.110 cm3 g�1, respectively.
u0) decorated on ceria nanorods (r-Ce).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The H2-TPR curves of CeO2 nanorods and 0.2Au–Ce are
shown in Fig. 2e. For the CeO2 sample, two main peaks were
observed, with the highest temperature peak at 820 �C and the
other at 450 �C, corresponding to the reduction of lattice oxygen
ions of CeO2 and the surface oxygen ions.43 For the Au–Ce
Fig. 4 Element mapping (a), FESEM (b), HRTEM (c), SAED (d), CeO2 an
nanoparticles (g) and length (h), width (i) of ceria nanorods of 0.2Au–Ce

© 2022 The Author(s). Published by the Royal Society of Chemistry
catalyst, an additional peak at a lower temperature (380 �C) was
observed because of the splitting of the surface oxygen peak,
due to the Au–CeO2 interaction. The temperature shi and
splitting of the surface oxygen peak have been also reported in
previous publications.44 Compared with the pure CeO2
d Au, planes (e, f) images, and the size distribution histograms of Au
sample.

RSC Adv., 2022, 12, 25753–25763 | 25757
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nanorods, the reduction peak of interfacial oxygen of the 0.2Au–
CeO2 catalyst appeared at a lower temperature, indicating that
the reduction happened more easily. On the other hand, the
hydrogen consumption for the reduction of 0.2AuCe catalyst is
1.3 times higher than that for pure CeO2 (Table 1).

The elemental composition of a typical sample, 0.2Au–Ce,
was determined by EDS analysis, as shown in Fig. 2f, from
which major peaks of elemental Ce, O, C, and Au with a mass
percentage ratio of 80.03 : 15.97 : 3.76 : 0.24 could be seen. The
C composition (3.76 wt%) was detected due to the carbon tape
covering the sample or organic compounds remaining in the
green-synthesized Au–CeO2 sample (as mentioned in the
discussion of FT-IR results). Through the XRD and EDS results,
it could be concluded that the AuNPs were present and were
well dispersed on the CeO2 nanorod support. However, the Au
content determined through the EDS spectrum is higher than
the theoretical calculated value (0.2 wt%) and the ICP-MS result
(0.17 wt%); this may indicate that Au is more dispersed on the
outer surface of the ceria support.

The EDS mapping (Fig. 4a) showed the appearance of Au, Ce,
and O elements. Particularly, Au element with bright red spots
was uniformly well distributed with Ce (blue) and O (white).
FESEM image of the surface of 0.2Au–Ce sample (Fig. 4b)
showed that short nanorods with a length of 18–50 nm and
a width of 5–10 nm are interspersed with particles of size 5–
20 nm; these nanoparticles may be broken CeO2 nanorods or
formed AuNPs. The microstructural characteristics of the
typical sample 0.2Au–Ce were investigated by HRTEM anal-
ysis.35 The bright-eld image evidenced that CeO2 consists of
three or four closely linked planes next to AuNPs with small size
(Fig. 4c). The synthesized CeO2 nanorods could be observed
with a length of 50–70 nm and a diameter of 15–20 nm. The
SAED image (Fig. 4d) demonstrated that CeO2 nanorods had
exposed (111), (200), (220), and (311) planes of structured CeO2

and (111) plane of Au0. In addition, there are certain fringes
conrming the characteristic CeO2 lattice and its most stable
crystal planes with d-spacings of 0.31 and 0.27 nm corre-
sponding to (111) and (200) planes (Fig. 4e). Moreover, the
presence of Au(111) plane with a d-spacing of 0.24 nm has been
detected (Fig. 4f), similar to a previous study.45 Besides, the
AuNP size distribution observed from the HRTEM image indi-
cated that the spherical AuNPs were spread in a nanosize of 6.6
� 2.5 nm (Fig. 4g). Also, the length and width of ceria nanorods
were demonstrated to be concentrated at 33.1 � 15.0 nm and
7.1 � 2.1 nm, respectively (Fig. 4h and k). This result was
entirely consistent with the XRD analysis and FESEM image of
the sample.
Fig. 5 Effect of Au loading on the catalytic activity of the as-prepared
Au–Ce samples in PNP hydrogenation.
Activity of catalysts

The catalytic performance of selected Au–Ce samples was tested
in the hydrogenation of PNP. The effect of the Au concentration
loaded on CeO2 nanorods is shown in Fig. 5. The addition of
NaBH4 shied the absorption peak of PNP from 318 to 400 nm
due to the formation of p-nitrophenolate ions (O2NC6H4O

�)
(Fig. 5a). It could be observed that this absorption peak reduced
when CeO2 nanorods were added to the PNP solution aer 30
25758 | RSC Adv., 2022, 12, 25753–25763
minutes of reaction. Meanwhile, the absorption peaks of p-
nitrophenolate ions decreased strongly when Au was loaded
onto CeO2 nanorods, resulting in a signicant increase of PNP
conversion into PAP. The C/C0 plot (Fig. 5b), where C and C0

represent the PNP absorbance during the reaction progress and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Catalytic activity of heterogenous Au-based catalysts loaded on various supports

Support PNP conc., mmol L�1 Catalyst dosage, g L�1 k, min�1 Ref.

Ceria nanorods 0.014 0.7 0.150 This work
Magnetic porous carbon 0.0003 1.0 0.600 47
Mung bean starch 0.050 2.0 0.033 48
Olive biomass 0.029 0.25 0.080 49
Layered double hydroxide (Mg–A–OH) 0.0003 50 0.060 50
Amino-modied Fe3O4 microspheres 0.0006 1.0 0.225 51
Cotton bres 0.010 3.636 0.204 52
Electroactive polyamic acid 0.003 0.167 0.840 53
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the PNP initial absorbance, respectively, showed that the PNP
conversion increased over time for all Au–Ce catalysts. The PNP
conversion reached 68, 72, and 99% for 0.1Au–Ce, 0.2Au–Ce,
and 0.3Au–Ce catalysts, respectively. The plots of ln(C/C0)
revealed that degradation followed rst-order kinetics for all
catalysts used (Fig. 5c).46 From this plot, the rate constant (k)
values were found to be 0.030, 0.150, and 0.033 min�1 for the
0.1Au–Ce, 0.2Au–Ce, and 0.3Au–Ce catalysts, respectively.
Hence, the increasing order of catalyst efficiency in PNP
reduction was as follows: 0.1Au–Ce < 0.3Au–Ce < 0.2Au–Ce.
Therefore, the 0.2Au–Ce sample was chosen as the best catalyst
for subsequent investigations. A comparison was attempted to
show how other catalysts differed from ours (Table 2). It was
clearly evident that the green Au–Ce nanocatalyst could be used
Fig. 6 Effect of catalyst concentration (a) and PNP/NaBH4 molar ratio
(b) on the catalytic activity of 0.2Au–Ce sample after 30 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
as an efficient alternative catalyst for reducing PNP to PAP at
room temperature.

Fig. 6a shows the effect of catalyst concentration on catalytic
performance. The conversion of PNP increased signicantly
when the catalyst concentration was raised from 0.3 to 0.7 g L�1,
and the complete removal of PNP was observed at a catalyst
concentration of 0.7 g L�1. The PNP conversion declined if the
catalyst concentration was further increased to 1.0 g L�1. The
higher the catalyst content, the larger the contact surface of the
catalyst, leading to favorable conditions for PNP to diffuse and
adsorb quickly on the catalyst. However, competitive adsorption
could occur if the catalyst content was too high, reducing
process efficiency. So, 0.7 g L�1 was chosen as the most suitable
catalyst concentration for the PNP treatment. Besides, the effect
of the PNP/NaBH4 molar ratio on the catalytic activity is
exhibited in Fig. 6b. In the presence of NaBH4, the catalytic
hydrogenation of PNP into PAP could be described as in Fig. 7.

The highest PNP conversion was achieved with a PNP/NaBH4

molar ratio of 1/200 (Fig. 6b). Raising the PNP/NaBH4 ratio (1/
150 / 1/200) led to increased formation of H2 and
O2NC6H4O

�, which was benecial for PNP hydrogenation.
However, high concentrations of NaBH4 (1/225) could increase
the appearance of H2 that competed with the active sites of
O2NC6H4O

�, reducing the efficiency of the process. Therefore,
a suitable PNP/NaBH4 molar ratio for the PNP hydrogenation
was 1/200.

It is evident from Fig. 8a that the PNP conversion increased
sharply as the reaction time was raised from 1 to 20 minutes,
and the conversion was almost complete just aer 30minutes of
reaction. Therefore, it could be concluded that the Au addition
on CeO2 nanorods brought about high efficiency with a short
reaction time in PNP hydrogenation. Also, the catalytic activity
was stable in 5 consecutive batches of reaction. The results from
the XRD pattern and HRTEM image (Fig. 8b and c) of spent
catalyst showed that its phase composition and surface
morphology were almost unchanged compared to the fresh one.
From there, use of green-synthesized AuNPs supported on CeO2

nanorods could be a promising approach towards efficient PNP
hydrogenation.

Experimental
Materials

CMP was collected fromHo Chi Minh City in Vietnam. 50 grams
of CM was shredded and dried to constant weight. Then, the
RSC Adv., 2022, 12, 25753–25763 | 25759
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Fig. 7 Schematic representation of PNP reduction by gold nanocatalyst supported on ceria nanorods.

Fig. 8 The stability of 0.2Au–Ce catalyst in PNP hydrogenation for 5 cycles (a). XRD pattern (b) and HRTEM image (c) of spent Au–Ce sample.
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sample was mixed with 1000 mL of deionized water and heated
to 80 �C for 2 hours under stirring to perform the extraction
process. Finally, the CM extract solution was ltered and kept at
4 �C. All chemicals, including HAuCl4$3H2O ($99.9%),
Ce(NO3)3$6H2O (99%), NaOH ($98%), and NaBH4 (99%), were
purchased from Merck and used directly without further
purication.

Ceria nanorods were synthesized using the hydrothermal
method based on our previous publication.29 Firstly, 2.17 grams
of Ce(NO3)3$6H2O was dissolved separately in 20 mL of distilled
water. Then, 55 mL of 7 M NaOH solution was added drop by
drop into the Ce(NO3)3 solution under stirring at 600 rpm
within 1 hour. The mixture was transferred into a Teon auto-
clave and treated hydrothermally at 130 �C for 5 hours. The
obtained precipitate was then separated, washed, and centri-
fuged with distilled water to remove Na+ ions until neutral. The
solid was dried at 80, 100, and 120 �C for 2 hours at each
temperature to obtain ceria nanorods (rCe).

AuNP catalysts supported on CeO2 nanorods with different
AuNP concentrations (0.1–0.3 wt%) were biosynthesized using
CMP extract solution as a reducing agent for Au3+ ions. CeO2

nanorods were added to 4 mL of 1 mMHAuCl4, and the mixture
was then sonicated for 15 minutes to increase the HAuCl4
dispersion into the pore and capillary system of CeO2. Next,
1 mL of CMP extract solution was added to the mixture and
continuously sonicated for 15 minutes. Aer that, the mixture
was transferred to a heatedmagnetic stirrer at 300 rpm and kept
at 55 �C for 2 hours. Then, the mixture was kept at room
temperature for 24 hours before being centrifuged with distilled
water to neutral pH. Finally, the solid was dried at 60 �C for 12
hours to obtain the designed catalyst. AuNPs supported on
CeO2 nanorods are symbolized by xAu–Ce, representing x wt%
Au loaded on rCe as determined by theoretical calculation.
Instrumental measurements

The physicochemical characteristics of as-prepared Au–Ce
catalysts were studied by several methods,54 including X-ray
diffraction (XRD) using a Bruker D2 Phaser X-ray diffractom-
eter with CuKa radiation and recorded in 2q¼ 10–80� using step
scan mode with a step size of 0.03�; eld emission scanning
electron microscopy (SEM) with a Hitachi S4800 instrument;
high-resolution transmission electron microscopy (HRTEM)
with a JEOL JEM2100 instrument; Fourier-transform infrared
(FT-IR) spectroscopy with a Tensor 27 (Bruker) spectrometer in
the range 400–4000 cm�1; nitrogen adsorption–desorption
isotherms at �196 �C using a Nova 2200e instrument with the
sample pre-treated in a 30 mL min�1 nitrogen ow at 300 �C for
2 hours; Raman spectroscopy with a laser Raman spectrometer
(Invia, Renishaw, UK); energy-dispersive X-ray spectroscopy
(EDS) with a JEOL JST-IT 200 instrument; and hydrogen
temperature-programmed reduction (H2-TPR) carried out in
a micro-reactor with a gas mixture of 10% H2/N2 at a ow rate of
30 mL min�1 using a gas chromatograph GOW–MAC 69–350
with a TCD detector and a sample of 50 mg. The actual Au
elemental composition decorated on CeO2 was precisely deter-
mined by using inductively coupled plasma-mass spectrometry
© 2022 The Author(s). Published by the Royal Society of Chemistry
(ICP-MS) with a NexION 1000 instrument (PerkinElmer, USA)
with the following operating regime: scan mode: peak hopping;
dwell time per AMU (ms): 50; integration time (ms): 450; prole:
helium (KED).
Catalytic tests

The catalytic activity of Au–Ce samples was investigated using
the batch method with a total volume of 250 mL in PNP
reduction. The PNP concentration used for the reaction was
0.014 mmol L�1. Firstly, a pure nitrogen stream was introduced
into the system for 15 minutes before the reaction to remove
dissolved oxygen from the solution. Then, NaBH4 was added to
the reaction mixture under magnetic stirring at 300 rpm
according to the designed molar ratio (PNP/NaBH4 ratios of 1/
150, 1/175, 1/200, and 1/225). Next, the Au–Ce catalyst was
added to the mixture under stirring. 1 mL collected aliquot was
diluted ten times and ltered to remove residual catalysts at an
investigated time interval. The reaction solution was analyzed
using a UV-visible spectrophotometer (UV-1800, Shimadzu) at
the wavelength range of 190–800 nm.
Conclusions

This work has developed a simple and facile synthesis method to
fabricate highly stable Au–Ce catalysts with various Au loadings
for PNP reduction. The as-prepared Au–Ce catalysts show good
catalytic performance for PNP reduction in the presence of
NaBH4, and the increasing order of reaction rate is as follows:
0.1Au–Ce < 0.3Au–Ce < 0.2Au–Ce. The 0.2Au–Ce sample is the
most promising since complete PNP conversion takes just 30
minutes with a catalyst concentration of 0.7 g L�1 and a PNP/
NaBH4 molar ratio of 1/200. Besides, the 0.2Au–Ce nanocatalyst
also shows a high stability aer ve consecutive catalytic reaction
cycles. The results demonstrate that the Au–Ce catalyst is
a promising green catalyst with enormous potential for PNP
reduction applied in environmental remediation.
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