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The reduction of p-nitrophenol (p-NP) is widely used as a model reaction to evaluate catalytic
activity. In this study, cerium oxide (CeQ>) supports were synthesized via two simple methods:
chemical precipitation (method A) and co-precipitation (method B). Gold (Au) nanoparticles
were subsequently deposited onto CeO; supports using the deposition-precipitation (DP)
technique. The CeO, supports were prepared by reacting cerium nitrate with ammonia solution
(method A) and potassium carbonate (method B), producing cerium oxide particles. The
resulting particles were characterized using Fourier Transform Infrared (FTIR) spectroscopy.
FTIR analysis revealed prominent peaks in the range of 33002800 cm™!, corresponding to O-H
stretching in CeO2-A and CeO2-B. X-ray diffraction (XRD) analysis confirmed the cubic fluorite
structure of cerium oxide in both samples (JCPDS No. 01-075-0076). Meanwhile, the FTIR
spectra of Au-CeO,-A and Au-CeO,-B demonstrated successful Au immobilization, as evidenced
by shifts in the support’s characteristic peaks. Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) confirms the presence of Au, with loadings of 0.565 wt% in Au-
Ce0:2-A and 0.465 wt% in Au-CeO:-B, respectively. The Au-CeO; catalysts achieved 100%
conversion of p-NP to p-aminophenol, with a rate constant (k) of 5.78 x 10 s™! for Au-CeO,-A
and 4.37 x 10™* s! for Au-CeQO»-B.
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Cerium oxide (CeQy) is a versatile metal oxide known
for its ability to switch between two oxidation states:
Ce (III) and Ce (IV). It also features a high oxygen
storage capacity, a large surface area, high reactivity,
and thermal stability. These properties are particularly
enhanced when CeOs is in nanoparticle form [1]. This
makes CeO; a valuable material for various applications,
including fuel cell electrodes, UV protection, and
catalysis. Specifically, CeO, serves as an effective
catalyst in oxidation and reduction reactions [2].
Additionally, CeO; is commonly used as a support
for noble metals such as gold (Au), silver (Ag),
and palladium (Pd) in catalytic processes, where it
enhances the stability and efficiency of these metals
in various chemical reactions, including the reduction
of p-nitrophenol (p-NP) [3].

The synthesis of CeO, using cerium nitrate as
a precursor in methods like hydrothermal treatment
and sol-gel faces several challenges [4, 5]. These
include high costs, elevated operating pressures, and
temperatures, as well as prolonged reaction times.
Additionally, different preparation methods have been

reported to produce CeO; particles with varying purity
and size. Particularly, methods that involve stabilizers
or capping agents can compromise the purity of the
final product [6, 7].

In this study, chemical precipitation and co-
precipitation were chosen as the preparation methods
due to their simplicity and cost-effectiveness [8].
These methods have been shown to produce CeO;
nanoparticles with sizes below 100 nm, which is
advantageous as nanoscale CeO; exhibits a higher
surface area. A high surface area support is particularly
effective for depositing metal nanoparticles such as
Au as it provides more active sites for the reaction to
occur [9]. Several studies have reported the use of
Au-CeO; catalysts in various chemical reactions,
demonstrating high activity depending on factors
such as Au particle size, preparation method, and Au
loading [10-12]. Besides, the use of CeO; synthesized
by different methods can also impact the catalyst's
performance. Thus, this study aims to investigate the
effect of different CeO, supports on the catalytic activity
of Au-CeO- in the reduction of p-nitrophenol (p-NP).
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The p-NP is a prevalent organic compound
found in wastewater from industries such as
pharmaceuticals, paper, pesticides, and plastics [13].
Due to its potential to cause various health problems,
including inflammation, coughing, a burning sensation,
and rapid heartbeat, it poses significant risks to
human health. Furthermore, p-NP has a considerable
environmental impact, making its effective treatment
and management crucial for both ecological and
public health reasons [14]. Particularly, the catalytic
reduction of p-NP offers significant advantages over
other methods, such as adsorption and degradation, as
it generates p-aminophenol, an important intermediate
in the synthesis of analgesic drugs [15-17].

EXPERIMENTAL
Chemicals and Materials

A high-purity (99% purity) cerium nitrate hexahydrate
(Ce(NO3)s.6H20), potassium carbonate (K.CO3),
gold(IIl) chloride trihydrate (HAuCl4.3H20), and
sodium hydroxide (NaOH) were supplied by Sigma-
Aldrich (USA). Agueous ammonia solution (NH4OH),
and ethanol (C;HsO, 95%) were obtained from a
commercial supplier, HmbG Chemical. p-Nitrophenol
(p-NP) was acquired from Merck (Darmstadt,
Germany). Lastly, sodium borohydride (NaBH4) was
purchased from Friendemann Schmidt.

Preparation of CeO:z by Chemical Precipitation

Cerium oxide was prepared by dissolving 150 mL
of 0.1 M cerium nitrate hexahydrate (99%, purity,
(Ce(NO3)3.6H20, Sigma-Aldrich,), in 50 mL of
deionized water and stirring vigorously for 30 minutes.
Meanwhile, 25 mL of aqueous ammonia solution,
(NH4OH, HmbG Chemical) was added dropwise over
20 minutes and the mixture was stirred for 15 hours at
room temperature. After the ammonia was added to
the cerium nitrate solution, a significant colour change
was observed. During the first 10 minutes, the slurry
was light brown at low pH, likely due to the presence
of Ce®*. After 2 hours, it turned light white-black,
followed by a transition to brown at 3 hours, then
orange at 5 hours, and finally light yellow due to the
formation of Ce** in the presence of oxygen. The
resulting slurry was filtered and washed several times
with deionized water and ethanol. Subsequently, the
precipitate was then dried in an oven at 60 °C for 3
hours. After drying, the powder was ground for 15
minutes using a mortar and pestle and annealed at
450 °C for 2 hours to enhance the crystallinity of
the samples. The sample is denoted as CeO,-A.

Preparation of CeO:2 by Co-precipitation Method
Cerium oxide was prepared using cerium nitrate

hexahydrate, Ce(NO3)s3-6H20 (99%, Sigma-Aldrich)
as the precursor. Aqueous solutions of Ce (III) nitrate
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(0.02 M, 500 mL) and potassium carbonate (0.03 M,
200 mL) were added drop by drop to a well-stirred
500 mL of water to precipitate a white precursor,
cerium (III) carbonate. Sodium hydroxide, 1 M was
used to adjust the pH to 8. The resulting CeO, was
dried at 65 °C for 2 hours and then cooled to room
temperature. Subsequently, the product was aged for
2.5 hours at 220 °C without washing or purification
before being calcined for 3 hours at 800 °C [8]. The
sample is denoted as CeO»-B.

Preparation of Au-CeO2-A and Au-CeO:2-B by
Deposition-precipitation Method

Gold (III) chloride trihydrate, HAuCls.3H,O (0.004
M, 100 mL) solution was heated to 80 °C. NaOH
(Sigma-Aldrich) was added drop by drop to adjust the
pH to the desired level of 8. Approximately 0.5 grams
of CeO; support were then dispersed in the solution,
causing a pH change. The pH was maintained at a
constant level by slowly adding 0.25 M NaOH. The
suspension was kept at 80 °C and stirred vigorously
for 2 hours. The resulting precipitates obtained were
washed several times to remove residual sodium and
chloride ions, as well as untreated Au species. Finally,
the precipitates were centrifuged and dried at 400 °C
for 4 hours to allow the decomposition of gold
precursors into their metallic state [18].

Characterization Methods

The surface properties of CeO, support and Au-CeO,
were analyzed using the Fourier Transform Infrared
spectrometer, FTIR (Frontier, Perkin Elmer) equipped
with an Attenuated Total Reflectance (ATR). The
samples were characterized over a scanning range
of 4000-600 cm. Meanwhile, X-ray diffraction
(XRD) analysis was performed using an X'Pert
Pro diffractometer (PANanalytical) to examine
the crystalline properties and purity of the synthesized
CeO,. The characterization was carried out at 45 kV,
scanning two-theta (6) angles from 20° to 80°. The
CeO2-A and CeO,-B samples were also examined
using Scanning Electron Microscopy (SEM, JEOL). A
small amount of each sample was placed on carbon
tape and coated with a thin layer of platinum. The
SEM operational parameters were set to 5 kV, with a
working distance of 6.8 mm, allowing for magnification
up to 50,000%. The samples were then subjected to an
electron beam, and the resulting images were recorded
for detailed analysis. Finally, the gold (Au) loading in
both Au-CeO--A and Au-CeO--B was determined using
an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, Optima 8000, Perkin Elmer).
For the ICP-OES analysis, the catalysts were first
digested in aqua regia, then diluted with deionized
water, and filtered through a 0.45 um membrane filter
before analysis. The Au content (wt.%) was calculated
using the formula: Au (%wt) = (mass of Au) / (mass
of catalyst) x 100 [19].
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Catalytic Study

Dissolve 0.0139 g of recrystallized p-nitrophenol
(p-NP) (99%, MERCK) in 10 mL deionized water.
Then, dilute 250 pL of this solution in a 50 mL
volumetric flask. For sodium borohydride (NaBH4),
dissolve 0.0473 g in 25 mL deionized water. Then
15 mL of this solution was diluted in a 50 mL
volumetric flask. Finally, pipette 1.5 mL of the
NaBH, (15.0 mM) solution into a cuvette and add
1 mg of Au-CeO,-A, followed by 1.5 mL of the
prepared p-NP (0.05 mM). Shake the mixture three
times and immediately begin the catalytic study
using UV-Vis. Similar procedures were repeated
for Au-CeO:-B and CeO; (controlled). The catalytic
reaction was evaluated by monitoring the decrease
of absorbance overtime at 400 nm using a UV-Vis
spectrophotometer (Lambda 25, Perkin Elmer). The
rate constant (k) was calculated based on the pseudo-
first-order kinetics from the plot In (A/A,) vs. time.

RESULTS AND DISCUSSION
CeO: Nanoparticle

Figure 1 shows CeO, powder synthesized by two
different methods chemical precipitation and co-
precipitation after calcination. During the synthesis, a
notable color change in the solution was observed.
Initially, the slurry appeared purple at a low pH, then
transitioned to brown at an intermediate pH, and
finally turned to yellow or pale yellow at a higher
pH. This color transition was consistent for techniques
A (chemical precipitation) and B (co-precipitation),
with the pH stabilized at 8 throughout the process
[20]. The color change during the synthesis of CeO; is
important because it reveals changes in the chemical
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and structural properties of the material. Cerium oxide
can exist in different oxidation states, which produce
different colors. The color shift during synthesis often
indicates changes in the oxidation state of cerium and
the formation of CeO» nanoparticles [21].

Table 1 tabulates the percentage of yield of
CeO;, obtained using methods A and B. The percentage
yield is calculated as the ratio of the actual yield to
the theoretical yield, multiplied by 100%. A 100% yield
indicates that the actual yield matches the theoretical
yield. The percentage yield for CeO»-A and CeO;-B
were 91.08% and 109.77%, respectively. These results
show variation: method A produced a yield less
than 100%, while method B exceeded 100%. This
discrepancy may be due to incomplete reactions,
sample loss, or experimental inconsistencies.

FTIR spectroscopy was used to characterize
the surface properties of the prepared CeO,-A and
Ce0,-B samples. The spectra were recorded to
examine the vibrational behavior and confirm the
presence of CeO, through distinct vibrational peaks.
Figure 2 shows the FTIR spectra of CeO,-A and
CeO;-B, recorded using an FTIR spectrometer
(Frontier, Perkin Elmer) in the range of 600 to 4000
cml. An intense band observed at 3300 - 2800 cm™! in
both samples corresponds to O-H stretching [22].
CeO,-A showed clearer peak separation than CeO»-B,
resulting from the different concentrations of the O-H
group in the sample. The weak intensity band of CeO»-
A was detected at 2885 cm’!, corresponding to C-H
vibrations, while these peaks were absent in CeO»-B.
Additional bands in the 1628-1000 cm™!' range (C-O
bond) are likely due to the presence of residual or
the formation of “carbonate-like” species on the
ceria surface [23].

Figure 1. Photograph of (a) CeO,-A and (b) CeO»-B.

Table 1. The percentage yield of CeO; prepared by method A and B.

. Theoretical yield Actual Percentage yield
Method Notation .
(® yield (g) (%)
Chemical precipitation (A) Ce0Os-A 2.581 2.351 91.08
Co-precipitation (B) Ce0O2-B 1.033 1.134 109.77
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Figure 2. FTIR spectra of (a) CeO».A and (b) CeO,-B.

The structural identification of cerium oxide
was performed using X-ray diffraction in the 20 range
between 20° and 95°, as shown in Figure 3. The XRD
results revealed distinct diffraction peaks associated
with CeO; in all samples at 28 angles of 28.67°, 33.23°,
47.69°,56.60°,59.36°, 69.75°, 77.08°, 79.47° and 88.90°
(JCPDS No. 01-075-0076). These peaks correspond to
the Fm-3m space group, confirming the cubic structure
for both samples. The observed peaks indicate clear
evidence of the crystalline nature and structural
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integrity of the synthesized CeO,. Both CeO2-A and
Ce0,-B show very slight differences in the peak
positions, indicating that both methods successfully
produce pure CeO,. Additionally, no extraneous peaks
were observed, confirming the absence of impurities
in the synthesized samples. The higher intensity of
the peaks for CeO,-B suggests a greater number of
atoms in the crystal lattice, indicating a higher degree
of crystallinity, or a larger crystal size compared to
Ce02-A, which exhibits shorter and broader peaks [24].
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Figure 3. XRD pattern for (a) CeO-A and (b) CeO,-B and the corresponding diffraction pattern from JCPDS
No. 01-075-0076.
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Figure 4. SEM images of (a) CeO»-A and (b) CeO»-B.

(a)

(®)

Figure 5. Photograph of (a) Au-CeO»-A and (b) Au-CeO,-B.

Figure 4 presents SEM images used to
analyze the morphology of the synthesized CeO..
The analysis reveals that neither sample exhibited
significant agglomeration, and both retained a
spherical morphology. Using ImageJ software,
the average diameter of CeO, nanoparticles was
determined, with samples synthesized by chemical
precipitation and co-precipitation having average
diameters of 55.75 nm and 72.57 nm, respectively.
SEM is particularly effective for studying the
microstructure of catalyst materials, providing
high-resolution imaging at the nanoscale [25].

Au-CeO: Catalyst

Figure 5 shows photographs of Au-CeO2-A and
Au-Ce02-B, both of which exhibited a dark purple
color [26]. These changes indicate that Au was
successfully reduced following calcination at 400°C.
Bond et al. state that the interaction between the
electrons of the Au 5d orbitals and the cations
from the support contribute to the observed color
change [27]. However, this is not the only factor
[28, 29]. The color of supported Au nanoparticles
is also influenced by factors such as particle size,
concentration, morphology, and size distribution,
as reported by Galvagno and Parravano [30]. These
color variations reflect the metallic character of

Au (Au®), and color assessment can serve as a
preliminary method for identifying Au® in the
samples. Since both Au-CeO; exhibit a dark purple
color, suggesting that the Au NPs are likely within
a similar size range. According to the literature,
the particle size typically falls within the range of
10-20 nm [31]. ICP-OES results show that the Au
loadings in Au-CeO,-A and Au-Ce0O,-B are 0.565
wt.% and 0.465 wt.%, respectively.

Figure 6 displays the FTIR spectra for (a)
Au-CeO,-A and (b) Au-Ce0O;-B against CeO,-A
and CeO-B, respectively. Shifting of the O-H peak
occurs from 3421 cm™ in CeO2-Ato 3270 cm™ in
Au-CeO,-A. Notably, the C-O stretching vibration
(from adsorbed carbon monoxide) in Au-CeO2-A
exhibits a significant decrease in intensity at 2160 cm™,
while other peaks show no significant change in
intensity. A similar trend was observed in CeO.-B
compared to Au-CeO:-B. The O-H peak for CeO:-B
appeared at 3185 cm™, while in Au-CeO:-B, the peak
was observed at 2815 cm*. The shifting of some
FTIR peaks in the Au-CeO, sample suggests that
Au crystallites have been effectively incorporated
into the CeO; lattice and are well-distributed
across the CeO2 support [32, 33]. Therefore, it can
be concluded that the Au has been successfully
deposited onto both CeQ; supports.
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Figure 6. FTIR spectra of (a) Au-CeO»-A and (b) Au-CeO»-B.

Catalytic Reduction of p-Nitrophenol

The catalytic activities of the Au-CeO2-A and
Au-CeO;-B catalysts were assessed through the
reduction of p-NP to p-aminophenol (p-AP) in
the presence of NaBH, at room temperature.
According to Liu, the primary absorption peak
of the p-NP solution occurs at 317 nm. However,
in the presence of excess NaBH4, the solution
exhibits a strong absorbance peak at 400 nm,
which corresponds to the p-nitrophenolate ion
[34]. The progress of the reaction was monitored
by UV-Vis spectroscopy, and the decrease in the
intensity of the p-nitrophenolate ion peak over
time reflects the successful reduction of p-NP.
In the presence of CeO- support alone (control),
the reduction of p-NP does not occur, resulting
in no change in absorbance at 400 nm and the
persistent bright yellow color of the solution.
Conversely, as shown in Figure 7(a) the addition
of Au-CeO; results in a rapid decrease in absorbance
at 400 nm, indicating that the reduction of p-NP
has occurred, as shown in the absorbance vs.
time plot. Additionally, the inset image in Figure
7(a) shows a photograph of the p-NP solution
before and after the catalytic reaction over Au-
CeO,-A catalyst. The solution changes from bright
yellow to colorless, further confirming the complete
conversion of p-NP to p-AP [35, 36].

The catalytic reduction of p-NP follows
pseudo-first-order kinetics, allowing the rate constant
(k) to be calculated from the slope of In (A/A,) plot.
Figure 7(b) illustrates this plot for Au-CeO,-A and
Au-CeO,-B. The highest k value of 5.78 x 10* 5! was
obtained Au-CeO:-A while the Au-CeO:-B catalyst
had a rate constant of 4.37 x 10 s*. The influence
of support particle size on catalytic performance is
particularly evident when comparing the two ceria
supports, CeO2-A and CeO-B. CeO:-A has a smaller
particle size, which results in a higher surface area and
provides more active sites for the reactants, leading to
more efficient adsorption and improved interaction
between the catalyst and the reactants [9]. According
to Zheng and co-workers, the decrease in nanoparticle
size is a significant factor influencing the reaction
rate [37].

Additionally, smaller support particles typically
exhibit a higher density of exposed surface atoms, which
can more effectively stabilize the Au nanoparticles,
facilitating faster electron transfer and more efficient
reaction pathways [38]. As a result, reactions occur at
a faster rate, highlighting the critical role of support
particle size in influencing catalytic activity [39].
Furthermore, these results align with the ICP-OES
data, which show that the Au loading in Au-CeO--
A is higher than in Au-CeO.-B, contributing to
better catalytic activity.
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Figure 7. (a) Graph absorbance vs time for Au-Ce0O»-A, Au-Ce0,-B, and CeO,-control. The inset image is the

photograph of the p-NP solution before and after the catalytic reaction and (b) Plot In(A/A,) vs time for p-NP
reduction over for Au-CeO»-A and Au-CeO»-B catalyst.

Table 2. The CeO; particle size, Au loadings, reaction time and & value of Au-CeO; catalysts prepared by
chemical precipitation and co-precipitation methods.

Catalvst CeO: Preparation CeO: Particle Au loadings Reaction k-value (s")
y Method Size (nm) (Wt%) time (s)

Au-CeO,-A  Chemical- precipitation 55.75 0.565 400 5.78 x 10

Au-CeO,-B Co-precipitation 73.57 0.465 600 437 x10*

Concerning the size of gold (Au) particles,
previous research has confirmed that the deposition-
precipitation (DP) method at pH 8 yields Au particles
smaller than 20 nm. Since both samples were prepared
under the same pH conditions using the DP method,
we anticipate the Au particle sizes to be comparable.
Table 2 summarizes the support particle size, Au
loading, reaction time, and & value of the prepared Au-
CeO: catalysts.

The investigation into catalytic activities
involved calculating and comparing the & values of the
reported method with those of other catalysts from
various studies. A comparison of Au on metal oxide
catalysts is provided in Table 3. These findings
highlight potential avenues for future research aims
at further optimizing the performance of Au-CeO:
in the reduction of p-NP.
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Table 3. Comparison of rate constant of catalytic reduction of different catalyst.

Catalyst Catalyst rate constant (k) value References
Au/TNT 0.61 x 10* [40]
Au/ANT 0.50 x10* [40]
Au-CA 0.50 x 1073 [41]
Au/AlLO3 6.80 x 1073 [42]
CONCLUSION 3. Xu, X, Li, M, Yang, L. and Hu, B. (2023)

In conclusion, cerium oxide supports were successfully
synthesized using co-precipitation and chemical
precipitation methods, resulting in effective deposition
of gold (Au) on both supports. Characterization of
the samples was performed using FTIR and XRD
techniques. FTIR analysis revealed prominent peaks
at 3300-2800 cm™ in both samples corresponding to
O-H stretching. XRD analysis confirmed that the
diffraction peaks matched those of CeO:, consistent
with the reference pattern (JCPDS No. 01-075-0076),
indicating the presence of pure CeO- with a cubic
fluorite structure. Additionally, FTIR analysis of
Au-CeO:-A and Au-CeO--B further confirmed the
successful immobilization of Au on CeOs, as evidenced
by the shifting of O-H stretching peaks. The catalytic
performance of both catalysts showed 100% conversion
to p-aminophenol, with rate constants (k) of 5.78 x 10
45! for Au-CeO»-A and 4.37 x 10 57! for Au-CeO,-
B. Based on these results, the catalyst prepared
using the chemical precipitation method (Au-CeO--
A), demonstrated better performance compared to the
catalyst produced by the co-precipitation method.
Future research to enhance this study should include
investigating the long-term stability and reusability
of the catalysts, as well as conducting detailed
mechanistic studies to gain deeper insights into the
catalysts' behavior and efficiency.
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