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Abstract: The use of gold nanoparticles (Au NPs) as catalysts has gained widespread attention in
various reactions due to their high activity and selectivity under mild reaction conditions. However,
one major challenge in utilizing these catalysts is their tendency to aggregate, leading to catalyst
deactivation and hindering their amplification and industrial application. To overcome this issue,
herein, we used a method by coating the surface of Au NPs with a thin layer of SiO,, which resulted
in the formation of a superior catalyst denoted as Au@SiO, /ZA. Characterization studies revealed
that the SiO, layer is coated on the surface of Au NPs and effectively prevents the aggregation and
growth of the gold particles during the reaction process, which makes the catalyst display excellent
stability in furfural (FF) oxidative esterification to methyl furoate (MF). Moreover, the stabilization
strategy is not limited to SiO, alone. It can also be extended to other oxides such as ZrO,, CeO,,
and TiO,. We believe this work will provide a good reference for the design and development of an
efficient and stable gold catalyst for the oxidative esterification reaction.

Keywords: gold catalyst; hydrotalcite; core-shell; furfural; oxidative esterification

1. Introduction

Due to the ever-increasing environmental concerns caused by our continuous con-
sumption of fossil fuels, significant attention has been given to renewable resources like
biomass [1-5]. Furfural (FF), bearing a natural furan ring and an active aldehyde group, has
been recognized as a promising platform molecule derived from renewable biomass [6,7],
which plays a crucial role in the production of pharmaceuticals, paints, plastics, pesticides,
and various other industries [8,9]. Recently, intensive investigations have focused on the
FF conversion due to its potential to undergo diverse transformations into furan deriva-
tives under certain reaction conditions, including hydrogenation, oxidative esterification,
oxidation condensation, ammonification, and so on [10-15].

One notable downstream product derived from FF is methyl 2-furoate (MF), which
finds extensive applications in the fine chemical industry, including flavors, fragrances,
extracting agents, and chemical intermediates [16-20]. The conventional approach for the
industrial synthesis of MF involves esterification of 2-furoic acid (FA) with alcohols, where
FF is initially oxidized to FA using potent stoichiometric oxidants like KMnOy [19,20].
However, this two-step method of producing MF is plagued by significant concerns regard-
ing high costs, equipment corrosion, and environmental pollution [21,22]. Consequently,
there is a strong imperative to develop efficient and sustainable processes for the direct
transformation of FF to MF, typically utilizing environmentally friendly oxidants like O, or
air [17].

Heterogeneous catalysts such as noble metal catalysts (i.e., Au [22-24], Pt [25], Pd [26],
etc.) as well as transition metal catalysts (i.e., Co [27,28], etc.) have shown great potential
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in the oxidative esterification process due to their capability of converting O, molecules
into highly active atomic O or other reactive oxygen species [29]. This capability allows for
the use of O, and air as green oxidants, avoiding the environmental damage and high cost
associated with stoichiometric oxidants with toxicity. In particular, Au nanoparticles (NPs)
have been extensively studied in various oxidative reactions, including low-temperature
CO oxidation [30,31], aerobic oxidation of alcohols [32,33], and oxidative esterification of
alcohols and aldehydes [22-24], due to their unique catalytic properties [34]. However, to
ensure the effectiveness of Au NPs as catalysts, it is essential to control their particle sizes
and prevent sintering and growth during the reaction process [35,36]. This can be achieved
through controllable synthesis methods or by using stabilizing agents that prevent particle
agglomeration [37,38].

The use of spatial confinement or physical coating strategies to confine Au NPs in
an enclosed space can be an effective approach to obtaining stable gold catalysts [39-42].
Jiang et al. demonstrated this by encapsulating Auys(Capt);g nanoclusters (NCs) into metal-
organic frameworks (MOFs) and subsequently removing the surface ligand on the Auys
NCs [39]. The fully exposed active sites of ligand-free Auys NCs protected by the MOFs
resulted in a gold catalyst with enhanced activity and resistance to aggregation [39]. Wang
et al. achieved a similar effect by encapsulating Au NPs within a porous TiOx thin layer cre-
ated by melamine in an oxidative environment [42]. The resulting TiOy overlayer provided
resistance to sintering, resulting in a gold catalyst that exhibited excellent reactivity and
stability for CO oxidation [42]. In a more recent study, Zhang et al. developed a core-shell
structured catalyst to mitigate the sintering susceptibility of Au NPs during calcination [31].
They coated the Au/TiO; surface with a SiO; shell, effectively suppressing the sintering
of Au NPs even upon calcination at temperatures as high as 800 °C [31]. Overall, these
examples demonstrate that the spatial confinement effect or physical coating strategies
can be employed to enhance the stability and reactivity of gold catalysts by preventing
agglomeration or sintering of the Au NPs.

In this study, we focus on developing oxide coatings on supported gold nanocatalysts
for improved stability. The oxides used for coating include SiO,, ZrO;, CeO,, and TiO;.
The probe reaction chosen to investigate the relationship between structure and activity
is the oxidative esterification of FF. Previous research by Christensen et al. investigated
the performance of a commercial Au/TiO; catalyst provided by the World Gold Council
for FF oxidative esterification in the presence of a base, specifically 8% CH3;ONa [43].
However, the use of liquid bases led to issues such as increased energy consumption,
leaching problems, and undesired side reactions [20,43]. To overcome these drawbacks,
this study aims to design an alkali-free oxidation-esterification system. As we reported
previously, Zn-Al hydrotalcite (ZA-HT) serves as a good precursor for the synthesis of a
gold catalyst for the direct oxidative esterification of aldehydes to ester [44]. Therefore, in
this work, a series of gold catalysts with different oxide coatings supported on ZA-HT were
employed for the oxidative esterification of FF to synthesize MF. Various characterization
techniques, including XRD, UV-vis, TEM, and XPS, were used to investigate the structural
and electronic properties of the gold catalysts. The outcomes of this research are expected
to contribute to the advancement of gold-catalyzed chemical processes, particularly those
involving biorenewable feedstocks like FF.

2. Results and Discussion
2.1. Catalyst Preparation and Structure Characterization

Zn-Al hydrotalcite (ZA-HT)-supported Au catalysts coated with different amounts
of SiO; were prepared via a two-step approach by altering the additive TEOS volumes
(Figure 1a). Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis
showed that the gold loadings in all catalysts were around 1 wt.% (Table 1). This indicates
that the addition of SiO, did not significantly affect the gold loading. However, the Si
loadings varied from 2.7 wt.% to 4.2 wt.% as the amount of TEOS increased, suggesting
that the Si content in the catalysts can be controlled by adjusting the TEOS volume. Nj
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physical adsorption-desorption measurements were conducted to investigate the effect
of the SiO, coating on the catalysts’ surface area and pore volumes. The results indicate
that the addition of a small amount of SiO; results in much increased specific surface area
(SBeT) and pore volumes (Figure 1b and Table 1), which most probably stemmed from the
formation of some pore channels deriving from the micropore structure of SiO,.
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Figure 1. (a) The synthetic scheme of the gold-based catalysts with SiO, coatings.
(b) N-physisorption isotherms; (c) XRD patterns; and (d) UV-vis spectra of the Au/ZA and
Au@SiO, /ZA-X catalysts.

Table 1. Textural properties of supported Au catalysts with different contents of SiO, coatings.

Entry Catalysts Au Loadings (%) *  Si Loadings (%) ? Sper (m?/g) P Total Volume (cm®/g) ®  Pore Size (nm) P
1 Au/ZA 1.2 - 89.3 0.23 3.8
2 Au@SiO, /ZA-1 1.1 2.7 113.2 0.43 33
3 Au@SiO, /ZA-2 1.1 3.1 118.2 0.48 3.3
4 Au@SiO, /ZA-3 1.0 37 122.6 0.48 34
5 Au@SiO, /ZA-4 1.1 4.2 117.3 0.36 3.8

2 Determined by ICP-OES; b Determined by Ny physical absorption and desorption measurement.

The phase and lattice structure of the catalysts were examined by X-ray diffraction
(XRD) (Figure 1c). The XRD patterns show sharp peaks located at 32.2°, 34.6°, 36.5°, 47.6°,
56.8°, and 62.7°, corresponding to the ZngzAl,Oy phase (PDF No. 00-051-0037), which
suggests that the calcined ZA-HT exists in the form of mixed metal oxides and that the Zn
and Al atoms were evenly distributed in the catalysts’ framework [45]. However, according
to the Scherrer equation, the crystallinity decreased and disorder increased when SiO; was
coated on the surface of Au/ZA. The crystallite sizes of different samples were displayed
in Table S1. This was likely due to the formation of amorphous SiO,, consistent with the
increased surface area. No diffraction peaks corresponding to Au were detected in any of
the catalysts, indicating either the gold particles were very small or the amount of gold
was below the detection limit of XRD. Ultraviolet—visible (UV-vis) spectra were used to
examine the surface plasmonic resonance (SPR) band of the catalysts, which is related to the
size of the gold particles (Figure 1d) [46]. The results showed similar absorption peaks at
around 540 nm for all catalysts, suggesting similar particle sizes of gold in the samples [47].
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Figure 2 depicts the high-resolution transmission electron microscopy (HRTEM) im-
ages of the Au/ZA and Au@SiO,/ZA-X catalysts, where X represents the addition of
different amounts of Si. It reveals the absence of large gold particles in all gold catalysts,
with similar mean particle sizes in the range of 2~3 nm. This observation is consistent with
the UV-vis and XRD results, indicating no significant alteration of the size of Au NPs due
to the addition of Si. Further analysis of the HRTEM images reveals the presence of Au
(111) with an interplanar crystal spacing of approximately 2.35 A in all catalysts [24,48]. In
addition, the lattice spacing of ~2.78 A indicates the (010) plane of the ZngAl,Oy, which
closely contacts the gold species and acts as the supporting carrier to stabilize gold particles.
Furthermore, a notable coating layer can be observed in the Si-containing samples when
compared to Au/ZA. Elemental analysis of individual particles in the Au@SiO,/ZA-4
sample by energy-dispersive X-ray (EDX)-mapping images indicates the co-presence of Au
and Si in the same particle (Figure Sla,b). Line analysis of the EDX image on the basis of the
composition profile signifies the successful synthesis of gold catalysts with SiO, coatings
(Figure Slc,d).

10 nm

Figure 2. HRTEM images of (af) Au/ZA; (b,g) Au@SiO,/ZA-1; (ch) Au@SiO,/ZA-2;
(di) Au@SiO, /ZA-3; and (e,j) Au@SiO, /ZA-4 catalysts.

To further investigate the electronic structure of Au catalysts, high-resolution X-ray
photoelectron spectroscopy (XPS) of Au 4f was conducted. In Figure 3, the binding energy
(B.E.) of 83.3 eV and 87.0 eV can be assigned to Au 4f;,, and Au 4fs5 ,, respectively, indicat-
ing the presence of Au’ [44,49]. Notably, although the Au 4fs,, band is overlapped by the
Zn 3p XPS peak, which is positioned at 88.8 eV, the Au 4f;,, band by deconvolution is also
clear enough to distinguish the electronic state of Au. Moreover, the addition of SiO, did
not obviously alter the electronic structure of the gold catalysts. As seen in Figure 3b—e, the
B.E. of the Au 4f is maintained at a level of 83.1 eV, indicating the electron density around
the Au atoms can be preserved. That is quite different from the previous report, in which
more positively charged Au species will be present in the Si-containing samples [31]. We
deduced that the different electronic structure might derive from the distinct synthesis
method. Consequently, in combination with the results of TEM and EDX mapping, the
SiO, in this work is speculated to be physically coated on the surface of gold.
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Figure 3. Au 4f XPS spectra of (a) Au/ZA; (b) Au@SiO2/ZA-1; (c) Au@SiO2/ZA-2; (d) Au@SiO2/ZA-
3; and (e) Au@SiO2/ZA-4.

2.2. Catalytic Performances of the above Catalysts for Oxidative Esterification of FF to MF

The catalytic performances of different supported gold catalysts for the oxidative
esterification of FF to MF were tested in the batch-type stainless-steel autoclave, and the
results are summarized in Table 2. As a control, the ZA support was tested first (Table 2,
entry 1), and no conversion was observed. On the other hand, Au/ZA exhibited excellent
performance: 94.2% FF conversion and 94.9% MEF selectivity can be readily obtained within
only 1 h (Table 2, entry 2), suggesting that gold plays a decisive role in the oxidative
esterification process. The only by-product was acetal with a selectivity of 5.1%, which is
formed by the hemiacetal condensation with methanol in the presence of specific catalysis
sites or without catalysts [21]. The Au@SiO,/ZA-1 catalyst shows almost the same activity
and selectivity as that of Au/ZA, exhibiting FF conversion of 92.3% and MF selectivity
of 95.0% (Table 2, entry 4) at the same reaction condition. The turnover frequency (TOF)
values obtained in the kinetic control condition were also the same (232.2 and 231.4 h™1)
for Au/ZA and Au@SiO,/ZA-1, respectively. However, increasing the Si content led to
an obvious decrease in both activity and selectivity. For Au@SiO,/ZA-2, the conversion
and selectivity decreased to 65.0% and 90.1%, respectively (Table 2, entry 6), giving rise to
a TOF of 219.4 h~!. Furthermore, Au@SiO,/ZA-3 (Table 2, entry 8) and Au@SiO, /ZA-4
(Table 2, entry 10) show even lower selectivity despite a similar conversion. Notably,
for the Au@SiO,/ZA-4, the TOF is as low as 132.6 h—1, only about half of that of the
Au/ZA and Au@SiO,/ZA-1. Increasing the reaction time from 1 h to 3 h resulted in
FF conversion exceeding 90% for all catalysts (Table 2, entries 7, 9, and 11). However,
prolonging the reaction time did not enhance the MF selectivity for Au@SiO, /ZA-4. This
implies that the Si content greatly influences the catalytic performance of gold catalysts.
As the particle size and valence state of Au are not significantly altered by the addition
of Si, the difference might be due to its impact on the adsorption and activation capacity
of reactant molecules such as O, and FF. Alfayate et al. previously reported that the Si
incorporation into the Ti(III)APO-5 materials will influence the catalytic performances of
the cyclohexene oxidation with hydrogen peroxide. They found that high Si content can



Catalysts 2024, 14, 192 60f 14

provide certain hydrophobicity to the material, which has an influence on the competitive
adsorption of the polar hydrogen peroxide and the organic substrate [50].

Table 2. Catalytic performances of the sole support and different supported gold catalysts.

/ \

catalysts 0 /
+ ~ +
0]

FF
Ent Catalvst om (90 Selectivity (%) b

ntry atalysts Conversion (%) MEF DA TOF (h—1)

1 ZA 0 0 0

2 Au/ZA 94.2 94.9 51 232.2

3 Au/ZA? 99.9 98.9 1.1

4 Au@SiO, /ZA-1 92.3 95.0 5.0 2314

5 Au@SiO,/ZA-12 99.7 98.4 1.6

6 Au@SiO, /ZA-2 65.0 90.1 9.9 219.4

7 Au@SiO, /ZA-22 94.1 92.2 7.8

8 Au@SiO, /ZA-3 62.2 754 24.6 218.0

9 Au@SiO, /ZA-32 93.2 81.3 18.7

10 Au@SiO, /ZA-4 60.5 80.2 19.8 132.6
11 Au@SiO, /ZA-42 90.3 79.7 20.3

Reaction conditions: Cat. 0.1 g; FF: 75 uL; CH3OH: 5 mL; Pop: 0.6 MPa; T: 393 K; t: 1 h. @ Reaction time: 3 h; b TOF
is calculated by moles of converted FF per moles of gold per hour, with the conversion below 20%.

2.3. Dynamic Tests of Different Gold Catalysts for Oxidative Esterification

In order to further understand the factors affecting the reaction performance, dynamic
tests were performed on the representative Au/ZA, Au@SiO,/ZA-1, and Au@SiO,/ZA-4
catalysts. Figure 4a presents the reaction rates in terms of O, pressure on the Au/ZA,
Au@Si0, /ZA-1, and Au@SiO, /ZA-4 catalysts. It can be observed that the reaction order of
O, over Au/ZA (0.27) closely resembled that of Au@SiO,/ZA-1 (0.18) and Au@SiO,/ZA-4
(0.20), indicating that the reaction rate is not very sensitive to O, pressure [21]. Figure 4b
presents the reaction rates as a function of FF concentration. It can be seen that the reaction
order of Au/ZA (0.50) and Au@SiO,/ZA-1 (0.61) is much lower than that of Au@SiO, /ZA-
4 (1.10), implying that the reaction rate is highly relevant to the concentration of FE. That is,
the contents of Si in the catalysts mainly affect the adsorption and activation of FF.
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Figure 4. Dependence of the reaction rates on (a) the pressure of O, and (b) the concentration of FF
over the Au/ZA, Au@SiO,/ZA-1, and Au@SiO,/ZA-4 catalysts.
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2.4. Stability Tests of Gold Catalysts with or without SiO, Coating

Stability is generally considered one of the most important factors in evaluating the
catalytic performance of a catalyst. Particularly, the stability of gold catalysts has often
been regarded as a challenging problem in diverse reactions because Au NPs tend to
sinter during reactions or upon high-temperature treatment [36,42]. In this regard, we
aim to enhance the stability of the gold catalyst by encapsulating the Au NPs with SiO,
layers. The recycle tests were conducted using the Au/ZA and Au@SiO,/ZA-1 catalysts
under identical reaction conditions (Figure 5). As expected, a noticeable decrease in FF
conversion from 92.9% to 55.3% was observed for the Au/ZA catalyst, which is consistent
with previous studies [22]. On the contrary, Au@SiO, /ZA-1 exhibited excellent stability,
with no detectable decrease in conversion in five recycle tests, suggesting that the SiO;
coating layer indeed enhances the stability of Au.

1001 [ JAwzZA[ ] Au@SiO,/ZA-1

FNEEEE

=]
<
1

(=)
<
1

Conversion (%)
£
[—]
1

[
<
1

1 2 3 4 5
Recycle times

Figure 5. Recycling tests of Au/ZA and Au@SiO, /ZA-1 catalysts for the oxidative esterification of
FF to MF. Conditions: Cat. 0.1 g; FF: 75 uL; CH30H: 5 mL; Pop: 0.6 MPa; T: 393 K; t: 1 h.

To clarify the origin of the improved stability of the SiO, coating layer for the Au cata-
lysts, structural characterizations were carried out on the spent Au/ZA and Au@SiO, /ZA-1
catalysts, respectively. In Figure 6a, it can be observed that both catalysts still exhibit a
major phase of ZngAl,Oyg, similar to the fresh catalysts, indicating the phase structure of
catalysts will not be changed over the reaction process. Nevertheless, the UV-vis spectra in
Figure 6b reveal a significant wavenumber redshift in the plasmon resonance of gold over
the Au/ZA catalyst, suggesting the probable agglomeration of gold nanoparticles over the
Au/ZA catalyst [18]. To further confirm this, TEM characterization was also conducted
on the spent Au/ZA and Au@SiO,/ZA-1 catalysts. Compared with the fresh catalyst, the
Au/ZA catalyst clearly shows a particle size increase from 2.6 nm (Figure 2a) to 5.0 nm
(Figure 6¢). Whereas the Au@SiO, /ZA-1 catalyst demonstrates good stability after the
reaction, with only a slight increase in particle size from 2.6 nm (Figure 2b) to 3.4 nm
(Figure 6d). These findings strongly support the effectiveness of SiO, coating as a strategy
for stabilizing gold particles and preventing their agglomeration in oxidative esterification.
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Figure 6. Characterizations of the spent Au/ZA and Au@SiO,/ZA-1 catalysts: (a) XRD patterns;
(b) UV-vis spectra; (c,d) TEM images and size distribution histograms.

2.5. Variation of Coating Layers with Other Oxides: ZrO;, TiO;, and CeO,

To verify whether this coating strategy is applicable to other oxides to stabilize gold
nanoparticles for FF oxidative esterification, a series of gold catalysts coated with ZrO,,
TiO,, and CeO, were prepared according to the same method. As displayed in Figure 7,
all catalysts, without optimization of coating oxide amount, show comparable good re-
cycling stability in FF oxidation esterification when compared with the prinstin Au/ZA
catalyst (Figure 5). Moreover, it is evident that the catalytic performances differ signifi-
cantly depending on the type of metal oxide coating on the gold surface. Among them,
Au@ZrO,/ZA shows the best performance with both high initial activity and selectivity
(Figure 7a). After five cycles, the FF conversion over the Au@ZrO, /ZA slightly decreased
from 86.6% to 76.4%, with the selectivity of MF maintaining a high level above 98%. The
Au@TiO; /ZA catalyst (Figure 7b) shows inferior performance with initial FF conversion
and MF selectivity of 74.8% and 98.7%, respectively. After five recycles, the FF conversion
decreases to 68.5%, while the MF selectivity remains high at 95.7%. The Au@CeO,/ZA
catalyst (Figure 7c) exhibits lower initial activity when compared to Au@ZrO,/ZA and
Au@TiO,/ZA, with FF conversion and MF selectivity of 46.9% and 95.2%, respectively.
However, even after five reuses, the FF conversion only drops to 33.1%, and the MF
selectivity is still maintained at 91%.
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Figure 7. Recycling tests of (a) Au@ZrO,/ZA; (b) Au@TiO,/ZA; and (c¢) Au@CeO,/ZA catalysts
for the oxidative esterification of FF to MF. Conditions: Cat. 0.1 g; FF: 75 uL; CH30H: 5 mL; Poyp:
0.6 MPa; T: 393 K; t: 1 h.
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The characterization results of the fresh and spent catalysts were displayed in Figures 8
and S2, and Table S1. From TEM images, the average particle sizes of gold over the fresh
Au@ZrO,/ZA, Au@TiO, /ZA, and Au@CeO,/ZA catalysts were 2.4 &+ 0.4 nm (Figure 8a),
2.7 £ 0.7 nm (Figure 8b), and 3.1 £ 0.6 nm (Figure 8c). After recycling five times, the
mean particle sizes of the spent catalysts slightly increased to 3.5 + 0.7 nm (Figure 8d),
3.4 £ 0.7 nm (Figure 8e), and 3.3 &+ 0.7 nm (Figure 8f), respectively. The XRD patterns of
the spent catalysts are quite similar to those of the fresh catalysts, which shows the main
phase of the ZA support (Figure Sla,c). No obvious sharp diffraction peaks of Au can be
observed, indicating the presence of highly dispersed gold species. UV-vis spectra of the
three catalysts suggest that the three catalysts show similar phase structure before and after
catalytic tests, and the average particle sizes of gold just slightly increased as the plasma
resonance peaks of Au became sharper (Figure S1b,d), which is in good line with the results
of TEM. The results indicate that the encapsulation of Au nanoparticles with metal oxides,
ie., ZrO,, TiO,, and CeO,, enhances the stability of the Au catalysts by preventing the
aggregation of Au NPs. The situation is similar with SiO, oxides.
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Figure 8. TEM images of the fresh and spent catalysts after recycling five times: (a,d) Au@ZrO,/ZA;
(b,e) Au@TiO, /ZA; and (c,f) Au@CeO, /ZA.

3. Materials and Methods
3.1. Chemicals

Chloroauric acid trihydrate (HAuCly-3HO, 99%, Au = 50%), titanium (IV) ethoxide
(TiOy, 33-35%), zirconium nitrate (Zr(NO3)4-5H,0, 99.9%), furfural (FF, 99.0%), 1,2-xylene
(99%), methyl 2-furoate (MF, 98%), and methanol (CH30OH, 99.9%) were purchased from
Anhui Zesheng Technology Co., Ltd. (Anqging, China). Zinc nitrate (Zn(NO3),-6H,O,
99.0%), cerium nitrate (Ce(NO3),-6H,0, 99.0%), and aluminum nitrate (AI(NO3)3-9H,0,
99.0%) were purchased from Damao Chemical Reagent Factory. Sodium hydroxide (NaOH,
96.0%) was purchased from Tianda Chemical Reagent Co., Ltd. (Tianjin, China). Sodium
carbonate anhydrous (Nay;CO3, 99.8%) was purchased from Tianjin Guangfu Technology
Development Co., Ltd. (Tianjin, China). Tetraethyl orthosilicate (TEOS, SiO, > 28.4%) was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
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3.2. Preparation of the Au/ZA Catalyst

ZnAl-Hydrotalcite (ZA-HT)-supported gold catalyst was prepared via the deposition-
precipitation (DP) method. First of all, ZA-HT was synthesized by a co-precipitation
method with a Zn/Al molar ratio of 3. In a typical synthesis procedure, Zn(NO3),-6H,O
(0.21 mol) and AI(NO3)3-9H,0O (0.07 mol) were dissolved in deionized water (200 mL) to
form solution A. NaOH (0.438 mol) and anhydrous Na,COj3 (0.113 mol) were dissolved
in deionized water (200 mL) to form solution B. The two solutions, A and B, were mixed
together with continuous stirring. Solution A was carefully added dropwise into solution B
at a constant flow rate of 5.2 mL-min~! at 80 °C in an oil bath. Subsequently, the resultant
mixture was allowed to age for 20 h. The resulting suspension was then subjected to
filtration to separate the solid from the liquid phase. Then the obtained solid was washed
with deionized water and ethanol until pH reached ~7. Finally, the product was dried
overnight, resulting in the formation of the desired ZA-HT material. Secondly, HAuCly
(20 gau/L, 0.5 mL) was added to the solution, along with 1 g of ZA-HT and 10 mL of
deionized water. Subsequently, the pH of the solution was adjusted to 9 by a 0.2 M NaOH
solution. The mixture was then stirred at RT for 12 h and shielded from light. The obtained
product was thoroughly washed with deionized water, dried at 60 °C overnight, and
calcined at 400 °C in a muffle furnace for 4 h with a heating rate of 5 °C-min~!. The
obtained catalyst was designated as Au/ZA.

3.3. Preparation of the Au Catalyst Coating with SiO; (Au@SiO,/ZA-X)

ZA-HT supported Au catalysts coated with SiO, were prepared as follows: Firstly, 1 g
of the previously obtained Au/ZA powders were dispersed into 50 mL of deionized water.
Then specific volumes of TEOS were added to the catalyst suspension under vigorous
stirring. The pH value was adjusted to ~9 by 0.2 M NaOH, and the solution was stirred at
70 °C for 3 h. Later, the catalysts were filtrated, washed, and dried overnight at 60 °C before
calcining at 400 °C in a muffle furnace. The obtained samples were named Au@SiO,/ZA-1,
Au@SiO, /ZA-2, Au@SiO, /ZA-3, and Au@SiO, /ZA-4, respectively, with TEOS volumes of
0.5mL, 1 mL,5mL, and 15 mL.

3.4. Preparation of the Au Catalyst Coating with Other Metal Oxides (Au@MO,/ZA)

The preparation of Au catalysts coated with other metal oxides was similar to that
of the Au@SiO,/ZA-X sample. Firstly, 1 g of the Au/ZA powders was dispersed into
50 mL of deionized water, and then specific amounts of oxide precursors were added
to the suspension under vigorous stirring. Then the solution was stirred at 70 °C for
3 h after the pH was regulated to ~9. Lastly, the obtained product was washed, dried,
calcined, and denoted as Au@ZrO,/ZA, Au@CeO,/ZA, and Au@TiO, /ZA, respectively,
with 0.3 g of zirconium nitrate, 280 uL of titanium ethoxide, and 0.2 g of cerium nitrate as
the oxide precursors.

3.5. Catalytic Test

The oxidative esterification of furfural (FF) with methanol was judged in a batch-type
stainless-steel autoclave (50 mL) with a magnetic stirrer and a heating device. Typically,
100 mg of catalyst powder was packed into the reactor, followed by adding a suspension
containing 75 uL of FE, 55 uL of o-xylene, and 5 mL of methanol. Then the reactor was fed
with O, and pressurized at 6 atm. The reaction temperature was enhanced to a specific
value, and the reaction proceeded for a specific time. Afterwards, the reactor was put into
an ice bath to stop the reaction, and the products were filtered out to conduct qualitative
and quantitative analysis by gas chromatography (GC) (PAANA A91 pro, manufactured by
Panna instruments Co., Ltd., Changzhou, China) equipped with a flame ionization detector
(FID) and a HP-5 column (30 m x 0.320 mm X 0.25 um). In the stability test, the catalyst
was recovered by centrifuging, washing with methanol, and calcining at 400 °C for 4 h.

The quantification of FF and its corresponding product (MF) was calculated with the
calibration curves of the standard compounds. The quantification of by-products (DA) used
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the same correction factor as MF. The concentrations of the compounds determined by GC
were counted by the internal standard method. The conversion of FF, product selectivity,
and carbon balance were calculated based on the following equations:

. on _ Molesof consumed FF o
Conversion (%) = Moles of initial FF x 100% (1)

oy Molesof product o
Selectivity(%) = Moles of consumed FE x 100% )

3.6. Characterizations

The actual contents of Au and Si in different catalysts were ascertained by using an
inductively coupled plasma optical emission spectrometer (ICP-OES) 7300DV instrument
(manufactured by PerkinElmer Co., Ltd., Waltham, MA, USA). After dissolving the sample
in aqua regia, the solution was diluted to the specified concentration range for testing.
UV-visible spectra were recorded on a Lambda950 instrument (manufactured by Perkin
Elemer) with BaSOy, as a reference and a wavelength range from 200 to 800 nm. X-ray
diffraction (XRD) patterns were acquired by using a Zetium diffractometer (manufac-
tured by Malvern Panalytical, Shanghai, China) fitted with a copper K« radiation source
(A =0.15432 nm). The instrument was operated at 40 kV and 40 mA. Data collection was
performed in continuous mode over the 20 range of 5° to 90°. N»-physisorption isotherms
were tested on Quantachrome instruments at 77 K. The samples were outgassed at 300 °C
for 3 h before the measurement. Corresponding experimental results were determined
through the BET and BJH methods, enabling accurate calculations in this regard. X-ray
photoelectron spectroscopy (XPS) was conducted on an X-ray photoelectron spectrometer
(USA, ThermoFischer, Waltham, MA, USA, ESCALAB 250Xi) equipped with a monochrom-
atized Al K« (1486.8 eV) and a non-monochromatized Mg K« excitation source (1253.6 eV).
The spectroscopy was corrected with C as the standard (C 1s = 284.6 eV). High resolution
transmission electron microscopy (HRTEM) measurements were recorded using a Tecnai
G2 Spirit (FEI) microscope equipped with a JEOL 2100 electron microscope. The appropri-
ate amounts of samples were prepared by dispersing the catalyst powder into ethanol for
ultrasonic dispersion, then the suspension was dropwise added onto a microgrid mesh
coated with carbon while waiting for the solvent to evaporate.

4. Conclusions

We have successfully prepared a SiO,-coated Zn-Al hydrotalcite-supported Au NPs
catalyst for the base-free oxidative esterification of FF to MF, which shows both high
activity and excellent stability. The study indicated that the introduction of an appropriate
amount of Si could maintain the good performance of gold NPs but effectively prevent
the sintering of Au NPs during the reaction process, leading to a substantial improvement
in the catalyst’s stability. This finding highlights the importance of Si encapsulation in
enhancing the durability of the catalyst. Moreover, the strategy used in this work seems
universal and can be extended to other oxides as coating layers, such as ZrO,, CeO,, and
TiO;. This finding provides valuable insights into the development of stable and efficient
gold catalysts for the base-free oxidative esterification reaction and helps to understand the
catalytic behavior of gold catalysts for the production of FF and MF.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/ catal14030192/s1. Figure S1: EDX-mapping and the line analysis of particles in the Au@SiO, /ZA-4
catalyst; Figure S2: XRD patterns and UV-vis spectra of the supported Au catalysts with different
oxide coatings before and after stability tests; Table S1: Characterizations of the supported Au
catalysts with different oxide coatings; Table S2: Characterizations of the supported Au catalysts with
different oxide coatings.
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