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Abstract: Single-atom catalysts (SACs) have been synthesized using a variety of methods in recent
years, and they have shown excellent catalytic activities. However, metal atoms show a high tendency
to agglomerate in liquid media, making the single atom synthesis more difficult in liquid media.
The synthesis of such metal single-atom catalysts that do not have strong ligand coordination is
rarely reported in the literature. Herein, we report the facile synthesis of monodispersed Au atoms
(Au;) through the reduction in HAuCly in 15-crown-5. The complete reduction in HAuCly was
confirmed through UV-Vis spectroscopy. In addition, the Au was found in a zero valence state
after reduction, which was confirmed through XPS and XANES results. Moreover, the dispersion of
Au was confirmed as a single atom (Au;) through transmission electron microscopy and spherical
aberration electron microscopy. The possible structure of this catalyst was proposed by matching the
EXAFS results with the structure of Au;@15-crown-5 as -(OC,H40)-AuCl,H,. The Au; @15-crown-5
showed high activity (TOF as high as 22,075) in the reduction in nitrophenol and nitroaniline to
aminophenol and phenylenediamine by sodium borohydride. Because of the monodispersion of Au
atoms, its performance is much better than noble nanoparticles and non-precious metal catalysts.

Keywords: gold; single atom; nitroaromatic compounds reduction; catalysis

1. Introduction

Au is one of the earliest noble metals recognized and utilized by human beings.
Au catalysts have unique catalytic properties due to their higher Lewis acidity and elec-
tronegativity caused by relativistic effects and low coordination index crystal surfaces [1,2].
However, it has limited use in the catalysis industry due to its poor dispersibility and the
perception that it is chemically inert and expensive [3]. The German company Knapsack dis-
covered the first heterogeneous catalyst containing gold, which was used for the oxidative
acetoxylation of ethylene to vinyl acetate [4]. Since then, gold catalysts have been developed
for various reactions, and they have shown excellent performance in various reactions,
such as CO low-temperature oxidation, ethyl hydrochlorination, selective hydrogenation
of butanealdehyde, water gas conversion, and NOy reduction. Additionally, research on
gold catalysts for the oxidation of olefins, alcohols, and even alkanes is progressing rapidly.
Zhang Tao and colleagues employed a straightforward adsorption impregnation technique
with chloroauric acid as the precursor to create a range of carrier-loaded gold single-atom
catalysts, including iron oxide, cobalt oxide, and cerium oxide. These catalysts were then
tested for their efficacy in CO oxidation reactions, and the findings revealed that all of the
single-atom catalysts exhibited equivalent turnover frequencies (TOF) and higher reaction
rates than 2-3 nm nano-Au [5]. Avelino Corma discovered that the selective reduction in
aliphatic nitro compounds, paired with aldehydes in hydrogen, on gold catalysts resulted
in a significant increase in the selectivity of nitrone catalyzed by Au/TiO,, increasing from
50% to 90%, as compared to Pt catalysts loaded with carbon [6]. Yong Cao employed
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loaded gold nanocatalysts for the selective reduction in furfural in aqueous phase me-
dia, substituting H, with a low-cost, abundant CO source, to achieve a highly specific
catalytic conversion of furfural to furfuryl alcohol [7]. Gold catalysts are also replacing
expensive precious metal catalysts, such as Pd and Rh, in many industrial processes, which
is significant for both scientific research and industrial production.

Single atoms catalysts (SACs), as a term, was first proposed in 2011 in a seminal work
by Prof Zhang and coworkers [8]. This concept has been gradually accepted by the catalysis
field as one of the most innovative and active research frontiers. For example, take the
noble metal catalysts: when the catalyst particle dispersion reached the monatomic scale,
the dramatically increased surface free energy, the quantum size effect, the interaction of
the unsaturated coordination environment, and the catalyst-support correlation had many
advantages such as ultra-high activity and selectivity, nearly 100% atom-utilization effi-
ciency, the easy identification of reaction mechanisms, lower cost, etc. [9]. SACs have been
extensively explored for various applications, including oxygen reduction reactions, carbon
dioxide reduction, nitrogen reduction, organic synthesis, and storage applications [10]. Due
to their high free energy, they are easy to agglomerate to clusters/nanoparticles during
preparation and reaction, resulting in catalyst deactivation. The preparation method of
SACs with high stability and load capacity is an important topic.

To tackle such problems, a valid approach is to employ strong carrier-metal inter-
actions in the preparation of SACs [11,12]. However, there are few reports about the
preparation of zero-valent mononuclear metal atoms that exist stably in solution. Metal
atoms monodispersed in solution can be supported by exploiting their weak interaction
with inert support, including crown ethers and other polymers. Moreover, it is more
convenient to build a stable multinuclear controllable system in a solution than to use other
methods that rely on a strong interaction between the support and the metal. The synthesis
of Pt single-atom catalysts that exist stably in solutions has been reported using PDMS-
PEG, 15-crown-5, and EGDE; however, the synthesis of Au single-atom catalysts is rarely
reported [13-15]. Crown ethers have been widely used for the capture and complexation of
different metal ions. In addition, 15-crown-5 has been used as a protective agent previously
to successfully synthesize Pt single-atom catalysts that exist stably in solution.

Nitrophenol and nitroaniline are nitroaromatic toxic intermediates released in large
quantities from various medical sectors and pesticide industries. Nitroaromatic compounds
are regarded as generally toxic, carcinogenic, mutagenic, etc., because of the existence of
the reactive nitro group [16]. 4-nitrophenol and 2-nitroaniline have been listed as priority
pollutants by the U.S. Environmental Protection Agency because they are either precursors
or derivatives of a vast number of pollutants [17]. The removal of nitroaromatic compounds
from solution is carried out through various conventional methods, including the electro-
Fenton method [18], the photocatalytic degradation [19], the electrochemical method [20],
and the chemical catalytic reduction method [21]. Compared with other technologies,
the catalytic reduction in nitroaromatic compounds has proven to be more effective due
to its low energy consumption and relatively clean process. Compared with traditional
non-noble metal-based catalysts, noble metal-based catalysts often have higher catalytic
performance [22].

Herein, we report the synthesis of a zero-valent mononuclear Au single-atom catalyst
that stably exists in the solution using 15-crown-5 as the protective agent. The catalyst
was then applied to the reduction in nitroaromatic by sodium borohydride and showed
extremely high reactivity.

2. Result and Discussion

The synthesis of Au;@15-crown-5 was characterized by UV-visible spectroscopy. The
UV-Vis absorption peak of [AuCly]™ at 323 nm disappeared with time [23], indicating
HAuCly is completely reduced. At the same time, the absorption peak of [AuCl,]~ was
at 240 nm, and no obvious peak of 240 nm was observed from Figure 1, so there was no
accumulation of [AuCl,]~ during the reaction [24]. The characteristic broad peaks of Au
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nanoparticles were not observed between 400 and 600 nm [23], revealing that there were
no Au nanoparticles in the system (as shown in Figure 1). In addition, the color of the
solution changed from yellow to colorless after reduction, also indicating the reduction in
the HAuCly.
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Figure 1. UV-visible spectra of the reduction in HAuCly at different time intervals.

To further confirm the oxidation state of Auj, the XPS analysis of the solid (Au; @15-
crown-5/TiO,) sample was performed. It was observed (Figure 2) that the characteristic
absorption peaks of the electronic binding energy of the Au@15-crown-5 appeared at 87.1 eV
(4f5/) and 83.4 eV (4f7,); these were very close to the zero-valent standard gold sample
(i.e., 87.43 eV, 83.74 V) [25]. This result confirmed that the gold atoms in Au@15-crown-5
were completely reduced.
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Figure 2. X-ray photoelectron spectra (XPS) of the synthesized Au@15-crown-5 catalyst.

The dispersion of Au atoms in Au;@15-crown-5 supported by the oxide support
(TiO,) was studied by transmission electron microscopy and spherical aberration electron
microscopic techniques. The transmission electron microscopy results of 0.5 wt.% Au@15-
crown-5/TiO, (Figure 3a,b) confirmed that there were no Au clusters. Moreover, the
HAADEF-STEM image shows that only mononuclear Au atoms are uniformly dispersed on
the TiO; surface (Figure 3c,d). Therefore, it is inferred that the dispersion of Au atoms in
the Auy /15-crown-5/ethanol/H;O solution is single-atom.
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Figure 3. TEM and spherical aberration electron microscopic images of Au;@15-crown-5 at different
magnifications: (a,b) TEM images; (c,d) HAADF-STEM images.

To confirm the composition of the catalyst, EDX analysis was performed, and it
confirmed the presence of the Au element. The results showed that the mass fraction of Au
was 0.76 wt.% (Figure S1), the theoretical Au content of the sample was 0.5 wt.%, and the
error was within the allowable range.

To gain more information on the electronic and coordination structures of the Au;
atoms in Au;@15-crown-5, X-ray absorption spectroscopy (XAS) was carried out. The
XANES spectrum of the synthesized Au;@15-crown-5 loaded on S5iO; and Au foil (used
as reference material) is shown in Figure 4a. As we know, XANES is very sensitive to the
valence state, and the higher the absorption edge moves to the higher energy, the higher
the valence state. The edge absorption energy in the XANES spectrum of SAC is similar
to that of the reference Au foil, indicating that Au(0) is the main Au species present in
Au@15-crown-5, which is also consistent with the XPS results above.

After that, the EXAFS data are processed and converted into wavelength-k-space
oscillations. The data in R-space can be obtained by Fourier transform in K-space, and the
data in the Q-space can be obtained by inverse Fourier transform in R-space. By comparing
the peak patterns of the K space and Q space spectra, if the peak patterns are similar, it
can be confirmed that the range of K space selected by Fourier transform to R space is
reasonable (Figure S2).

In the R-space diagram (Figure 4b), there is an obvious peak at about 1.9 A for the
Au;@15-crown-5, which is different from that of the Au-Au bond in the Au foil at 2.6 A.
The absence of peak at 2.6 A indicates that there are no Au clusters/nanoparticles in the
sample. This is also consistent with the electron microscope results above.
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Figure 4. X-ray absorption spectroscopy analysis (XAS) of Au;@15-crown-5: (a) E-Space of Au;@15-
crown-5/5i0; and Au foils; (b) R-space of Au;@15-crown-5/Si0;, Au foil and fitting curve; (c) K-
Space of Au;@15-crown-5/SiO, and fitting curve; and (d) structure mode of Au@15-crown-5.

According to the synthesis process of our catalyst, the system contains ethanol, water,
hydrogen chloride, and 15-crown-5. We consider that the elements that may coordinate
with Au include H, O, and Cl. The XPS-Cly, spectrum shows that some Cl ions may still be
weakly coordinated to Au; (Figure S2). In addition, if 15-crown-5 is not added to the system,
Au; cannot be synthesized, so it is likely that Auj is also coordinated by O of 15-crown-5.
In addition, according to the results of XPS and XENES, Au shows a zero-valence state, so
there may also be a certain H coordination to neutralize the positive charge of Au. So, we
refer to the bond length of the Au-O bond and Au-Cl bond in Au;O3 and AuClj crystal
cells as the initial value of EXAFS fitting. The fitting data results are shown in Table S1,
and the R-space and K-space spectra after fitting compared with the experimental data
are shown in Figure 4b,c. The fitting results and the experimental results match well in
the R-space and K-space spectra. Meanwhile, a schematic model of the Au; coordination
environment in the Au;@15-crown-5 was given in Figure 4d, and the calculated bond
length was consistent with the EXAFS fitting results.

The synthesis procedures of Au;@15-crown-5 are shown in Figure 5. It reveals that
one [AuCly]?~ is reduced to [AuCl,]~ by ethanol, and ethanol is oxidized to acetaldehyde.
The protons in ethanol combine with CI atoms to form HCI. The reduction [AuCl,]™ is
similar to that of [AuCl4] . Finally, crown ether and H* coordinate with Au to form a
stable-present monatomic structure in solution.
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Figure 5. Synthesis procedures of Au;@15-crown-5.

The catalytic reduction is one of the most important applications of Au. The catalytic
activity of the Au;@15-crown-5 catalyst was tested by reducing the toxic 4-nitrophenol
(4-NP) to less toxic 4-aminophenol (4-AP), which is one of the benchmark reactions in
contaminant degradation. Due to the formation of 4-nitrophenolate ion in an alkaline
environment, the absorption peak of 4-NP was red-shifted to 400 nm, and the color of the
solution ranged from light yellow to yellow-green. Without the addition of Au@15-crown-5
catalyst, the mixture of 4-NP and NaBHj retained the color of the solution and the intensity
of the UV absorption peak at 400 nm unchanged for an extended period (i.e., 600 min), as
shown in Figure 6a, indicating that NaBH4 cannot reduce 4-nitrophenol by itself. However,
after adding Au; @15-crown-5 catalyst, the color of the mixture changed from yellow-green
to colorless in about 30 min at room temperature, indicating that the Au;@15-crown-5
catalyst prepared in this work can efficiently catalyze the reduction in 4-NP. The calculation
shows that the TOF value is as high as 22,075 h~!, which is 5 times higher than the non-
noble metal complexes catalyst (etHA@x-Ni(OH);) [26] and more than 2 times higher than
the noble metal catalyst (Au/MOF) [27] (Figure 6d); compared to the Au nanoparticle
catalysts (Au NPs-graphenne oxide nanosheets), we have greatly reduced the amount of
Au (about 50 times) for the same reaction time and correspondingly increased TOF by more
than 50 times [28]. In addition, the TON is 11,038 with almost 100% conversion (Figure 6b).
If we increase the quantity of the catalyst, the reaction time can be reduced to less than
4 min (Figure 54).

The reduction in 4-NP by NaBH, has been widely used as a model reduction reaction
since it is easy to monitor with simple and fast analytical techniques, and there are no
by-products. This reaction is also valuable in the view of green chemistry since 4-NP,
one of the toxic substances in the wastewater, is converted into a commercially important
substance, 4-AP [23]. In a previous study, in addition to the etched Halloysite nanotubes
mentioned above (the @x-Ni(OH); catalyst and the Au/MOF catalyst), non-noble metals
such as Cu, Fe, and Co, noble metals such as Pt, Pd, and Ag are also designed as 4-NP
reduction catalysts. We summarized this in Table S2. The synthesized catalyst in our study
is mild and more efficient than the previous reported ones.

Further reducing the amount of Au mono-atoms to 0.2 uL (150 mL 4-NP), the TON
value can reach as high as 205,298. However, deactivation occurred in such situations, as is
shown in Figure 6¢. The deactivation of the catalyst may result from the aggregation of
Au, species into clusters/nanoparticles, as is shown in Figure S5.
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Figure 6. Catalytic reaction properties of Au@15-crown-5: (a), NaBHy + 4-NP; (b), NaBH, + 4-NP +
Au@15-crown-5 catalyst at different time intervals up to 30 min; (c), NaBHy4 + 4-NP + Au@15-crown-5
catalyst at different time intervals up to 600 min; and (d) comparison of catalytic performance of

other catalysts and this work.

We also used the Au;@15-crown-5 to determine the catalytic reduction in 2-NP, 2-NA,
and 4-NA(nitroaniline) according to the abovementioned outcomes. The reduction in these
compounds can also be easily monitored by UV-Vis. As is shown in Figure 7, Au;@15-
crown-5 also has high activity for the reduction in other nitroaromatics. The results suggest
that these compounds can be effectively reduced, and the catalytic rate follows the order of
4-NP > 2-NP > 2-NA > 4-NA with TOF of 22,075, 13,245, 11,038, and 10,348 h—!, respectively
(the calculation of TOF is described in the supporting information), demonstrating the
universality of this catalyst in the reduction in nitrophenol and nitroaniline.
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Figure 7. Reactivity of other nitroaromatic by single-atom catalysts.

3. Materials and Methods
3.1. Materials

All of the chemicals used in this work, i.e., HAuCly-H,O (AR) and absolute ethanol
(AR), were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China; 15-
crown-5 (AR) was purchased from Tokyo Chemical Industry (TCI), Tokyo, Japan; TiO; (AR),
5i0; (AR), 4-nitrophenol (AR), 4-nitroaniline (AR), 2-nitropheno (AR), and 2-nitroaniline
(AR) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai,
China; and NaBHj3 (AR) was purchased from Tianjin Damao Chemical Reagent Co., Ltd.,
Tianjin, China. The chemicals were directly used without any further treatment.

3.2. Synthesis of Catalyst

The catalyst (Au; @15-Crown-5) was prepared by stirring 15-Crown-5 (0.8 g) in ethanol
(270 mL) and water (27.2 mL) mixture for 30 min at room temperature to make 15-Crown-5
uniformly dispersed. After 30 min, 2.8 mL of the HAuCly aqueous solution (24.3 mM) was
added to the 15-Crown-5 solution and stirred further for 10 min at room temperature. Then,
the temperature was slowly increased to 65 °C, the mixture was stirred for 27 h, and then
the mixture was cooled to room temperature gradually.

Au;@15-crown-5/TiO;, was prepared for the analysis by taking the Au; @15-crown-5
(40 mL) solution and nano-TiO, (0.35 g) together and stirred in a round bottom flask for
1 h. After that, the solvent was removed under reduced pressure at 40 °C and placed in a
vacuum oven at 40 °C for further drying for 12 h.

3.3. UV-Vis Absorption Spectroscopy

UV-Vis (Shimadzu UV-2600, Tokyo, Japan) was used to monitor the reduction process
of HAuCly. An appropriate volume of the reaction solution was added to the UV cuvette
at different time intervals and read spectroscopically from 190-800 nm each time. The
absorption peak of [AuCly]~ was monitored at 323 nm.

3.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

X-ray photoelectron spectroscopy (XPS) analysis was carried out to get the oxidation
chemical state information of Au;@15-Crown-5. Au;@15-crown-5/TiO, was used as a test
sample, and the preparation method is described in 3.2.

XPS experiment was carried out on X-ray photoelectron spectrometer (Thermo ES-
CALAB 250Xi, Waltham, MA USA) using monochromatic Al K« (1486.6 eV, 15 kV, and
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10.8 Ma) as an excitation source. The sample was pressed in the glove box and then fixed on
the sample holder with special ultra-high vacuum insulation tape. The sample was then put
into a rapid sample chamber and sample preparation chamber and evacuated step by step
and placed in the analysis chamber for measurement. The analysis was carried out keeping
1 x 1078 Pa background pressure and 7.1 x 10~° Pa working pressure. Energy resolution
was kept as 20 eV, FWHM (Agsds /) = 0.65 eV (metal counterfeit standard sample).

3.5. Transmission Electron Microscopic Analysis (TEM)

The transmission electron microscope (JEOL JEM-2000EX, Tokyo, Japan) with 120 kV
accelerating voltage was used to check whether there are Au nanoparticles in the fresh
catalyst or not. The sample (Au;@15-crown-5/TiO;) was prepared in the same way as
described for XPS analysis.

3.6. Spherical Aberration Electron Microscopic Analysis

A spherical aberration electron microscope (JEOL JEM-ARM200F, Tokyo, Japan) was
used to check whether the dispersion of Au was single atoms or not. The sample (Au;@15-
crown-5/TiO,) was prepared in the same way as described for XPS analysis.

3.7. X-ray Absorption Spectroscopy (XAS) Analysis

The X-ray absorption spectroscopy (Advanced Photon Source, Lemont, IL USA) tech-
nique was used to determine the local geometric and/or electronic structure of the product.
The sample (Au;@15-crown-5/5i0,) was prepared in the same way as described for XPS
analysis, except that the catalyst support was replaced with SiO,.

3.8. Catalytic Efficiency Evaluation

To check the catalytic efficiency of synthesized Au;@15-crown-5. The catalytic reaction
was performed on p-nitrophenol. Briefly, fresh NaBH,4 aqueous solution (25 mL; 0.1 M)
and p-nitrophenol solution (25 mL; 2 x 10~* M) were added into the round bottom flask
and stirred for 15 min. After 15 min of stirring, synthesized Au;@15-crown-5 was added
to the mixture and stirred for 30 min. The color of the solution changed from yellow-
green to colorless after 30 min of mixing, confirming the reduction in the p-nitrophenol to
p-aminophenol. The calculation of TOF is described in the supporting information.

4. Conclusions

15-crown-5 was used as a protective agent in this research for the synthesis monodis-
perse Au;@15-crown-5 by reducing Hy AuCly with ethanol. The prepared Au;@15-crown-5
was well characterized with UV-Vis, XPS, and HAADF-STEM, providing conclusive evi-
dence for the formation of Au;(0). Moreover, the reasonable structure of the catalyst was
proposed and verified further with XAS results. The synthesized Au;@15-crown-5 was
successfully used for the catalytic reduction in 4-nitrophenol to 4-aminophenol, and the cat-
alyst can also be generalized to other nitrophenol and nitroaniline compounds. The results
of this study show that zero-valent monodisperse Au; can be prepared in the 15-crown-5
ether, which can successfully be used for the catalytic reduction in toxic nitroaromatic to
less toxic amino aromatic.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13040776/s1, Figure S1: Energy Dispersive X-ray analysis;
Figure S2: Comparison of K space and Q space of Au@15-crown-5/5i0O, and Au foil: (a) Au@15-
crown-5/Si0y; (b) Au foil; Figure S3: XPS-Clp,, spectra of 0.5 wt% Au; @15-crown-5 catalyst; Table S1:
Curve fit Parameters for Au K-edge EXAFS for Au@15-crown-5/SiO, Standard; Table S2: Comparing
catalytic activities to the 4-NP reduction by several catalysts; Figure S4: Reduction of 4-NP in 4 min;
Figure S5: spherical aberration electron microscopic images of Au@15-crown-5 after the reaction:
(a) Monodisperse catalyst after reaction. (b) Catalyst agglomerated after reaction. References [14,15,27-39]
are cited in the supplementary materials.
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