
catalysts

Article

Titanate Nanotube-Supported Au–Rh Bimetallic
Catalysts: Characterization and Their Catalytic
Performances in Hydroformylation of Vinyl Acetate

Ya Chen 1, Penghe Su 1, Xiaotong Liu 1, Hongchi Liu 1, Baolin Zhu 1, Shoumin Zhang 1

and Weiping Huang 1,2,3,*
1 College of Chemistry, Nankai University, Tianjin 300071, China; xiaoyayaking@163.com (Y.C.);

sph_edu@163.com (P.S.); jenalia@163.com (X.L.); h335liu@edu.uwaterloo.ca (H.L.);
zhubaolin@nankai.edu.cn (B.Z.); zhangsm@nankai.edu.cn (S.Z.)

2 Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin 300071, China
3 The Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), Nankai University,

Tianjin 300071, China
* Correspondence: hwp914@nankai.edu.cn; Tel.: +86-138-2009-6974

Received: 5 September 2018; Accepted: 21 September 2018; Published: 26 September 2018
����������
�������

Abstract: A series of titanate nanotube-supported metal catalysts (M/TNTs, M = Rh, Au orAu–Rh)
were facilely synthesized. The effects of different Au contents, reduction processes and sequence
of loading metals on their catalytic performances in the hydroformylation of vinyl acetate were
comparatively investigated. The results showed that some Au and Rh formed bimetallic particles.
Furthermore, the presence of Au in catalysts could significantly improve the selectivity of reaction
for aldehydes. Compared with the monometallic catalysts (Rh0.33/TNTs-1 and Au0.49/TNTs-2),
the resultant bimetallic catalysts exhibited significantly higher selectivity for aldehydes as well as
higher TOF values in the hydroformylation of vinyl acetate. Among them, Au0.52/Rh0.32/TNTs-12
displayed the best catalytic performance. The corresponding selectivity for aldehydes was as high
as 88.67% and the turnover frequency (TOF) reached up to 3500 h−1. In addition, for the reduction of
Rh3+ and Au3+ ions, the photo-reduction and ethanol-reduction were the optimal techniques under
the present conditions, respectively.
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1. Introduction

Hydroformylation is a process of producing fatty aldehydes with one more carbon atom compared
to the original olefins with carbon monoxide and hydrogen in the presence of catalysts under
pressure [1–4]. Since its discovery in 1938, the hydroformylation reaction has become an important
one-step synthesis pathway for aldehydes from a wide range of cheap olefins. In the industrial field, more
than 12 million tons of aldehydes worldwide are produced by the hydroformylation reaction every year.
Unti now, the homogeneous catalysts that are widely used in hydroformylation in the industrial field are
usually mononuclear complexes, which display remarkable catalytic performance [5–8]. However, it is
difficult to separate these homogeneous catalysts from the reaction system. To overcome the difficulty,
many strategies have been developed, such as aiming to heterogenize the homogeneous catalysts by
anchoring them to various solid supports [9–13].

Compared with Ir, Co, Pd and Ru, Rh-based catalysts are able to catalyze the hydroformylation
reaction with a higher efficiency at a relatively lower reaction temperature and pressure [14–17].
Numerous inorganic and organic polymer materials, such as zeolite [18], activated carbon [19],
porous organic polymers [20], nonmetal oxides [21] and metal–organic frameworks [22] have been
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developed as supports for rhodium for hydroformylation. Among these supports, titanate nanotubes
(TNTs) with a large surface area and multi-wall structure have been reported as an excellent
choice [23,24].

For the hydroformylation of functionalized olefins (e.g., vinyl acetate), the functional group in
the molecule may coordinate with the catalytic center [25,26]. It is this coordination that may reduce
the catalytic activity of the catalyst and make it difficult to control and regulate its selectivity towards
the target product in the hydroformylation of functionalized olefins [27]. It is well known that the catalytic
activity and selectivity of poly metallic catalyst are usually quite different from those of monometallic
catalyst due to the synergistic effects [28–31]. However, there are also positive changes as the polymetallic
catalyst consists of intermediates, which have both multi-metallic and monometallic compounds [32–35].
Klahn et al. reported that the synergism of rhodium and rhenium in the complexes could dramatically
enhance the catalytic performance in catalytic hydroformylation [36]. The mononuclear intermediate
(HxRCORh(CO)y) and binuclear intermediate (HnRhRe(CO)m) were found to exist simultaneously in
the catalytic cycle. On the other hand, studies have revealed that gold nanoparticles displayed excellent
activity and selectivity in some catalytic reactions [37–39]. Ma et al. [40] reported that the presence
of gold could promote the in situ-reduction of Co3O4 to metallic cobalt under reaction conditions,
thereby increasing the number of active sites for the tandem hydroformylation and hydrogenation
of dicyclopentadiene.

In our previous work [41], we found that the Rh-Ru/TNTs bimetallic catalysts with two types
of active sites showed satisfactory catalytic performance in cyclohexene hydroformylation but
poor selectivity for aldehydes in hydroformylation of vinyl acetate. The Rh/TNTs catalysts also
exhibited a relatively lower selectivity for aldehydes [42]. In the present contribution, we designed
the Au–Rh/TNTs catalysts for hydroformylation of vinyl acetate, in which gold is expected to provide
more free coordination sites for substrates and work synergistically with rhodium to enhance the yield
of aldehydes. In addition, the effects of different Au contents and reduction processes on their catalytic
performance were investigated in detail.

2. Results and Discussion

2.1. Characterization of Catalysts

The metal contents are measured by ICP analysis. The contents of metals and SSA of the prepared
samples are listed in Table 1. As shown in Table 1, SSA of Aux/Rhy/TNTs-12 (Entry 3–6) are lower
than that of pure TNTs (SSA = 284.6 m2/g) and decrease gradually with an increase in Au loadings.
This can be ascribed to the fact that the bimetallic species deposited on the outer or inner surfaces
of TNTs block the adsorption sites of TNTs for nitrogen molecules. At the same time, the catalysts
(Entry 4, 7, 8 and 9) with similar metal loadings show differences in SSA. This could be caused by
the different reduction methods and sequence of loading metals, which results in different sizes of
metal particles. The EDX spectra and elemental mapping of Ti, O, Rh and Au in Au0.52/Rh0.32/TNTs-12
are shown in Figure 1. It can be seen that Rh and Au species are highly dispersed on the support.

Table 1. Contents of Rh and Au in catalysts and the specific surface area of the prepared catalysts.

Entry Catalysts Contents of Rh,
Au/wt.% SSA/m2/g

Max. Particle
Size/nm
(Au–Rh)

Average Particle
Size/nm
(Au–Rh)

1 Rh0.33/TNTs-1 0.33, 0 233.5 2 2
2 Au0.49/TNTs-2 0, 0.49 268.6 3 2
3 Au0.28/Rh0.34/TNTs-12 0.34, 0.28 254.3 3 2
4 Au0.52/Rh0.32/TNTs-12 0.32, 0.52 226.2 6 5
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Table 1. Cont.

Entry Catalysts Contents of Rh,
Au/wt.% SSA/m2/g

Max. Particle
Size/nm
(Au–Rh)

Average Particle
Size/nm
(Au–Rh)

5 Au0.78/Rh0.31/TNTs-12 0.31, 0.78 208.3 14 8
6 Au0.98/Rh0.33/TNTs-12 0.33, 0.98 164.5 16 12
7 Au0.49/Rh0.33/TNTs-22 0.33, 0.49 218.8 10 5
8 Au0.50/Rh0.32/TNTs-11 0.32, 0.50 207.6 18 5
9 Rh0.31/Au0.51/TNTs-21 0.31, 0.51 220.1 10 5

10 Au0.52/Rh0.32/TNTs-12* 0.32, 0.52 212.3 26 13

Au0.52/Rh0.32/TNTs-12*: obtained by calcination of Au0.52/Rh0.32/TNTs-12 at 300 ◦C for 2 h in argon atmosphere;
Max. particle size: the diameter of the largest metal particle in the TEM images of catalysts; Average particle size is
calculated by the following formula: Average particle size = sigma(Nd3)/sigma(Nd2), where d is the particle size
and N is the number of particles with this size.
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Figure 1. HAADF-STEM image ofAu0.52/Rh0.32/TNTs-12 (A) and EDX mapping of O, Rh Ti andAu in
the marked area of A.

The XRD patterns, which are shown in Figure 2, reveal that all the catalysts display obvious
diffraction peaks at 2θ = 25.28◦, 37.8◦ and 48.05◦, which are attributed to the (101), (004) and (200)
reflections of the anatase TiO2 (JCPDS21-1272), respectively. This indicates that after the incorporation
of the metals, the support still maintains its crystal structure. Furthermore, no characteristic peak
related to Au and Rh appears in their patterns. This may be explained by the pretty low concentration
and high dispersion of the metals, which is in accordance with the EDX analysis.
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Figure 2. XRD patterns of the prepared catalysts.

The TEM images of the resultant catalysts are shown in Figure 3 and the particle size distribution
(PSD) of metals in the as-prepared catalysts are exhibited in Figure S1. The average particle size
distribution of metals in the as-prepared samples was statistically calculated, which is shown in
Table 1 and Figure S2. The interlayer spacing and inner diameter of the TNTs are about 0.7–0.9 nm
and 4–6 nm, respectively (Figure S1A). Uniform black spots can be observed on both Rh0.33/TNTs-1
(Figure 3A) and Au0.49/TNTs-2 (Figure S1B). The average diameter of the black spots is about 2–3
nm, demonstrating that Rh and Au nanoparticles in the two catalysts do not visibly aggregate.
Furthermore, it can be seen from Figure 3A and Figure S1B that TNTs still maintain their perfect
tubular morphology and clear multi-wall structure after the loading process. The TEM images of
Aux/Rhy/TNTs-12 show that the size of metal particles increases gradually with an increase in Au
content (Table 1). The changes in particle size demonstrate that the agglomeration degree of bimetallic
species increases with the augmentation of Au content in Aux/Rhy/TNTs-12. In the inset of Figure 3B,
the lattice spacing of 2.4 Å might be the (1 1 1) plane of Rh, while the lattice spacing of 2.2 Å could be
assigned to (1 1 1) plane of Au. This gives direct evidence that some of the two metals form complex
metal particles, which essentially represents the strong interactions between the two metals.
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Figure 3. The TEM images of the resultant catalysts: Rh0.33/TNTs-1 (A); Au0.52/Rh0.32/TNTs-12 (B);
Rh0.31/Au0.51/TNTs-21 (C); Au0.49/Rh0.33/TNTs-22 (D); Au0.50/Rh0.32/TNTs-11 (E)
and Au0.52/Rh0.32/TNTs-12* (F).

As shown in Table 1 and Figure S2, the average particle sizes of both Au0.52/Rh0.32/TNTs-12 (Entry 4)
and Rh0.31/Au0.51/TNTs-21 (Entry 9) are about 5 nm. However, Au0.52/Rh0.32/TNTs-12 contains a few
larger metal particles compared toRh0.31/Au0.51/TNTs-21 (Figure 3B,C). This indicates that the sequence
of loading metals affects the size of the metal particles. Loading Rh first may result in catalysts producing
smaller and more uniform metal particles. The TEM images of Au0.50/Rh0.32/TNTs-11 (Figure 3E
and Figure S1G) exhibit some larger particles (18 nm) compared to that of Au0.49/Rh0.33/TNTs-22
(Figure 3D and Figure S1F), while the two catalysts have a comparable average particle size (Table 1).
This result should be related to the different reduction methods, which may result in different degrees of
agglomeration of metals. The photo-reduction (method 1) is a relatively intense and rapid reduction
process, while the ethanol-reduction process (method 2) is mild and slow. As shown in Figure 3F
and Figure S1H, after the calcination at 300 ◦C, there is significantly more agglomeration of bimetallic
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species in Au0.52/Rh0.32/TNTs-12. This probably results from the sintering effect [43] as the metal
nanoparticles would melt and agglomerate in the process of calcination.

The TEM images display that different metal contents, reduction methods, sequence of loading
metals and calcination affect the dispersion degree and particle size of the metal active species,
which may subsequently affect the catalytic performance of the catalysts.

In order to investigate the chemical state of metals and the interactions of metals with supports
and metals in catalysts, XPS analysis is performed on Au0.52/Rh0.32/TNTs-12 and Au0.49/Rh0.33/TNTs-22.
The results are shown in Figure 4. Compared with the peaks of Rh0 (3d5/2 = 307.2 eV; 3d3/2 = 312.0 eV) in
the reported Rh/TNTs [42], the peaks of Rh0 in Au0.52/Rh0.32/TNTs-12 and Au0.49/Rh0.33/TNTs-22
(Figure 4A,B) shift to a lower BE value (3d5/2 = 306.9 eV; 3d3/2 = 311.8 eV). The characteristic
photoelectron peaks of Au 4f in both catalysts are displayed in Figure 4C,D. The Au0 peaks
in the two catalysts all shift to a higher BE value compared to the reported Au/TNTs
(4f5/2 = 87.6 eV; 4f7/2 = 83.9 eV) [44], which could be attributed to the interactions between Rh
and Au [45,46]. According to the negative shift of Rh3d and positive shift of Au 4f core-level
peaks in bimetallic samples, it could be deduced that there are strong interactions between metals
and support or metals and metals, which changes the electronic property of the metals in catalysts [47,48].
The peaks of oxidized rhodium in both Figure 3A (3d5/2 = 308.3 eV; 3d3/2 = 331.2 eV) and Figure 3B
(3d5/2 = 308.2 eV; 3d3/2 = 331.2 eV) are weak, which provides evidence that the majority of the two
metals exist as Rh0 and Au0. The existence of the partial oxidation of Rh is possibly caused by the samples
being exposed to air for a short time during the collection and weighing processes before the catalytic
reaction. In addition, the peaks of Au 4f in Au0.49/Rh0.33/TNTs-22 shift to a higher BE value compared
with that in Au0.52/Rh0.32/TNTs-12. This may be caused by the increased size of the metal particles,
which affects the intensity of the interaction between metals [49], and these results are consistent with
the TEM analysis.
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The CO absorption on the active sites of metals is an essential part of hydroformylation.
As a π-acid ligand, CO is inclined to absorb on metals, which could provide more feedback electrons.
During this process, the electrons partially transfer from a d-orbital of the metal to the anti-bonding
CO molecular orbital. Figure 5 displays the FT-IR spectra of the adsorbed CO on the prepared samples
at room temperature. Compared with Rh0.33/TNTs-1, Au0.49/TNTs-2 has an obvious peak of CO at
2066 cm−1, which could be attributed to the terminal CO adsorption on the metal. This means that CO
tends to combine with Au [50], which is caused by the ability of Au to provide more feedback electrons
to CO than Rh. In bimetallic samples, the CO peak decreased and shifted to 2060 cm−1 compared
with that in monometallic Au catalyst. This may be related to the interactions between Rh and Au,
which weakened the adsorption capacity of the catalyst to CO [51]. The band intensity of carbonyl
vibration at 2060 cm−1 in Au0.52/Rh0.32/TNTs-12 is higher than those in other bimetallic catalysts
(Figure 5). This phenomenon could be attributed to the effect of metal particle size, which affects
the interactions between Rh and Au. In addition, the IR spectrum in 1750–1500 cm−1 is attributed
to the bending vibration of O–H bonds in H2O molecules, which are adsorbed on the surface of
the TNT support [52]. Since there are different amounts of H2O molecules that may be adsorbed on
the surface of the catalysts, the spectra of different samples may show some differences in the range of
1750–1500 cm−1.
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2.2. Hydroformylation of Vinyl Acetate

The schematic diagram of the vinyl acetate hydroformylation reaction is displayed in Scheme 1
and the proposal mechanism of bimetallic catalysts being involved in the hydroformylation of vinyl
acetate is shown in Scheme 2. Under the experimental conditions in this work, 2-acetoxy propanal
is the main product. To compare the selectivity of the reaction for aldehydes over different catalysts,
all of the hydroformylation reactions lasted for 2 h although the conversion of vinyl acetate may not be
complete. The reaction results for different catalysts under the same reaction conditions are listed in Table 2.
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Table 2. Reaction results of vinyl acetate hydroformylation using prepared catalysts.

Entry Catalysts Conv. of Vinyl Acetate/% Selectivity for Ald./% b:l TOF/h−1

1 Rh0.33/TNTs-1 86.82 60.29 100 2210
2 Rh0.33/TNTs-2 60.11 64.69 100 1640
3 Au0.49/TNTs-1 0 0 0 0
4 Au0.49/TNTs-2 0 0 0 0
5 Au0.28/Rh0.34/TNTs-12 78.85 76.51 100 2460
6 Au0.52/Rh0.32/TNTs-12-U1 88.11 88.67 100 3500
7 Au0.78/Rh0.31/TNTs-12 36.67 70.00 100 1080
8 Au0.98/Rh0.33/TNTs-12 32.47 59.74 100 870
9 Au0.49/Rh0.33/TNTs-22 62.52 76.88 100 2020

10 Au0.50/Rh0.32/TNTs-11 49.68 83.16 100 1800
11 Rh0.31/Au0.51/TNTs-21 51.08 88.75 100 2030
12 Au0.52/Rh0.32/TNTs-12* 28.08 34.77 100 440
13 Au0.52/Rh0.32/TNTs-12-U2 51.73 73.40 100 1700
14 Au0.52/Rh0.32/TNTs-12-U3 35.27 47.86 100 750
15 Rh(acac)(CO)2, 3.21 mmol 90.00 58.93 100 2200

U: Circular reuse. In cycle experiments, the reaction mixture was transferred into the centrifugal tube for
centrifugation. After this, the solids were washed by toluene for two times. After re-centrifugation, the catalyst was
transferred into the reactor with 75 mL of toluene-vinyl acetate solution (65:10). (b:l): The ratio of branched aldehyde
(2-acetoxy propanal) to linear aldehyde (3-acetoxy propanal). TOF: calculated by the formula TOF =

n(aldehydes)
n(Rh)∗h ,

where n(aldehydes) is the total moles of aldehydes and n(Rh) is the total moles of Rh in the catalyst.

As shown in Table 2, when usingRh0.33/TNTs-1 (Entry 1) and Rh0.33/TNTs-2 (Entry 2),
the conversion of vinyl acetate is 86.82% and 60.11% while the selectivity for aldehydes is 60.29%
and 64.69%, respectively. Both monometallic catalystsAu0.49/TNTs-1 (Entry 3) and Au0.49/TNTs-2
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(Entry 4) are catalytically inactive. This indicates that Rh species is the master catalytic species for
the hydroformylation of vinyl acetate in this work. At the same time, photo-reduced Rh/TNTs has
an advantage in the catalysis compared with the ethanol-reduced Rh/TNTs although they differ slightly
in their selectivity for aldehydes. Compared with the Rh0.33/TNTs-1 catalyst, bimetallic catalysts
(Entry 5, 6, 7, 9, 10, 11) exhibit enhanced selectivity for aldehydes although the conversion of vinyl
acetate differs greatly. Furthermore, Au0.98/Rh0.33/TNTs-12 (Entry 8) shows poorer selectivity for
aldehydes and poorer conversion of the substrate. This result demonstrates that the presence of
an appropriate amount of Au in the catalysts is conducive to causing higher selectivity for aldehydes,
while an excess amount of Au could have a negative impact on the reaction.

With an increase in Au content (Entry 5–8), the catalytic activity of Aux/Rhy/TNTs-12 changes
greatly. When the Au content varies from 0.28 wt.% to 0.52 wt.%, TOF, the selectivity for aldehydes
increases. However, when the content of Au increase from 0.52 wt.% to 0.98 wt.%, both the TOF
and selectivity for aldehydes decrease. The highest selectivity for aldehydes (88.67%) and TOF
(3500 h−1) are achieved at the 0.52 wt.% Au loading (Entry 6). This phenomenon may be due
to the interactions between metals and the different sizes of the metal particles in the catalysts.
When the mass fraction of Au is less than 0.52 wt.%, with an increase in Au loading, the number
of complex metal particles increase and they become highly dispersed on the support in smaller
particles. This may provide more active sites for substrates and syngas to form mononuclear
intermediates and binuclear intermediates, thus improving the chemical selectivity and the TOF
value. However, when Au loading increases continuously past 0.52 wt.%, there is a certain degree of
agglomeration of the bimetal specie (TEM images and Table 1), which leads to larger particle sizes
and a decrease in the exposed concentration of effective active sites for the hydroformylation reaction.
Therefore, 0.52 wt.% Au should be the optimal loading.

In order to investigate the effect of the sequence of loading metals on the catalysis, the catalytic
performance of Rh0.31/Au0.51/TNTs-21 (Entry 11) is contrasted with that of Au0.52/Rh0.32/TNTs-12
(Entry 6). With comparable metal contents and SSA, the two catalysts show comparative selectivity for
aldehydes but great differences in their conversion of vinyl acetate. Au0.52/Rh0.32/TNTs-12 exhibits
superior activity to Rh0.31/Au0.51/TNTs-21, which may result from the advantages of anchoring Rh
first in terms of the dispersion of two metals and exposure of more active sites for hydroformylation.

Compared with Rh0.33/TNTs-1, both Au0.52/Rh0.32/TNTs-12 (Entry 6) and Au0.50/Rh0.32/TNTs-11
(Entry 10) exhibit excellent selectivity for aldehydes albeit great differences in conversion of
the substrate. This result could be caused by the fact that the presence of Au effectively improved
the selectivity for aldehydes. However, different reduction methods of Au result in different degrees of
metal agglomeration, which could also be seen in TEM images. Au0.49/Rh0.33/TNTs-22 (Entry 9)
shows apparently higher selectivity (76.88%) for aldehydes than that of Rh0.33/TNTs-2 (64.69%)
with a comparable conversion of vinyl acetate. This provides further evidence that the presence of Au
enhanced the selectivity for aldehydes in the hydroformylation of vinyl acetate and there is synergism
between the two metals. On the other hand, the conversion of the substrate usingAu0.49/Rh0.33/TNTs-22
and Au0.50/Rh0.32/TNTs-11 is lower than that achieved usingAu0.52/Rh0.32/TNTs-12. The different
particle sizes of the metal components, SSA and intensities of the interaction between the metals may
account for this phenomenon, which is shown in Table 1 as well as in XPS analysis. The agglomeration
of metals, which results in different sizes of metal particles, can lead to a decrease in the exposed
concentration of metals and different interactions between metals in the catalysts. The decrease in SSA
may cause a reduction in the contact area between the substrate and catalyst. Therefore, the catalysts
show great differences in their conversion of vinyl acetate.

After calcination, Au0.52/Rh0.32/TNTs-12 (Entry 12) exhibits poor catalytic performance. This may
be caused by the severe agglomeration of its bimetallic species, which probably results from
the calcination process. During this process, the metal nanoparticles would melt and agglomerate
under high temperatures.
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Au0.52/Rh0.32/TNTs-12 was used for cycle experiments to investigate the recycling performance
of the resultant samples, the results of which are shown in Table 2 (Entry 6, 13 and 14). In the second
cycle, the conversion rate of vinyl acetate decreased to 51.73%, while the selectivity for aldehydes
(73.40%) was still higher than that of Rh0.33/TNTs-1 (60.29%). After three cycles, both the substrate
conversion and the selectivity for aldehydes decreased dramatically, while the TOF also decreased to
760 h−1. Rh and Au contents in Au0.52/Rh0.32/TNTs-12 after three cycles are 0.16 wt.% and 0.28 wt.%,
respectively, which were measured by ICP. Therefore, it can be deduced that the decrease in catalytic
activity in cycle reactions is caused by the partial loss of Rh and Au nanoparticles. During the reaction,
the metal species could interact with the substrate or syngas, which may cause the metal nanoparticles
to fall off the support and dissolve in the reaction system. Rh/TNTs-1 and Rh(acac)(CO)2 exhibits
commensurable TOF with an equal metal mass. However, after one cycle, Rh content in Rh/TNTs-1
is 0.15 wt.%. This could be attributed to the limiting effect of TNTs, which has a long tubular structure
to prevent the loss of metals. On the other hand, Rh content in Rh/TNTs-1 after the reaction (0.15 wt.%)
is lower than that in Au0.52/Rh0.32/TNTs-12after three cycles (0.16 wt.%). Based on this case, we could
be deduced that the interactions between Rh and Au may play a role in preventing metal loss.

3. Materials and Methods

All reagents used were purchased from commercial suppliers and without any further purification.
CO, H2, N2 and Ar used were all of 99.99% purity.

3.1. Preparation of the Catalysts

The TNTs were synthesized by a hydrothermal method based on a previous work [23].
Titanium dioxide was mixed with an aqueous NaOH solution, before the system was heated to 150 ◦C
for 12 h with constant stirring. After washing with water, the TNTs were prepared using an acidification
and drying process. The Au–Rh/TNTs catalysts were prepared via an impregnation–reduction
(method a, a = 1 or 2)–impregnation–reduction (method b, b = 1 or 2) procedure. The impregnation
processes are described as follows. 1 g TNTs was dispersed into RhCl3 (0.0020 g/mL, V = 1.750 mL)
or HAuCl4 (0.0100 mol/L, V = 0.625 mL, 1.250 mL, 1.875 mL and 2.500 mL) solution. After being
vigorously stirred for 12 h and undergoing ultrasonic dispersion for 2 h, the mixture was centrifuged
and the solid was collected and washed with water. Two reduction procedures were used to reduce
the solid.

Photo-reduction (Method 1): The solid obtained was dispersed into 50 mL of ethanol–water
solution (9:1) in a 60-mL quartz reactor and irradiated under UV light with a 300-W mercury lamp for
4 h with stirring.

Ethanol-reduction (Method 2): The solid obtained was dispersed into 50 mL of ethanol–water solution
(9:1) in a 100-mL three-neck flask and refluxed for 6 h in argon atmosphere with vigorous stirring.

The obtained catalysts were labeled as Mx/M’y/TNTs-ab, where M’ was impregnated and reduced
by method a firstly, before M was impregnated and reduced by method b in the preparation procedure.
Furthermore, x and y were the mass fractions of M and M’ in the catalyst, respectively. For example,
Au0.52/Rh0.32/TNTs-12 meant that Rh (0.33 wt.%) was anchored to the TNTs by impregnation
and photo-reduction, before Au (0.52 wt.%) was immobilized to Rh0.33/TNTs-1 by impregnation
and ethanol-reduction. In addition, the corresponding monometallic catalysts (Rh0.33/TNTs-1,
Rh0.33/TNTs-2, Au0.49/TNTs-1 and Au0.49/TNTs-2) were also synthesized for comparative purposes.

The preparation procedure of the catalysts is illustrated in Scheme 3.
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3.2. Hydroformylation of Vinyl Acetate

The hydroformylation of vinyl acetate was carried out in a 250-mL stainless steel autoclave
reactor equipped with a magnetic stirrer. After adding toluene (65 mL), vinyl acetate (10 mL)
and catalysts (0.4000 g), the reactor was sealed and purged with hydrogen three times to eliminate
air, before being pressurized to 6 MPa with CO/H2 (nCO/nH2 = 1)with stirring at room temperature.
After this, the reactor was heated to 100 ◦C with stirring and kept for 2 h at 100 ◦C. The reactor was
subsequently cooled to room temperature and depressurized to atmospheric pressure. The products
were analyzed with a gas chromatograph (Shimadzu GC-2014) equipped with a SE-30 capillary
column (30 m × 0.53 mm × 1.0 µm) and a FID detector. The internal standard used was 3-pentanone,
while nonane was the solvent. The gas chromatogram of vinyl acetate hydroformylation is given in
Figure S3. The retention times of n-propanal, 3-pentanone, 2-acetoxy propanal and 3-acetoxy propanal
are 1.316 min, 3.025 min, 5.671 min and 7.848 min, respectively.

3.3.Characterization

Powder X-ray diffraction (XRD) patterns were gathered on a Rigaku D/Max-2500 X-ray
diffractometer. Metal contents were measured by Varian 725-ES Inductively coupled plasma mass
spectrometer (ICP). The specific surface area (SSA) was determined by N2 adsorption at −196 ◦C using
a Nova 2000e surface area analyzer (Quantachrome). The samples were degassed under vacuum at
200 ◦C for 3 h before measurement. Transmission electron microscopy (TEM) and energy dispersive
X-ray spectroscopy (EDX) were conducted on a JEM-2010FEF transmission electron microscope.
X-ray photoelectron spectroscopy (XPS) was carried out using Al X-ray source (Al Ka-150 W,
Kratos Axia Ultra DLA), while the binding energy was calibrated by taking the1s peak of C at 284.6 eV
as the reference. The infrared spectra of CO adsorption were collected on a Bio-Rad FTS6000
spectrophotometer (KBr pellets). Before the measurement, the samples were placed in a sealed
250-mL stainless steel autoclave reactor pressurized with CO (3 MPa) for 4 h.

4. Conclusions

The anatase TiO2 nanotube-supported Rh and Au bimetallic species of different Au contents are
synthesized via different reduction methods and sequences of loading metals. The characterization
results show that the addition of gold can significantly enhance the adsorption of CO and some of
the gold species formed complex metal particles with Rh. The catalytic results show that the presence
of gold can make effects on the selectivity for aldehydes in the vinyl acetate hydroformylation.
However, excess Au loading results in a decrease in the vinyl acetate conversion and the selectivity
for aldehydes. Furthermore, different reduction methods and sequences of loading metals lead to
the variability of particle sizes of the bimetallic species, which could potentially have an impact
on the catalytic reaction. Among the prepared samples, Au0.52/Rh0.32/TNTs-12 catalyst exhibits
the highest catalytic activity, with the accompanying selectivity for aldehydes and TOF value being
88.67% and 3500 h−1, respectively. After the second cycle, the selectivity for aldehydes and TOF
value decreased to 73.40% and 1700 h−1 when usingAu0.52/Rh0.32/TNTs-12 catalyst, which means that
a considerable amount of effort is needed to improve the cycle performance of the catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/10/420/s1,
Figure S1: TEM of catalysts: TNTs (A), Au0.49/TNTs-2 (B), Au0.28/Rh0.34/TNTs-12 (C), Au0.78/Rh0.31/TNTs-12 (D),
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Au0.98/Rh0.33/TNTs-12 (E), Au0.49/Rh0.33/TNTs-22 (F), Au0.50/Rh0.32/TNTs-11 (G) and Au0.52/Rh0.32/TNTs-12*
(H), Figure S2: Particle size distribution of the resultant catalysts, Figure S3: Gas chromatogram of vinyl
acetate hydroformylation.
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