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ABSTRACT: Supported gold (Au) nanocatalysts hold great promise for heterogeneous catalysis; however, their practical
application is greatly hampered by poor thermodynamic stability. Herein, a general synthetic strategy is reported where
discrete metal nanoparticles are made resistant to sintering, preserving their catalytic activities in high-temperature
oxidation processes. Taking advantage of the unique coating chemistry of dopamine, sacrificial carbon layers are
constructed on the material surface, stabilizing the supported catalyst. Upon annealing at high temperature under an inert
atmosphere, the interactions between support and metal nanoparticle are dramatically enhanced, while the sacrificial
carbon layers can be subsequently removed through oxidative calcination in air. Owing to the improved metal−support
contact and strengthened electronic interactions, the resulting Au nanocatalysts are resistant to sintering and exhibit
excellent durability for catalytic combustion of propylene at elevated temperatures. Moreover, the facile synthetic
strategy can be extended to the stabilization of other supported catalysts on a broad range of supports, providing a
general approach to enhancing the thermal stability and sintering resistance of supported nanocatalysts.

■

INTRODUCTION
Supported gold (Au) nanocatalysts are attracting increasing
attention because of their unique catalytic performance for a
broad range of important chemical reactions, including
oxidation of CO and hydrocarbons, the water−gas shift
reaction, and selective hydrogenation.1−10 It is generally
acknowledged that the catalytic properties of supported Au
nanocatalysts, such as activity, selectivity, and stability, are
markedly dependent on the particle size of the Au, the nature
of the support, and the metal−support interaction.11−17 The
manipulation of these parameters to tune the catalytic
performance therefore is of great importance to the application
of Au nanocatalysts.4,5 However, owing to their low Tammann
temperature and high surface energies, Au nanoparticles (NPs)
are thermodynamically unstable and tend to minimize their
surface energies by forming larger particles when exposed to

elevated temperatures or upon prolonged storage. A concomitant loss of activity is observed following such ripening
processes,18−21 making the control of Au particle size,
suitable selection of support materials, and engineering of the
architecture of the metal−support interaction a significant
challenge for catalyst preparation.22−25 The eﬃcient stabilization of Au NPs on support materials is therefore crucial for the
development of Au nanocatalysts.
Several strategies aimed at stabilizing Au NPs for hightemperature oxidation processes have been established, such
as the premodification of supports before Au NP loading,26 the
nanoconfinement of Au NPs within porous channels,27,28 the
creation of a strong metal−support interaction (SMSI) between

Scheme 1. Illustration Depicting the Construction of a Dopamine-Derived Layer Architecture for the Annealing Engineering
of Au Nanocatalysts with High Thermal Stability

Figure 1. Photographs and nanomorphologies of Au nanocatalysts during each synthetic step. (a) Photographs; (b) BF-STEM and (c)
HAADF-STEM images. (i) Au/TiO2, (ii) Au/TiO2@Polydopamine, (iii) Au/TiO2@Carbon, and (iv) Au/TiO2-500.

Au NPs and supports by substrate coatings, 29− 31 and the
encapsulation of Au NPs in core−shell or yolk−shell
structures.32,33 Even though significant progress has been
achieved through these approaches, some issues remain to be
addressed. For example, the Ostwald ripening process and the
Brownian-like motion of Au cannot be well suppressed by
premodification and nanoconfinement, and they still lead to the

26,34

growth and coalescence of Au NPs.
With regard to the SMSI
29 31
24
approach −
and the encapsulation strategy,
although
substrate coatings or inorganic shells can stabilize Au NPs well
against sintering at elevated temperatures, they also reduce the
activity of the catalyst by blocking active sites and/or causing
24
Re-exposing the active sites requires
diﬀ usion limitations.
additional steps performed under harsh conditions to remove

Figure 2. Structural characterization of Au nanocatalysts during each synthetic step. (a) FT-IR spectra; (b) Raman spectra; (c) XRD
patterns; and (d) N2-sorption isotherms and corresponding pore size distribution plots (inset).
coating layers. These steps involve the use of hazardous agents,
resulting in the irreversible destruction of metal−support
35
interfaces with accompanying reductions in stability. Therefore, the development of a general synthetic strategy capable of
stabilizing Au NPs on a broad range of supports without invoking
SMSI or encapsulation is highly desirable.

Dopamine, which has a molecular structure similar to that of
the adhesive proteins found in mussels, can form thin
polydopamine films that adhere to virtually all surfaces, from
nanoparticles to bulk materials.36 Chemically, this coating
process is a typical pH-induced polymerization that occurs
quickly in a tris buﬀ er solution (pH 8.5) at room temperature
(25 °C).36,37 Owing to this versatile coating chemistry that
occurs under mild conditions, dopamine displays vast potential
as a bioinspired building block for the construction of coating
layers on supported Au NPs to stabilize them against sintering.
As illustrated in Scheme 1, dopamine molecules readily
self-assemble on an Au nanocatalysts forming polydopamine
layers with tunable thickness. Such a behavior is independent
of the support in use, allowing exceptional versatility among
diverse catalyst systems. Furthermore, unlike other protocols
used to create coating layers, such as high-temperature
hydrothermal treatment performed at 180−220 °C,38 our
dopamine self-assembly strategy utilizes much gentler reaction
conditions and facilitates the preservation of small Au particle
size.39 Additionally, performing the self-assembly process in
solution enables favorable mass transport and aﬀ ords a
conformal coating on the entire catalyst surface (both Au NPs
and support), completely encapsulating the Au NPs within the
polydopamine film.37,39 This is a very important
consideration, as complete encapsulation is one of the
necessary steps in successful Au NP stabilization.
Following thermal annealing under an inert atmosphere, the
polydopamine assemblies form rigid carbon shells covering the

Au NPs, isolating them and preventing coalescence.37
Annealing at elevated temperatures is also known to enhance
contact between metal NPs and their supports via strong
interfacial bonding, since metal NPs rearrange their atomic
structures under high temperatures and form strong
interactions with the surface defects on the support.40−44 As a
result of this structural rearrangement, the Au NPs become
more energetically stable and thus retard the thermodynamically driven Ostwald ripening process.45 As a result, the rate
of NP sintering should be suppressed even after the removal of
the carbon coatings.40−45 In contrast, unencapsulated Au NPs
can simultaneously undergo thermally induced sintering,
resulting in larger domain formation, reduced surface area, and
diminished catalytic performance.24 Besides enabling stability
improvements through thermal engineering, these artificial
carbon shells are also beneficial for the long-term storage of
Au nanocatalysts.18
The carbon shells covering the Au NPs can be removed
easily, either by in situ activation under oxidative reaction
conditions or through post-thermal treatment in air, stabilizing
the Au NPs without destroying the well-established metal−
support interfaces. Therefore, Au nanocatalyst systems
improved by the treatment are expected to be resistant to
sintering under oxidative reaction conditions. Detailed
synthetic steps for the preparation and improvement of
Au/TiO2, a representative supported catalyst system, are
provided in the Methods section.

■

RESULTS AND DISCUSSION

In Figure 1, the evolution of the microscopic structure of Au
nanocatalysts during each synthesis step is seen in bright-field
scanning transmission electron microscopy (BF-STEM) and
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images.46

Figure 3. HAADF-STEM images of Au nanocatalysts annealed at temperatures ranging from 500 to 800 °C. (a) Au/TiO2-500; (b)
Au/TiO2-600; (c) Au/TiO2-700; (d) Au/TiO2-800; (e) Au/TiO2-500#; (f) Au/TiO2-600#; (g) Au/TiO2-700#; and (h) Au/TiO2-800#.

For as-prepared Au/TiO2, Au NPs with a size distribution of
3.0 ± 0.6 nm were homogeneously supported on TiO 2
crystallites with grain sizes of 20−60 nm (Figures 1b-I and
S1). After 12 h of stirring in a tris buﬀ er solution containing
dopamine (denoted as Au/TiO2@Polydopamine), both Au NPs
and TiO2 crystallites were completely covered by
polydopamine assemblies without any growth in the particle
size, underlining the advantage of a dopamine-based synthetic
strategy for constructing shell architectures on Au
nanocatalysts (Figure 1b-ii and Figure S2). Correspondingly,
the sample color changed to dark brown, owing to the presence
of the polydopamine layers (Figure 1a-i,ii).
After being subjected to thermal treatment at 700 °C in an N2
flow for 2 h (denoted as Au/TiO2@Carbon), the loose polymer
layers transformed in situ to form carbon shells, which
conformably covered the catalyst (Figures 1b-iii and S3).
According to thermogravimetric analysis (TGA), Au/TiO2@
Carbon was determined to be 5.5 wt % carbon, which could be
completely combusted in air below a temperature of 450 °C
(Figure S4). Note that both Au NPs and TiO2 NPs were wellprotected against sintering even after harsh treatment at 700 °C
(Figures 1 and S1), clearly underlining the unique structural
benefits of the dopamine-derived shell architecture for stabilizing
37,39
the Au nanocatalyst.
After postheating in air at 500 °C for 2
h, the carbon layers coating the Au/TiO2 were completely
removed, accompanied by a dramatic color change in the sample
back to fuchsia. In comparison, the directly heated sample,
Au/TiO2-500#, was a deep blue color owing to the sintering of the
Au NPs (Figure S5). The particle size of the resulting Au NPs was
determined to be 3.8 ± 0.8 nm and 7.2 ± 1.4 nm for Au/TiO2-500
and Au/TiO2-500#, respectively (Figure S6). This result clearly
demonstrates that the strategy of thermally annealing Au NPs
enclosed within polydopamine-

formed carbon shells was successful in stabilizing an Au
nanocatalyst.41,42,46
The surface properties, crystallinity, specific surface area, and
textural structure of the Au nanocatalyst were also investigated

during each of the synthetic steps. Typical Fourier-transformed
1
infrared (FT-IR) absorptions of polydopamine at 3650−3200 cm−
1
−
(the stretching vibration of phenolic O−H and N−H), 1595 cm
(stretching vibration of aromatic ring and bending vibration of
1
1
N−H), 1500 cm− (N−H shearing vibration), and 1340 cm−
(stretching vibration of a CNC ring) were observed on
Au/TiO2@Polydopamine, demonstrating that polydop-amine had
successfully assembled on the Au nanocatalysts (plot ii in Figure
47
2a). Correspondingly, two pronounced peaks assigned to the
stretching and deformation of aromatic rings of polydopamine
47
were also found in the Raman spectra (plot ii in Figure 2b). The
thermal transformation of polymer assemblies into carbon shells
resulted in significant suppression of organic signatures in the FTIR spectra, accompanied by the appearance of characteristic G1
and D-bands of carbon species at 1580 and 1355 cm− in the
Raman spectra (plot iii in Figure 2a,b). The intensity ratio of the
G-band/D-band was determined to be 1.93, indicative of
48
amorphous carbon layers. After annealing in air at 500 °C for 2
h, the signals originating from the carbon species quickly
disappeared in both the FT-IR and Raman spectra (plot iv in
Figure 2a,b). This result is in good agreement with the observation
of STEM images (Figure 1) and the analysis of in situ diﬀ use
reflectance infrared Fourier transform spectroscopy (DRIFTS) of
CO adsorption (Figure S7) and UV−vis diﬀ use reflectance spectra
(Figure S8), which clearly indicate that the carbon layer coating
on the catalyst had been completely removed. In addition, evident
quenching of the stretching vibrations of surface-bonded hydroxyl
1
groups and/or H2O molecules at 3600−2800 and 1630 cm− in the
49
FT-IR spectra was discovered in Au/TiO2-500 (Figure S9).
These spectroscopic results indicate the surface properties of the
TiO2 support significantly changed following thermal annealing,
which would influence the catalytic performance of the Au
50
nanocatalyst in surface-sensitive reactions such as CO oxidation.

Figure 2b,c shows the crystal structure of the TiO2 support
characterized by Raman spectra and X-ray diﬀ raction (XRD)

Figure 4. Structural characterization of Au nanocatalysts annealed at temperatures ranging from 500 to 800 °C. (a) XRD patterns and (c)
N2-sorption isotherms of Au/TiO2-T series; (b) XRD patterns and (d) N2-sorption isotherms. Insets in panels c and d are the pore size
distribution plots.

Figure 5. BF-STEM and HAADF-STEM images of (a) Au/TiO2, (b) Au/TiO2@Carbon, (c) Au/TiO2-500, and (d) Au/TiO2-500#,
respectively. (e) Au 4f and (f) O 1s XPS spectra of Au/TiO2, Au/TiO2-500, and Au/TiO2-500#.

Figure 6. (a) CO and (b) propylene conversion vs reactor temperature on Au/TiO 2, Au/TiO2-T, and Au/TiO2-T#. (c) Repeating ignition−
extinction cycles of propylene conversion on Au/TiO2, Au/TiO2-500, and Au/TiO2-500#. (d) Long-term stability of propylene conversion
on Au/ TiO2 and Au/TiO2-500 at 400 °C. (e) XRD patterns of Au/TiO2 and Au/TiO2-500 before and after long-term reaction. (f) TEM
images of Au/ TiO2 (left) and Au/TiO2-500 (right) after long-term reaction.

patterns. Anatase was confirmed as the predominant phase
without significant phase conversion,51 owing to the complete
coating of the entire catalyst surface by the carbon shells. No
distinct diﬀ raction peaks attributable to Au nanoparticles, such
as Au (200) at 44°, Au (220) at 65°, or Au (311) at 78°, could
be observed during any synthetic step. This observation
confirmed the Au NPs were stabilized below 5 nm with
uniform dispersion and was in good agreement with
observations made by BF-STEM and HAADF-STEM.33
N2-sorption isotherms, displayed in Figure 2d, reveal the
textural structure of the Au nanocatalyst was also maintained by

the dopamine-derived coatings. The slight decrease in the
Barrett−Joyner−Halenda (BJH) pore size distribution of Au/
TiO2@Polydopamine and Au/TiO2@Carbon can be attributed
to the thin film assembly on the surfaces of the particles to
reduce accumulated pores (Figure 2d, inset). Taken cumulatively, these characterizations conclusively demonstrate that
polydopamine-derived carbon shells inhibit Au NP sintering
and is a promising strategy for the engineering of supported
Au nanocatalysts with improved thermal stability.24
To better evaluate the sintering resistance imparted by the
polydopamine shell, a series of supported Au nanocatalysts
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were annealed in air at temperatures ranging from 500 to 800
°C.26 The resulting samples were denoted as Au/TiO2-T and
Au/TiO2-T#, where # denotes the absence of dopamine
coating and T indicates the annealing temperature (T = 500,
600, 700, and 800 °C). For the Au/TiO2-T series, the thermally
induced sintering of Au NPs was eﬃciently suppressed, even
beyond the traditional annealing temperature (800 vs 700 °C).
In contrast, the growth of Au NPs into larger particles with a
relatively wide size distribution was clearly evident upon
direct heating Au/ TiO2-T#. This has previously been
attributed to insuﬃcient interfacial bonding to stabilize Au
(Figures 3 e−h and S6)41,42 ,46 and clearly demonstrates the
improvement imparted by our polydopamine encapsulation
approach. In addition, careful examination revealed that not
only the Au NPs but also the TiO2 support were well protected
from sintering after dopamine modification.
In Figure 4, the size evolution of Au NPs as a function of
annealing temperature is investigated by the intensity of the Au
(200) peak in XRD patterns. For Au/TiO2-T, this characteristic
peak emerged only when the temperature exceeded 600 °C and
gradually increased with increasing annealing temperate. In
contrast, for the Au/TiO2-T# series, the Au (200) peak is clearly
visible on the 500 °C annealed sample, becoming much sharper
33
The
and more pronounced with increasing temperature.
thermally induced phase conversion of TiO2 from anatase to rutile
was also delayed on the Au/TiO2-T samples (Figure 4a,b),
aﬀ ording a robust support for catalysis (Figure 4c,d). Thus, the
introduction of polydopamine-derived carbon layers on Au/TiO2
suppressed crystallite growth in both the TiO2 support and the
supported Au NPs during annealing engineer-ing and clearly
improved the thermal stability of the supported catalyst system at
elevated temperatures.

To understand the excellent thermal stability of the Au/
TiO2-T series, BF-STEM images and corresponding
aberration-corrected HAADF-STEM images were collected on
randomly selected single Au NPs to investigate the
metal−support interaction. For pristine Au/TiO2, relatively
modest contact between the Au NPs and the TiO2 substrate
was clearly observed, revealing insuﬃcient interaction
between the two (Figures 5a and S10).46 As discussed
previously, this is an important reason why supported Au NPs
are so easily sintered.16 However, after thermal annealing at
700 °C to rearrange the atomic structures within the carbon
shell architecture, Au NPs with unchanged particle sizes were
strongly anchored onto the underlying TiO2 via interfacial
bonding with the oxygen vacancies (Figured 5b and S11).46
During a 500 °C annealing in air to remove carbons, such
intimate contact could generate suﬃcient interaction to
eﬃciently suppress the migration and aggregation of Au NPs,
greatly improving their thermal stability (Figured 5c and
S12).41,42 Improved interfacial contact between Au NPs and
TiO2 was also observed in Au/TiO2-500#, but irreversible
growth of the Au NPs also occurred during the thermal
annealing because of the lack of a carbon shell (Figures 5d and
S13).

Figure 5e,f shows the results of X-ray photoelectron
spectroscopy (XPS) conducted to characterize the metal−
support interaction. In the Au 4f XPS spectra, the binding
energy of Au 4f7/2 was determined to be 83.6 eV for Au/TiO2, in
52
good agreement with literature data for metallic gold. After
thermal annealing at 500 °C for 2 h, an obvious shift of binding
energy to 83.2 eV (Au/TiO2-500) and 83.1 eV (Au/TiO2-500#)
was observed, indicating the Au NPs supported on TiO2

had become electron-rich.

42,52

This finding was further

confirmed by the in situ DRIFT spectra of CO adsorption, in
which the negatively charged Au enhanced CO absorption at

2075 cm−1 (Figure S7). According to previous reports, 42,46,52
the electron transfer from the support (perhaps from the
oxygen vacancies) to metal NPs is a strong indicator of the
improved interfacial contact between Au NPs and TiO2, which
is consistent with the observed fast quenching of photoluminescence spectra (Figure S14). As a consequence of this
electron transfer, the atomic ratio of cationic Au decreased
significantly from 33.2% to 15.5 and 19.5% for Au/TiO 2-500
and Au/TiO2-500#, respectively. In the O 1s XPS spectra, the
primary peak at around 530 eV and the shoulder peak at 532.0
eV were attributed to the oxygen species contained in Ti−O−
Ti and Ti−O−H.52 As a result of annealing at high
temperature, the primary peak shifted slightly toward a higher
binding energy; more importantly, the Ti−O−H species
decreased from 20.1 to 14.0 atom % for Au/TiO 2-500, and to
15.2 atom % for Au/TiO2-500#, in good agreement with the
FT-IR results showing the elimination of surface-bonded
hydroxyl groups. In the Ti 2p spectra (Figure S15), no
diﬀ erence in titanium species was discovered among the three
samples, indicating their similar electronic properties. Thus, a
strong electronic interaction between Au NPs and TiO2 had
been created via annealing engineering to improve their
interfacial contact, leading to electron-rich Au.
CO oxidation is a simple but typical probe reaction for the
fundamental study of Au nanocatalysts to increase under-standing
of their catalytic properties, particularly size-depend-ent
53
behavior. For that reason, the Au nanocatalysts were subjected
to CO oxidation. Figure 6a shows the CO oxidation achieved on
Au nanocatalysts was strongly dependent on the particle size of
the supported Au NPs. With respect to their smaller particle sizes,
the Au/TiO2-T samples exhibited much higher activity compared
with their Au/TiO2-T# counterparts, clearly revealing the strong
size dependence on catalytic performance. In addition, the wellpreserved crystal structure and nanotexture of TiO2 contributed to
the superior catalytic performance in CO oxidation of Au/TiO2-T
samples, colloquially known as the support eﬀ ect. According to
the light-oﬀ conversion curves, the temperatures required for 50%
CO conversion (T50) were determined to be −7, 6, 16, and 39 °C
for Au/TiO2-T (T = 500, 600, 700, and 800 °C), much lower than
the T50 of 17, 52, 79, and 130 °C for Au/TiO2-T# (T
= 500, 600, 700, and 800 °C), clearly revealing size-dependent
catalytic behavior. Note that the diﬀ erence in catalytic activity
between Au/TiO2 and Au/TiO2-500 is mainly attributable to the
elimination of surface-bonded hydroxyl groups on the support,
rather than the slight growth of the Au NPs (3.0 ± 0.6 nm vs 3.8 ±
0.8 nm, Figure S1), since hydroxyl groups can react with CO
through a smaller barrier, compared to that of the reaction CO + O
50,54
→CO2.
The evolution of the crystalline and textural structure
of the TiO2 support can be also excluded as a reason for the
decrease in catalytic performance, owing to their comparable
XRD patterns and N2-sorption isotherms. To further eliminate the
influence of size eﬀ ects on catalytic performance, TiO2 with and
without abundant hydroxyl groups was selected as the support for
the colloidal Au NP (ca. 6 nm) dispersion (Figure S16). In Figure
S16b, a higher activity for CO conversion is evident on the
hydroxyl group rich Au/TiO2 nanocatalyst, exhibiting a strong
support eﬀ ect for CO oxidation. For the kinetic study of CO
oxidation on Au/TiO2 nanocatalysts, the reaction rates and
turnover number (TOF)

were collected and compared with the reported results in
Table S1.
To better evaluate the catalytic durability against thermal
sintering, the catalytic combustion of propylene at elevated
temperatures (e.g., 400 °C) was chosen as a high-temperature
reaction model, rather than the CO oxidation, in which Au
nanocatalysts exhibit stable behaviors at temperatures no more
than 50 °C (Figure S17). In Figure 6b, similar size-dependent
activity was observed for the Au nanocatalyst in propylene
oxidation, during which the Au/TiO2-T samples still exhibited
much higher activity than the Au/TiO2-T# series. The T50 of
propylene conversion was determined to be 352, 376, 391, and
403 °C for Au/TiO2-T (T = 500, 600, 700, and 800 °C) and
390, 406, 441, and 458 °C for Au/TiO2-T# (T = 500, 600, 700,
and 800 °C), clearly correlated to the sizes of the Au NPs. The
high-temperature catalytic stability was examined by
successive ignition−extinction cycles; the results are shown in
Figures 6c and S18. For Au/TiO2, a significant loss of activity
toward a much higher T50 occurred immediately in the second
run, presumably because the metal−support interaction was
insuﬃcient to stabilize the Au NPs against sintering.41,42 In
contrast, robust activity without any loss in T50 was obtained
on both Au/TiO2-T and Au/TiO2-T# even after 10 ignition−
extinction cycles. This finding conclusively demonstrates that
annealing at elevated temperatures indeed can suppress
secondary crystallite growth during catalysis, aﬀ ording ultrastable supported Au nanocatalysts.41,42,46
Compared with those of Au/TiO2-T#, the higher activities
obtained on Au/TiO2-T are a good example displaying the
importance of the core−shell nanostructure in stabilizing Au
NPs during high-temperature annealing. To underline the
necessity of stabilization through high-temperature
annealing,42 a reference sample was synthesized by direct
heating of Au/ TiO2@Polydopmine in air at 500 °C for 2 h
(denoted as Au/ TiO2-500*). As shown in Figure S19,
significantly decreased activity was observed on Au/TiO2500*, clearly indicating the inevitable sintering of the Au NPs
occurred without high-temperature annealing (Au/TiO2-500*
vs Au/TiO2-500). Nevertheless, the activity of Au/TiO2-500*
was still higher than that of Au/TiO2-500#, presumably
because the polydop-amine layers can partially slow Au NP
growth during annealing under air.
Figure 6d displays data for Au/TiO2-500 after 10 repeated
ignition−extinction cycles followed by a long period of operation
at 400 °C. Fresh Au/TiO2 is displayed as a reference. The initial
propylene conversion ratio obtained on the recycled Au/TiO2-500
was ∼96%, comparable to that of fresh Au/TiO2. This finding
demonstrates that the Au NPs were stabilized against sintering
even after 10 successive runs. Furthermore, there was no
deactivation of the recycled Au/TiO2-500 when the catalytic
reaction was performed at 400 °C for 50 h, demonstrating its
robust sintering-resistant catalytic perform-ance. In contrast, the
fresh Au/TiO2 displayed a rapid drop in conversion ratio from 96
to 70% over the initial 23 h as a result of the significant growth of
the Au NPs into larger particles (Figure 6e,f). The activity
subsequently stabilized following the creation of enhanced
bonding between the Au and TiO2, immobilizing the Au NPs and
preventing secondary growth. Both Au/TiO2 and Au/TiO2-500
were investigated by XRD (Figure 6e), transmission electron
microscopy (TEM, Figure 6f), HR-TEM (Figure S20c,d), and FTIR after long-term operation. Significant sintering of the Au NPs
is clearly observable on the used Au/TiO2, with the rise of a
pronounced

Au (200) peak in the XRD pattern and significant growth of the
Au NPs, to up to 15 nm, apparent in the TEM image. These
results are quite diﬀ erent from the observation of the used Au/
TiO2-500, the particle size of which remained around 4 nm, and
55,56
are without a detectable Au (200) reflection.

■

CONCLUSIONS

A general synthetic strategy aimed at stabilizing Au NPs on a
broad range of supports under high-temperature oxidation
processes was successfully developed. Owing to the structural
rigidity and thermal stability of the resulting carbonaceous
materials, the dopamine-derived carbon shells that form a
conformal coating on catalysts can eﬃciently isolate Au NPs
and prevent sintering during annealing, strengthening the
metal−support bonding. This thermally induced enhancement
in interfacial bonding can eﬃciently stabilize Au NPs against
secondary crystallite growth during high-temperature oxidation
processes, even after removal of the carbon shells, resulting in
a robust sintering-resistant Au nanocatalyst for catalytic
combus-tion of propylene at elevated temperatures. It is
interesting that the resulting Au nanocatalyst is also very stable
under a reducing environment at elevated temperatures (Figure
S21), which is also beneficial for its practical applications.
Further study focused on investigating the metal−support
interaction is ongoing to support the design and synthesis of
ultrastable Au nanocatalysts. Furthermore, it is expected that
the current synthetic strategy can be extended to stabilizing
other supported catalysts, such as platinum (Figure S22) and
palladium (Figure S23), using dopamine-derived carbon
architectures to prevent sintering during annealing treatment.

■

METHODS

Synthesis of Au/TiO2. Au/TiO2 was prepared by the deposition−
precipitation method. Typically, a solution containing 0.02 g of
HAuCl4·3H2O in water (60 mL) was adjusted to pH 10.0 using 1 M
NaOH. After heating at 70 °C, 1 g of TiO2 (Degussa P25) was added, and
the slurry was magnetically stirred for 2 h. The suspension was separated
by centrifugation and washed with deionized water until free of chloride
ions. The product was dried at 40 °C under vacuum and then calcined at
250 °C in air for 2 h. Before use, the resulting sample was kept at room
temperature in a desiccator connected to the vacuum. The Au content was
determined to be 1.08 wt % by inductively coupled plasma-optical
emission spectrometry (ICP-OES).

Synthesis of Au/TiO2-T. First, 0.5 g of as-prepared Au/TiO2 was
1
stirred in dopamine-containing (1 mg mL− ) tris-buﬀ er solution (100
mL, 10 mM; pH 8.5) for 24 h. The suspension was separated by
centrifugation, washed with deionized water three times and ethanol
one time, and then dried at 40 °C under vacuum. The obtained sample
was denoted as Au/TiO2@Polydopamine and was subjected to
annealing treatment at 700 °C in N2 flow for 2 h at a heating rate of 5
1
°C min− . The resulting sample was denoted as Au/TiO2@Carbon.
Then, the Au/TiO2-T series were synthesized by directly heating Au/
TiO2@Carbon in air at diﬀ erent temperatures for 2 h at a heating rate
1
of 5 °C min− , where T (500, 600, 700, and 800) is representative of
the heating temperature (°C).
Synthesis of Au/TiO2-T#. The Au/TiO2-T# series were synthesized by directly heating Au/TiO2 in air at diﬀ erent temperatures for
1
2 h with a heating rate of 5 °C min− , where T (500, 600, 700, and
800) is representative of the heating temperature (°C).

Synthesis of Au/TiO2-500*. Au/TiO2-500* was synthesized
by directly heating Au/TiO2@Polydopamine in air at 500 °C for 2
1
h at a heating rate of 5 °C min− .
Characterization of Prepared Au/TiO2 Catalysts. The gold content
of the catalysts was determined by inductively coupled-plasma atomic
emission spectroscopy (ICP-AES) using a PerkinElmer Optima 2100 DV
spectrometer. X-ray diﬀ raction (XRD) measurements were

carried out on a PANalytical X’Pert Pro MPD diﬀ ractometer using an
X’Celerator RTMS detector. Scanning transmission electron micros-copy
(STEM) analyses were carried out on a Hitachi HD2700C (200 kV) with a
probe aberration corrector. Nitrogen adsorption− desorption isotherms
were measured at −196 °C on an ASAP 2010 analyzer (Micromeritics Co.
Ltd.). Before the measurement, the sample was degassed at 150 °C for 24
h under vacuum to remove moisture and impurities. The
Brumauer−Emmett−Teller (BET) method was used to calculate the
specific surface areas and pore sizes of samples. The FT-IR spectra of
samples were recorded on a PerkinElmer Frontier FT-IR spectrometer.
Thermogravimetric anal-ysis (TGA) was performed on a TG209
(NETZSCH Co.). Raman spectroscopy was performed on a Renishaw
Invia+Reflex Raman spectrometer with a CCD detector, and the
wavelength of the excitation line was 514 nm. X-ray photoelectron
spectroscopy (XPS) data were collected using a Thermo ESCALAB 250
spectrometer with a monochromatized Al Kα X-ray source (1486.6 eV)
and an applied

power of 150 W. Ti 2p3/2 (binding energy 458.8 eV) was used as
the reference.
Catalytic Activity Measurement. The catalytic activity of Au/
TiO2 catalysts for both CO oxidation and propene combustion
was evaluated. CO oxidation was carried out in a temperaturecontrolled microreactor (Altamira AMI 200) equipped with an
online gas chromatograph. A gaseous mixture of CO (1 vol %)
balanced in dry air was passed through 30 mg of the catalyst at a
1
total flow rate of 10 mL· min− (corresponding to a space velocity
1 −1
−
of 20,000 mL·gcat ·h ). The inlet and outlet gas compositions
were analyzed online by a gas chromatograph equipped with a
thermal conductivity detector (TCD). CO conversion is the
percentage of CO oxidized to CO2 after the reaction.
Propene combustion was carried out in a fixed-bed flow reactor
system. A 50 mg sample of catalyst was diluted in 500 mg of quartz
powder. The feed gas was composed of 5 vol % propene, 25 vol %
1
O2, and 70 vol % N2, and the total flow rate was 10 mL·min−

(corresponding to a space velocity of 12 000 mL·gcat− ·h− ). The
inlet and outlet gas compositions were analyzed online by a gas
chromatograph (FuLi GC9790) equipped a flame ionization
detector (FID). Propene conversion is the percentage of propene
reduction after the reaction.
1
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