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ABSTRACT: Metal nanoclusters (NCs) with atomically precise structures
have sparked interest in catalysis. Unfortunately, their high aggregation
tendency and the spatial resistance of surface ligands pose significant
challenges. Herein, Au,; NCs are encapsulated into isoreticular metal—
organic frameworks (MOFs), namely UiO-66-X (X = H, NH,, OH, and
NO,), followed by the removal of surface ligands on Au,s NCs. The
resulting surface-clean Au,; NCs, protected by the MOF spatial
confinement, exhibit much superior activity and stability with respect to
pristine Au,s NCs in the oxidative esterification of furfural. Remarkably,
experimental and theoretical results jointly demonstrate that diverse
functional groups on UiO-66-X modulate the Au,; electronic state, giving
rise to the discriminated substrate adsorption energy of Au,;@UiO-66-X.
As a result, the high electron density and suitable substrate adsorption

ligand removal

< <

Aus(Capt),;@Ui0-66-X Au,;@Ui0-66-X

ability dominate the activity trend: Au,;@UiO-66-NH, > Au,@UiO-66-OH > Au,@UiO-66 > Au,;@UiO-66-NO,. This work
develops a new strategy for the stabilization of surface-clean metal NCs in pore wall-engineered MOFs for enhanced catalysis.

Bl INTRODUCTION

To meet the above requirements as a class of crystalline

Catalysis lays the foundation of the modern chemical industry
and is critical to the advancement of human life and society.
Supported metal catalysts are widely employed in industrial
catalysis." > In these catalysts, metal nanoparticles (NPs) are
usually prepared with size distributions in a certain range,
which reflects their inhomogeneous structures and limits the
catalytic performance, thereby providing insights into the
underlying mechanism. Recently, atomically precise metal
nanoclusters (NCs) have experienced rapid development,
opening up new opportunities for the precise fabrication of
supported catalysts.””” Metal NCs feature tiny and uniform
sizes, identical active sites, and unique geometric and
electronic structures, making them highly reactive in a variety
of reactions.” " Unfortunately, the steric hindrance of surface
ligands and the high tendency to aggregation severely affect
their catalytic activity."' Intuitively, it is necessary to expose
more active sites by removing the surface ligands of metal
NCs."”™"* However, substantial aggregation readily occurs
upon surface ligand removal, inevitably reducing their catalytic
activity. On the other hand, the surface ligands not only
stabilize metal NCs but also exert a significant impact on their
catalytic behavior, as the metal NCs are very sensitive to their
surroundings groups.>~'® In this context, it is highly desirable
to restrict their aggregation for enhanced catalysis by spatial
confinement with porous matrices, the pore walls of which are
readily decorated with functional groups to provide an
optimized surrounding microenvironment for the confined
metal NCs.
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solids, metal—organic frameworks (MOFs), featuring high
porosity and well-defined and tailorable structures, would be
ideal candidates.'””** They have been recognized to be
suitable hosts to stabilize metal NPs for synergistic
catalysis.”> "> Similar to metal NPs, metal NCs should be
easily encapsulated into MOFs. It is possible to remove surface
ligands from metal NCs encapsulated in MOFs,*"* generating
ligand-free metal NCs stabilized in MOF pores. To date,
although there have been several reports on the incorporation
of metal NCs into MOFs in recent years,” >’
simply limited to the function synergy between the two
components, and the MOF contribution to the resulting
catalytic performance has not been fully exploited. In fact, the
MOF pore walls can be readily furnished with diverse
functional groups, creating a modulated microenvironment
around the encapsulated metal NCs. Although they are not
bound to each other, these groups in close proximity to the
metal sites, similar to the interactions in the binding pocket of
enzymes, would have a significant impact on metal NCs by
means of electron transfer, steric hindrance, weak interactions

the studies are
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Scheme 1. Ilustration of the Synthetic Route to Surface-Clean Au,;@UiO-66 for Improved Catalysis Based on
Microenvironment Modulation around Au,g by Furnishing Diverse Functional Groups on MOF Pore Walls
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with substrates and intermediates, and so forth, leading to
improved catalysis.”*~*' In this context, the removal of original
surface ligands on the metal NCs is highly desired, as this
would be not only beneficial to the aforementioned
accessibility but also favorable to the creation of direct contact
between the metal NCs and the MOF pore wall groups,
thereby improving catalysis. Moreover, the resulting metal@
MOF composites with a direct interface and readily tailorable
structures would provide a relatively clear model for under-
standing the relationship of structure—performance in catalysis,
which, to our knowledge, has yet been investigated.

In this work, representative isoreticular MOFs, UiO-66-X (X
= H, NH,, OH, and NO,), are assembled onto atomically
precise Au,s(Capt),s (Capt = captopril) based on electrostatic
attraction and coordination interaction (Scheme 1). Upon
removing the interfacial thiol ligands between Au,s(Capt);s
and the MOFs, the aggregation of Au,s NCs is suppressed due
to the spatial confinement induced by the MOFs. As expected,
the resulting Au,;@UiO-66-X with surface-clean Au,s NCs
exhibits much better activity than the pristine Au,(Capt),q in
the catalytic oxidative esterification of furfural. Remarkably, the
electronic donation and withdrawal effects of the functional
groups give rise to discriminated Au,s electronic states based
on experimental and theoretical results, which are associated
with differentiated substrate adsorption energies over Au,;@
UiO-66-X. As a result, the modulated microenvironments
around Au,s created by the diverse groups dangling on the
MOF pore walls lead to distinctly different activities of Au,;@
Ui0-66-X, among which Au,;@UiO-66-NH, gives the highest
activity in the oxidative esterification of furfural. By contrast,
when the Au,(Capt),; is supported on the MOF surface, their
surface ligand removal induces migration and growth of Auyg
under the same conditions, causing much reduced activity. As
far as we know, this is the first demonstration that the spatial
confinement and pore wall engineering of MOFs work
synergistically for metal NCs toward enhanced catalysis.

B RESULTS AND DISCUSSION

Auzs(Capt) 15 1s selected as a representative NC as it possesses
a stable structure and abundant carboxyl sites on the surface.*”
Its high purity has been jointly validated by the UV—vis
spectrum, matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS), and trans-
mission electron microscopy (TEM) results (Figures S1 and
S2). To avoid the structural damage of Au,s NCs at a high
temperature during the encapsulation in solution,
Au,(Capt),s encapsulated into UiO-66, denoted
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Au,4(Capt) ,s@UiO-66, was obtained via in situ self-assembly
of ZrgO, clusters, Au,s(Capt);s NCs and benzene-1,4-
dicarboxylate (BDC) at an ambient temperature.”> The zeta
potentials of Au,s(Capt);s and ZrO, clusters in dimethylfor-
mamide (DMF) were measured to be —64.1 and +4.3 mV,
respectively, guaranteeing their electrostatic attraction. More-
over, given a large number of negatively charged carboxyl
groups on the surface, Au,5(Capt), can be encapsulated inside
UiO-66 by the self-assembly with cationic ZrO, clusters or
attached to the MOF outer surface by coordination and
electrostatic interaction, affording Au,;(Capt),;;@UiO-66 and
Auys(Capt),5/UiO-66, respectively.** Powder X-ray diffraction
(XRD) patterns indicate that the spatial position of
Auys(Capt), relative to UiO-66 has no influence on MOF
crystallinity (Figure S3). The UV—vis diffuse reflectance
spectra of Au, (Capt);s@UiO-66 and Au,s(Capt),s/UiO-66
show characteristic absorption peaks of Au,s NCs at ~670 nm,
indicating that the structure of Au,s(Capt),q is inherited after
the integration with UiO-66 (Figure S4). Nitrogen sorption
results indicate that the Brunauer—Emmett—Teller (BET)
surface area of Au,s(Capt);;@UiO-66 (853 m*/g) is much
lower than that of Au,s(Capt);3/UiO-66 (1174 m?*/g), the
latter of which is very close to that of UiO-66 (1224 m*/g)
(Figure SS). The results reflect that the pore occupation of
Ui0-66 by Au,s(Capt);s is Au,s(Capt),;@UiO-66, while
Au,s(Capt),;3 might stay on the MOF surface for
Auys(Capt),3/UiO-66. Moreover, no significant size change
can be observed for Au,s(Capt);s in Au,s(Capt) ;@UiO-66
and Au,y(Capt),/UiO-66 by high-angle annular dark-field
scanning TEM (HAADF-STEM) (Figure lab). The energy-
dispersive X-ray spectroscopy (EDS) mapping analyses reveal
that Au species is uniformly dispersed in the MOF particle for
Auy(Capt),;@UiO-66, while the Au is prone to distribute at
the MOF edges in Au,(Capt),3/UiO-66 (Figures S6 and S7).
By direct comparison of HAADF-STEM and secondary
electron STEM (SE-STEM) images for the same particles, it
is clear that Au,;(Capt),3 NCs stay inside and on the external
surface of the MOF, respectively, in Au,s(Capt),;;@UiO-66
and Au,(Capt),4/UiO-66 (Figure S8), verifying the location
of Auys(Capt);s NCs and in good agreement with the above
N, sorption results.

The catalytic activity of Au,s(Capt),q is usually limited
because its surface ligands impede the accessibility of the
reactants to the active Au centers.” *® To remove the surface
ligands, heat treatment might be a possible choice, but the
specific temperature should be carefully selected to avoid the
structural collapse of UiO-66." Thermogravimetric analysis
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Figure 1. HAADF-STEM images of (a) Au,s(Capt),;@UiO-66, (b)
Au,(Capt) 5/Ui0-66, (c) Au,s@UiO-66, and (d) Au,s/UiO-66.
EDS mapping of Au and Zr elements for (e) Au,;@UiO-66 and (f)
Au,5/UiO-66. The tiny Au,; NCs are highlighted with red dashed

circles.

(TGA) illustrates that the surface ligands of Au,(Capt), can
be stripped off by heating above 250 °C (Figure S9).
Therefore, both Au,s(Capt),;@UiO-66 and Au,s(Capt)s/
UiO-66 are activated by heating at 275 °C for 3 h in a vacuum
to ensure the structural integrity of UiO-66 while removing the
surface ligands of Au,; NCs, respectively, yielding Au,;@UiO-
66 and Au,s/UiO-66.

Powder XRD patterns demonstrate the well-maintained
MOF crystallinity after the above heat treatment (Figure S3).
HAADEF-STEM images display that, while the size of Auyg
encapsulated inside UiO-66 does not change after heat
treatment (Figure Lc), significant agglomeration occurs to
Auys on the MOF outer surface (Figure 1d). The EDS
mapping analyses and SE-STEM images illustrate that the
spatial location of Au,5 NCs relative to the MOF particle is not
influenced after heat treatment (Figures lef and S10).
Nitrogen sorption suggests that Au,;@UiO-66 and Au,s/
UiO-66 remain highly porous (Figure S11). Compared to
Au,(Capt),;@UiO-66, the BET surface area increases to 1056
m?/g for Au,;@UiO-66 due to the removal of Au,g surface
ligands, while the BET surface area of Au,s/UiO-66 (1209 m*/
g) is close to Au,s(Capt),s/UiO-66 (1174 m’/g), which
further supports the above affirmation of different Au spatial
locations in these composites.

CO adsorption by diffuse reflectance infrared Fourier
transform spectroscopy (CO-DRIFTS) indicates that no
related CO adsorption peak can be observed for

Au,(Capt);;@Ui0-66 and Au,s(Capt),s/UiO-66 possibly
due to the blocked Au,; surface sites by ligands (Figures 2a
and $12).*° Upon heat treatment, intense CO adsorption
peaks appear at 2109 and 2111 cm™" for Au,;@UiO-66 and
Au,/UiO-66, respectively, which are assignable to the CO
adsorption on AU, inferring the successful removal of the
ligand from the Au,g surface.’® The X-ray photoelectron
spectroscopy (XPS) peak of S 2p disappears completely after
heat treatment (Figures 2b and S13), which is consistent with
the undetectable S content in the inductively coupled plasma
atomic emission spectroscopy (ICP—AES) tests (Table S1).
The XPS spectra of Au,;@UiO-66 and Au,;/UiO-66 show that
the Au 4f;/, peaks shift to lower binding energies upon removal
of the ligand, close to that of metallic Au, which supports
stripping off the strong electron-donated thiolate ligand
(Figure 2c,d). All these results confirm that all captopril
ligands are almost removed from the Au,g surface.

The ligand-free Au,5 NCs confined in UiO-66 integrate the
merits of uniform and tiny sizes as well as good accessibility of
Auyg NCs, which prompts us to investigate their catalytic
performance. Furfural is a widely applied biomass chemical,
and its oxidative esterification to methyl 2-furoate (MF) is an
important route to fragrance production in the fine chemical
industry.”" Efficient conversion of furfural in methanol to MF
by green and sustainable one-pot oxidation is an ideal chemical
process for value-added products.”” Au,;@UiO-66 is believed
to be very promising toward this process, as Au NPs have been
described as excellent catalytic centers in previous reports.”*>*

The experiments over a series of control catalysts have been
conducted to understand the activity origin and critical issues
in the catalytic system (Table 1). No product is detected in the
presence of UiO-66 or the absence of catalyst (entries 1 and
2). When Au,s(Capt)s, Au,s(Capt),s@UiO-66, and
Auys(Capt),/UiO-66 are adopted, very low activity with
furfural conversions of 3.5, 2.8, and 5.1%, respectively, is
observed (entries 3—5). Strikingly, upon the surface ligand
removal of Au,s NCs, incredibly increased activity with
conversions up to 99.9 and 68.6% are achieved for Au,;@
Ui0-66 and Au,;/UiO-66, respectively (entries 6 and 7). The
much enhanced activity is most likely attributed to the
improved accessibility of Au sites. The apparently higher
activity of Au,;@UiO-66 than that of Au,s/UiO-66 is
assignable to the aggregation of Au,s on the MOF surface in
the latter. It is found that the conversion of furfural gradually
increases with prolonged reaction time until the reaction is
completed, during which the reaction keeps high selectivity to
MF (Figure S14). In addition, the activity of Au,;@UiO-66 is
also higher than that of both Au,;/ZrO, (57.9%) and AuNPs@
Ui0-66 (62.4%) (entries 8 and 9). The superior activity of
Au,;@UiO-66 is likely attributed to not only the high activity
of Au,5 NCs but also the effective protection of tiny Au, from
aggregation by UiO-66. Interestingly, while the reaction gives
MF as the exclusive product in the presence of Na,COj, the
selectivity completely turns to the acetal product in the
absence of Na,CO; (entry 10), the latter of which might be
ascribed to the abundant Lewis acid sites in UiO-66,
promoting acetal production.” Given that alkaline substances
are able to inhibit acetal production and promote the oxidation
of hemiacetals to esters,”®*’ the addition of Na,CO; is
necessary for the oxidative esterification reaction of furfural
with methanol.

Powder XRD patterns of Au,;@UiO-66 and Au,;/UiO-66
after catalysis demonstrate the well-retained MOF crystallinity.
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Figure 2. (a) CO-DRIFTS spectra on Au,s(Capt) ;;@UiO-66 and Au,;@UiO-66 at 298 K. (b) XPS spectra of S 2p for Au,s(Capt),;@UiO-66 and
Au,;@Ui0-66. XPS spectra of Au 4f for (c) Auys(Capt),;@UiO-66 and Au,;@UiO-66, and (d) Au,s(Capt),s/UiO-66 and Au,s/UiO-66.

Table 1. Oxidative Esterification of Furfural with Methanol
over Au,g NCs in Combination with UiO-66

/0 (o] o]
(o) MeOH (o) Ve 0. -

\ / o W T °

1a 1b 1c
entry catalyst Con. (%)  Sel. 1b (%)  Sel. 1c (%)
1 Ui0-66 N.D.
2 none N.D.
3 Au,s(Capt) g 3.5 100 ND.*
4 Augg(Capt) ;@UiO-66 2.8 100 ND.
5 Auyg(Capt) 5/ UiO-66 5.1 100 N.D.
6 Au,@UiO-66 99.9 100 N.D.
7 Au,;/UiO-66 68.6 100 N.D.
8 Auye/ZrO, 57.9 100 N.D.
9 AuNPs@UiO-66 62.4 100 N.D.
10°  Au,@UiO-66 99.9 N.D. 100

“Reaction conditions: furfural (0.1 mmol), catalyst (1S mg, ~2 wt %
Au loading based on ICP results, Table S1) and Na,CO; (2 mg) in 4
mL methanol under 6 bar of O, at 100 °C for 4 h. "N.D.: not
detectable. “Without Na,COs.

However, the Au diffraction peak at 38° becomes identifiable
in Au,/UiO-66, which is a sign of the formation of large-sized
Au NPs (Figure S15). TEM images display no change of Auyg
in Au,;@UiO-66 after the reaction, while significant
aggregation of Au,s on the MOF external surface occurs to
Au,s/Ui0-66 (Figure S16), which is consistent with the
observation in the powder XRD results. Au detachment up to
10.2% is found from Au,s/UiO-66 after reaction, while almost
no leaching is detected for Au,;@UiO-66. These results
unambiguously demonstrate that MOF encapsulation is able to
inhibit aggregation and detachment of Au,;, accounting for the
superior catalytic activity and stability of Au,;@UiO-66.

22011

Given the unique advantage of MOFs on structural
tailorability, a series of isoreticular UiO-66-X are readily
constructed by adopting the BDC-X linker with diverse
functional groups to afford Au,;@UiO-66-X (X = H, NH,,
OH, and NO,), serving as an ideal platform to understand how
the surrounding microenvironment of Au, affects the catalysis.
To exclude the effect of mass transfer resistance as much as
possible, a mixed ligand approach was adopted for the
synthesis of UiO-66-X to ensure their similar size and
morphology. The UV—vis diffuse reflectance spectra display
a clear Au,s(Capt);s characteristic peak in Au,s(Capt);s@
Ui0-66-X (Figure S17). The same heat treatment is adopted
to remove the surface ligands of Au,g in Auys(Capt),;@UiO-
66-X. The crystallinity of the resulting Au,;@UiO-66-X
examined by powder XRD does not show decreased intensity
(Figure S18). Au,;@UiO-66-X shares similar morphology as
observed by scanning electron microscopy (SEM) (Figure
$19). The HAADF-STEM and EDS mapping results for
Au,@UiO-66-X support that both Au, and the mixed linkers
are uniformly distributed in the MOF particles (Figures S20—
$22). The "H NMR spectra for these composites before and
after heat treatment by HF digestion manifest the ~1/3 of
BDC-X linkers involved in UiO-66-X and demonstrate the
undisturbed X group in the MOF during the heating treatment
(Figure S23). N, adsorption confirms that the high porosity is
maintained in Au,s@UiO-66-X, despite slight variations in
their BET surface areas caused by the diverse groups dangling
on the MOF pore wall (Figure S24).

The XPS spectra of S 2p and ICP—AES results jointly
suggest that the ligands on the Au,s surface have been
completely removed (Figure S25), which is further verified by
the appearance of a new vibration peak of CO adsorption
related to Au’ in the CO-DRIFTS spectra of all Au,;@UiO-66-
X (Figure 3a). Compared with Au,;@UiO-66, a blue shift is
observed in the CO vibration peak for Au,;@UiO-66-NO,. In
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........
R

.
%
%
5
KRS
IS
S
(S
S

5%
SR
s
5
o%e%e?
abatal

XS

2
2R
2R

QKKK

XS
o203

......

o

......

Charge Transfer of Au,; cluster /e

%
2 5 K e% [OXHRHXA R

1056

s
Aue® Auzs@u\ PU25= g

-Or :0-66 NO-»
56 E’@\)\0 @0\0-65

b700
650 -

-OH

-2.85

-2.80
d band center (eV)

=275 -2.70 -2.65

Figure 4. (a) Calculated number of electron transfer from Au,; to the host MOF in Au,;@UiO-66-X (inset: electron density distribution of Au,;@
UiO-66-NH, as a representative). (b) Relationship between the d-band center and catalytic activity (TOF).

contrast, red shifts occur for Au,;@UiO-66-NH, and Au,@
UiO-66-OH, the latter of which gives a larger shift. Since the
peak position of CO adsorption is directly related to the Au
electronic state, a lower wavenumber is correlated to a higher
Au electron density.”” Accordingly, the electron density on
Au,; follows the trend of Au,@UiO-66-NH, > Au,;@UiO-66-
OH > Au,;@UiO-66 > Au,;@UiO-66-NO,, which is further
supported by the binding energy difference in Au 4f peaks of
XPS spectra (Figure 3b). Taking together, the discriminated
microenvironment induced by MOF pore wall engineering
effectively regulates the electronic state of encapsulated Au,;.

Encouraged by the regulated Au,; electronic states, the
catalytic performance of Au,;@UiO-66-X with the same
amount (~2 wt % of Au loading, Table S1) and spatial
location of Au,s has been then examined in the oxidative

22012

esterification of furfural. It is interesting to note that, despite
sharing comparable active sites and structures, the catalytic
activities of Au,;@UiO-66-X are distinctly different. Remark-
ably, Au,;@UiO-66-NH, features the best catalytic activity and
accomplishes the conversion within 2 h (Figure 3c). By
comparison, the conversions of Au,;@UiO-66-OH, Au,s@
UiO-66, and Au,;@UiO-66-NO, are 83.6, 68.7, and 51.8%,
respectively, although all these catalysts give exclusive
selectivity to MF. The apparent activation energies (E,) and
the natural logarithm of the pre-exponential factor (In A) are
estimated based on the Arrhenius relationship. The E, of
Au,s@UiO-66-NH,, Au,s@UiO-66-OH, Au,s@UiO-66, and
Au,@UiO-66-NO, determined by kinetic experiments are
31.1, 35.1, 36.8, and 39.2 kJ/mol, respectively (Figure S26),
well corresponding to the reverse sequence of activity (the
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higher E,, the lower activity). The relationship between E, and
In A and the binding energy of Au,; can be established (Figure
3d). Both E, and In A are positively correlated with the binding
energy of Au,s, which further supports that the activity of Auy;
decreases with the increased electron-withdrawing effect of the
functional groups on the pore wall. After the catalytic process,
the MOF crystallinity and highly dispersed feature of Au,s NCs
are well maintained in all catalysts, as evidenced by powder
XRD patterns and HAADF-STEM images (Figures S27 and
$28).

To gain more insights into the influence on the electronic
state and catalytic activity of Au,; NCs by the MOF pore wall
engineering, density functional theory (DFT) calculations have
been adopted to evaluate the Bader charge and d-band center
of these catalysts. The geometries of Au,s in Au,;@UiO-66-X
are optimized by the Vienna ab initio simulation package
(VASP).*® Based on the optimized model of Au,;@UiO-66-X
(Figure S29), the number of electrons transferred from Au, to
UiO-66-NH,, UiO-66-OH, UiO-66, and UiO-66-NO, is
calculated to be 2.81, 3.01, 3.28, and 3.90 e, respectively
(Figure 4a). The degree of Au,g electron donation is in the
order of Au,;@UiO-66-NO, > Au,;@UiO-66 > Au,;@UiO-
66-OH > Au,;@UiO-66-NH,, in agreement with the above
CO-DRIFTS and XPS results. It is evident that electron
transfer occurs mainly in the region between Au,s and UiO-66-
X linkers in the charge distribution diagram (Figure S30),
illuminating that the electron-withdrawing and -donating effect
of the MOF groups regulates the extent of electron transfer
from Auyg to UiO-66-X. The degree of electron donation of
Auy; fits well with the trend of their activity, illustrating that
the charge transfer between Au,s and the host MOFs plays a
critical role in the resulting activity.

Furthermore, the d-band center has been calculated for the
Auy encapsulated by UiO-66-X. The approximate location of
the d-band center of Au,g is —2.87, —2.75, —2.70, and —2.68
eV for Au,;@UiO-66-OH, Au,;@UiO-66-NH,, Au,;@UiO-
66, and Au,@UiO-66-NO,, respectively. The relationship
between the d-band center position of the Au,y and their
catalytic activity (TOF value) for Au,;@UiO-66-X presents a
volcano-type trend, in which Au,;@UiO-66-NH, with a
moderate d-band center exhibits the highest activity (Figure
4b). According to the d-band center theory, the closer the d-
band center is to the Fermi energy level, the stronger the
adsorption ability of the catalyst to the substrate.”” As a result,
the order of substrate adsorption ability is Au,;@UiO-66-NO,
> Au,;@UiO-66 > Au,;@UiO-66-NH, > Au,;@UiO-66-OH.
The classical Sabatier principle suggests that the strength of
substrate adsorption on the catalyst determines the catalytic
activity; moderate strength is favorable to the reaction, while
too stron% or too weak strength will reduce the catalytic
ability,°>°" in which the moderate substrate adsorption
intensity of Au,@UiO-66-NH, accounts for its highest
activity.

The stability and recyclability of Au,;@UiO-66-NH, are
investigated. No noticeable decrease in activity or selectivity is
observed in the consecutive five cycles (Figure S31). Powder
XRD patterns and TEM images demonstrate that the catalyst
microstructure is retained after five runs of reaction (Figures
$32 and S33). Moreover, the catalyst is filtered out after 1 h of
reaction; the results show that no further product is harvested
under the same conditions (Figure S34), inferring that no
leaching of Au,g occurred and the process should be truly
heterogeneous. In addition, different furfural derivatives have

been examined over Au,;@UiO-66-NH,. The reaction of
diverse furfural derivatives in methanol produces the
corresponding methyl esters in excellent yields (Table S2). It
is worth noting that S-hydroxymethylfurfural can be efficiently
transformed to furan-2,5-dimethylmethanoate, which is the
essential polymer monomer and a renewable platform chemical

(entry 6).>

Bl CONCLUSIONS

In summary, the Au,s(Capt);3 NCs have been encapsulated
into UiO-66, followed by the removal of the surface ligand on
Auy; to afford surface-clean Au,;@UiO-66 by taking advantage
of the confinement effect of the MOF. Thanks to the uniform
and tiny size as well as the fully exposed active sites of ligand-
free Au,s protected by the MOF with good resistance to
aggregation, the Au,;@UiO-66 exhibits its excellent perform-
ance in the catalytic oxidative esterification of furfural, a critical
process in fine chemicals. Upon the integration of ligand-free
Au,; into UiO-66-X with diverse functional groups dangling on
the pore wall, the resulting Au,;@UiO-66-X afford distinctly
different activities, in which Au,;@UiO-66-NH, possesses the
best activity and gives excellent conversions toward diverse
furfural derivatives. Experiments and DFT calculations jointly
unveil that the modulated microenvironment around Au,; sites
created by pore wall engineering of the MOFs regulates the Au
electron state and substrate adsorption strength on Au,j sites,
which dominate the catalytic performance. This work
unprecedentedly introduces surface-clean metal NCs into
isoreticular MOFs, which not only integrates the respective
merits of each component but also creates a modulated
microenvironment for active metal clusters, opening a door to
the fabrication of supported catalysts with precise and
tailorable structures for enhanced catalysis.

B EXPERIMENTAL SECTION

Synthesis of Au,s(Capt);s NCs. Au,;(Capt),; was synthesized
via a size-focusing strategy according to the previous report with some
modifications.*” First, tetraoctylammonium bromide (82.8 mg) was
dissolved into 5.4 mL of HAuCl,-4H,0 methanol solution (10 mg/
mL) and stirred vigorously at room temperature for 20 min; the
solution color changed from yellow-orange to deep red. Then, 3.5 mL
of Capt methanol solution (41.2 mg/mL) was added to the above
solution, and the color quickly changed to white. After stirring for 30
min, 3.25 mL of NaBH, cold water solution (15.2 mg/mL) was added
to the reaction system, and the color directly changed to brown-black.
After the etching process for 8 h, the reaction solution was centrifuged
to remove the unreacted, insoluble substance. The supernatant was
collected and concentrated by rotary evaporation. The Au,(Capt),q
products were collected and washed thoroughly with acetonitrile—
water (v/v = 3:1), and then, the black powder was obtained by
vacuum drying at room temperature.

Synthesis of UiO-66. UiO-66 was synthesized according to the
previous report with some modifications.” First, 70% of zirconium
propoxide [Zr(OnPr),] solution (1.42 mL), DMF (140 mL), and
CH,COOH (80 mL) were added into a 300 mL pressure vial and
heated in an oven at 130 °C for 2 h. The color changed from colorless
to yellow. After cooling to room temperature, we obtained solution A.
Then, BDC (300 mg) was added into solution A (45 mL), sonicated
for 1 min, and stirred for 24 h at 25 °C. The white precipitate was
collected by centrifugation and washed with DMF and MeOH three
times, respectively. Finally, the precipitate was soaked in 100 mL
MeOH for 48 h and dried in vacuum at 60 °C overnight to afford
UiO-66 powder.

Synthesis of Au,s(Capt),3/UiO-66. Typically, 100 mg of UiO-66
was dispersed in 3 mL of MeOH under sonication, followed by
adding 1.8 mL of Au,(Capt),s methanolic solution (2 mg/mL). After

https://doi.org/10.1021/jacs.2c09136
J. Am. Chem. Soc. 2022, 144, 22008—22017


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09136/suppl_file/ja2c09136_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

stirring for 2 h, the solution was centrifuged. The light brown
precipitate was washed with MeOH and dried in vacuum at 60 °C
overnight.

Synthesis of Au,s(Capt);3@UiO-66. Typically, 3.2 mL of
Au,(Capt) 5 methanolic solution (2 mg/mL) was added into the
aforementioned solution A (45 mL) by sonication for 1 min and
stirred for 20 min at 25 °C. Then, 300 mg BDC was mixed with the
solution, sonicated for 1 min, and stirred for 24 h at room
temperature. The light brown precipitate was collected by
centrifugation and washed with DMF and MeOH three times,
respectively. Finally, the precipitate was soaked in 100 mL MeOH for
48 h and dried in vacuum at 60 °C overnight.

Synthesis of Au,s(Capt);s@Ui0-66-NH,. Typically, 3.2 mL of
Au,s(Capt),s methanolic solution (2 mg/mL) was added into the
aforementioned solution A (64 mL) by sonication for 1 min and
stirred for 20 min at 25 °C. Then, 163.2 mg NH,-BDC and 150 mg
BDC were mixed with the solution, sonicated for 1 min, and stirred
for 24 h at room temperature. The yellowish-brown precipitate was
collected by centrifugation and washed with DMF and MeOH three
times, respectively. Finally, the precipitate was soaked in 100 mL
MeOH for 48 h and dried in vacuum at 60 °C overnight.

Synthesis of Au,s(Capt);3@UiO0-66-OH. Typically, 1.92 mL of
Au,s(Capt);s methanolic solution (2 mg/mL) was added into the
aforementioned solution A (44 mL) by sonication for 1 min and
stirred for 20 min at 25 °C. Then, OH-BDC (82.8 mg) and BDC (75
mg) were mixed with the solution, sonicated for 1 min, and stirred for
24 h at room temperature. The light brown precipitate was collected
by centrifugation and washed with DMF and MeOH three times,
respectively. Finally, the precipitate was soaked in 100 mL MeOH for
48 h and dried in vacuum at 60 °C overnight.

Synthesis of Au,s(Capt);3@Ui0-66-NO,. Typically, 1.92 mL
Au,s(Capt),s methanolic solution (2 mg/mL) was added into the
aforementioned solution A (44 mL) by sonication for 1 min and
stirred for 20 min at 25 °C. Then, NO,-BDC (96 mg) and BDC (75
mg) were mixed with the solution, sonicated for 2 min, and stirred for
24 h at room temperature. The light brown precipitate was collected
by centrifugation and washed with DMF and MeOH three times,
respectively. Finally, the precipitate was soaked in 100 mL MeOH for
48 h and dried in vacuum at 60 °C overnight.

Synthesis of AUNPs@UiO-66. The AuNPs@UiO-66 sample was
synthesized according to the reported method with minor
modifications.”> Typically, 50 mg of activated UiO-66 powder was
dispersed in 10 mL of ultrapure water by ultrasonication. Then, 200
uL of aqueous HAuCl, solution (25.4 mM) was added dropwise and
stirred for 4 h. The precipitate was collected by centrifugation and
redispersed into 10 mL of ultrapure water. After that, 500 uL of ice-
cold aqueous NaBH, solution (0.1 M) was added dropwise and
stirred for another 4 h in the dark. Finally, the precipitate was
collected by centrifugation, washed three times with ultrapure water,
and dried in vacuum at 60 °C overnight.

Synthesis of Au,s(Capt),g/ZrO,. Typically, 1 mL Au,s(Capt);s
methanol solution (2 mg/mL) was added to SO mg ZrO, under
vigorous stirring. After 30 min of stirring at room temperature, the
brown precipitate was collected by centrifugation and dried under
vacuum at 60 °C overnight.

Capt Ligand Removal from Au,;(Capt),3/UiO-66,
Au,s(Capt),3@Ui0-66-X, and Au,;(Capt),3/ZrO, by Thermal
Treatment. The composites were heated to 275 °C with a heating
rate of S °C/min and maintained at this temperature for 3 h in
vacuum. After that, the samples were cooled down to room
temperature naturally.

Oxidative Esterification Reaction of Furfural with MeOH.
Typically, 15 mg of catalyst (~2 wt % of Au loading, Table S1), 0.1
mmol furfural, and 2 mg Na,CO; were dispersed in 4 mL of MeOH,
followed by addition into a 25 mL high-pressure reactor (NSV-25-316
L, Anhui Kemi-n Instrument Co., Ltd, China). After pressurization (6
bar) with O,, the mixture was heated to 100 °C (5 °C/min) and
stirred (400 rpm). After the reaction, the reactor was cooled to room
temperature, and the reaction solution was centrifuged to separate the
catalyst from the solvent. The conversion and selectivity were

subsequently quantified by gas chromatography (GC), and the
products were confirmed by GC—MS. The TOF was calculated based
on the reaction rate at 10—20% conversion of furfural and the total Au
loading in the Au,;@UiO-66-X catalyst.

Recyclability Test of Au,;@UiO-66-NH,. The catalyst was
collected by centrifugation from the reacted solution, washed with
MeOH three times, and dried under vacuum after each cycle.
Afterward, the catalyst was reused for the next cycle under the same
reaction conditions.

Oxidative Esterification Reaction of Furfural Derivatives
with MeOH. Typically, 15 mg of catalyst (~2 wt % of Au loading,
Table S1) powder and 2 mg of Na,CO; were dispersed in 4 mL of
MeOH, followed by the addition of 0.1 mmol of furfural derivatives
into a 25 mL high-pressure reactor. After pressurization (6 bar) with
0,, the mixture was heated to 100 °C (5 °C/min) and stirred (400
rpm). After the reaction had taken place for a desired amount of time,
the reactor was cooled down to room temperature, and the reaction
solution was centrifuged to separate the catalyst from the solvent. The
conversion and selectivity were subsequently quantified by GC, and
the products were confirmed by GC—MS.

Characterizations. All chemicals were obtained from commercial
sources and were not further purified. De-ionized water was produced
through reverse osmosis (specific resistance of 18.25 MQ-cm),
followed by ion exchange and filtration (Hefei Purified Water
Treatment Co., Ltd). Powder XRD patterns were recorded on a Japan
Rigaku Miniflex 600 equipped with graphite monochromatized Cu Ko
radiation (4 = 1.54 A). UV—vis spectra were obtained on a Shimadzu
UV-2700 spectrophotometer. The MALDI-TOF-MS spectrum was
performed on an Autoflex Speed TOF/TOF, and the alpha-cyano-4-
hydroxycinnamic acid was used as a matrix in the MALDI analysis.
TGA was performed on SDT Q600 under a N, atmosphere with a
heating rate of 5 °C/min. XPS measurements were recorded by using
a Thermo ESCALAB 250 high-performance electron spectrometer
using S2-monochromatized Al Ka as the excitation source. CO-
DRIFTS was acquired on a Thermo Scientific Nicolet iS10 FTIR
spectrometer equipped with an MCT detector. SEM was observed on
a Zeiss Supra 40 scanning electron microscope at an acceleration
voltage of S kV. The TEM images were obtained on JEOL-2010. The
HAADEF-STEM and EDS mapping analyses were performed on the
Talos F200X instrument equipped with Super-X EDX operating at
200 kV. The SE-STEM and its corresponding HAADF-STEM images
were obtained with a JEOL JEM-F200. N, sorption measurements
were conducted at 77 K using the Micrometritics ASAP 2020. The
content of Au was measured on a Thermo Scientific iCAP 7400 series
instrument ICP—AES. 'H NMR spectra were attained on a Bruker
AC-400FT spectrometer (400 MHz). The catalytic reaction products
were identified and quantified by GC (Shimadzu 2010 Plus, 0.25 mm
X 30 m Rtx-S capillary column) and then determined using an Agilent
Technologies model 7890A gas chromatograph and an Agilent
Technologies model 5975C mass spectrometer as the detector.

Calculation Details. The electronic structure calculations are
performed using the Vienna Ab-initio Simulation Package
(VASPS5.4.1) within the Perdew—Burke—Ernzerhof functional and
projector augmented wave potentials, which has been proved to be a
suitable method for the system of MOFs.> A 1 x 1 X 1 I'-centered k-
point and 450 eV cutoff energy were adopted to obtain accurate
electronic energy in ground-state. The convergence standards of
energy and force were selected as 107 eV and 0.05 eV/A. The
position of the center of the d-band states (&4) of Au,s encapsulated
in different UiO-66-X (X = H, NH,, OH, NO,) skeletons was
calculated as follows™”

["E-D(E) dE
S —
/" D(E) dE
where D(E) is the density of d-states function of the Au atoms and E
is the energy relative to the Fermi level.
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