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Hybrid core-shell Au/CeO, nanoparticles (NPs) dispersed in
UiO-66 shaped into microspherical beads are created using
the spray-drying continuous-flow method. The combined
catalytic properties of nanocrystalline CeO; and Au in a single
particle and the support and protective function of porous
UiO-66 beads make the resulting composites showing good
performances as catalysts for CO oxidation (Tso= 72 °C; T100 =
100°C) and recyclability.

Long-term exposure to carbon monoxide gas is a cause of
lethal damage to humans and animals.! Only in 2014, 6381
kilotons of CO were emitted in the world, mainly from
transportation, power plants and industrial activities2. To date,
one of the most efficient solutions for mitigating CO emissions
to atmosphere is its catalytic oxidation to CO,.3 4 Good-
performance catalysts for CO oxidation are metal
nanoparticles (NPs) such as Au, Pd, Pt and Ru NPs.>8 These NPs
are usually supported on/in zeolites,® activated carbon,® and
metal oxides, including alumina,! mesoporous silica,'? ceria,!3
17 zirconia,!8 titania,'® and iron oxides.3 These supports avoid
NP aggregation and, eventually, enhance the catalytic activity
of NPs. A remarkable case is the use of nanocrystalline CeO; to
support Au NPs.2% 21 |n this particular composite, CeO, acts as
an active support that enhances the catalytic performance of
Au NPs for CO oxidation. Indeed, because CeO, has a high
oxygen storage and release capacity?? and facile oxygen
vacancy formation, its surface can be easily enriched with
oxygen vacancies so that Au NPs can strongly bind to these
vacancies.?324 Also, the oxygen vacancies in CeO; can create
Ce3* ions, opening a new CO oxidation pathway by O,
adsorbed on Au-Ce3* bridge site.2? Moreover, the interaction
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Inspired by these latter results, herein we show a fast
method that enables integrating pre-designed core-shell
Au/CeO, NPs?>27 in metal-organic frameworks (MOFs).
Recently, MOFs have attracted much attention as new porous
supports for catalytic NPs due to their exceptionally high
surface areas, structural diversity and tailorable pore chemical
functionalities.?8 For CO oxidation, Xu et al. have shown that
ZIF-8 MOF can support Au NPs to fully oxidize CO at a
temperature of 225 °C.2° Similarly, Pd and Pt NPs and hybrid
Pd/Pt NPs supported on MIL-101, ZIF-8, UiO-67 and UiO-66
MOFs showed full CO conversion at temperatures ranging
from 120 °C to 200 °C (Table 1).3933 |n this work, we combine
the catalytic oxidation of both
nanocrystalline CeO, and Au counterparts in a single particle
entity, which is supported in UiO-66 beads using the spray-
drying continuous-flow method. This method allows the
simultaneously synthesis and shaping of MOF beads while
encapsulating the pre-synthesized NPs in a fast, continuous
one-step process.34-36
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Table 1 Inorganic nanoparticles supported on MOFs for CO oxidation.

Catalyst NPsw.t.% Tso(°C) Tioo(°C) ref.
UiO-66@Au/Ce0; 7 72 100 this work
Ui0-66@Au/Ce0, 5.5 82 110 this work
Uio-67@Pt 5 100 120 33
MIL-101@Pt/Pd 160 175 30
MIL-101@Pt 160 175 30
UiO-66@Au/Ce0; 2.8 98 180 this work
UiO-66@Pt 2 160 180 32
MIL-101@Pd 185 200 30
ZIF-8@Pt 2 170 200 31
ZIF-8@Au 5 170 225 29
UiO-66 369 440 this work
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Fig. 1 (a-i) Representative FE-SEM and HAADF-STEM images of UiO-66@Au/Ce0,-2.8 (a-c), UiO-66@Au/Ce02-5.5 (d-f) and UiO-66@Au/Ce02-7 (g-i). (j)
XRPD patterns of UiO-66@Au/Ce0,-2.8 (green), UiO-66@Au/Ce0»-5.5 (red) and UiO-66@Au/Ce0,-7 (blue) in comparison to the simulated pattern for
Ui0-66 (black). (k) Elemental mapping (Zr, Ce and Au) of the composite UiO-66@Au/Ce0,-2.8.

Our method started with the synthesis of core-shell
Au/CeO; (Ce:Au = 1:1) NPs in water following the simultaneous
reduction/oxidation of Au and Ce precursors (ESIt).
Synthesized NPs had an average particle size of 9.6 £ 2.0 nm
and Au core size of 4.2 £ 1.2 nm (Fig. S1, ESIT). Then, they were
functionalized with PVP, allowing them to be transferred from
water to dimethylformamide (DMF). This step enables the
dispersion of Au/CeO; NPs in the solvent needed for
synthesizing the UiO-66 beads. Afterwards, 100 mg of
terephthalic acid, 3 mL of acetic acid, 4 ml of Au/CeO, NPs
(concentration = 1 mg/mL) and 280 pL of Zr(OPr"); were
sequentially mixed in 40 ml DMF. Note here that ZrCls, which is
the common salt used to synthesize UiO-66, was replaced by
Zr(OPrn), because of the dissolution of CeO, in the acidic
precursor solution when ZrCly is utilized (Fig. S2, ESIT).37 This
mixture was injected into a coil flow reactor at a feed rate of
2.4 ml.min? at 115 °C. The resulting pre-heated solution was
then spray dried at 180 °C and a flow rate of 336 ml/min using
a spray cap with a 0.5 mm diameter hole. The collected solid
was dispersed in DMF and washed twice with DMF and
ethanol.3*

A final step involved its calcination at 250°C overnight in
the presence of air. This calcination process facilitates the
removal of PVP from the surface of Au/CeO, NPs. It also
enhances the interfacial interaction of Au and CeO; and
increases the crystallinity of CeO,; which
enhancement of oxygen generation/storage capacity of
ceria.3840

leads to an

Field-emission scanning electron microscopy (FE-SEM) of
the calcinated powder revealed the formation of spherical
beads (average size = 3.4 £ 1.8 um) formed by the assembly of
nanocrystals of UiO-66 (Fig. 1a). X-ray powder diffraction
(XRPD) indicated that the beads were pure crystalline UiO-66
(Fig. 1j). Fig. 1b,c shows high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) of these
beads, confirming the encapsulation of well-dispersed
Au/CeO; NPs inside them. In addition, energy dispersive X-ray
spectroscopy (EDX) mapping of the beads showed the
homogeneous distribution of Au and Ce inside the beads (Fig.
1k). The content of Au/CeO; in this composite was estimated
by digesting the powder in a mixture of concentrated HCl and
HNOs3 and analysed by inductively coupled plasma optical
emission spectrometry (ICP-OES), from which a Au/CeO,
content of 2.8 % (Ce: 1.28 %, Au: 1.31 %) in the composite
(hereafter, UiO-66@Au/Ce0,-2.8) was determined. The
comparison of this value to the initial percentage of Au/CeO,
NPs added into the UiO-66 precursor solution leads to an
encapsulation yield of 92 %, confirming the efficiency of the
spray drying method for incorporating Au/CeO; NPs into the
UiO-66 beads. Finally, the adsorption capacity of UiO-
66@Au/Ce0,-2.8 was determined. N, physical adsorption
measurements showed a measured Brunauer Emmet Teller
(BET) surface area (Ager) of 1095 m?2/g (Fig. S3a, ESIt), very
close to that of pristine UiO-66 superstructures.3’



The catalytic activity of the UiO-66@Au/Ce0,-2.8 in CO
oxidation was evaluated by the temperature-programed
oxidation method. The catalytic oxidation of CO was carried
out in a fixed bed column reactor with dimensions of 9.0 cm in
length and 0.5 cm in inner diameter set in a controlled
temperature oven. 50 mg of the catalyst was packed into the
column, and a mixture of gases consisting of 1 % CO, 21 % O
and 78 % N, was allowed to pass through the column reactor
at a constant flow rate of 100 ml/min. After that, the catalyst
was heated up to the desired temperature and maintained
until a steady state was achieved. Within this interval of time,
set of samples of the outlet gas were withdrawn and analyzed
to determine the CO converted.

In an initial step, the catalytic activity of UiO-66 beads
without Au/CeO; NPs was measured as a control reaction. As
expected, UiO-66 beads showed no conversion of CO to CO,;
up to 200 °C, and full conversion took place at 440 °C (Fig. S4,
ESIT). On the contrary, the catalytic activity of UiO-
66@Au/Ce0,-2.8 was remarkably enhanced. As is shown in
Fig. 2a, this composite showed a CO conversion starting at
room temperature and exhibited a 50 % (Tso) and 100 % (T100)
CO conversion at temperatures of 98 °C and 180°C,
respectively (Table 1).

It is known that, if no aggregation occurs, higher loading of
NPs tends to increase the catalytic activity of this class of
supported composites. To this end, we systematically
synthesized a series of composites in which we increased the
added amount of Au/CeO, NPs dispersion (1 mg/mL) in the
precursor solution to 8.5 mL, 12 mL and 16 mL. Again, FESEM
and HAADF-STEM images revealed the formation of beads
containing Au/CeO;, NPs for all samples (Fig. 1d-i). However,
the latter sample was discarded because it showed the
presence of a high amount of non-encapsulated Au/CeO, NPs
together with the beads as well as lower crystallinity of UiO-66
(Fig. S5, ESIt). For the first two compositions, XRPD patterns
confirmed the formation of UiO-66 (Fig. 1j), from which
Au/CeO; contents of 5.5 % (Ce: 2.48 %, Au: 2.50 %) and 7 %
(Ce: 3.22 %, Au: 3.18 %) in the composites (hereafter, UiO-
66@Au/Ce0,-5.5 and UiO-66@Au/Ce0,-7) were determined.
These amounts correspond to 91 % and 74 % of encapsulation
efficiency for UiO-66@Au/Ce0,-5.5 and UiO-66@Au/Ce0,-7,
respectively. Finally, N, physical adsorption measurements
confirmed that both composites are porous, showing
measured BET surface areas of 1070 and 870 m2/g (Fig. S3b,c,
ESIT).

Ensuing temperature-programed oxidation measurements
confirmed a clear improvement of CO conversion for both new
composites, achieving lower Tsg and Tigo values by increasing
the percentage of Au/CeO, NPs (Fig 2a). In the case of UiO-
66@Au/Ce0,-5.5, Tsg and T100 Were found to be 82 °C and 110
°C, respectively. For UiO-66@Au/Ce0,-7, these temperatures
decreased down to 72 °C and 100 °C. Remarkably, in this latter
case, a CO conversion of 3.8 % was achieved at room
temperature. Moreover, for this latter reaction, the activation
energy was found to be 40.2 kl/mol, whereas the turnover
frequencies (TOF) values at temperatures of 30, 50, 75 and 100
oC were 10, 39, 106 and 204 h-, respectively (for comparison
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Fig. 2 (a) CO conversion rate as a function of reaction temperature for
UiO-66@Au/Ce0,-2.8, UiO-66@Au/Ce02-5.5 and UiO-66@Au/CeO>-7.
(b) CO conversion rate as a function of reaction temperature for three
consecutive cycles over the UiO-66@Au/Ce0>-7 composite. (c) CO
conversion rate at 100 2C for 12 hours over the UiO-66@Au/Ce0,-7
composite. (d) XRPD patterns of as-synthesized UiO-66@Au/CeO,-7
(blue) and after after three temperature-programed cycles (light blue)
and 50 hours of continuous CO conversion (grey).



purposes, TOF values of other reported catalysts based on Au
NPs are given in Table S1, ESIT).

Finally, the recyclability of these composites was evaluated
using the composite UiO-66@Au/Ce0,-7 that shows the lower
T100. Initially, we performed three cycles of catalysis without
detecting any loss of activity (Fig. 2b). After these cycles, the
stability of UiO-66@Au/Ce0,-7 was analyzed by XRPD that
showed a complete retention of the crystallinity of UiO-66 (Fig.
2d), as also confirmed by its unaffected surface area (Ager =
850 m2/g). Similarly, no sign of NP sintering or aggregation and
alteration of the morphology of the beads was observed by
STEM and FE-SEM (Fig. S6, ESIT). Then, the catalytic activity of
UiO-66@Au/Ce0,-7 sample was also studied during a longer
period of time. For this, the conversion of CO was followed in
continue at 100 °C during 50 hours, from which it was not
observed any loss of activity during the first 37 hours and a
slight decrease of activity (5 %) after 50 hours (Fig. 2c). We
attributed this decrease in catalytic activity to a loss of
crystallinity of UiO-66 (Fig. 2d) and its porosity capabilities
(Ager = 670 m?/g).

In conclusion, we have described the formation of a new
composite based on the entrapment and dispersion of core-
shell Au/CeO, NPs into microsized spherical, porous UiO-66
beads using the spray-drying continuous-flow method. The
combination of nanocrystalline CeO, and Au allows accessing
to CO conversion Tsg and Tig0 as low as 72 °C and 100 °C. These
values are to our knowledge one of the lowest CO conversion
temperatures achieved wusing catalysts based on NPs
supported on MOFs. In addition, UiO-66 provides enough
protection to avoid NP sintering/aggregation. We consider this
method as a general approach for making composites
consisting of functional NPs dispersed in MOFs already shaped
into spherical beads, as demonstrated by the fact that other
composites made of Pd NPs dispersed into UiO-66 beads (Fig.
S7, ESIt) were also fabricated and tested for CO oxidation.
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