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ABSTRACT: We show that the activity and selectivity of Cu catalyst can be promoted by a Zr-based metal—organic framework
(MOF), Zrs0,(OH),(BDC); (BDC = 1,4-benzenedicarboxylate), UiO-66, to have a strong interaction with Zr oxide
[Zrs0,(OH),(—CO0,),] secondary building units (SBUs) of the MOF for CO, hydrogenation to methanol. These interesting
features are achieved by a catalyst composed of 18 nm single Cu nanocrystal (NC) encapsulated within single crystal UiO-66
(CucUiO-66). The performance of this catalyst construct exceeds the benchmark Cu/ZnO/Al,O; catalyst and gives a steady 8-
fold enhanced yield and 100% selectivity for methanol. The X-ray photoelectron spectroscopy data obtained on the surface of the
catalyst show that Zr 3d binding energy is shifted toward lower oxidation state in the presence of Cu NC, suggesting that there is
a strong interaction between Cu NC and Zr oxide SBUs of the MOF to make a highly active Cu catalyst.
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strong metal—support interaction

D 1 ethanol produced by hydrogenation of CO, is an

attractive route to recycle the captured CO, from fossil
fuel combustion sources." It is a convenient fuel to transport as
a hydrogen-rich source and it is also used as a chemical
feedstock to produce other key chemical intermediates.”
Currently, it is produced industrially from synthesis gas (a
mixture of CO, CO,, and H,) using a Cu/ZnO/ALO; catalyst.’
However, isotope labeling experiments revealed that CO, is the
main carbon source for methanol production and CO is
responsible for maintaining the active oxidation state of Cu.*
Therefore, finding catalysts that use CO, and H, as the only
sources to produce methanol selectively is desirable but
remains a challenge.s For instance, CO has been observed as
a byproduct from the reverse water—gas shift reaction, that is,
CO, + H, = CO + H,0, over Cu/ZnO/AL,Oj; catalyst and
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newly discovered Ni—Ga heterogeneous catalyst as well.® More
recently, “MnQ,”/mesoporous Co;0, catalyst was used to
produce the highest reported yield of methanol under mild
temperature and pressure conditions (250 °C, 6 bar).”
However, these catalysts suffer from lower selectivity as either
hydrocarbons and/or CO are also produced along with
methanol. Here, we report a catalyst composed of Cu
nanocrystal (NC) encapsulated within a metal—organic frame-
work (MOF) for the conversion of CO, to methanol with
100% selectivity and high activity.
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CO, hydrogenation to methanol reaction is generally known
to be structure sensitive in that the catalytic properties are
strongly associated with the dimension and composition of the
metal oxide—metal interface.” MOFs are advantageous in this
regard for interfacing with other catalytically active metal
because of their nanosized metal oxide secondary building units
(SBUs) and tunability of their compositions; hence allowing us
to investigate the effects of catalytic interface systematically.”

Specifically, we report a catalyst where Cu NC is
encapsulated inside a Zr(IV)-based MOF denoted as
CucUi0-66, UiO-66 [Zr;0,(OH),(BDC);, BDC = 14-
benzenedicarboxylate]'* (Scheme 1), for CO, hydrogenation

Scheme 1. Crystal Structure of UiO-66 Where Zr Oxide
SBUs Are Linked with BDC To Form an Ordered Array of
the SBUs”

Zrg04(OH),(-COy)1,

O 0O
0" Y0
BDC Zr40,(OH),(BDC),

“Atom labeling scheme: C, black; O, red; Zr, blue polyhedra. H atoms
are omitted for clarity. Yellow spheres represent the space in the
framework.

to methanol. In this construct, an ordered array of Zr oxide
SBUs are precisely placed on the Cu surface yielding high
interfacial contact between Cu NC and Zr oxide SBUs.
Furthermore, these Zr oxide SBUs are spatially spaced by
organic linkers ensuring the accessibility of reactants to the
active sites. We found that CuCUiO-66 shows 8-fold enhanced
catalytic activity in comparison to the benchmark Cu/ZnO/
AlLO; catalyst'' while maintaining 100% selectivity toward
methanol.

Synthesis and Characterization of Cu NC within
(CucUiO-66) and on UiO-66 (Cu on Ui0-66). We
developed the synthesis procedure for 18 nm Cu NCs capped
polyvinylpyrrolidone (PVP) using polyol process and they were
used throughout this study [see Supporting Information (SI),
Figure S1]. This permitted us to systematically study the
change in the catalytic properties as a function of various MOFs
and other supports. For CuCUiO-66, the presynthesized Cu
NCs were added to the solution containing the MOF
precursors. In addition to the exclusion of oxygen to prevent
the surface oxidation and subsequent acid-mediated dissolution
of Cu NCs,'” we observed that the choice of metal precursors
dramatically affected the encapsulation process. Typical Zr
precursors for the synthesis of UiO-66 are ZrOCl,-8H,0 and
ZrCl,, which led to the dissolution of Cu NCs."* We found that
the use of Zr(OPr"), led to the successful production of
CuCUiO-66 as single Cu inside single nanocrystalline UiO-66
(Figure 1A). This material is the first example of Cu NCs being
encapsulated inside the framework as a well-defined con-
struct.'* For Cu NCs immobilized on UiO-66 (Cu on UiO-66),
we deposited Cu NCs on the presynthesized UiO-66 by mixing
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colloidal solutions of Cu NCs and UiO-66 where UiO-66 was
prepared using Zr(OPr"), as well (Figure 1B).

The catalysts were further characterized by powder X-ray
diffraction (PXRD), N, adsorption—desorption isotherms, and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The Cu NC-MOF constructs display diffraction
lines that coincide with the simulated patterns confirming the
crystallinity and identity of the materials (Figure 1C). N,
adsorption isotherms show that all the materials are porous
(Figure 1D) and ICP-AES measurements indicate 1 and 1.4 wt
% of Cu for CuCUiO-66 and Cu on UiO-66, respectively (SI,
Table S1).

CO, Hydrogenation to Methanol. We first studied the
catalytic properties of Cu NCs integrated with various MOFs
and conventional supports. We tested three MOFs with
different SBUs namely UiO-66 with a Zr oxide SBU, MIL-
101 (Cr) [Cr;0(H,0),(BDC),(OH)] with a Cr oxide SBU,"”
and ZIF-8 [Zn(C,H;N,),] with a Zn—N SBU (SI, Figures S2
and $3).'° We also tested Cu NCs supported on traditional
supports, mesoporous silica (MCF-26), ZrO,, and ALO;, as
they are commonly known to be either inert or active supports
for this reaction. For comparison, Cu/ZnO/Al,O; catalyst was
used as a benchmark reference and tested under the same
reaction condition.'”

CO, hydrogenation at 175 °C and 10 bar using CO, and H,
in a 1:3 molar ratio revealed that only CuCUiO-66, Cu on
Ui0-66, Cu on ZrO,, and Cu/Zn0O/Al,O; can convert CO, to
methanol with an initial turnover frequency (TOF) of
methanol formation of 3.7 X 107, 1.7 X 107, 0.42 X 107,
and 045 X 1073 57, respectively. Neither Cu NCs on MIL-101
(Cr) nor Cu NCsCZIF-8 show catalytic activity. These results
indicate that only the materials containing Zr oxide or Zn oxide
in either cluster or nanocrystal form can catalyze CO,
hydrogenation to methanol. Furthermore, it is remarkable
that Zr oxide SBUs of UiO-66 can function as ZrO, or even
better in promoting Cu catalyst.

The difference in catalytic activity can be attributed to the
variations in the composition of the SBUs and not from
variations in the structural stability. We examined the structural
integrity of the MOF-based catalysts after the reactions by
TEM, PXRD, and N, adsorption—desorption measurements
(SI, Section S2). The crystallinity and porosity of UiO-66, MIL-
101 (Cr), and ZIF-8 were preserved throughout the reaction.
From the elemental analysis (EA), 'H NMR, and TGA
measurement results, we do not observe coking deposited
inside the catalysts (SI, Section S2).

Figure 2 displays the initial TOF of methanol formation over
CuCUiO-66 in comparison with Cu on UiO-66 catalysts. By
comparing the catalysis activity between CuCUiO-66 and Cu
on UiO-66, we find that the location of the Cu NC also
influences the catalytic activity. CuCUiO-66 catalyst shows a 2-
fold increase and much enhanced stability in activity (SI, Figure
S18) presumably due to the higher number of contact points
between the Zr oxide SBU and Cu surface and the confinement
of the Cu NC in the MOF."® This result implies that the Cu
NC environment surrounded by the Zr oxide SBU can help in
creating active Cu sites for catalytic conversion of CO, to
methanol.

We increased the reaction temperature to 200 °C, 225 °C,
and 250 °C at 10 bar to observe the thermodynamic effect
under low conversion (below the diffusion limit). The CO,
hydrogenation to methanol is an exothermic reaction (CO, +
3H, = CH;0H + H,0, AH®° = —49.4 k] mol™") whereas the
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Figure 1. Characterization of Cu decorated MOFs: TEM images of (A) CuCUiO-66 (single Cu NC inside UiO-66), (B) Cu on UiO-66, (C)
experimental PXRD patterns in comparison with simulated pattern from single crystal X-ray diffraction data, and (D) N, adsorption—desorption
isotherms at 77 K with adsorption and desorption points represented by closed circles and open circles, respectively (P/P,, relative pressure).
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Figure 2. Initial TOFs of methanol formation over CuCUiO-66 and
Cu on UiO-66. The reaction rates were measured after 1 h. Reaction
conditions: 7 sccm of CO,, 21 sccm of H,, 10 bar, and 175 °C.

reverse water—gas shift reaction is endothermic (CO, + H, =
CO + H,0, AH®° = +412 k] mol™), therefore the CO
production is favored at higher temperature.'” Figure 3
indicates the initial TOF of product formation at four different
reaction temperatures for CuCUiO-66 and Cu/ZnO/AlO;. As
the reaction temperature increases, the TOF of CO formation
steeply increases in the benchmark Cu/ZnO/AlO; catalyst
[selectivity for CO = 0% (175 °C), 33% (200 °C), 42% (225
°C), and 61% (250 °C)]. Interestingly, no CO was detected in
the CuCUiO-66 catalyst at all reaction temperatures. This high
methanol selectivity of CuCUiO-66 is not due to the low CO,
conversion but the intrinsic property of the catalyst because
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Figure 3. TOFs of product formation over CuCUiO-66 catalyst and
Cu/ZnO/AlL O catalyst as various reaction temperatures. No CO is
produced in the case of CuCUiO-66 under all reaction temperatures.

CucUiO-66 and Cu/ZnO/ALO; showed similar conversion
(~5%) at 200 °C (SI, Figure S20 and S21).

At four different reaction temperatures, the initial TOF of
methanol formation over CuCUiO-66 always outperforms Cu/
ZnO/AlL,O;. We found that the optimal reaction temperature
for CuCUiO-66 is 175 °C as it shows stable catalytic activity
(SI, Figures S23 and S24). At this reaction temperature,
CuCUiO-66 exhibits 8-fold enhancement of catalytic activity in
comparison to Cu/ZnO/ALO;.

X-ray Photoelectron Spectroscopy (XPS) Analysis. To
understand the origin of high activity and high selectivity of
CuCUiO-66, we performed XPS analysis to probe the
electronic properties of the catalyst. However, the distance
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between the Cu NC and the surface of the CuCUiO-66 crystal
is beyond the penetration depth of the X-rays used in XPS."
We then turned to investigate Cu on UiO-66 and used it as a
proxy for CuCUiO-66. We believe this is reasonable because
Cu on UiO-66 also shows 100% selectivity for methanol and
comparable activity and therefore most likely have the same
active catalyst interface.

Despite the use of as-synthesized Cu on UiO-66 catalyst, Cu
was readily oxidized under ambient condition, the surface
oxidation state of the Cu NC is Cu(II) as shown by the 934 eV
binding energy in the XPS Cu 2p spectrum (SI, Figure $25).%
This is presumably due to surface oxidation of Cu NCs to form
a Cu/Cu,0/CuO structure as reported previously.”' The Zr
3ds/, spectrum in UiO-66 without Cu exhibits binding energy
of 182.8 eV that corresponds to the Zr(IV) oxidation state in
the Zr oxide SBU [Zr,0,(OH),(—CO,),,].”* In the case of the
Zr 3d spectrum of Cu on UiO-66 catalyst, the Zr 3ds,, peak
shift from 182.8 to 182.2 eV was observed, highlighting that the
Zr(IV) is reduced when in contact with the Cu NCs (Figure
4A).>* The fact that Zr(IV) in UiO-66 is reduced implies that
Cu is oxidized inherently.

A

182.2 eV

182.8 eV

Intensity (a.u.)

180

183
Blndmg energy (eV)

Zr oxide cluster
of UiO-66

Active sites

Cu surface

Figure 4. (A) XPS Zr 3d spectra of UiO-66 and Cu on UiO-66. (B)
Iustration of active site of Cu NC-UiO-66 catalyst. One Zr oxide SBU
[Zrs0,(OH),(—CO0,),,] is used as a representative of ordered array of
SBUs. Atom labeling scheme: Cu, brown; C, black; O, red; Zr, blue
polyhedra. H atoms are omitted for clarity.

These changes in the oxidation state of Zr suggest the
interaction between Cu NC and Zr oxide SBU, also known as a
strong metal—support interaction effect. Considering this effect,
Cu NC in contact with UiO-66 would result in the combination
of metallic Cu and Cu cation species even after the reduction.
The combination of Cu species positively affects the reaction
because each species cooperatively play a role during the
catalysis: (i) hydrogen dissociation by metallic Cu species,”**
and (ii) stabilization of the intermediates (i.e., formate) by
cationic Cu species.” It is generally accepted that dissociation
of the hydrogen molecule is fast and the hydrogenatlon of
surface formate is the rate-determining step.”” Thus, the
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presence of copper cationic species after reduction is necessary.
On the basis of these observations, we postulate that the active
site for the Cu NC—UiO-66 catalyst is the interface between
Cu NC and Zr oxide SBU [Zr,0,(OH),(—CO,),] (Figure
4B).

In contrast to the previous report on Cu/ZrO, where Zr
3ds/, peak shift was not detected despite the presence of the
interaction between Cu and ZrO,, the peak shift of Zr oxide
SBU observed here suggests the hlgher 1nterfac1al contact area
between Zr oxide SBU and Cu NC.*° This effect can be
attributed to the nanosized metal oxide SBU in the MOF
backbone.

In summary, the support effect on the Cu catalyst for the
CO, hydrogenation to methanol was investigated over different
types of MOFs [UiO-66, MIL-101 (Cr), and ZIF-8],
mesoporous silica (MCF-26), ZrO,, and AL,O;. We found
that UiO-66 is the best promoter for Cu catalyst giving high
selectivity and high yield for the production of methanol from
CO,. From XPS analysis and catalytic experiments, we believe
that the presence of the combination of multiple Cu oxidation
states and the higher interfacial contact area between Cu NCs
and Zr oxide SBUs of the MOF lead to the high TOF for
methanol formation. To our knowledge, this is the first finding
that metal oxide clusters (SBU) in MOF can have strong-metal
support interaction as typically observed in bulk metal oxides.
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