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ABSTRACT: ZrZnO, is active in catalyzing carbon dioxide (CO,) hydro-
genation to methanol (MeOH) via a synergy between ZnO, and ZrO,. Here we
report the construction of Zn**—O—Zr*" sites in a metal—organic framework
(MOF) to reveal insights into the structural requirement for MeOH production.
The Zn**—O-Zr*" sites are obtained by postsynthetic treatment of Zrg(u-
0)4(u3-OH), nodes of MOF-808 by ZnEt, and a mild thermal treatment to
remove capping ligands and afford exposed metal sites for catalysis. The resultant
MOF-808-Zn catalyst exhibits >99% MeOH selectivity in CO, hydrogenation at
250 °C and a high space-time yield of up to 190.7 mgy.on g7, h™". The catalytic
activity is stable for at least 100 h. X-ray absorption spectroscopy (XAS) analyses
indicate the presence of Zn**—O-Zr*" centers instead of Zn,O, clusters.
Temperature-programmed desorption (TPD) of hydrogen and H/D exchange
tests show the activation of H, by Zn?* centers. Open Zr*" sites are also critical, as
Zn** centers supported on Zr-based nodes of other MOFs without open Zr*" sites fail to produce MeOH. TPD of CO, reveals the
importance of bicarbonate decomposition under reaction conditions in generating open Zr*" sites for CO, activation. The well-
defined local structures of metal-oxo nodes in MOFs provide a unique opportunity to elucidate structural details of bifunctional
catalytic centers.

H INTRODUCTION (CO,-TPD). Our previous study on CO, hydrogenation using
the CuZnZr catalyst found hydrogen desorption from ZnO, by
H,-TPD.” These pieces of evidence suggest that Zn is active
for H, activation, and both Zn and Zr participate in CO,
activation. Still, the precise chemical structures of Zn and Zr in
their active forms have yet to be elucidated.

Metal—organic frameworks (MOFs),”'*7*° built from
bridging ligands and metal-oxo cluster secondary building
units (SBUs), have served as porous supports for efficient
catalysts. In particular, postsynthetic modification of MOF
SBUs has provided a new opportunity to study heterogeneous

Catalytic hydrogenation of CO, to methanol using hydrogen
from renewable sources has received much recent interest.
Methanol is not only a C1 fuel but also a platform chemical for
synthesizing olefins and other high value-added chemicals.' ™
Much progress has been made in developing supported metal
catalysts for CO, hydrogenation. Notably, trimetallic and
bimetallic catalysts such as CuZnAl, CuZr, and ZrZn have
been widely studied.” ™" Despite the lower activity of the ZrZn
catalysts than Cu-based catalysts, ZrZn catalysts have gained
significant interest because of their lower cost and a lower

. 27-35 :
tendency to catalyze olefin hydrogenation than Cu catalysts, Coa;al(ymst) ( SP}SCIﬁia?Y)’ ﬁhZB!lle—'OHZ glr\/([)gl;s Ef [Zr6(/412'
which is critical for one-reactor syngas conversion to ethylene HHs A CADOXYIATE) 12 m LEVES have d pfa
via the methanol intermediate 2 12 of 3—4 and can be deprotonated to bind other metal

26,3538 Z
ZnO was previously thought of as a promoter for Cu in centers. The ;207 and other oxygens on the SBUs

CuZ nAl,B’H but recent studies revealed H, splitting and CO, mi‘mic the coordination environments of traflitional. metal
adsorption directly on 700 35101=17 P 1 co-workers ox1.d.e supports a.ncll have. well-defined and uniform sites to
showed that the ZnO/ZrO, interface of the ZrZn catalyst is facilitate mechanistic studies.

the active site for CO, adsorption and identified a formate
intermediate on both Zn and Zr metal centers."® Li and co- Received: March 31, 2021
workers found that Zn in the ZrO, lattice in a ZrZn solid Published: June 7, 2021
solution can adsorb and split H, at 280 °C via H/D exchange

experiments and DFT calculations.'” A Zn—O—Zr site in this

solid solution then adsorbs CO, for its conversion to methanol

as revealed by temperature-programmed desorption of CO,
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Zr SBUs have been used to support metal centers via
solution-based postsynthetic modification or atomic layer
deposition.”*”*>*® For example, treating Zr SBUs with
ZnEt, can deprotonate Zry(s;-OH) groups to generate
Zr3(p4-O)ZnEt moieties. On the other hand, capping formates
on the [Zrg(u5-0),(u5-OH),(carboxylate);,] SBUs" ~** can
decompose at the CO, hydrogenation temperature to generate
open Zr*" sites.””*" We envisioned that a combination of
ZnEt, treatment and formate removal from the SBU might
afford well-defined Zn>*—O—Zr*" sites for CO, hydrogenation
to MeOH.

In this work, we synthesized MOF-808 of the formula
[Zrg(u5-0),4(u5-OH),(HCO,)((BTC),] from ZrOCl,, ben-
zene-tricarboxylic acid (H;BTC), and formic acid. The capping
formates were thermally removed in situ to generate an open
Zr*" site. The treatment of MOF-808 by ZnEt, afforded MOF-
808-Zn as a catalyst precursor, which was highly active for CO,
hydrogenation after a very short induction period. MOF-808-
Zn showed >99% MeOH selectivity for CO, hydrogenation at
250 °C, a high space-time yield of up to 190.7 mgyeon g7n "
h™!, and a CO, conversion of 2.1%. The catalytic activity was
stable for at least 100 h. Further mechanistic investigations
revealed that Zn®" is responsible for H, activation and the
Zn**—0-Zr*" site is critical for CO, adsorption and
conversion.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of MOF-808-Zn-x.
MOF-808 was synthesized following a modified procedure
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Figure 1. Characterization of MOF-808-Zn. (a) Powder X-ray
diffraction patterns; (b) TGA; and (c¢) TEM, HADDF, and EDX
mapping images of MOF-808-Zn.

using ZrOCl, and H;BTC in the presence of HCO,H
(Supporting Information [section $2]).*> The resultant
MOF-808 nanoparticles showed regular octahedral shape by
transmission electron microscopy (TEM) (Figures Ic and S1)
and were crystalline as shown by powder X-ray diffraction
(PXRD) (Figure la). MOF-808 constructed from [Zrg(us-
0),(p3-OH),(HCO,)4(carboxylate)s] SBUs and BTC ligands
have a 6,3-connected three-dimensional framework structure of
spn topology. The number of formates was determined by
proton nuclear magnetic resonance ('H NMR) spectra of the
digested MOFs, confirming the chemical formula (Figure S2).
Thermogravimetric analysis (TGA) in Figure 1b gave 42.6%
weight loss in the temperature range of 220—600 °C because
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Scheme 1. Scheme Showing the Synthesis of MOF-808-Zn
and the Active Site of Zr*'—0—Zn”*
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Figure 2. Catalytic performance of MOF-808-Zn-x (x = 1,2,3,4). (a)
Activities of MOF-808-Zn-x with different Zn loadings. (b) Activities
of MOF-808-Zn-4 and control samples. (c) 'H NMR and (d) "*C
NMR of *CH,OH produced from *CO, hydrogenation catalyzed by
MOF-808-Zn-4. (e) STYyeon of MOF-808-Zn-4 vs reaction time
over a period of more than 100 h on stream. Reaction conditions:
GHSV = 9000 h™", temperature = 250 °C, H,/CO, = 3, P = 4 MPa.

of conversion of Zrg(p5-O)4(p5-OH),(HCO,)4(BTC), to
ZrO, (theoretical weight loss: 42.6%). In the temperature
range of 220—350 °C, there was about 14.4% weight loss
corresponding to removing the capping formates (cal: 12.3%;
Figure S3), which will be further discussed later.

MOF-808-Zn-x (x is the molar ratio of Zn/Zrg; x = 1, 2, 3,
4) was synthesized by treating MOF-808 with different
concentrations of ZnEt, in tetrahydrofuran (THF) (SI section
S$2.1.2, Scheme 1). The amounts of Zn and Zr were quantified
by inductively coupled plasma optical emission spectroscopy
(ICP-OES) and inductively coupled plasma-mass spectrometry
(ICP-MS), as listed in Table S1. MOF-808-Zn-4 initially
contained fully occupied Zrg(u3-O)4(u3-OZnEt), clusters, but
—OH replaced the ethyl group upon exposure to water vapor
in the air to give Zrs(u3-0)4(u5-OZnOH),.
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Figure 3. Local structures of (a) MOF-808-Zn-BR and (b) MOF-
808-Zn-AR; R space EXAFS fitting plot of (c) MOF-808-Zn-BR and
(d) MOF-808-Zn-AR. The sample before catalysis was not exposed to
air for the EXAFS analysis, so there is still an ethyl group on the Zn
center.
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Figure 4. (a) Result of Le Bail refinements of PXRD patterns of
MOF-808-Zn-4. (b) Location of Zn shown as gold area, based on
“difference envelope densities” Ap of MOF-808-Zn-4 minus MOF-
808. Zr, turquoise; Zn, gold; C, gray; H, white.

PXRD and TEM studies showed that MOF-808-Zn-x
remained crystalline (Figures la,c, S4, and SS). Zn distributed
evenly in the framework as revealed by energy-dispersive X-ray
(EDX) mapping. No ZnO or ZrO, nanoparticles were
detected (Figure S6). After metalation with ZnEt,, there
were still six capping formates per SBU, as revealed by 'H
NMR of the digested sample (Figure S7). TGA in Figure 1b
gave 36.1% weight loss in the temperature range of 220—630
°C because of the mass loss from converting Zrg(p5-0), (4t
0ZnOH),(HCO,)4(BTC), to ZrO, and ZnO (theoretical
mass loss: 34.4%). In the temperature range of 220—320 °C,
there was about 10.4% weight loss corresponding to the
capping formates’ decomposition (theoretical mass loss: 9.9%)
(Figure S8). At the reaction temperature of 250 °C, the capped
formate’s decomposition generated an open Zr*' site for
catalysis. Nitrogen sorption experiments gave BET surface
areas of 1511 mz/g for pristine MOF-808, 831 mz/g for MOE-
808-Zn-1, and 326 m*/g for MOF-808-Zn-4 (Figures S10—
S15), consistent with pore-filling by the ZnOH moiety and
mass increase from Zn loading.

Catalytic Performance. Catalytic Performance of MOF-
808-Zn-x Reveals One Zn Center Per Active Site. MOF-808-

8831
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Figure 5. Infrared spectrum of (a) pristine MOF-808, (b) fresh MOF-
808-Zn-4, and (c) MOF-808-Zn-4-AR. The ratio of ligand H;BTC to
HCO,H in (d) MOF-808, (e) MOF-808-Zn-4, (f) MOF-808-Zn-4-
AR (after H,/CO, reaction), and (g) MOF-808—Zn-H,-AR (after
pure H, reduction reaction) as shown by 'H NMR. 4 is unknown
species in panels f and g.
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Figure 6. Normalized CO,-TPD profiles of various MOF samples in
the 50—250 °C temperature range.
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Figure 7. Normalized H,-TPD profiles of various MOF samples in
the 50—250 °C temperature range.

Zn-x (x = 1, 2, 3, 4) were tested for CO, hydrogenation at 250
°C under 4 MPa reaction gas with an H,/CO, ratio of 3 on a
fixed-bed reactor. MOF-808-Zn-4 exhibited a space-time yield
to MeOH (STYyeon) of 182.9 mgyeon gz, ' h™' and >99%
selectivity for MeOH at a gas hourly space velocity (GHSV) of
4500 h™' (Figure 2a). In comparison, the bare MOF-808
without Zn loading had no activity, reflecting the importance
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Figure 8. HD exchange profiles of (a) MOF-808 and (b) MOF-808-
Zn-4. The light orange line represents m/z = 2; the pink line
represents m/z = 3, and the light green line represents m/z = 4. The
aqua color shadings suggest the deuterium gas injection interval.

2936
2888
2825
2747

s

___20min_
ISmin_

Absorbance (a.u.)

2900 2800 2700 2600

Wavenumber (cm™)

3000 2500

Figure 9. In situ DRIFT spectra of MOF-808-Zn catalyst after
switching the feed gas from CO, to the reaction gas (H,/CO, = 3) at
250 °C and 2 MPa. The spectra are referenced to MOF-808-Zn after
activation in N, at 250 °C for 2 h.

of Zn in this catalytic reaction. The catalysts with different Zn
loadings (x = 1, 2, 3, 4) showed similar STYyoy on a per
gram of Zn basis (x = 1:190.7 mgyeon gz, h ™' « = 2:178.1
mgyeon €70 7' x = 3:185.1 mgyeon g7n * h™'; x = 4:182.9
mgyeon g2, h7'), leading to a linear dependence of the CO,
conversion on x (Figure 2a and Table S3). This linear
dependence is consistent with an active site containing only
one Zn center instead of Zn,O,, clusters with multiple Zn
centers.

MOF-808-Zn-4 showed stable catalytic performance in 100
h without a decrease in STYyon and the selectivity (Figure
2e). The initially high activity in Figure 2e might be due to the
decomposition of capping formates on the SBU, which could
also be converted to MeOH. Reuse of MOF-808-Zn for a
second time showed no decrease in activity. However, the
initial high activity was not observed in the second run, which
is consistent with our hypothesis of initial MeOH production
via hydrogenating capping formates (Figure S16). Structures of
MOF-808-Zn-x were maintained after catalysis as shown by
PXRD patterns (Figure S17) and TEM and EDX mapping
images (Figures S18 and S19) after catalysis. No sign of
aggregation of Zn was observed in the TEM images.

Hydrogenation of *C-labeled *CO, verified that the carbon
in the CH;0H product came from CO,. The reaction was
performed in a high-pressure steel reactor at 250 °C and under
2 MPa gas of H2/13C02 = 3/1 using MOF-808-Zn-4 as the
catalyst. Gas chromatography—mass spectrometry (GC-MS)
showed that *CH;OH was produced with only a trace amount
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of »CH;OH (Figure S21). "H NMR analysis of the product
showed splitting of the *CHj;- peak to a doublet peak (6 =
3.49 ppm and § = 3.21 ppm) due to coupling between *C and
H (Figures 2c and S22). The small amount of "*CH;OH (3.35
ppm in Figure 2c) might be produced from the capping
formate in the MOF-808-Zn cluster as mentioned above. '*C
NMR showed a § = 48.94 ppm peak assigned to *CH;OH
(Figure 2d).

Control Experiments Reveal the Role of Open Zr Sites. To
probe the possible involvement of open Zr sites in catalytic
activity, Zn supPorted on UiO-66 was tested for CO,
hydrogenation.”> The UiO-66 contains 12-connected
[Zrs(u5-O)4(u5-OH),(carboxylate);,] SBUs and terephthalate
(BDC). The preparation condition of the UiO-66 was
controlled to reduce the number of defect sites of formate
coordination on the SBUs, and the synthesis materials were
ZrCl,, H,BDC, and DMF. No additional regulating agent was
added. Detailed synthesis procedure and quantitative charac-
terization of UiO-66 are presented in SI section S5.1. "H NMR
analysis of digested UiO-66-Zn gave the BDC/formate ratio,
and TGA analysis afforded the BDC/Zr ratio, both of which
confirmed the presence of only a tiny amount of capping
formates in this sample (0.18 formate per SBU) (Figures S26
and $29). With a minimal amount of capping formates in UiO-
66, very few open Zr sites could be generated under reaction
conditions. The negligible activity was observed for the UiO-
66-Zn-4 catalyst (Figure 2b and Table S3) despite the
formation of the Zrg(u;-O),4(p3-OZnOH), cluster as in
MOF-808-Zn-4, suggesting the importance of open Zr sites.

To further demonstrate the effectiveness of the open Zr site
in the activity, UiO-66 with capping formates on the SBUs as
defect sites were also prepared by adding HCO,H in the
synthesis (Section $5.2).*' UiO-66-HCO,H has the same
structure as UiO-66 except for the presence of capping
formates. The ratio between capping formates and BDC in the
Ui0-66-HCO,H was 1:1.11 according to 'H NMR analysis
(Figure S31), leading to a formula of [Zrg(p3-O),(us-
OH),(BDC),4(HCO,);,]. After Zn loading to produce
Zrs(15-0),4(u5-OZnOH), clusters, UiO-66-HCO,H-Zn-4 was
active in hydrogenating CO, to methanol with an STYy oy as
high as 135.2 mgyeon gz, h™' and a MeOH selectivity >99%,
which is comparable to that of MOF-808-Zn-4. Similarly, UiO-
67-HCO,H with a formula of [Zrg(p;-O),(ps-
OH),(BPDC),,(HCO,),¢] was prepared. UiO-67-HCO,H
has the same structure as UiO-66-HCO,H except that
biphenylphthalic acid (H,BPDC) is used as the bridging
ligand so that the channel size of UiO-67 is larger. UiO-67-
HCO,H-Zn-4 exhibited comparable activity with an STY .o
of 156.6 mgyon gz, = h™' with an MeOH selectivity >99%.
The activity comparison among UiO-66-Zn-4, UiO-66-
HCO,H-Zn-4, and UiO-67-HCO,H-Zn-4 highlights open Zr
sites as a critical factor in CO, hydrogenation. We thus
propose one Zn’* center together with an open Zr*" as the
active site for catalytic CO, hydrogenation to methanol.

Probing the Zr*—0-Zn?* active site. X-ray Absorption
Spectroscopy Analysis of Zn’* Coordination Environment.
The local coordination environments of Zn centers in MOF-
808-Zn were probed by X-ray absorption spectroscopy (XAS)
at the Zn Ka edge (section S6.1). Fitting of extended X-ray
absorption fine structure (EXAFS) (Figure 3) of the Zn K-
edge of MOF-808-Zn-BR (as-synthesized, BR stands for before
catalytic reaction) and MOF-808-Zn-AR (AR stands for after
catalytic reaction) showed single-site Zn** centers instead of
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Figure 10. (a) DFT-computed minimum-energy profile on the reaction path for the catalytic hydrogenation of CO, to methanol on the Zr**—0—
Zn*" site. (b) Related structure of the key intermediates in the catalytic cycle. The atoms in ball-and-stick models: aqua blue, Zr; red, O; gray, C;

white, H; bluish violet, Zn.

forming ZnO nanoparticles or clusters. MOF-808-Zn-BR for
XAS measurement was prepared in an N,-filled glovebox, so an
ethyl group from ZnEt, reagents is expected to coordinate the
Zn?* center. When exposed to air or water steam, the Zn-ethyl
group was easily hydrolyzed to a ZnOH-moiety. As expected,
the coordination number around Zn** in MOF-808-Zn-AR is
32 + 0.8 based on the first shell EXAFS fitting. X-ray
absorption near edge structure (XANES) simulation of MOF-
808-Zn with different coordination numbers (CN = 2—4)
(Figure S38) indicates that the four-coordinated tetrahedron
structure matches best with the experimental spectrum. The
proposed structure model was also confirmed by EXAFS fitting
and gave the average Zn—O distance as 1.94 + 0.03 A, and the
Zn—Zr distance around 3.01 + 0.11 A was also observed from
the fitting. The oxidation state of Zn was +2 based on X-ray
absorption near edge structure (XANES). XAS analyses of the
catalysts before and after reaction are consistent with Zr*'—O—
Zn>* centers instead of Zn,0,, clusters.
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We also plotted the Zn K-edge EXAFS data of ZnO and Zn
foil in R space in Figure S39. The comparison clearly showed
that the Zn—O path in the MOF-808-Zn system is similar to
that in ZnO. Instead, the MOF-808-Zn sample has a weak
Zn—"Zr path in the second shell, while the Zn—Zn path in ZnO
is very strong. Zn foil showed only a Zn—Zn path, which did
not appear in MOF-808-Zn and ZnO. This comparison shows
that the Zn center in MOF-808-Zn is maintained as dispersed
single sites without forming ZnO or Zn metallic nanoparticles.

Differential Electron Density Map Analysis of the
Location of Zn**. Analysis of PXRD patterns of MOF-808-
Zn-4 (15.2% Zn loading) (Figure 4a) using a different electron
density map (DED) method*>*” showed potential locations of
the Zn®" ions (Figure 4b; see section S6.2 for more details).
We found increased electron density around the Zrg cluster in
MOF-808 because of partially occupied Zn®* at six sites that
are each surrounded by one equatorial y3-O™ and two oxygen
atoms from carboxylate of BTC, as well as at two sites above
the axial p13-O~. We thus propose a structural model for MOF-
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808-Zn-4 with four Zn®* at these sites. Considering our control
experiment of UiO-66-Zn-4, we assume that only Zn*" at the
six equatorial sites can form active centers for MeOH
production.

IR Spectra Probe the Formation of the HO—Zr**—0—Zn**
Active Site. We hypothesize that the capping formate in
[Zrs(p3-0),4(p5-OH),,(HCO,)4(carboxylate)s] SBUs could
decompose and be replaced by H,O and OH™ during the
reaction, which can be verified by comparing the infrared (IR)
absorption spectrum of MOF-808 before and after heating
(Figure Sa). Two peaks at 2866 and 2934 cm™' were detected
in pristine MOF-808 but were absent in the sample after
heating at 250 °C for 20 h (Figure §42).73** These two peaks
can be assigned to ©(C—H) stretching mode and 6(C—H) +
v,,(OCO) of the coordinated formate. The IR spectra of
MOF-808-Zn-4 before and after catalysis showed that the
v(us-OH) at 3671 cm™' disappeared after metalation with
ZnEt, (Figure Sb). A broad peak in the 3000—3600 cm™
suggests adsorbed water on Zn>" with rich hydrogen bonds.
The v(u;-OH) was also absent in the sample after catalysis
(Figure 5c), indicating that Zn®* stays on the u3-O site durin%
the catalytic process. The v(u;-OH) peak at 3740 cm™'"*°
was present in the MOF-808-Zn-4-AR spectrum, consistent
with a left y,-OH on Zr*" after formate removal.

Formate removal after heating was also confirmed by 'H
NMR analysis after digesting the MOFs by D;PO, (Figure
S43). The ratio of BTC/HCO,~ in MOF-808 is approximately
2:5.63 (Figure 5d), which did not change after metalation with
ZnEt, (2:5.79, Figure Se). After heating MOF-808-Zn-4 to 250
°C under 4 MPa of pure H, in a high-pressure steel reactor, the
"H NMR analysis showed a negligible amount of HCO,™ left
in the MOF (Figures Sg and $45).

However, after catalysis at 250 °C under 4 MPa of H,/CO,
= 3/1, this BTC/HCO, ratio became 2:2.57 (Figure 5f). The
IR spectra also showed a formate signal after catalysis (Figure
Sc). The restored formate under CO, hydrogenation condition
suggests that formate is a critical intermediate in the CO,
conversion.

CO,-TPD Reveals CO, Adsorption Sites and HCO;~
Decomposition. Chemisorption of CO, on the catalysts was
investigated by temperature-programmed desorption of CO,
(CO,-TPD). The temperature was ramped from 50 to 250 °C
at a rate of S °C/min and then held at 250 °C for 60 min. The
signal was monitored and recorded by a mass spectrometer.
The CO,-TPD profile of MOF-808-Zn-4 was deconvoluted
into four peaks: 94 °C (green), 143 °C (pink), and holding at
250 °C for 9.6 min (blue) and 25.7 min (orange) (Figure 6).
The desorption peak at 94 °C was assigned to CO, desorption
from the Zn>" site, as it was also observed in the CO,-TPD
profile of UiO-66-Zn-4 that lacks open Zr sites. This
assignment is also consistent with the literature report of the
CO,-TPD profile of ZnO."”'® The two peaks at >250 °C are
assigned to desorption from open Zr sites on the SBU as they
also appeared in the CO,-TPD profile of MOF-808 without Zn
metalation. However, the desorption peak at 9.6 min was much
higher for MOF-808-Zn-4 than that for MOF-808, suggesting
that Zn?* promotes CO, adsorption on Zr*".” The desorption
peak at 143 °C is a new peak that is assigned to desorption
from the Zr**—O—Zn’" site as it is absent in either UiO-66-
Zn-4 or MOF-808 without Zn metalation.””

Because the capping formate of MOF-808-Zn-4 decom-
posed before reaching 250 °C and should leave a Zr—OH, the
two desorption peaks at 250 °C might be attributed to
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bicarbonate species (HCO;~) adsorbed on the Zr site resulting
from the reaction between CO, and Zr—OH. This assignment
is consistent with literature results’* suggesting that slow
decomposition of bicarbonate releases CO, for the observed
desorption. Similarly, the first desorption peak at 94 °C in the
CO,-TPD curve is possibly caused by the decomposition of
bicarbonate species adsorbed at the Zn>* site. The second peak
at 143 °C possibly corresponds to HCO;™ on the Zr*'—O—
Zn** site.

To test this hypothesis, MOF-808 was suspended in CO,-
saturated KHCO; solution overnight with continuous stirring
to obtain MOF-808-HCO;™. The samples after sufficient
washing and drying were examined by TGA-MS (Figure S46).
The trace with an m/z value of 44 monitors CO, generation,
and the trace with an m/z value of 18 monitors H,0O. When
the temperature increased to ~250 °C, both CO, and H,0’s
mass signal appeared, suggesting the decomposition of
HCO;". This observation is consistent with the CO,-TPD
data.

Notably, the temperatures at which HCO;~ decomposed
correlate with the rise of catalytic activity. We thus propose
that the desorption of HCO;™ from Zr sites may generate open
Zr sites for CO, activation and catalytic turnover.

H,-TPD and H/D Exchange Experiment Showing H,
Activation at the Zn Site. The temperature in the H,-TPD
measurement increased from 50 to 250 °C at a rate of 5§ °C/
min and was then held at 250 °C for 60 min. Both MOF-808-
Zn-4 with open Zr sites and UiO-66-Zn-4 without open Zr
sites showed a broad desorption peak at 250 °C after holding
for S min (Figure 7). In comparison, the MOF-808 or UiO-66
without Zn metalation showed no desorption peak of H,,
suggesting that the Zn site is responsible for H, activation.

H/D exchange experiments further supported the role of the
Zn site in H, activation. MS monitored the D, injection into
H, flow in 10 min intervals at 250 °C. The m/z value of 3 is for
HD produced via the reaction between H, and D, on the
catalytic site. Both MOF-808-Zn-4 and UiO-66-Zn-4 produced
HD, while MOF-808 without Zn metalation produced a
negligible amount of HD (Figures 8 and $48), confirming the
Zn site to be the one for H, activation.

We envisioned that the Zn*" and a surrounding oxygen O
site might form a Lewis acid—base pair for heterolytic H,
splitting to generate Zn—H’~ and O—H’". As the MOF-808-
Zn-4 and UiO-66-Zn-4 showed similar H/D exchange activity,
the suitable O site must be present in both samples. One
candidate is a carboxyl oxygen atom from the BTC ligand.
Other candidates include a y,-OH attached to the Zn>** center
and the p,-O in Zr*'—0—2Zn>".

In Situ DRIFT Revealing Reaction Intermediates. Figure 9
shows the in situ DRIFT spectra of MOF-808-Zn catalyst after
switching the feed gas from CO, to the reaction gas (H,/CO,
= 3; 2 MPa) at 250 °C. The bands at 2971, 2936, and 2888
cm™" were assigned to the HCOO—Zr species (HCOO is
formate)®' that exist before the switching. Upon switching to
the reaction gas, the peak at 2747 cm™' gradually increased
with time, corresponding to the formation of HCOO—Zn
species.”” > The peaks at 2970 and 2888 cm™' were also
assigned to HCOO—Zn. It is difficult to distinguish between
HCOO-Zn and formate group bridging one Zn and one Zr
center. Meanwhile, the bands at 2936 and 2825 cm™! increased
with time, corresponding to the methanol synthesis from the
formate species."é’57 Thus, we observed HCOO—Zn as a
possible reaction intermediate.
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DFT Calculations. To further investigate the reaction
mechanisms, density functional theory (DFT) calculations
were performed. The MOF-808-Zn cluster structure was first
optimized as shown in Figure S50. This structural model is
consistent with EXAFS fitting.

We have calculated the reaction process from CO, to
methanol on the MOF-808-Zn catalyst, and the related energy
change profile is shown in Figures 10 and S52. The
calculations showed that H, is activated on the Zn>* center,
CO, is adsorbed on the Zr** center, and formate is a crucial
intermediate.

H, can easily dissociate to form Zn**~H~ and Zr*—O—-H*
species on the Zr**—0-Zn*" center [Zr*"'—O(—H")—Zn*" -
H~] with an energy barrier of 17.1 kcal/mol. Then, H, can also
be dissociated by the Zn®" center and another nearby Zr*'—
OH group, enabling the formation of the H, + 3H* + HCOO*
intermediate. The barrier for H, splitting in this step is lower
than that on Zr*—0-Zn** (112 vs 17.1 kcal/mol). The
change of the surrounding environment after the first hydrogen
dissociation may cause this decrease. These results are
consistent with the hypothesis of heterolytic H, splitting on
Zn** and the oxygen bonded to Zr*".

CO, has an adsorption enthalpy of 10.9 kcal/mol on the
open Zr site. The adsorbed CO, reacts with the nearby Zn**—
H™ to form formate. In the catalytic cycle, all the oxygenated
intermediates were adsorbed on the Zn** center. Hydride
species on the same Zn>' center hydrogenated them,
consistent with previous studies of the ZrO,/ZnO system."
The high hydricity of the Zn—H®" species leads to low barriers
of hydrogenating steps (23.7—29.8 kcal/mol). The rate-
determining step in the cycle is the cleavage of the C—O
bond in H,CO—OH* with a barrier of 38.3 kcal/mol. This
explains why formate can be observed as an intermediate, as
formate is one of the stable species on the path before C—O
cleavage.

The last methoxy protonation and MeOH desorption steps
are both thermodynamically unfavorable but with only small
barriers (24.3 and 4.9 kcal/mol, respectively).

The reaction pathway on pristine MOF-808 was also
computed and compared with that of MOF-808-Zn. As
shown in Figure S53, the barrier for heterolytic hydrogen
splitting on the Zr—OH site was 35.8 kcal/mol, which is much
higher than that on the Zn—O—Zr center in MOF-808-Zn
(17.2 keal/mol). Meanwhile, the Zr—H generation from H, is
thermodynamically unfavorable (28.6 kcal/mol), while the
enthalpy for Zn—H formation is —1.9 kcal/mol. Thus, the
formation of Zr—H is both kinetically and thermodynamically
unfavorable compared to the formation of Zn—H.

B CONCLUSION

We constructed well-defined Zn**/Zr*" sites that are adjacent
to each other in MOF-808. Zn>* was loaded onto the SBU via
deprotonation of a y;-OH with ZnEt,. Capping formate in the
Zrs(u3-0)4(u3-OH),(HCO,)s SBU decomposed in situ to
generate open Zr'' sites. The Zr*'—O-Zn’'open site is
responsible for CO, hydrogenation to methanol. MOF-808-Zn
catalyst showed >99% MeOH selectivity in CO, hydro-
genation at 250 °C and exhibited excellent stability for at least
100 h. Mechanistic investigations revealed that Zn>" is
responsible for H, activation and the Zn>*—O-Zr*" site is
critical for CO, adsorption and conversion. The well-defined
local structure around the MOF SBU provides a unique

opportunity to reveal the structural requirement for synergistic
catalysis.
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