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Abstract: A CO,-mediated hydrogen storage energy cycle is
a promising way to implement a hydrogen economy, but the
exploration of efficient catalysts to achieve this process remains
challenging. Herein, sub-nanometer Pd-Mn clusters were
encaged within silicalite-1 (S-1) zeolites by a ligand-protected
method under direct hydrothermal conditions. The obtained
zeolite-encaged metallic nanocatalysts exhibited extraordinary
catalytic activity and durability in both CO, hydrogenation into
formate and formic acid (FA) dehydrogenation back to CO,
and hydrogen. Thanks to the formation of ultrasmall metal
clusters and the synergic effect of bimetallic components, the
PdMn,s@S-1 catalyst afforded a formate generation rate of
2151 mol,,yemolpy 'h™" at 353 K, and an initial turnover
frequency of 6860 moly, moly;'h™" for CO-free FA decom-
position at 333 K without any additive. Both values represent
the top levels among state-of-the-art heterogeneous catalysts
under similar conditions. This work demonstrates that zeolite-
encaged metallic catalysts hold great promise to realize CO,-
mediated hydrogen energy cycles in the future that feature fast
charge and release kinetics.

Introduction

Hydrogen (H,) is an environmentally friendly and high
energy density fuel,l'! yet developing reliable and efficient H,
storage systems remains a challenge.”) Among various
strategies for H, storage, chemical storage, especially using
liquid chemicals as hydrogen carriers, offers substantial
potential for large-scale practical applications.”) Formic acid

(FA, HCOOH), a nontoxic liquid with 4.4 wt% hydrogen
content and excellent stability in air and aqueous solutions, is
recognized as a suitable and cost-effective liquid hydrogen-
storage media.[*! The stored H, from FA can be released via
a dehydrogenation route (HCOOH—H, + CO,) using suit-
able catalysts even at room temperature.”) Meanwhile,
utilization of carbon dioxide (CO,) as a cheap and abundant
Cl1 source to produce value-added chemicals or/and fuels has
been regarded as a potential way to help mitigate CO,
induced global warming.”! The hydrogenation of CO, to
FA/formates is a potential way to realize CO,-mediated
hydrogen storage energy cycles.”!

In recent years, various homogeneous/heterogeneous
catalysts have been investigated in separate steps for FA
dehydrogenation and CO, hydrogenation processes.’*%
However, the catalytic systems that can boost both FA
dehydrogenation and CO, hydrogenation are rarely reported
so far, and their catalytic activities are relatively low.!
Although homogeneous catalysts possess a high catalytic
activity, shortcomings, such as easy deactivation and insepa-
rability from the catalytic system, limit their application.
Heterogeneous catalysts provide promise to overcome the
above-mentioned  drawbacks, attracting  increasing
interests.**** Nonetheless, the activity of heterogeneous
catalysts still needs to be improved to meet practical
application requirements.

The size and electronic structure of metal species are
critical factors in determining the performance of heteroge-
neous catalysts.'"”) Generally, smaller metal species possess
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improved catalytic activity compared with larger metal nano-
particles due to an increased number of accessible active sites.
The fabrication of multi-metallic species has also been proven
effective because of the optimized electronic state of active
metal sites and the synergistic/cooperative effect of multi-
metallic components.'!! A significant synthetic challenge is
that the small metal species, especially the multi-metal
nanostructures bearing a non-noble metal component, are
easy to aggregate during catalytic reactions, inducing inferior
stability and poor recyclability. Zeolites with ordered micro-
porous channels and excellent thermal stability are regarded
as ideal matrix for encapsulating ultrafine metal species.'”
Recently, we synthesized zeolite-encaged small Pd nano-
catalysts under direct hydrothermal conditions, which exhib-
ited high H, generation rate from FA dehydrogenation due to
increased accessible active sites.''!?" Utilizing zeolite-
encaged metallic catalysts to further realize a CO,-mediated
hydrogen energy cycle is of significance toward achieving the
hydrogen economy.

In this work, we demonstrated that zeolite-encaged
metallic catalysts enabled the CO,-mediated hydrogen stor-
age and release with high efficiency (Figure 1). Sub-nano-
meter bimetallic Pd-Mn clusters were implanted into silica-
lite-1 (S-1) zeolites via a ligand-protected method by using
[Pd(en),]Cl, (en=ethylenediamine) and (Mn-TEPA)CI,
(TEPA =tetracthylenepentamine) complexes as precursors
under direct hydrothermal conditions. Aberration-corrected
scanning transmission electron microscopy (STEM) and
extended X-ray absorption fine structure (EXAFS) analyses
confirmed that the sub-nanometer metal species were com-
pletely encapsulated within the zeolite matrix. Thanks to the
ultrasmall metal clusters and synergistic effect between Pd
and Mn components leading to the formation of electron-
enriched Pd surfaces, the formate generation rate during CO,
hydrogenation over the PdMn,,@S-1 catalyst reached 526
and 2151 moly,mae molpy 'h ™' at 298 and 353 K (H,/CO, = 20/

Figure 1. Schematic illustration of the CO,-mediated hydrogen storage
and release over PdAMn,@S-1 catalysts. The gaseous H, can be stored
as a liquid-phase formate/formic acid with a high gravimetric and
volumetric hydrogen density via the hydrogenation of CO,. Moreover,
the H, can be efficiently released from the decomposition of formic
acid for the portable H, storage application. Both the hydrogen storage
and release can be significantly boosted by using PdAMn,@S-1 nano-
catalysts.
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20 bar, 2mL, 1.5M NaOH solution), respectively. For the
reversed process, the dehydrogenation of FA, the
PdMn, (@S-1 catalyst afforded extraordinary initial turnover
frequency (TOF) value of 6860 moly, moly, 'h™' at 333 K
without any additive.

Results and Discussion

The S-1 zeolite-encaged sub-nanometer Pd-Mn clusters
with different Pd/Mn molar ratios were synthesized under
direct hydrothermal conditions at 170°C for 3 days, by using
[Pd(en),]Cl, and (Mn-TEPA)CI, as metal precursors and
tetrapropylammonium hydroxide (TPAOH) as template,
followed by calcination in air (550°C) and reduction in H,
(400°C). The molar compositions of PdMn,@S-1 samples are
SiO,/TPAOH/H,0/[Pd(en),|CL/(Mn-TEPA)CI, = 1/0.4/35/a/
b(a=4.5%x107,b/a=0.2,0.4,0.6,and 0.8), where x represents
the molar ratio of Mn/Pd in the initial synthesis gel. Figure 2a
provides a schematic illustration of the synthetic procedure of
the PdMn,@S-1 catalysts. Monometallic Pd@S-1 and
Mn@S-1 catalysts prepared with the same method, as well
as a Pd/S-1-im sample prepared by an incipient wetness
impregnation method, were used as control samples. An
exothermic peak at about 350°C in the thermogravimetric-
differential thermal (TG-DTA) curves appeared in uncal-
cined Pd@S-1 and representative PdMn,@S-1 catalysts,
which was absent in the pure S-1 zeolite (Figure S1). The
exothermic peak can be attributed to the oxidation of organic
ligands and templates in air. The [Pd(en),]Cl, and (Mn-
TEPA)CI, complexes and TPAOH molecules remain intact
during the synthesis process, as further confirmed by solid *C
magic-angle spinning nuclear magnetic resonance spectros-
copy (MAS NMR) (Figure S2). Powder X-ray diffraction

Reduction

Synthesis Gel Metal precursors within zeolites Pd-Mn clusters within zeolites

b d

Figure 2. a) Schematic of the synthetic procedure of bimetallic
PdMn,@S-1 catalysts; aberration-corrected STEM-HAADF images of
b,c) Pd@S-1 and d,e) PdMn, @S-1 catalyst with different magnifica-
tion; f) STEM image of PdMny¢@S-1 catalyst and the corresponding
EDX mapping images for Si, Pd, and Mn elements, the scale bars of
these images are 500 nm.
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measurements show that the as-obtained zeolite-encaged
metallic samples possess the MFI topological structure (Fig-
ure S3), indicating the introduction of metal species inside the
zeolites hardly break the zeolite structures. No peak associ-
ated with metal species was observed, thereby ruling out the
formation of bulk metal nanoparticles in the prepared
materials. Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) measurements gave Pd loading amount
of all samples within a narrow range between 0.59 to
0.63 wt %, while the Mn/Pd molar ratios of PdMn,@S-1 (x =
0.2, 0.4, 0.6, and 0.8) were 0.22, 0.42, 0.53, and 0.69,
respectively.

TEM images of the Pd/S-1 and PdMn,/S-1 catalysts are
shown in Figure S4. Zeolite particles are found to be uniform
in size (200-300 nm) and highly faceted, indicating good
crystallinity. No metal particles were visible on the zeolite
surface. Metal clusters around 1-nm or smaller were found
using aberration-corrected STEM-HAADF imaging. As
shown in Figure 2b-e, while the electron beam is focused
on the top-surface of the zeolite crystal to clearly show the
straight channels along the b-axis, metal clusters appear to be
blurred as they are located away from the focal point, and
hence encapsulated within the zeolite structure (Fig-
ure S5)."=12" Notably, the sizes of Pd clusters appear
unchanged with the introduction of Mn species. Energy-
dispersive X-ray (EDX) elemental mapping of representative
PdMn,, (@S-1 catalyst revealed that the Pd and Mn elements
are uniformly distributed over the entire zeolite crystals
(Figure 2 f). In contrast, the size distribution of Pd nano-
particles in Pd/S-1-im catalyst is uneven, giving an average
size of about 3.2 nm, with most of the Pd nanoparticles
located outside zeolite crystals (Figure S6). X-ray photo-
electron spectroscopy (XPS) measurements show no detect-
able signals of Pd and Mn species over Pd@S-1, Mn@S-1 and
PdMn,@S-1 samples, but the peaks at 335.0 and 340.3 eV
attributed to Pd3ds, and Pd3ds, of Pd’ are clearly observed in
Pd/S-1-im sample (Figures S7 and S8)."" This further con-
firms that the vast majority of metal species are confined
within zeolite crystals in the PdMn,@S-1 sample. Compared
with pure S-1 zeolite, more than 90 % of microporous volumes
are preserved in both Pd@S-1 and PdMn,@S-1 catalysts
(~0.10 cm®*g !, Figure S9 and Table S1), hinting at sufficient
void space for the diffusion of reactants and products, despite
the introduced metal clusters stay inside the zeolite channels.

To gain detailed electronic and structural information of
metal species confined within the zeolites, X-ray absorption
near-edge structure (XANES) and EXAFS spectra of
Pd@S-1 and PdMn,4@S-1 samples were measured, and the
EXAFS fitting data are summarized in Table S2. As shown in
Figure 3a, the Pd K-edge XANES spectra of Pd@S-1 and
PdMn,,@S-1 are close to Pd foil with some differences,
mainly attributable to the ultrasmall sub-nanometer sizes of
metal clusters.""*1?] Notably, the Pd white-line intensity for
PdMn,,@S-1 at ~24369 eV is lower than that for Pd@S-1,
indicating the Pd species in PdMn,,@S-1 possess a higher
electron density than that in Pd@S-1. Apparently, the
introduction of Mn species induced charge transfer from
Mn to Pd and form an electron-enriched surface of Pd clusters
in PdMn,@S-1. The XANES spectrum of PdMn,@S-1 at
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Figure 3. a) Pd K-edge XANES spectra of Pd@S-1, PdMn,@S-1, Pd
foil, and PdO. b) Mn K-edge XANES spectra of PdMny,@S-1, Mn foil,
MnO, Mn,0s, and MnO,. c) Fourier transform of k*-weighted EXAFS
spectra and d) EXAFS oscillations of Pd@S-1, PdAMn,;@S-1, Pd foil,
and PdO at Pd K-edge superimposed with the fitted scattering
contributions. e) In situ CO-DRIFTS measurements of Pd@S-1,
Mn@S-1, and various PdAMn,@S-1 catalysts.

Mn K-edge is shown in Figure 3b. The edge energy of
PdMn,@S-1 at Mn K-edge is between MnO and Mn,0;
standards, revealing that the valence of Mn species is in the
range of + 2 to + 3. Generally, there are two forms of bonding
between Pd and Mn atoms: 1) Pd-O-Mn and 2) Pd-Mn. The
former one forms an electron-poor Pd species due to electron
transfer from Pd to O, while the latter one forms an electron-
rich Pd species due to the charge transfer from Mn to Pd.
Based on the XANES results, Pd-Mn metallic bond exist and
Pd-Mn alloy structures are present in PdMn, ;@S-1, although
Mn also interacts with oxygen forming MnO, and Mn(OH),
species. The structure models of the Pd-Mn cluster in the later
DFT section gives more information about the plausible
structure of the Pd-Mn clusters. In the Pd K-edge Fourier-
transformed EXAFS spectra (Figures 3¢ and S10), the peaks
at ~2.00 A and ~2.73 A attributed to Pd-O and Pd-Pd bonds,
respectively, are observed in both Pd@S-1 and PdMn, ,@S-1.
The average coordination number (CN) of Pd—O bond in
PdMn,,@S-1 is 1.7+0.2, slightly lower than that in
Pd@S-1 (20402 A). The average CNs of Pd-Pd bond in
Pd@S-1 and PdMn,,@S-1 are 3.8 +0.3 and 4.7 £ 0.3, respec-
tively, suggesting that the average sizes of metal clusters in
these two samples are less than 0.7 nm (corresponding to
a cubo-octahedral shape with 13 atoms).® Although Pd-O
scattering is not negligible for obtained samples, the Pd
species of Pd@S-1 and PdMn,4@S-1 exhibit very similar
oscillations to Pd foil (Figure 3d), indicating most of the Pd in
Pd@S-1 and PdMn,(@S-1 are metal-like species.
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In situ diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS) measurements were employed to
identify the electronic state of metal species in various
samples, using CO molecule as a probe. As shown in
Figure 3e, the peak for the linear-adsorbed CO on Pd sites
shifts from 2089 cm ™' in Pd@S-1 to a lower wavenumber
2076-2082 cm™! in PAMn,@S-1. In contrast, no signal of CO
adsorption was observed in Mn@S-1. In view of the similar
sizes of metal clusters in Pd@S-1 and PdMn @S-1 based on
STEM observations and EXAFS results, the wavenumber
shift is ascribed to the electron-enriched Pd species in
PdMn,@S-1, in full agreement with XANES data.™ With
the increase of Mn contents in samples, the intensity of the
peak at 1928-1940 cm ' attributable to the bridge-type
adsorbed CO on Pd species gradually increases. It could be
rationalized as the enhanced interaction between Pd and Mn
species in PdMn,@S-1 catalysts, which strengthens the CO
adsorption on Pd sites."

The thermal stability of zeolite-encaged metallic catalysts
was investigated. As shown in Figures S11 and S12, the metal
particle sizes of the PdMn,,@S-1 sample are 1.9 and 1.7 nm
after calcination at 700°C in H, and N,, respectively, and no
metal species is observed on the outer surface of zeolites. In
contrast, the Pd nanoparticles in Pd@S-1-im are dramatically
aggregated into larger particles (7.3 nm) and located on the
outside of zeolites (Figure S13). Moreover, the microporous
area and volume of PdMn, (@S-1 after calcination at 700°C in
H, are 146 m?g ' and 0.101 cm®g ', respectively, which are the
same as those of the fresh PdMn,@S-1, indicating that the
zeolite structures are not destroyed. The above results
demonstrate that the zeolite-encaged metallic catalysts pos-
sess remarkably improved thermal stability compared with
the Pd/S-1-im counterpart. Even after five oxidation-reduc-
tion treatments at 650°C, the metal nanoparticle size of the
PdMn,@S-1 sample only increases to 2.5nm and all the
metal species are still located inside the zeolite crystals
(Figures S14 and 15). After thermal treatments in various
atmospheres, the morphology and crystallinity of
PdMn, (@S-1 are kept intact (Figure S16).

Figure 4a shows the catalytic activity of zeolite-encaged
metallic nanocatalysts for CO, hydrogenation at 298 K in an
H,/CO, mixture (20/20 bar) using triethylamine (NEt;) as an
additive. We first measured the activity of Pd-based catalysts
without Mn incorporation. As compared with the Pd/S-1-im
catalyst, the Pd@S-1 catalyst exhibits near 4-fold enhance-
ment in CO, hydrogenation rate. Based on the total Pd
contents in the catalyst, the formate generation rate over
Pd@S-1 catalyst reaches 238 mOl;omae MOlpg 'h ™!, much high-
er than the wvalues over commercial Pd/AlLO;
(53 molg e Molpg 'h™!) and Pd/C (59 moly, e Molpg *hY)
catalysts bearing Pd sizes of 2.5 and 2.1 nm, respectively
(Figures S17 and S18). From H, pulse chemisorption meas-
urements, the metal dispersions of Pd@S-1, Pd/C and Pd/
ALO; are 942%, 24.5%, and 23.2%, respectively (Fig-
ure S19). Based on this, Pd@S-1 provides a TOF value of
253 h™', similar to the TOF values of Pd/C (241 h™") and Pd/
ALO; (229 h™"). Our previous study reveals that when the
metal size is decreased to sub-nanometer and/or single-atom
scale, the TOF value of CO, hydrogenation to formate is
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Figure 4. a) Comparison of the formate generation rates from the CO,
hydrogenation over various catalysts and b) recycling stability tests of
the PdMn,@S-1 catalyst for CO, hydrogenation. Conditions: catalyst
(5 mg), 1.5 M aqueous NEt; solution (2 mL), H,/CO, (20/20 bar),

298 K. c) CO, hydrogenation over the PdMn,,@S-1 catalyst in the NEt,
solution at different temperatures. Conditions: catalyst (5 mg), 1.5 M
aqueous NEt; solution (2 mL), H,/CO, (20/20 bar). d) CO, hydrogena-
tion over the PdMn, ;@S-1 catalyst in the NaOH solution at different
temperatures. Conditions: catalyst (5 mg), 1.5 M aqueous NaOH
solution (2 mL), H,/CO, (20/20 bar).

sharply decreased due to the formation of positively charged
metal species on an oxide support.[®! Interestingly, in this
work, the sub-nanometer Pd clusters confined inside the
zeolite stay in a close to a metallic state, exhibiting a similar
TOF for the formate formation compared to larger Pd
nanoparticles. Due to the significantly enhanced number of
active sites, the Pd@S-1 catalyst offers improved formate
production rate than Pd/S-1-im, Pd/C and Pd/ALOj catalysts
containing larger Pd nanoparticles.

The introduction of Mn species further enhanced the
catalytic activity of CO, hydrogenation. The metal dispersions
of PdMn,,@S-1, PdMn,,@S-1, and PdMn,,(@S-1 are 84.7 %,
84.6%, and 81.9%, respectively, comparable with that of
Pd@S-1. Thus, the introduction of a small amount of Mn
species does not lead to an appreciable change in the number
of accessible Pd species (Figure S20). On the other hand,
a substantial drop of metal dispersion to 53.8% is observed
over PdMn3@S-1, which is attributed to coverage of Pd
atoms by enhanced amount of Mn. Among all
PdMn,@S-1 catalysts, PdMn,@S-1 exhibited the highest
formate generation rate at 382 molgymy. Molpg 'h™! at 298 K
corresponding to a TOF value of 466 h™'. This was about 2
fold-higher than that of Pd@S-1. The Mn@S-1 catalyst with-
out Pd is not active, suggesting Mn species only modulate the
reactivity of Pd. After five consecutive runs, the formate
generation rate over PdMn,,@S-1 catalyst remains un-
changed (Figure 4b), indicating the excellent recycling stabil-
ity of zeolite-encaged metallic catalysts.

Kinetic studies of NaHCO; hydrogenation over
PdMn,(@S-1 were investigated under different concentra-
tions of H, and NaHCO; at 373 K. The reaction orders of
NaHCO; are 047 and 044 on the Pd@S-1 and
PdMn, 4@S-1 catalysts, respectively, whereas the orders of
H, are 0.16 and 0.14 on these two catalysts (Figure S21). In
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addition, the formate generation rate from the hydrogenation
of NaHCO; was about 7-fold higher than that from the
hydrogenation of Na,CO; (Figure S22). From above, the
formation of surface HCO;™ appears to be the rate-determin-
ing step for the hydrogenation of CO, into formates. As
compared with monometallic PA@S-1 catalyst, the substantial
improvement of the catalytic performance over bimetallic
PdMn,@S-1 catalysts can be mainly attributed to the syner-
gistic effect between Pd and Mn species, i.e., the electron-
enriched Pd surfaces have enhanced activity in formate
generation, as a previous work suggested that the electron-
enriched Pd species are desired in bicarbonate hydrogena-
tion,® while in situ DRIFTS measurements in the following
section provide evidence that Mn promotes CO, transforma-
tion into bicarbonate species, which serves as a precursor for
formate.

The catalytic activity increases with an increase in reaction
temperature. The formate generation rate over
PdMn,@S-1 catalyst reached 1265 molg, . molpg 'h™! at
353 K using NEt; as an additive. The apparent activation
energies (E,) of CO, hydrogenation to formate in the NEt;
aqueous solution is 18.5 kJmol™' (Figure 4c). Considering
that the formate generation rates are comparable under
different stirring rates (500-1400 revolutions min ), insignif-
icant external mass transfer limitation exists in the system
(Figure S23). The relatively low E, value may be due to the
compensating effects of the adsorption and desorption of
substrate molecules and carbonaceous intermediates before
the rate-determining step.®™ The catalytic performance was

further improved by using NaOH instead of NEt;. The
formate generation rates over PdMn, (@S-1 catalyst increased
to 526 and 2151 mol;memolp; 'h™' at 298 and 353K,
respectively (Figure 4d), representing the highest rates for
heterogeneously catalyzed CO, hydrogenation into formates
under similar conditions (Table $3).*<# The E, of CO,
hydrogenation to formate in the NaOH aqueous solution is
22.1 kJmol .

To better understand the reaction mechanism for formate
synthesis via CO, hydrogenation and the role of Mn species,
in situ DRIFTS measurements were performed on Pd@S-1,
PdMn,(@S-1, Mn@S-1, and pure S-1 catalysts. All catalysts
were first activated by pure H, at 573 K for 1 h before the
temperature decreased to 373 K and the reaction cell was
purged with pure N, for 0.5 h. Following that, 1 bar CO, and
H, (1:1) were supplied simultaneously into the reaction cell
while time-resolved DRIFTS spectra were recorded over
various catalysts. As shown in Figure Sa—-d, the bridged
carbonate (1340 cm™), monodentate bicarbonate
(1680 cm™), and formate (1595, 1802-1803 and 2803-
2805 cm™") species generated rapidly on Pd@S-1 and
PdMn,@S-1 catalysts, reaching a saturation level within
10 min.'"! Under the steady-state, the ratio of formate/
bicarbonate over PdMn,@S-1 catalyst is obviously higher
than that of Pd@S-1 catalyst, indicating the
PdMn, (@S-1 catalyst possesses better catalytic activity for
the generation of formate via CO, hydrogenation than the
Pd@S-1 catalyst, in accordance with activity tests. As ex-
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pected, no formate is generated on S-1 zeolite and Mn@S-
1 catalysts.

Next, in situ stepwise time-resolved DRIFTS spectra of
CO, hydrogenation were collected over various catalysts at
373 K. After activation in pure H, and purge with N,, CO, was
first introduced into the reaction cell. The bands 1340 and
1680 cm™! are observed on Pd@S-1, Mn@S-1, and
PdMn,@S-1 catalysts, indicating the formation of bridged
carbonate and monodentate bicarbonate species on the
surfaces of catalysts, respectively (Figure 5e-h). However,
only the bridged carbonate without monodentate bicarbonate
is generated on pure S-1 zeolite. The adsorbed bicarbonate
and/or carbonate species approached saturation level at
10 min. After exposure under CO, for 60 min, the CO, flow
was cut off and pure H, was introduced into the reaction cell
to investigate the reaction between H, and the adsorbed
carbonaceous species on various catalyst surfaces. The bands
at 2805, 1803, and 1595 cm ™ attributed to the vibrations of
OCO and C—H groups in formates appear and increase
gradually in the Pd@S-1 and PdMn,@S-1 catalysts,'® along
with a gradual decrease of the bicarbonate and carbonate
species (Figure 5i and j). In contrast, with the introduction of
H,, the bicarbonate species increase gradually along with the
decrease of carbonates over the Mn@S-1 catalyst (Figure 5k);
no bicarbonate and formate generate on the pure S-1 zeolite
(Figure 51). These results reveal that the adsorbed carbona-
ceous species are converted to formates on the Pd surfaces
while the Mn species promote the conversion of carbonate to
bicarbonate. It should be noticed that the increased rate of the
formate/carbonate on the PdMn,, (@S-1 catalyst is faster than
that on the Pd@S-1 catalyst, indicating the introduction of Mn
is conducive to the conversion of carbonate and also increase
the hydrogenation ability of Pd. Based on above, we conclude
that the Mn species in the PdMn,@S-1 system mainly play two
important roles in improving the formate generation from
CO, hydrogenation: (1) the Mn species facilitates the
formation of bicarbonates from the hydrogenation of CO,/
carbonates; (2) the introduction of Mn accelerates the
hydrogenation of bicarbonates into formates over the Pd
surfaces.

Catalytic activities for the hydrogen generation from FA
decomposition were tested over various catalysts. As com-
pared with the monometallic Pd@S-1 catalyst (Figure 6a), the
introduction of Mn species led to remarkably improved
hydrogen  generation rates, among  which  the
PdMn, ,@S-1 catalyst showed the highest catalytic perfor-
mance. 147 mL of gas (COyH,=1/1, CO <10 ppm) was
generated within 3 min at 333 K without any basic additive
from 2 M FA (1.5 mL). The released gases were confirmed by
gas chromatography (GC) analysis to have a CO, to H, ratio
of 1:1 and was CO free (< 10 ppm) (Figure S24). Significantly,
the PdMn,@S-1 catalyst provided an exceptionally high
initial TOF value of 6860 h™! at 333 K, more than 7-fold
improvement than the Pd@S-1 catalyst (944 h™"). Such TOF
value is among the highest level reported so far for the FA
dehydrogenation without additive in heterogeneous catalytic
systems under similar conditions (Table $4).°**'1 Not un-
expected, the Mn@S-1 catalyst exhibited no activity, confirm-
ing the Pd species are responsible for FA dehydrogenation. In
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Figure 6. a) Gas generation from the FA decomposition (2.0 M,

1.5 mL) versus time over various catalysts at 333 K (npy/nga=0.012);
b) Gas generation from the FA decomposition (2.0 M, 1.5 mL) versus
time over PdMn,@S-1 catalyst at different temperatures and c) Ar-
rhenius plot (In TOF vs. 1000/T) (npg/nea=0.012); d) Recycling stabil-
ity tests of FA decomposition (2.0 M, 1.5 mL) over the PdMn, ;@S-

1 catalyst at 333 K.

situ DRIFTS spectra of FA dehydrogenation reactions were
performed over Pd@S-1, PdMn,, (@S-1 and Pure S-1 catalysts
at 333 K. All catalysts were first activated by pure H, at 573 K
for 1 h and then the temperature decreased to 333 K and the
reaction cell was purged with pure N, for 0.5 h. Subsequently,
the FA vapor carried by N, under atmospheric pressure was
introduced into the reaction cell. As shown in Figure S25,
after the introduction of FA vapor for 5 min, the peak at
1587 cm™" assigned to vibrations of OCO of HCOO* species
and peaks at 2340 and 2362 cm™' assigned to gaseous CO,
were detected on Pd@S-1 and PdMn,3@S-1 catalysts, but
these peaks were absent on the pure S-1 catalyst. No signals of
gaseous CO were detected on any sample. Therefore, the
HCOO* species are the intermediate for the FA dehydrogen-
ation while no CO byproduct is generated during the FA
decomposition reactions over Pd@S-1 and PdMn,3@S-1 cata-
lysts.

The H, generation rates accelerated along with the
increase of reaction temperature. The apparent activation
energy (E,) was 56.5 kJmol™' based on the Arrhenius plot of
In(TOF) versus 1/7, which is comparable with previously
reported values.""'”"! In addition, the PdMn,@S-1 catalyst
exhibited excellent recycling stability for FA dehydrogen-
ation. After five successive recycling tests, no decrease in
catalytic activity was observed, and the morphology of
zeolites and the size of ultrafine sub-nanometer metal clusters
remained unchanged (Figure S26).

To rationalize the excellent catalytic performance of Pd-
Mn clusters for FA decomposition in detail, first-principles
density functional theory (DFT) calculations were performed.
We first established the structure models of the Pd and Pd-Mn
catalysts. Since the metal particle diameters are less than
0.7 nm based on EXAFS analysis, both metallic catalysts were
modeled as 13-atom clusters. On the basis of theoretical
studies, the most stable Pd;; cluster has a flat, bilayer
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Figure 7. a) Most stable structures of Pd,; and PdgMn;O(OH);; clus-
ters. b) Generalized coordination number of Pd atoms for the clusters.
Mn atoms are shaded in white. O* and OH* species on PdgMn;O-
(OH),; are not shown for clarity. c) Potential energy diagrams for FA
decomposition over Pd;; and PdgMn;O(OH);;. Energies of the various
states are labelled. The energies are relative to the initial state, which
is gas-phase HCOOH(g) and the clean cluster. Bold lines indicate
minima, whereas thin lines indicate transition states. For PdsMn;O-
(OH);, the O and H atoms of FA intermediates are highlighted in
blue and cyan, respectively, for clarity. Top views of the most stable
binding geometries of the various intermediates are provided. ,, | “ in
the labels of species names denotes that energetics are evaluated at
infinite separation (as opposed to coadsorption) with the spectator H
species in grey font.

structure,'® which was used as our model for the Pd catalyst
(Figure 7a). To achieve a realistic model of the 13-atom Pd-
Mn clusters, we focused on two main features: first, the cluster
should have a composition close to PdMn,; second, based on
XANES results, Mn has an oxidation state between +2 and
+ 3, suggesting that Pd-Mn catalyst is decorated with oxidiz-
ing O* and OH* species. Bearing these in mind, we combined
ab initio molecular dynamics simulations to locate highly
stable structures, phase diagrams to identify the ideal cover-
age of O* and OH* species, and Bader charge analysis to
confirm the oxidation states of Mn. Ultimately, it was
determined that the most plausible model that fulfilled the
two requirements above was a PdgMn; cluster decorated with
1 O* and 13 OH¥*, referred to herein as PdsMns;O(OH);;
(Figure 7a). More details about how this model is reached is
provided in the Methods section and Figures S27 and S28.
Next, we probed the reaction energetics of FA decom-
position over both Pd;; and PdgMns;O(OH),;. Out of the two
main FA decomposition pathways, we only considered the
formate (HCOO~™) pathway. The other carboxyl (COOH)
pathway leads to the formation of CO,™ which is against the
experimental observations. All energetics were evaluated at
infinite separation; although previous studies showed that
lateral interactions between adsorbates may significantly
affect the energetics of FA decomposition on small clusters,””!
coadsorption of the intermediates does not significantly
impact the trends identified in our work (Figure S29). The
resulting potential energy diagrams are shown in Figure 7c;
energies of the studied intermediates and transition states are
tabulated in Table S5. The potential energy diagram of
PdsMnsO(OH),; (purple lines; Figure 7 ¢) is noticeably flatter
than that of Pd,; (green lines; Figure 7c¢). Pd;; binds HCOO*

© 2020 Wiley-VCH GmbH

and H* over strongly, which leads to deep troughs in its
potential energy surface and possible catalyst poisoning by
these species. In contrast, PdgMns;O(OH),; binds reactants
less strongly, preventing poisoning by HCOO* and H*.
Analysis of the possible rate-determining steps also supports
this conclusion: PdgMn;O(OH); catalyzes the decomposition
of HCOO* to CO,(g) + H* via the monodentate HCOO
intermediate (HCOO,*) with lower barriers (0.77 eV) than
Pd;; (0.92 eV). A similar trend is also found for H, recombi-
nation (0.63 eV versus 1.45eV).

There are two main reasons to explain why PdgMn;O-
(OH),; does not bind intermediates as strongly as Pd,. Firstly,
most of the Pd atoms in the cluster are bound to one O* or
OH* (Figure 7a). This partial passivation weakens their
binding of the FA decomposition intermediates according to
the principle of bond order conservation. Secondly, the Pd
atoms of PdgMnsO(OH); are also less undercoordinated than
those of Pd;; (Figure 7b). We quantified the degree of
undercoordination with the generalized coordination number
(GCN),! which is a coordination-number weighted sum of
the number of neighbors that an atom has; a lower GCN
denotes higher undercoordination. The Pd atoms of Pd,; have
low GCNs of 2.00-4.25 due to the flat structure of Pd,;. In
contrast, due to the more compact structure of PdgMn;O-
(OH),3, its Pd atoms have higher GCNs of 2.75-5.17 and
intrinsically binds HCOO* and H* weaker. Combined, the
theoretical results suggest an interesting synergy between Mn
and Pd, whereby Mn attracts spectator O* and OH* species,
and therefore slightly passivates the Pd atoms in the Pd-Mn
catalyst. Additionally, Mn appears to promote a more com-
pact 3D structure, which decreases affinity of the Pd-Mn
cluster towards species that bind on pure Pd cluster overly
strongly. These two factors lead to the Pd-Mn catalyst
furnishing right energetics to achieve a good balance between
its ability to adsorb reactants and desorb products.

Conclusion

In summary, we have developed highly efficient hetero-
geneous catalysts based on zeolite-encaged metallic nano-
catalysts to achieve CO,-mediated hydrogen energy cycle.
Sub-nanometer bimetallic Pd-Mn clusters were encapsulated
within S-1 zeolites by using a ligand-protected method under
in situ  hydrothermal conditions. The obtained
PdMn,@S-1 catalysts exhibited excellent catalytic activity
for H, storage and release mediated by CO,. Due to the
formation of ultrasmall and well-dispersed metal clusters and
the synergic effect between the bimetallic components, both
the formate generation rate from CO, hydrogenation and the
H, generation rate in FA decomposition represent the top
levels among the heterogeneous catalysts under similar
conditions reported so far. The DFT calculations reveal that
alloying of Pd with Mn favored the formation of a more
compact structure, and slightly passivated Pd active sites,
preventing overly strong binding with intermediates in FA
decomposition. This work highlights that zeolite-encaged
bimetallic catalysts are promising for the efficient CO,-
mediated H, cycle. Both fast charging and releasing can be
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achieved over the same catalyst simply by adjusting the
reaction condition.
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