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CHA zeollte Pd-CHA zeollte

Atomic dispersion of metal species has attracted attention as a unique phenomenon that affects adsorption properties
and catalytic activities and that can be used to design so-called single atom materials. In this work, we describe atomic dispersion of
bulk Pd into small pores of CHA zeolites. Under 4% NO flow at 600 °C, bulk Pd metal on the outside of CHA zeolites effectively
disperses, affording Pd** cations on Al sites with concomitant formation of N,O, as revealed by microscopic and spectroscopic
characterizations combined with mass spectroscopy. In the present method, even commercially available submicrosized Pd black can
be used as a Pd source, and importantly, 4.1 wt % of atomic Pd?* cations, which is the highest loading amount reported so far, can be
introduced into CHA zeolites. The structural evolution of bulk Pd metal is also investigated by in situ X-ray absorption spectroscopy
(XAS) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), as well as ab initio thermodynamic analysis using
density functional theory (DFT) calculations.

atomic dispersion, small-pore zeolites, palladium, in situ spectroscopy, ab initio thermodynamics

as catalyst regeneration processes, and several examples have
23-23,29-31
appeared.
Aluminosilicate zeolites are promising oxide supports that
anchor atomic metal species as cations due to their cation
exchange abilities, as well as ubiquitousness of constituent

elements (Si, Al, O) with commercial availability. In the case of

Supported metal species have been widely utilized as
heterogeneous catalysts and adsorbers.'~* The morphology
and oxidation state of immobilized metal species dynamically

change with temperature and atmosphere.’ > Generally,

exposure to high temperature induces aggregation of metal
species to form larger particles via particle coalescence and
atomic ripening. Particle coalescence involves temperature-
induced movement of metal nanoparticles, while atomic
ripening occurs via movement of atomic species on supports
or in vapor phase. As an opposite phenomenon, atomic
dispersion of metal species occurs when mobile atomic species
are trapped by supports.”’
spectroscopic studies on atomic dispersion have appeared

-39 . .
Several microscopic and

recently, investigating structural evolution under various
reaction conditions and their effects on catalytic and
adsorption properties.””*>™>* Atomic dispersion also has the
potential to be applied to atomically dispersed materials as well
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divalent cations, such as Pd**, paired Al sites in three-
dimensional zeolite frameworks serve as anchoring sites,
stabilizing through electrostatic interactions. Among them,
eight-membered ring zeolites, such as CHA, have high
potential to suppress aggregation of metal cations under
reaction conditions because of their small pore sizes (3.8 A X
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Figure 1. (a) XRD patterns and FTIR spectroscopy of (b) CO and (c) NO adsorption experiments for a series of Pd;,,/CHA. The CO adsorption
experiment was conducted at room temperature under 0.1% CO/He flow, followed by a He purge, while the NO adsorption experiment was
investigated at 100 °C under 0.1% NO/He flow. Prior to adsorption experiments, the sample was treated by 10% O,/He to remove NO adsorbed

during atomic dispersion. Detailed procedures are described in the SI

3.8 A) and superior stability toward hydrothermal conditions
compared to medium- and large-pore zeolites.*’~** Despite the
fact that several metal-exchanged CHA zeolites, such as Cu-
CHA, can be synthesized by conventional aqueous-phase ion
exchange methods, loading Pd cations into CHA zeolites is
difficult owing to strong water solvation of cations, which are
too bulky to access the small pores. For example, Szanyi and
co-workers loaded Pd cations into several zeolites via ion
exchange in aqueous solution for use as passive NO, adsorbers
(PNAs), where isolated Pd cations are responsible for NO
adsorption and aggregated PdO particles are ineffective.””™*
Very small amounts of Pd (1.4%) were exchanged with cations
in CHA in aqueous solution at Pd loading amounts of 0.5 wt
9%, while almost all the Pd (ca. 75%) was immobilized at ion-
exchange sites in BEA and ZSM-S under similar Pd loading
amounts and Si/Al ratios of zeolites."” Kim and co-workers
prepared Pd-modified CHA by incipient wetness impregnation
and examined hydrothermal aging treatments at 700—750 °C
to increase the number of active Pd cations for NO
adsorption.”® However, bulk PdO was the main Pd species,
even after treatment, as confirmed by X-ray diffraction (XRD)
and X-ray absorption spectroscopy (XAS) measurements.
Although Pd cation loading (1—3.5 wt %) has been recently
achieved via a modified aqueous-phase ion exchange method
by the group of Szanyi,"’ the development of effective methods
to load Pd cations in small-pore zeolites still needs to be
addressed.

In this study, we describe atomic dispersion of bulk Pd into
CHA zeolites for solid-state synthesis of Pd-exchanged CHA.
Bulk Pd metal outside the CHA zeolites is transformed into
Pd** cations on zeolite anionic sites under NO flow at 600 °C.
Preparation of Pd-exchanged CHA zeolites from commercially
available Pd black and CHA zeolites was also achieved.

Although redispersion of ag§re§ated metal clusters in
medium- and large-pore zeolites™">”*****"*" and the trans-
port of metal cations/nanoparticles from the outside of CHA
zeolites have been reported,zs’49 atomic dispersion of bulk Pd
from outside into small-pore zeolites has not yet been
reported. Microscopic (scanning electron microscopy (SEM)
and scanning transmission electron microscopy (STEM)) and
spectroscopic (XRD, XAS, and Fourier transform infrared
(FTIR)) characterizations revealed that atomic Pd** cations
were mainly formed, and the loading amount of Pd** cations
reached ca. 4 wt %. In situ spectroscopic studies (XAS and
diffuse reflectance infrared Fourier transform spectroscopy
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(DRIFTS)) and ab initio thermodynamics analysis using
density functional theory (DFT) were also conducted to gain
insight into atomic dispersion of bulk Pd in CHA zeolites.
Furthermore, a plausible mechanism was theoretically studied
to discuss the reason for the necessity of high reaction
temperature.

Pd-modified CHA zeolites were prepared through impregnation of
Pd(NH;),(NO;), on CHA (NH,-type, Tosoh, SiO,/AL O, = 13.7),
followed by calcination in 10% O,/He at 600 °C (denoted as Pd;,,,/
CHA). Subsequently, Pd,,,,/CHA was treated by 0.5% H,/He flow at
500 °C and then exposed to 4% NO/He flow at 600 °C to load pd**
cations by atomic dispersion (denoted as Pd;,,/CHA(H,_NO)). The
total amount of Pd was determined based on the amounts of Pd
precursor and CHA zeolites. The atomic dispersion reaction was
conducted using a self-supported pellet in a flow-type quartz cell
connected to a flow reaction system. XRD, SEM, STEM, and ex situ
XAS were conducted after exposing the samples to air. CO, NO, and
NH; adsorption experiments, with monitoring by FTIR spectroscopy,
were conducted without exposure to air. Prior to adsorption
experiments, the obtained sample was treated under O, at 600 °C
to remove NO adsorbed during atomic dispersion reactions. The
physical mixture of Pd black and CHA zeolite (Pd+CHA) was
obtained by mixing commercially available Pd black (Nakalai Tesque,
Ltd.) and CHA zeolite in gate mortar. The in situ XAS measurement
was conducted on a flow-type quartz cell with a gas mixing system in a
BL14B2, SPring-8 (JASRI, Proposal No. 2019B1686). In situ DRIFTS
was performed using a FTIR spectrometer equipped with a diffuse
reflectance cell. DFT calculations were performed with a periodic
boundary condition under the Kohn—Sham formulation with the
Vienna ab initio simulation package (VASP).>**! The generalized
gradient approximated Perdew—Burke—Ernzerhof (GGA-PBE) func-
tional was applied for electron exchange-correlation. XANES spectra
were simulated for the DFT-optimized structures using the FDMNES
software.””>®> More detail on the experimental methodology is
described in the Supporting Information (SI).

The XRD pattern of Pd,,,/CHA (Pd: 5.4 wt %) exhibited
typical diffraction patterns of CHA zeolite with a peak derived
from PdO (101) at 20 = 33.7° (Figure la). The FTIR
spectrum from the CO adsorption experiment showed peaks
resulting from stretching vibrations of C=0 (¢(C=0)) from

CO-coordinated Pd cations, such as Pd**(CO),, Pd**(CO),

https://dx.doi.org/10.1021/jacsau.0c00112
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Figure 2. SEM (a and d), high-angle annular dark field STEM images (b and e), and elemental mapping of Pd (yellow) and Si (purple), obtained
by EDX spectroscopy (c and f), for Pd;,,/CHA (a—c) and Pd,,,/CHA(H,_NO) (d—f).

and Pd*(CO), around 2220—2100 cm™ (Figure 1b).>* Note
that the group of Szanyi has recently revealed that the main
two peaks around 2200 cm™’, which had been assigned as
Pd*(CO),°*** are derived from highly positive Pd**(CO),
ions by experimental and theoretical approaches.”**® XRD and
FTIR spectroscopy from the CO adsorption experiment
indicated that both bulk PdO and atomic Pd cations exist
after impregnation and calcination. The coexistence of bulk
PdO and atomic Pd cations is further supported by SEM and
STEM results, as well as energy dispersed X-ray (EDX)
spectroscopy (Figure 2a—c).

To investigate the atomic dispersion of bulk Pd on the
outside of CHA zeolite under oxidative conditions, Pd,,,/
CHA was pretreated with 0.5% H,/He at 500 °C for 30 min
and, then, exposed to 4% NO/He flow at 600 °C for 30 min
(Pd;,,/CHA(H,_NO)). In the XRD pattern of Pd,,,/
CHA(H,_ NO), the peak intensity derived from PdO (101)
considerably decreased, while the diffraction pattern of CHA
zeolite was retained (Figure la, the enlarged view (Figure S1)
is shown in the SI). The FTIR spectrum collected from the
CO adsorption experiment showed that absorptions derived
from CO coordinated to Pd cations increased and peaks
derived from CO adsorbed on the metallic Pd surface were
scarce (Figure 1b). STEM and EDX spectroscopy (Figure 2d—
f) showed the absence of aggregated Pd species. Together,
these results suggest that the outside of bulk Pd was atomically
dispersed into CHA zeolite by H, and NO treatment.

FTIR spectroscopy of the NO adsorption experiment was
further conducted. One NO molecule is known to adsorb on
one Pd™ cation in zeolites, which exhibits a strong (N—O)
absorption band around 1800—1900 cm™'. We estimated the
amount of NO adsorbed based on peak areas with the
absorption coefficient value (see SI) and, then, calculated the
molar ratio of adsorbed NO and total Pd in the samples
(hereinafter denoted as NO/Pd, theoretical maximum is
100%) as an index of Pd dispersion. Prior to NO adsorption,
the background spectrum was obtained after the 10% O,/He
treatment at 600 °C, followed by the He purge at 100 °C. The
adsorption experiment was conducted under 0.1% NO/He
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flow at 100 °C, while continuously recording IR spectra. The
IR spectra for Pd;,,/CHA and Pd,,,/CHA(H, NO) (Figure
1c) showed strong peaks at 1861 cm™, arising from v(N—O)
of Pd**(NO), with shoulder peaks around 1810 cm™,
assignable to Pd*(NO).” Note that the assignment of NO
was well supported by the DFT studies in the previous paper.”
The absorbance for Pd,,,/ CHA(H, NO) was much higher
than for Pdimp/CHA; NO/Pd increased from 32.6% to 76.1%
following H, and NO treatment. The NO adsorption
experiment showed that mainly Pd** cations formed. When
Pd;,,/CHA was directly treated with NO without H,
reduction (PdimP/CHA(NO)), NO/Pd was calculated to be
49.1%, which was lower compared to Pd,,,/ CHA(H, NO).
The metallic state is essential for efficient atomic dispersion of
outside bulk Pd species into small-pore CHA zeolites.

The effect of loading amounts (1, 5.4, and 6.8 wt %) on Pd
dispersion was also investigated (The FTIR spectra are shown
in Figure S2 in the SI). NO/Pd values were nearly the same for
1 and 54 wt % (78.7% and 76.1%), while the increase in
loading amount to 6.8 wt % resulted in a decrease of the NO/
Pd value to 63.3%. Based on the loading amount (5.4 wt %)
and NO/Pd value, the contribution of Pd>" cations was
calculated to be 4.1 wt %. Considering that one Pd** cation is
anchored by paired Al sites, the required amount of Al sites to
stabilize 4.1 wt % of Pd** cations are theoretically estimated to
be 0.76 mmol/g, which is lower than 50% of the total Al
content of CHA (SiO,/ALO; = 13.7) (2.1 mmol/g).
Therefore, we can consider that all the Pd cations exist on
Al sites.

To support the formation of Pd cations in CHA zeolites, an
ex situ XAS measurement was carried out. The normalized
XAS spectrum of Pdy,,/CHA(H, NO) after O, treatment
exhibited an absorption edge similar to that of PdO, rather
than Pd black (Figure 3a). In the FT of the extended X-ray
absorption fine structure (EXAFS) spectra of Pd;,,/CHA and
O,-treated Pd,,,,/CHA(H, NO), the peak derived from the
Pd—(0O)—Pd shell drastically decreased in intensity by H, and
NO treatment (Figure 3b). The coordination number of the
Pd—O shell for O,-treated Pd,;,,/CHA(H, NO) was

imp
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Figure 3. (a) Ex situ XANES and (b) FT of EXAFS spectra of Pd,,,/
CHA, O,-treated PdimP/CHA(HZ_NO), and reference samples (Pd
Black and PdO) obtained under ambient conditions (air at room
temperature).

estimated as 3.5 (Table S1). These results are consistent with
the formation of Pd cations.

Furthermore, FTIR spectroscopy of NH; adsorption was
conducted to investigate the coordination of Pd cations for the
O,-treated Pd;,,,/ CHA(H, NO) with different Pd loading
amounts (1, 3, and 5.4 wt %). The spectrum of H—CHA after
NH; adsorption exhibited a strong absorption band arising

from NH; on protons at zeolite Al sites (Figure 4a).”” The

(a) 05] (b)

H-CHA

2100+
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I I [P B
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Figure 4. (a) FTIR spectra of NH; adsorption for H-CHA and O,-
treated Pd,, / CHA(H,_NO) with different Pd loading amounts (1,
3, and 5.4 wt %). The adsorption experiment was conducted at 50 °C
under 1% NH;/He flow, followed by a He purge. Prior to the
adsorption experiments, the sample was treated by He flow at 600 °C.
The detailed procedures are described in the SI. (b) Relationship
between the peak area of the absorption band, derived from NH,* and
Pd loading amount.

peak area of this band monotonically decreased with increasing
loading amounts from 1 to 5.4 wt % (Figure 4a and 4b),
indicating Pd** cations were immobilized at Al sites in CHA
zeolites. To support this consideration, SiO,-supported Pd
(PdimP/SiOZ, 5.4 wt %) was prepared and, then, treated with
0.5% H,/He flow, followed by 4% NO/He treatment, in a
similar manner. However, the NO adsorbed on atomic Pd
cations was hardly detected, and NO/Pd was about 1% (Figure
S$3), showing that anchoring sites are necessary for atomic
dispersion.

Encouraged by the above results, we envisioned that NO-
induced atomic dispersion of outside bulk Pd can be utilized
for a physical mixture of Pd black and CHA zeolites (Pd
+CHA, Pd: 5.4 wt %). This solid-state reaction would be
another preparation method of Pd-exchanged CHA zeolites
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with high Pd cation loading amounts. Submicrosized bulk Pd
and microsized cubic zeolites were observed by field-emission-
and backscattered-electron SEM (FE- and BSE-SEM) and
EDX mapping (Figure Sa). Pd+CHA was pretreated under
0.5% H,/He flow at 300 °C, followed by treatment with 4%
NO/He flow at 600 °C for 2 h (Pd+CHA(NO)). SEM
micrographs with EDX mapping of Pd+CHA(NO) revealed
that highly dispersed Pd species were immobilized in CHA
zeolites, whereas submicrosized Pd species were hardly
observed (Figure Sb). In the XRD spectra, the diffraction
peak derived from Pd(111), around 20 = ca. 40°, disappeared
after NO treatment, while the diffraction pattern of CHA
zeolite was maintained (Figure 6a).

Atomic dispersion of Pd black was evaluated by FTIR
spectroscopy of CO and NO adsorption experiments for Pd
+CHA and Pd+CHA(NO). The FTIR spectrum from the CO
adsorption experiment revealed the formation of atomic Pd
cations by NO treatment. The spectrum of NO adsorption
showed that the NO/Pd value significantly increased from
9.9% to 76.3%. The results in the CO and NO adsorption
experiments for Pd+CHA(NO) and Pd;,./ CHA(H, NO) are
almost the same. As control experiments, O, and CO were
used instead of NO for treatment of Pd+CHA (Pd+CHA(O,)
and Pd+CHA(CO)), and then, their Pd dispersions were
evaluated by NO adsorption experiments. The resulting NO/
Pd values were 21.4% and 15.4%, respectively. NO treatment
was most effective for atomic dispersion of bulk Pd. The recent
study on preparation of Pd-loaded CHA zeolites via modified
ion-exchange method reported by Szanyi has achieved a
complete atomic dispersion (NO/Pd = 100%) for 1—1.9 wt %
of total Pd loading whereas the increase of Pd loading amount
resulted in the decrease of atomic dispersion (NO/Pd = 90%
and 70% for 3 and 5 wt % of Pd loading, respectively).”’ In our
case using NO-facilitated atomic dispersion of Pd black, a
comparable NO/Pd (76.1%) was obtained for 5.4 wt % of Pd
loading although complete atomic dispersion was not achieved
for lower Pd loading amount (NO/Pd = 91.2% and 89.5% for
1 and 3 wt % of Pd loading, respectively. See below). The
literature comparison of loading amount of Pd** cations is
summarized in Table S2 in the SL

The dispersion of Pd nanoparticles (NPs) in zeolites under
oxidative reaction conditions has been studied by several
research groups.””>** Primet and co-workers first demon-
strated the dispersion of small Pd NPs in zeolites to afford Pd**
cations.”’ They prepared Pd**-exchanged Y zeolites by an
aqueous phase ion exchange method followed by the reduction
treatment by H,, affording the 2 nm Pd(0) NPs occluded in
the zeolites. Subsequently, the oxidative redispersion of Pd
NPs in the zeolite cages was conducted by NO at room
temperature. Bell and Okumura independently reported the
redispersion of small Pd NPs in MFI zeolites obtained by the
H, reduction of Pd**-exchanged MFI zeolites in similar
manners.””>> The redispersion of aggregated Pd by NO
treatment has also been extensively utilized in the industry for
catalyst regeneration.”’ However, the oxidative dispersion of
bulk Pd, such as commercially available Pd black, was not
investigated in the aforementioned studies.

To investigate the effect of zeolite framework types and the
difference of small Pd NPs and bulk Pd in atomic dispersion,
the reaction of a physical mixture of Pd black (Pd: 1 wt %) and

https://dx.doi.org/10.1021/jacsau.0c00112
JACS Au 2021, 1, 201-211
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Figure S. SEM images and elemental mapping of (a) Pd+CHA obtained by physical mixing of commercially available Pd black and CHA zeolites,
and (b) Pd+CHA(NO) obtained by H, pretreatment and NO treatment of Pd+CHA.
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Figure 6. (a) XRD patterns and FTIR spectroscopy of (b) CO adsorption at room temperature and (c) NO adsorption at 100 °C for a series of Pd
+CHA. Detailed procedures are described in the SI.

several zeolites, such as FER, MFI, MOR, BEA, and Y, with adsorption experiment (Table 2). Note that Al contents in
NO and then NO/Pd values were compared by NO zeolites (0.9—3.2 mmol/g) are much higher than that required
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Table 1. Comparison of NO/Pd Values Determined by NO
Adsorption Experiments at 100 °C for a Series of Pd-
Modified CHA or SiO, under Different Treatments”

NO/Pd Pd cation®
Sample Treatment [%] [wt %]
Pd,,,,/CHA” None 32.6 1.76
H, followed by NO 76.1 4.11
(30 min)
NO (30 min) 49.1 2.65
Pd+CHA”  None 9.9 0.53
NO (2 h) 76.3 412
0, (2 h) 214 1.16
CO (2 h) 154 0.83
Pd,,,/SiO,"  None 1.7 0.09
H, followed by NO 1.5 0.08
(30 min)

“The details of NO adsorption experiments and adsorption coefficient
are described in the SI PTotal Pd loading amount: 5.4 wt %. “Total
Pd loading amount: 5.0 wt %. 9Estimated from the total Pd loading
amount and NO/Pd value.

Table 2. NO/Pd Values Determined by NO Adsorption
Experiments at 100 °C for the Reaction of Physical Mixture
of Pd Black and Other Zeolites with Different Framework
Types under NO at 600 °C“

Total Pd loading NO/Pd Pd cation®
Zeolites SAR” [wt %] (%) [wt %]
CHA 13.7 5.4 76.3 4.12
CHA 13.7 3.0 89.5 2.69
CHA 13.7 1.0 91.2 0.86
FER 18.0 1.0 93.4 0.93
MFI 22.3 1.0 93.7 0.94
MOR 20.0 1.0 73.0 0.73
BEA 17.5 1.0 48.9 0.49
Y S.5 1.0 S.1 0.05

“The details of NO adsorption experiments and adsorption coefficient
are described in the SI. bSiOZ/AIZO3 ratio. “Estimated from the total
Pd loading amount and NO/Pd value.

to stabilize 1 wt % of Pd*" cations (ca. 0.19 mmol/g) in all
cases (The details are described in the SI). For FER, MFI, and
MOR zeolites, high NO/Pd values were achieved (73.0—
93.7%), while a moderate NO/Pd value was obtained in the
case of BEA (48.9%). The use of Y zeolites resulted in an
extremely low NO/Pd value (5.1%). These results showed that
the present method utilizing atomic dispersion of bulk Pd was
applicable to other zeolites tested (CHA, FER, MFI, MOR,
and BEA) except for Y zeolites. In all the case, the XRD
patterns obtained after the NO treatment showed that the
diffraction peak derived from Pd(111) decreased in intensity
(Figure S4), indicating that the reaction of bulk Pd with NO
occurred for all the zeolites. Taking into account the report on
redispersion of small Pd NPs by NO in Y zeolites at room
temperature,”’ Y zeolites are unlikely to stabilize atomic Pd
cations in high reaction temperature.

All described results for Pd,,,/CHA, Pd+CHA, and Pd,,,/
SiO, and those after different treatments (Table 1) clearly
showed that (1) the reaction of Pd(0) metal with NO is a key

and (2) Pd** cations are formed on zeolite Al sites. To
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elucidate the structural evolution of Pd species during atomic
dispersion, an in situ XAS measurement was carried out for Pd
+CHA during NO treatment (4% NO/He flow, 600 °C).
Normalized XANES spectra obtained at t = 0, 2, 20, 60, 120,
and 145 min are shown in Figure 7a. Prior to measurement Pd

(a) (b)

2+ .
Pd+CHA Pd Pd2* A
in NO at 600 ‘C ; 145 min
i 120 min
60 min
o 20 min
u ; m 2 min
=5 N
. 0 = 0 min
£ Pd <
‘23 AN O,-treated é
Pdin,/CHA(H,_NO)
inHe at 100 °C
Pd® ¥

1 1 1 1 1 1
24320 24340_24360 24380 24400 24320 24340 24360 24380 24400
Energy [eV] Energy [eV]
Figure 7. () In situ XANES spectra during the reaction of Pd+CHA
under 4% NO/He flow at 600 °C and O,-treated Pd,,,/CHA-
(H,_NO) under He flow at 100 °C. (b) Corresponding AXANES
spectra. The data were obtained by subtraction with the spectrum
taken at 0 min.

+CHA was treated with 0.5% H,/He, followed by purging
under He flow. The spectrum after pretreatment showed a
peak unique to Pd(0) metal around 24388 eV with an
absorption edge (E,) at 24344.7 eV. When NO/He was
introduced, the peak around 24388 eV decreased, with the
concomitant appearance of a new peak derived from Pd**
species around 24365 eV, while the absorption edge shifted
toward higher energy. After 120 min of treatment with NO, the
peak around 24388 eV disappeared, and the absorption edge
remained unchanged (E, = 24349.0 eV). The XANES
spectrum at 120 min resembled O,-treated Pd,,,/CHA-
(H,_NO) under He flow at 100 °C, implying the formation
of Pd*" cations primarily. These changes are shown more
clearly in the AXANES spectra (Figure 7b). The peak derived
from Pd(0) species steeply decreased in intensity with the
appearance of the peak assignable to Pd*" species in the initial
stage (t = 0—20 min) and, then, continuously decreased until ¢
= 120 min. From these results, Pd black was atomically
dispersed by oxidation of Pd(0) species toward Pd*".

In situ DRIFTS measurements were also conducted by
monitoring the produced gas. The background spectrum was
taken after pretreatment of Pd+CHA with H,/He, followed by
a He purge. After that, the gas was changed to 4% NO/He,
while recording the spectra continuously. A negative band was
observed around 3600 cm™' upon exposure to NO, and its
absorbance became more negative with extended treatment
times (Figure 8a). This phenomenon can be ascribed to
consumption of protons on Al sites (H* O,”) of CHA zeolites,
owing to a cation-exchange reaction with Pd** cations. Further,
NO adsorbed on in situ generated Pd*" cations was detected.
The gas product analysis revealed that N,O was generated as a
main gas product (Figure 8b). Plots of N,O concentration and
IR area for H* O, versus time (Figure 8c) showed that N,O
formation and consumption of H* O,” occurred simulta-
neously. Combined with in situ XAS results, the atomic
dispersion of bulk Pd can be described by the following
equation (eq 1).

Pd(0) + 2NO + 2(H*O]) — 20.Pd** + N,0 + H,0
(1)

https://dx.doi.org/10.1021/jacsau.0c00112
JACS Au 2021, 1, 201-211


https://pubs.acs.org/doi/10.1021/jacsau.0c00112?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.0c00112?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.0c00112?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.0c00112?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://dx.doi.org/10.1021/jacsau.0c00112?ref=pdf

(a) H*O,” Pd2+(NO) (b) N,O HNO, HNO, (c) He 4% NO/He
120 min NO~ [ NG _
S
—_ 2000 S
60 min 3 k=
© c
= 0 .0
= =
o 2 £ 120 min £
min o f Q
X 5 60 min 1000 ©
20 min 3 30 min 38
< 20 min
i @)
10 min . a
R 10 min =z
0 min 0 mi
n I 1 ‘ 1 L n ! L Il L T T S S S S min _30 PR S R R S PR R 0
4000 3000 2000 2100 1800 1500 1200 0 50 100
Wavenumber [cm'1] Wavenumber [cm '1] Time [min]

Figure 8. (a) In situ DRIFTS spectra during the reaction of Pd+CHA under 4% NO/He flow at 600 °C. (b) Spectra for NO, gases monitored by
IR with a gas cell. (c) Plots of N,O concentration and IR area for H* O,".
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Only atoms around Z are shown for clarity.

A similar equation was proposed by Perimet and co-
workers.”' The amount of generated N,O was estimated to be
328 pumol/g, which was ca. 65% of the total molar amount of
Pd (508 pmol/g), supporting that the above equation (eq 1) is
the most plausible reaction of atomic dispersion. However,
HNO; was detected instead of H,O. The generated H,O may
react with NO, derived from a decomposition reaction of NO
under high temperature,”® yielding HNO;. Furthermore,
atomic dispersion of bulk Pd in CHA zeolites was theoretically
studied. Periodic DFT calculations, combined with ab initio
thermodynamics analysis, were used to figure a phase diagram
to predict plausible Pd species at relevant partial pressures and
temperatures.””®’ The following equilibrium reaction was
considered (eq 2):

Z[2H] + nPd, . + (—x — y + 2z + 2)NO

1
= Z[Hx(OorZ)PanyOz] + (—Ex + I)HZO

1
+|—-——x—y+2z+ 1|N,O
( 2’ ) : @
Paired Al sites possessing two O, are denoted as Z.
Detailed definitions for relative Gibbs free energies (AG) of
Z[H,(92)Pd,N,O;] and chemical potentials of gaseous
molecules are described in the SI. The third-nearest-neighbor
site in the eight-membered-ring is considered as Z, where the
Al—Al distance is moderate (7.18 A) among paired Al sites in
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CHA zeolite.®! Proton-type CHA zeolite, in which two protons
are possessed at Z for charge compensation, is treated as the
reference model. This model is denoted as Z[2H], meaning
that Pd species remain as bulk Pd. For divalent cationic
species, a Pd** cation (Z[Pd]), NO-adsorbed Pd** cation
(Z[PANO]), and cationic Pd tetramer (Z[Pd,]) are taken into
account. A PdO monomer (Z[2H] PdO), Pd atom (Z[2H]
_Pd), and Pd tetramer (Z[2H] Pd,) are evaluated as
uncoordinated neutral species. Note that Z[Pd,] and Z[2H]
_Pd, have been applied as representative models of small Pd
clusters in previous papers.éz’63 The structural information
(CONTCAR files) of all the considered structures can be
found in the SI. Note that the simulated XANES spectrum for
the optimized Z[Pd] structure is similar to the experimental
one for Pd,,,/CHA(H,_NO) (Figure S5), confirming that our
model is reasonable as Pd** cations in CHA zeolites.

Figure 9a shows the phase diagram as a function of partial
pressure of NO (log(pno/po)) and temperature. Z[PANO]
(Figure 9c) is the lowest species in free energy over a wide
range of lower temperature conditions (<300 °C). With an
increase of temperature at log(pno/po) > —4, Z[Pd] (Figure
9d) becomes the most stable Pd species, while Z[2H] is
predicted as the most stable structure under low NO
concentrations in the high-temperature region. Figure 9b
shows the calculated AG as a function of log(pno/po) at 627
°C. In the lower concentration region, AG values, for all
considered Pd species, are higher than for Z[2H]. With
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increasing NO concentration, AG for Z[PANO], Z[Pd],
Z[2H] PdO, and Z[Pd,] decrease. At log(pno/po) = —1.4,
corresponding to experimental conditions employed in this
study (4% NO/He), Z[PANO] and Z[Pd] are thermodynami-
cally more favorable than Z[2H].

To confirm the requirement of high temperature for atomic
dispersion of bulk Pd, the physical mixture of Pd black (5.4 wt
%) with CHA zeolites was treated by NO at different
temperatures from 30—600 °C. The results are summarized
in Figure S6 and Table S3 in the SI. The atomic dispersion
scarcely occurred at room temperature even by extending the
time to 48 h (NO/Pd < 1%), and 600 °C was required to
obtain high NO/Pd values (76.3%). Furthermore, the reason
for the necessity of high temperature was theoretically studied.
Several previous studies on atomic dispersion of Pd NPs under
oxidative conditions proposed that the formation of mono-
nuclear Pd species, including PdO,”' Pd(OH),,”* and Pd-
nitrosyl complexes,®* play key roles for the dispersion. In our
experiments for the atomic dispersion of Pd black into CHA
zeolites, the use of O, instead of NO induced the formation of
bulk PdO, as indicated by XRD (Figure S7), and resulted in
the significant decrease of Pd*" cations (Table 1) while any
mobile Pd-nitrosyl complex was not detected during the
dispersion process using NO unfortunately (confirmed by
FTIR). Therefore, the formation of mononuclear PO from
partially oxidized Pd surfaces was considered as a simple
calculation model to discuss the difference between bulk Pd
and Pd NPs in NO-induced atomic dispersion. A Pd(111)
surface slab and a Pdg cluster® with surface atomic O species
were applied as representative models for Pd bulk surface and
Pd NPs, respectively, and the formation energy of PdO
vacancy (Epgovac) Was compared (the used models and detailed
definition can be found in the SI). The Epyoy, for the Pd(111)
surface is highly endothermic (168.7 kJ/mol) while that for the
Pd;; cluster is relatively small (4.3 kJ/mol) (Figure S8a).
Furthermore, the diffusion of generated PdO species in CHA
zeolite pores was also investigated by transition state
calculation, resulting in the small diffusion barrier through
the eight-membered ring (28.3 kJ/mol, Figure $8b).%¢
Considering the previous studies on reaction of metallic Pd
with NO,°”*® a plausible mechanism can be proposed as
follows. A surface Pd atom is oxidized by the atomic O species
generated by the dissociation of a NO molecule on a Pd metal
surface.”” A N,O molecule is concomitantly generated from
the remaining N and another NO.%® Subsequently, a
mononuclear PdO is formed from the oxidized Pd surface.
This step is highly endothermic and thus requires high
temperature. The generated PdO species can easily diffuse and
access paired Al sites in CHA zeolites, and finally isolated Pd**
cations are placed at ion-exchange sites with concomitant
formation of H,O. The paired Al sites in CHA zeolites can
serve as anchoring sites of Pd*" cations even under high
reaction temperature, enabling NO-facilitated atomic dis-

persion of bulk Pd.

We have shown that bulk Pd can be atomically dispersed into
small pores of CHA zeolite with 4% NO flow at 600 °C. The
microscopic (SEM, STEM, EDX) and spectroscopic (XRD,
FTIR, XAS) characterizations showed that Pd** cations on
zeolite anionic sites were mainly formed. The amount of Pd*"
cations reached 4.1 wt %, which is higher than the highest
value reported previously. The solid-state synthesis of Pd-
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exchanged CHA from commercially available Pd black and
CHA zeolites was also demonstrated, where NO was the most
effective among other reactive gases tested, such as O, and
CO. The present method utilizing atomic dispersion of Pd
black was applicable to other zeolites with different framework
types. From in situ XAS and DRIFTS, combined with online
gas monitoring, atomic dispersion occurs through oxidation of
Pd metal by NO, yielding Pd cations on Al sites with
concomitant formation of N,O and H,O (as HNO;). The
phase diagram, determined by ab initio thermodynamics
analysis, showed that divalent Pd cations on paired Al sites
are thermodynamically favored under the experimental
conditions (4% NO and 600 °C), consistent with the
occurrence of atomic dispersion of bulk Pd. The DFT
calculations suggest that the generation of mononuclear Pd
species from bulk Pd is a highly endothermic reaction and thus
requires high reaction temperature. The generated mono-
nuclear Pd species can easily diffuse into small-pore CHA
zeolites to afford Pd** cations on paired Al sites. The paired Al
sites in CHA zeolites stabilize atomic Pd cations even under
severe reaction conditions, allowing the preparation of Pd*-
loaded CHA zeolites from commercially available Pd black and
CHA zeolites. This work demonstrates the potential of atomic
dispersion for preparation of metal cation-exchanged small-
pore zeolites that cannot be obtained by conventional aqueous-
phase cation-exchange methods. It is noteworthy that the
present method can be combined with the conventional
methods. The NO adsorption/desorption properties and
hydrothermal stability of Pd-loaded CHA zeolites with high
loading of Pd** cations are now under investigation for PNA
applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.0c00112.
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