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Isolated Pd atoms supported on high surface area MnO,, prepared
by the oxidative grafting of (bis(tricyclohexylphosphine-
palladium(0)), catalyze (> 50 turnovers, 17 h) the low temperature
(< 325 K) oxidation of CO (7.7 kPa O,, 2.6 kPa CO) with results of in-
situ/operando and ex situ spectroscopic characterization signifying
a synergistic role of Pd and MnO, in facilitating redox turnovers.

Precious metal catalysts, such as Au, Pt, and Pd, have been
demonstrated to facilitate a wide range of industrially-relevant
reactions including the oxidation of CO to CO,, for which their
activity and stability has been extensively evaluated.'™
Cooperativity between supported metal ions or nanoparticles
with oxide supports of superior oxygen affinity has been
considered crucial for low temperature (< 423 K)® CO oxidation
due to synergistic action of the metal and surface.2’710 In the
case of Pd, it has been proposed that reducible oxides including
FeO,,* Ce0,,*1? and MnO,,3 aid in facilitating the reaction by
providing labile oxygen at Pd-MO, interfaces and play a central
role in stabilizing isolated atoms that dictate the catalyst
performance and efficiency.>'®> Previous evaluations have also
indicated that the speciation of Pd delineates activity at low
temperatures (< 423 K) where metallic Pd is significantly less
active than ionic PdZ* or PdO, clusters due to inhibition from the
strong affinity of Pd(0) toward CO.*>211.16 However, the
interconversion of site-isolated Pd to nanoparticles under
catalyst
deactivation.®718 For instance, even at room temperature, CO

reducing reaction conditions often underlines

induces Pd sintering on Fe,03(001) despite relatively low
surface coverages of Pd (0.2 monolayers).'® Further, there is an
incentive to evaluate supported Pd catalysts that benefit from

high reactivity but are resistant to sintering under reducing
conditions for low temperature CO oxidation applications.
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Recently, our group has demonstrated the well-defined
interstitial doping of Ni on Li,Mn,0, by an electron transfer
mechanism between the oxidizing surface and the low-valent
precursor (Ni(COD),, COD = cyclooctadiene).?’ We reason this
strategy may afford well anchored isolated sites for comparable
group 10 systems, particularly for resistance to agglomeration
under reducing conditions. Herein, this oxidative grafting
technique is applied to introduce Pd onto MnO, as a targeted
oxidation catalyst. Specifically, the well-defined precursor
Pd(PCys3), (PCys; = tricyclohexylphosphine) was added to a
suspension of MnO, in benzene at room temperature for 48
hours to produce Pd/MnO, with approximately 1.1 wt% Pd
(details in Section S1.1, Sl). The resulting material is found to be
an efficient catalyst for the low-temperature oxidation of CO
with O, between room temperature (295 K) and 323 K which is
comparable to temperature ranges (303 - 398 K) for the activity
of other recently developed catalysts for this chemistry.23:82
Atomically dispersed Pd active sites are evidenced on the oxide
surface, of which a majority (roughly 80%) remain isolated
during reaction (2.6 kPa CO, 7.7 kPa O,) at 323 K over 7 hours.
Further, a combination of in situ/operando and ex situ
characterization results indicate a dual-role of Pd and the MnO,
surface in enabling the catalytic activity.

High-surface area MnO, (277 m? g') was utilized as a
catalyst support to promote sufficient grafting of Pd(PCys),. The
material consists of amorphous and needle-like particles (Figure
S2), with perceptible synchrotron X-ray diffraction peaks
coinciding with a Birnessite structure (Figure S1). Upon grafting
of the zero-valent Pd(PCys), precursor (Figure 1a), there is an
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Figure 1. Schematic of (a) Pd(PCys), and (b) the potential structures of Pd/MnO,,
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Figure 2. Pd K-edge (a) XANES and (b) )g spectra forfresh Pd/k/lnoz in compar|son
to PdO and the Pd(PCys), precursor (k*-weighted k = 3 — 13.8 Ak = 0.1). (c) 3P
solid-state NMR for (i) fsresh Pd/MnO,, (ii) post- cataly5|s (7 h, 323 K 2.6 kPa CO, 7.7
kPa 0,) and (iii) post O, regeneration (573 K, 10% O,, 1.5 hours, 1 cycle).

apparent electron transfer from the metal complex to the oxide
surface as indicated by an increase in Pd oxidation state and a
slight reduction in the bulk Mn oxidation state as reflected in
the Pd and Mn K-edge X-ray absorption near edge structures
(XANES), (Figure 2a and Figure S3). Qualitative comparison of
the Pd extended X-ray absorption fine structure (EXAFS) with
PdO and Pd(PCys), (Figure 2b) suggests that Pd/MnO, features
both Pd-O and Pd-P bonds in the first coordination shell that
account for the shorter and longer radial components,
respectively. EXAFS fitting results indicate the Pd species may
form a combination of 3 or 4 coordinate complexes with 1-2
oxygen and 1-2 phosphine ligands (Table S1, Figure 1b),
suggesting that the Pd ions retain their molecular speciation
upon chemisorption as isolated species on the surface of MnO,,
Evaluation of the phosphorous chemical environment by 31pP
solid-state NMR further evidences the persistence of metal-
bound phosphine ligands at 6 = 26.4 ppm (Figure 2c), consistent
with the chemical shift to cationic Pd-bound PCy; (3 = 25.4 ppm,
Pd(PCys),Cl,)?! and 39.7 ppm of the precursor (Pd(PCys),).2?

To investigate the catalytic properties of Pd/MnO, for CO
oxidation, the reactivity was explored between room
temperature (295 K) and 323 K. Introduction of CO to the
catalyst under O, flow at 295 K results in a finite burst of CO,
formation that tapers to rates below the detection limit after
approximately 400 minutes and roughly 11 mol CO, (mol Pd)?
formed (Figure 3a), demonstrating the highly oxidizing nature
of the catalyst, unlike the parent MnO, which does not form
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Figure 4. (a) Ex situ Pd K-edge EXAFS for Pd/MnO, reduced (150 °C 5% C 1 5 h) and

ost cata yS|sé323 K, 7.71 kPa O,, 2.56 kPa CO, 7 hours) (k=3.0—-11.1 A%, Ak =0.1,

3-weighted). (b) Pd K- edﬁe XANES LCF result for the post-catalysis Pd/MnOz sample
using the Pd foil and fresh Pd/MnO, as standards.

measurable quantities of CO, under the conditions tested.
Slightly elevated reaction temperatures (323 K) result also in a
short-term, highly reactive state of the catalyst (Figure 3b);
however, this is followed by CO, formation rates that decay to
lower, relatively stable rates after 2 — 3 hours of reaction (Figure
S15). For fresh Pd/MnO, this results in over 50 mol CO, per mol
Pd during 1060 minutes of reaction at 323 K (Figure 3c).

Due to the prevalence of CO-induced Pd sintering in
supported catalysts,>'® the influence of Pd agglomeration
toward the observed catalyst deactivation was investigated. Ex
situ EXAFS characterization of Pd/MnO,; post 7 hours of reaction
at 323 K indicates the formation of Pd nanoparticles by the
presence of the Pd-Pd scattering feature at a phase uncorrected
distance of roughly 2.45 A (Figure 4a). Linear combination fitting
(LCF) of the XANES and EXAFS of the post-catalysis sample with
(i) the as-prepared material and (ii) Pd metal indicates
approximately only 20% is reduced to a metallic state (Table S2,
Figure 4b, S6-S7), while 80% remains isolated. EXAFS fitting
results (Table S3) indicate that the agglomerated Pd forms large
nanoparticles as a minor species, as the average Pd-Pd bond
length (2.737 + 0.007 A) in the post-catalysis sample is close to
bulk Pd (2.740 + 0.004 A), further supporting the use of the Pd
foil as a reasonable standard for the LCF. Correspondingly, TEM
images show the formation of large (10.8 + 4.8 nm) Pd
nanoparticles (Figure S2). To better understand the role of
metallic Pd, further reduction was induced by treatment of
Pd/Mn0O, with 10% CO at 423 K. The XANES of reduced
Pd/MnO, indicates a close correspondence with Pd metal
(Figure S9) with the EXAFS showing a significant increase in the
fraction of Pd nanoparticles in comparison to the post-catalysis
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Figure 3. (a) CO oxidation at 295 K for fresh Pd/MnO,, (b) CO oxidation at 323 K for fresh Pd/MnO, or following O, regeneration (573 K, 1.5 h, 10% O,/He) for 1 -5 cycles,
and (c) turnover numbers (mol CO, (mol Pd)- &over 1060 minutes (or until CO, formatlon ceased) for Pd/MnO; fresh, reduced, or foIIowmg O, regeneration for 1 — 5

cycles. (Reaction conditions: 7.71 kPa O,, 2.56 kPa CO, 50 mL min‘%, 20 mg catalyst).
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sample by the higher amplitude of the Pd-Pd scattering feature
at 2.45 A (Figure 4a). The catalyst pre-reduced at 423 K in CO
shows only trace CO, formation under the standard reaction
conditions at 323 K (Figure S16) resulting in only 1.1 mol CO,
formed per mol Pd (Figure 3c). This observation underscores the
role of isolated Pd in the catalytic redox performance at low
temperature and that, even at extended reaction times, the
diminished but non-zero CO, formation rates measured are
unlikely to originate from metallic Pd domains (Figure S15).

Operando XAFS measurements of Pd and Mn in the catalyst
were conducted to investigate the transient structure
evolutions that delimit the CO oxidation reactivity between
room temperature and 323 K. First, monitoring of the Pd K-edge
during reaction at room temperature indicates a gradual change
in the first-shell coordination environment by an apparent shift
in the EXAFS peak to lower radial distance (Figure 5a). This
change is further enhanced upon ramping temperature to 323
K at 0.24 K min (Figure 5a) and appears related to fewer
phosphine ligands that comprise the higher radial-component
of the first-shell in the X(R) spectra (Figure 5b), consistent with
ex situ NMR measurements completed after 7 hours of reaction
indicating a downward shift in the 3P resonance compared to
the fresh Pd/MnO, (Figure 2c). Near 323 K, the onset of Pd
sintering is apparent from the scattering peak at 2.45 Ain Figure
5c¢ which continues to grow in intensity while holding at 323 K
over the course of 2 hours. Fitting of the EXAFS spectra (Table
S5, Sl) indicates the average Pd-Pd coordination number (CN)
increases linearly with time at 323 K (Figure 5d), although
monitoring of the gas effluent provides that the decaying of CO,
formation rates begins to slow after 2h (Figure 5d), which is
consistent with off-line reaction experiments (Figure S14).
Moreover, by comparison with the ex situ post-catalysis sample
measured after 7 hours of reaction (Figure S19), it is apparent
that nanoparticle formation continues relatively monotonically
with time on stream and lacks sufficient correlation with the
short-term catalyst deactivation to be directly responsible.

Mn K-edge XAFS measurements indicate an influence of the
reaction conditions on the properties of the support.

6 6
(a) —He 297 K (c) CO/0, =0 min
+ 5 —C0/0,297K| 4 ] 323 K —30 min
< 4 1 —CO/0, 303 K| << 4 1 60 min
=3 CO/0, 313 K| =3 | t =90 min
§ 2 —C0/0,323K| &, | =120 min
T E 1
0 0

2 3 2 3
Radial Distance / A Radial Distance / A

6 330
T 1® 320
= 2
= P -
& 0 310>
521 300
¢, |

5 0 ] 290

2 3 100 150 200 250
Radial Distance / A Time / minutes

Fi§ure 5. XAFS analysis of Pd/MnO, during operando CO oxidation, measuring the
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exposure to CO and O, at room temperature (297 K) and during temperature
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Figure 6. XAFS of Pd/MnO, during operando CO oxidation, measuring the Mn K edge,
showin%](a) changes in the absorption edge between the fresh material and at the
end of the experiment; and, (b) as a function of time and temperature, the CO, signal
(gray) and the corresponding shift in the Mn abso?tion edge (A) to lower energy
estimated by a linear combination of spectra (i) and (ii) from Figure 6a where the y-
axis value is the component of spectra (ii). (c) In situ DRIFTS of fresh Pd/MnO, during
CO oxidation at 323 K and (d) the corresgonding CO, formation rate and area of the
infrared spectra from 800-1740 cm* with time under reaction conditions.

Specifically, there is a gradual shift in the absorption edge to
lower energy upon exposure to CO and O, at 297 K and during
ramping and holding at 323 K for 1 hour (Figure S20) that
evidences a decrease in the average Mn oxidation state. A LCF
for each sample measured between the start and end of the
experiment (Figure 6a) indicates there is a non-linear shift in the
Mn edge to lower energy (Figure 6b), particularly during
ramping to 323 K, which suggests a deceleration in the rate of
Mn reduction at this point. To accompany analysis of surface
changes during reaction, in situ DRIFTS (diffuse reflectance
infrared Fourier transform spectroscopy) measurements were
completed. Upon exposure to CO under O, flow at 323 K,
Pd/MnO, displays rapid growth of several intense bands in the
region from 800 — 1740 cm-! that decelerate to near saturation
after about 90 minutes (Figure 6¢,d). The species observed are
in close correspondence with mono- and multidentate
carbonate bands previously identified on Mn,03; and Ni,Mn3,04
upon reaction with C0.1323 |n conjunction with XAFS results
indicating the progressive reduction of Mn (Figure 6a,b), it is
evident that the evolution and growth of carbonates occluding
the MnO, surface, in combination with the potential formation
of oxygen vacancies, may have a significant influence on initial
deactivation (< 2 h) of the catalyst, unlike Pd agglomeration
which occurs slowly and linearly at this timescale (Figure 5d).
The regenerability of Pd/MnO, following CO oxidation at
323 K was assessed by completing cycles of O, treatment at 573
K following reaction at 323 K. Results indicate that the catalytic
reactivity can be restored above that of the fresh catalyst
through the 573 K treatment (Figure 3b). Specifically, 1 cycle of
reaction and O, treatment (O, -1) results in 2.3x increase in the
number of turnovers from 57 to 139 mol CO, (mol Pd)! over
1060 minutes at 323 K (Figure 3c). A minor decline in the
cumulative CO, formed is observed between the second (0,-2)
and third (O,-3) cycles of reaction and regeneration (Figure 3c),
although CO, formation rates measured at extended reaction
times (approximately > 600 minutes) approach comparable
values (Figure S15) for the total of 5 cycles evaluated. In situ
DRIFTS measurements of Pd/MnO, treated to 573 K under 10%
0O, reveals degradation of the PCy; ligands by the disappearance
of their characteristic absorption bands in the spectra (Figure

J. Name., 2013, 00, 1-3 | 3
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S22b) with solid-state 3'P NMR measurements being suggestive
of phosphate formation based on the chemical shift (12.9 ppm)
of the oxidized species (Figure 2c). Additional in situ DRIFTS
measurements of fresh and regenerated Pd/MnO, during CO
oxidation at 323 K indicate that surface carbonates formed
during reaction are diminished following O, treatment at 573 K
(Figure S22a) and that carbonate coverages during reaction
increase substantially after regeneration (Figure S23). Further,
regeneration of the surface by carbonate removal as well as the
accessibility of additional surface sites (following liberation of
the bulky cyclohexane ligands) may both contribute to the initial
higher reactivity of the O, regenerated catalyst.

Characterization of the Pd speciation following 1 cycle of O,
regeneration and catalysis indicates that the Pd is partially re-
oxidized by the shift in the Pd absorption edge to higher energy
(Figure S10b) and a corresponding increase in the intensity of
the Pd-O scattering in the EXAFS (Figure S10a). Persistence of a
metallic Pd phase is apparent from the peak at a phase
uncorrected distance of roughly 2.47 A in the EXAFS (Figure
S10a) and suggests an oxide layer may form on the surface of
the metal particles, consistent with observations of Nolte et al
for large Pd particles (> 9 nm) on MgO that form a thin PdO
surface layer under comparable conditions (570 K, 0.03 — 0.056
kPa 0,).2* Moreover, O, regeneration is insufficient to produce
measurable CO, formation rates past roughly 100 minutes of
reaction for both reduced Pd/MnO, (featuring predominantly
Pd nanoparticles, Figure 4a) and bare MnO, (Figure S18, Table
S4) indicating the vital role of isolated Pd in Pd/MnO, both after
reaction and regeneration, although re-oxidation of the oxide
surface may contribute to the finite quantities of CO, formed
over MnO, and reduced Pd/MnO, (Table S4).

In conclusion, Pd/MnO, synthesized by the oxidative
grafting of Pd(PCys), forms isolated Pd active sites for CO
oxidation, of which, only roughly 20% undergo agglomeration
to Pd nanoparticles, a common pitfall of precious metal
catalysts for low-temperature CO oxidation, during reaction at
323 K for 7 hours. A combination of time-resolved
characterization results reveal the structural changes which
occur to Pd and MnO, during reaction and suggest that
reduction and blocking of MnO, by carbonate formation may
contribute to short-term deactivation; however, the initial
catalyst reactivity can be restored above that of the fresh
material through regeneration at 573 K in 10% O, Cooperative
action of the isolated Pd and oxide surface is essential toward
the low temperature redox activity; this and the role of each
species in the catalytic cycle will be the subject of future studies.
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