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A novel combination of time-resolved hard X-ray diffraction
(HXRD) with diffuse reflectance infrared spectroscopy (DRIFTS)
and mass spectrometry (MS) that takes advantage of the intrinsic
properties of very high energy X-rays has been developed for use
in studying gas-solid interactions. The method has allowed us to
specify how Al2O3-supported Pd nanoparticles (∼3 nm diameter)
actively participate in prototypical de-NOx chemistry. We show that
unresolved issues in the behavior of this system observed using
time-resolved extended X-ray absorption fine structure (EXAFS)1

during CO/NO cycling are due to the dissociation of adsorbed CO
species and transient storage of atomic carbon within the Pd
nanoparticles, forming PdCx. This bulk PdCx phase is then rapidly
removed during the oxidizing (NO) part of the cycle. Furthermore,
it is shown that the formation of PdCx promotes the formation of
linear CO species on the surface of the changing nanoparticles and
has a drastic effect on the linear-to-bridge ratio observed in the IR
spectra.

Many functional materials, including heterogeneous catalysts,
show structural variation on a wide range of length scales, from
chemical bonds through nanosized component phases to the
micrometer scale. This provides a strong driving force for devising
experiments capable of addressing these varied length scales and
provide “holistic” structure-function relationships.2 As such, the
sequential combination of X-ray methods (principally diffraction/
scattering and EXAFS) has a long history.3–6 These previous
methods have generally relied upon X-ray energies below 20 keV
and/or a restricted number of sample environment types (quartz
capillaries and tubes)4–7 to obtain the angular range necessary for
diffraction measurements. Even recent studies that have started to
exploit high-energy X-rays for diffraction7,8 and total scattering
analyses9 of working catalysts have retained this methodology. Here
we take a different approach that permits synchronous investigation
of the sample using DRIFTS in order to achieve the same net
objective within a highly restrictive sample environment.

At very high X-ray energies, because of the Bragg diffraction
condition (λ/d ) 2 sin θ), a compression of diffraction peaks into
smaller solid angles occurs. As a result, at ∼86.8 keV (λ ) 0.143
Å) we can collect a large Q (Å-1) range [see the Supporting
Information (SI)] using an experimental setup subtending only ca.
(10° previously developed10 for combining transmission EXAFS
(a technique that has no solid-angle requirements for data collection)
with DRIFTS and MS. Our previous investigations allowed us to
start to understand the dynamic structure-reactivity behavior of
small supported Pd nanoparticles.1 However, a number of observa-
tions remained to be precisely quantified (e.g., size/shape/disorder
change) or even explained. In the latter category, the source of a

pronounced fall and then recovery of the first-shell Pd-Pd EXAFS
coordination number was left unresolved from structural and
reactive points of view.1 An example of this behavior (as observed
using dispersive EXAFS) is shown in Figure 1 (top right, first-
shell Pd-Pd central depression) for a 2 wt % Pd/Al2O3 sample
during CO/NO cycling at 673 K.

Alongside the dispersive EXAFS data, Figure 1 shows a salient
portion (see the SI) of the HXRD data that can now be obtained
simultaneously with the DRIFTS and MS measurements in the same
apparatus. The data for a single CO/NO cycle were extracted from
an overall experiment of the type previously described1 (see the
SI).
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Figure 1. Illustrative data from the four probes DRIFTS, EXAFS, MS,
and HXRD (the [311] reflection from Pd, straddled by two Al2O3 reflections)
that can be applied in situ using the current methodology. Each of the X-ray
techniques may be used in simultaneous time-resolved conjunction with
DRIFTS and MS. The data from each technique pertain to the structure-
reactivity behavior of a 2 wt % Pd/Al2O3 sample during a single switch
from 5% CO/He to 5% NO/He at 673 K (see the SI).
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The HXRD data reveal an increase (essentially linear in time during
the CO cycle) in the d spacing of the visible XRD reflections ([111],
[200], [311], [222]) due to the Pd nanoparticles (see the SI). Such a
process is not immediately evident from the EXAFS or the DRIFTS
data. Only the MS data initially hint at this via a secondary phase of
CO2 production after the gas switch. Upon the switch back to NO,
the d spacing returns to the initial point of the cycle.

Figure 2 shows other elements that can be extracted from the
combined experiments as a function of time. A more formal analysis
of the EXAFS data from Figure 1, along with a more precise
measurement of the temporal character and magnitude of the observed
changes in the d spacing ([311] reflection) in the HXRD pattern,
quantifies an expansion of the Pd lattice from both local and long-
range order points of view (Figure 2A). This isotropic lattice expansion
(see the SI) is indicative of a bulk change in the Pd phase and
quantitatively consistent with the dissolution of atomic carbon into
the nanoparticles to form a PdCx phase with 0.05 e x e 0.06.11

This resolves the apparent behavior of the Pd-Pd coordination
number observed during the CO cycle1 shown in Figure 1. The
changes in the static disorder of the system associated with the
formation12 and destruction of PdCx would result in these apparent
coordination number changes within the paradigms of the EXAFS
analysis.1 However, without a priori knowledge of such chemistry,
it is only the application of the HXRD that allows us to specify
that this is the case. In X-ray absorption near-edge structure
(XANES), the formation of PdCx

12 results in no change in the Pd
K-edge position and only small changes in the position of the 1s
f 5p (∆E )1.2 eV) and 1s f 4f (∆E ) 0.3 eV) resonances (see
the SI).12

Furthermore, the combination of XRD, DRIFTS, and MS
establishes that during the CO cycle, where IR spectroscopy tells
us that the Pd nanoparticles are covered in linear and bridging CO,
some of these CO molecules dissociate. The atomic C thus formed
migrates into the bulk of the Pd nanoparticles (HXRD). The atomic
oxygen formed from the CO dissociation reacts with adsorbed CO
to create the second stage of CO2 evolution (MS, Figure 1). At the
same time DRIFTS (Figure 2) shows that the growth of the linear
CO species is highly correlated with the formation of the expanded
PdCx phase, whereas this is not the case for the bridging CO. As a
result, as carbon dissolves into the Pd lattice, the linear-to-bridging
ratio changes significantly (Figure 2C). This results from the
promotion of the occupation of linear CO sites, possibly as a result
of a morphological change in the nanoparticles accompanying the
formation of the PdCx phase. As the bridging-to-linear ratio in IR
spectra is commonly used to estimate the Pd particle size (e.g., see
ref 13), our combined results show that this notion could be severely
misleading under actual reaction conditions.

In summary, using a new experiment that combines time-resolved
HXRD (or transmission EXAFS) with DRIFTS and MS for the in
situ study of gas-solid interactions, we have demonstrated how
such a combination can yield significantly enhanced insight into
fundamental events occurring in nanoparticulate catalysts. We have
elucidated rapid CO dissociation over Pd nanoparticles and the
subsequent storage of atomic C in the bulk of these particles that
results from this event. Under NO, the PdCx phase is facilely
removed as CO2, closing the catalytic cycle. We have also
dynamically followed how the in situ formation of the PdCx phase
changes the populations of CO species that are absorbed on the
Pd, with the formation of linear CO being significantly promoted
by the change in Pd phase.
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Figure 2. Temporal behavior of 2 wt % Pd/Al2O3 during the NO/CO/NO
cycle at 673 K. (A) Relative change in the first-shell Pd-Pd distance
(EXAFS) and d spacing of the Pd[311] reflection (HXRD). (B) Intensity
of bridging and linear CO bands (DRIFTS). (C) Bridging CO to linear CO
ratio (DRIFTS) during the CO cycle.
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