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SIZE-DEPENDENT EFFECTS

Particle size effects in Rh/Al,O; catalysts as viewed
from a structural, functional, and reactive perspective:
the case of the reactive adsorption of NO
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Abstract The structural-dynamic behaviour of y-
Al,O5 supported Rh nanoparticles under He, H,/He,
and NO/He has been investigated using a newly
developed methodology that permits dispersive
EXAFS (EDE), diffuse reflectance infra red spectros-
copy (DRIFTS), and mass spectrometry (MS) to be
applied simultaneously to the study of gas-solid inter-
actions. This reveals a considerably variability in
nanoparticle habit (for 11 A diameter nanoparticles as
a function of temperature), and between 8 Aand11 A
particles in their response to NO. The selectivity (N,/
(N7 + N,O)) of the reactive interaction between NO
and the supported Rh shows essentially no particle size
dependence above 473 K: it is apparent, however, that
considerable differences in some aspects of the struc-
tural behaviour of the 8 A and 11 A Rh particles do
nonetheless, exist. At 373 < T < 473 K a clear diver-
gence in structural, functional, and reactive response of
the different sized supported Rh nanoparticles toward
NO is observed. These observations are discussed in
terms of the ability of different sized Rh particles
to change structure in response to the reactive
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environment, the subsequent effect this has on the
nitrosyl functionality that different phases may sup-
port, and the reactive pathways for NO conversion that
may therefore arise.

Introduction

That considerable change in the physical and chemical
behaviour of metals and oxides might be expected as
their domain size is constrained to below a few tens of
angstroms has long been expected and studied [1].
Materials such as catalysts, that are comprised of
components residing on these length scales, are
required to service ever more wide ranging and specific
technological needs. As such the importance attached
to a fundamental understanding of how such size
dependent effects arise and manifest themselves con-
stantly grows in both academic and industrial arenas.
This research takes many forms and utilises a variety
of model approaches. In the current case, that of the
behaviour of Rh in deNO, processes, these range from
studies made on flat single crystal Rh surfaces in UHV
to Rh particles deposited upon flat oxide surfaces
(again predominantly in UHV) [2], though a cornup-
copia of high area/elevated pressure studies [3-15]. All
of these approaches are to some degree ‘“‘models”,
involving approximations to various aspects of the
“real” systems in some way, shape, or form. As such a
further question that needs to be asked of all these
approaches is in what way, and to what extent, do these
implicit approximations—central amongst them for
instance being the domain size and dispersion of the
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active material—limit their utility in understanding and
augmentating the processes under consideration.

The interaction of Rh with NO has for many years
been of interest [2-15] as a fundamental step in the
global process of the catalytic removal of NO,. gases for
pollution control. Infra red spectroscopy has found
great utility in such studies, it being sensitive to the
surface bound functionality that accompanies, for
instance, the interaction and reaction of NO with a
catalyst. On its own, however, this spectroscopy is not a
direct probe of adsorbate structures or the surface
structures that support them, other than through
inference.

To this end, and given that many fundamental pro-
cesses occurring in gas solid interactions can occur very
rapidly, we have developed and implemented a new
methodology [14, 15] that permits in situ investigation
of such interactions using DRIFTS and mass spec-
trometry along with transmission EXAFS—a spec-
troscopy that is a direct probe of local structure. By
utilising EXAFS in dispersive mode we can interrogate
these systems from structural, functional, and reactive
viewpoints on a timescale of a few tens of milliseconds.
In the current case we use this capacity to investigate
how Rh catalysts, with average starting particle diam-
eters in the reduced state of ca. 8 and 11 A [13-17, 21]
respond to NO adsorption between 373 K and 573 K.

Experimental

The work described here was carried out at the dis-
persive EXAFS beamline of the ESRF (ID24). Dis-
persive EXAFS measurements were made at the Rh K
edge using a Si [311] polychromator mounted in a
Bragg configuration and using a 14-bit ADC FReLoN
detector [15, 16]. The implementation of the FReLoN
detector for dispersive EXAFS studies has largely
negated the previous limitation in spectral acquisition
rates. Due to CCD readout time previous data collec-
tion was limited to, at best ca. 3 spectra per second.
The FReLoN permits data acquisition with only 0.8 ms
dead time and obtaining up to 500 spectra per second is
now possible. Typically, EDE spectra were collected
with 62 ms (~17 spectra per second) time resolution.
The infrared measurements were made using a Digilab
FTS 7000 spectrometer equipped with a narrow band,
linearised, MCT detector, with a spectral repetition
rate of 64 ms, and with 4-cm™ resolution.

Samples were prepared from a wet impregnation of
RhCl; to y-Al,O5; (AlonC, Degussa) and subjected to
previously described calcination and reduction proce-
dures [13-17, 21]. About 30-40 mg of these samples

(90-120 pm sieve fraction) were loaded into a custom
built cell, based upon a design due to McDougall et al.
[18]. This arrangement permits study to ca. 673 K
sample temperature. The cell was interfaced to a mass
spectrometer (Pfeiffer “Omnistar’) via a differentially
pumped stainless steel capillary. The leak tight nature
of the system was verified using the mass 32 signal
obtained with the mass spectrometer valved off from
the cell as compared to that derived with the system
open to the various gas flows. Gases were admitted to
the system under mass flow control and switched
between the cell and a bypass using 4-port microelec-
tric switching valves (Valco). All gas mixtures were
used as supplied (Air Liquide) save for the He for
which a further in line combined moisture/O, trap
(Agilent) was utilised.

Samples were subjected to brief oxidation and
reduction under flowing 5%H,/He and 5%O0O,/He at
573 K to remove any adventitiously adsorbed carbon
species [15]. The sample temperature was then ad-
justed to that desired for experimentation. A typical
experiment involved switching from an inert (He) to a
reactive gas flow (5%NO/He or 5%H,/He). At the
same time EDE/DRIFTS/MS data acquisition was
initiated.

Reduction of the dispersive EXAFS data and sub-
sequent analysis was performed using PAXAS [19] and
EXCURV [20]. Room temperature Rh foil spectra
were also collected to permit energetic calibration of
the EDE spectra.

Results

Figure 1 (a) shows k® weighted EDE derived from
5-wt% to 2-wt% Rh samples at 373 K and 573 K
maintained under flowing H,/He. Figure 1 (b) shows
the equivalent data after exposure of the samples to
5%NO/He for 50 s. Where formal fitting in EXCURV
proved reasonable, given the data quality, structural
and statistical parameters are given in Table 1.

In all cases, in the presence of H,, an fcc nanopar-
ticulate structure is indicated. Variations in net particle
size and Rh-Rh bondlengths are, however, also sug-
gested, as functions of temperature and Rh loading.
The apparent variations in first shell Rh—Rh co-ordi-
nation numbers (CN) as a function of temperature for
each system is shown in Fig. 2.

Below 473 K the net CN of the Rh in the 5 wt%
case is as expected from our previous studies (ca 7;
~35-50 atoms) [13-17, 21]. What is somewhat surpris-
ing is, that between 473 and 573 K, the average Rh—Rh
CN and, in the first approximation, the average particle
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Fig. 1 (a) k&° weighted Rh K edge EXAFS spectra derived from
Swt% to 2wt% Rh/AL,O; samples in their reduced state
maintained under flowing 5%H,/He at 373 K and 573 K as
indicated. Each spectrum was acquired in 62 ms. Fits from
analysis in EXCURYV are shown in each case. (b) k&° Weighted
Rh K edge EXAFS spectra derived from 5 wt% and 2 wt% Rh/
Al Oj; after 50 s of exposure to 5%NO/He at 373 K and 573 K as
indicated. Each spectrum was acquired in 62 ms. Fits, where
deemed reasonable, from formal analysis in EXCURYV are
shown in each case

size, in the 5-wt% system diminishes considerably. We
note that within the temperature range investigated,
the variations obtained in Debye Waller (DW) factors
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as a function of temperature are found to be linear. As
such there is no indication that the precipititous drop in
apparent Rh—Rh CN in the 5 wt% case is related to
effects due to an asymmetric Rh—Rh pair distribution
function [22, 23].

Below ca. 550 K the average CN observed in the
2 wt% system is constant at around 4-4.5 (again con-
sistent with previous studies for similar systems [24,
25]) indicating particles of an average atomicity of ca.
10-15 Rh atoms. In this case it is only at 573 K there is
any indication of a decrease in CN. As opposed to the
apparent variation in CN obtained in the 5 wt% case,
however, whether this is can be considered significant,
within the error associated with the measurement
(between 10% and 20% of the quoted value), is
debatable.

After 50 s exposure to 5% NO/He it is only in the
5 wt%Rh-373 K case that the characteristic EXAFS
envelope of fcc Rh is retained. Even in this case,
however, both the amplitudes and the phase of the Rh
EXAFS are different to those obtained before NO
exposure under 5%H,/He. These changes indicate that
even at 373 K the Rh is significantly perturbed simply
through (at this temperature predominantly molecular)
NO adsorption. This perturbation is most simply
interpreted as a net reduction in the average particle
size (or a morphological “flattening”) of the Rh com-
ponent in response to NO adsorption. A second pos-
sibility is, however, that the smaller particles in the
particle size distribution are actively corroded by the
NO, whilst the largest resist such a process; it is the
latter component that still yields a clear fcc EXAFS
envelope. The resulting CN is, however, the average
from that obtained from all the Rh species present,
many of which may not yield any Rh—Rh-co-ordination
at all if they are mono-disperse, isolated Rh atom
species.

At 573 K the analysis of the post NO data in the
5-wt% case clearly indicates the formation of an oxidic
form of Rh. At the same time, however, it is clear that
this phase is distinct from that formed through expo-
sure to O, or air alone. This is most clearly evidence in
the XANES where the intensity of the white line is
significantly diminished and of a differing shape rela-
tive to that obtained on the latter case [21, 26].

In the 2-wt% cases the data obtained post NO
exposure is somewhat truncated and not considered
formally fittable (and as such no fits are shown).
Nonetheless, it is clear that no vestige of what would be
expected from an fcc Rh system remains even at 373 K.
Indeed the evidence would suggest that at even 373 K,
and in stark contrast to the 5 wt% system, the
adsorption of NO has completely changed the phase of
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Table 1 Structural and statistical parameters derived from the dispersive EXAFS spectra shown in Fig. 1 after reduction using

PAXAS and [19] analysis using EXCURYV [20]

Sample T (K) Gas (5% in He)  kmin (A™)  kmax (A™)  Scatterer CN R (A™) DW (26°) Er(eV) R (%)
5wt% 373 H, 2 14,00 Rh 68 267 0,012 3.20 48
5wt% 573 H, 2 13,00 Rh 51 2,64 0,016 0,60 44
2wt% 373 H, 2 12,00 Rh 40 2,62 0,014 -0,50 64
2wt% 573 H, 3 11,00 Rh 33 2,62 0,020 124 73
5wt% 373 NO 3 14,00 Rh 38 270 0,009 3,62 51
5wt% 573 NO 3 12,00 Rh 17 265 0,015 1,94 52

o) 19 206 0,01

N 08 188 0,009

Spectral acquisition times in each case were ca. 65 ms

Errors in CN should be considered in the range +10-20%, those of bondlengths (r) = 1.5-2%
R(%) = (| ["™=¢F1k3dk/[4F] k’dk) x 100%: ' being the theoretically calculated EXAFS and xF being the EXAFS obtained via

experiment

o = the root mean square displacement in internuclear separation
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Fig. 2 Variation in fitted first shell Rh—Rh co-ordination number
(CN) as a function of sample temperature for 2 wt% and 5 wt%
Rh/ALLO; samples maintained under flowing H,/He. CN’s
derived from formal analysis using EXCURV. Errors in CN
determination should be regarded as being in the range of +10-
20% of the quoted values

the Rh, much as CO has widely been shown to oxi-
datively disrupt Rh particles of a similar size to yield
supported Rh'(CO), species [21, 24, 25, 27].

Figure 3a and b show the DRIFTS spectra obtained
after 50 s exposure of the Rh samples to 5%NO/He at
either end of the temperature range investigated. At
573 K the DRIFTS spectra obtained in each case are
very similar. In both cases the spectra are dominated

by absorption at ca. 1911 cm™" associable with a linear
(NO)* species, [4-9] though residual contributions
present at lower (ca. 1640 cm™ and 1740 cm™) wave-
number persist. Upon the removal of NO, and
replacement with He, it is only the linear NO* species
that is stable at this temperature.

At 373 K a more diverse array of nitrosyl function-
ality is observed in each case and some significant
differences can now be observed between the two
systems under study. Whilst present in both cases, the
NO™ species is relegated to a minority species. In both
cases this is outweighed in intensity by clearly defined
bands at 1825 cm™ and 1745 cm™. These latter bands
are indicative of the presence of Rh(NO), species [5]
and (in the case of the 1745 cm™ band) “high wave-
number” Rh(NO)[2-9]. In at least one case EXAFS
has previously shown a species of the latter type to be
an isolated, mono-disperse, Rh centre [28].

In the 5-wt% case the most intense band is observed
at 1680 cm™'; in contrast this band is virtually absent on
the 2-wt% catalyst. In these systems bands between
1500 cm™ and 1700 cm™ can arise from a range of
species such as nitrates [4-9], so called “low wave-
number” Rh(NO)~ species [4-9] and molecular NO
adsorbed upon low index Rh surfaces [10, 11].

Figure 4 again shows IR spectra derived from the
2-wt% system at 373 K. In this case the spectra
obtained under NO/He after 50 s exposure (A), is
compared to that derived from removing the NO and
replacing it with a flow of He (B). Spectrum (C) shows
the difference between these two cases. Of most note
here is that the removal of the He precipitates a loss of
functionality (positive bands) at 1825 cm™ and a broad
loss of IR intensity between ca. 1700 cm™ and
1800 cm™. Concomitantly, a negative (formation)
band in the difference at ca. 1930 cm™ is observed.

@ Springer
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4=001 at around 1930 cm™' is indicative of the following
reaction;
z +
E Rh(NO)2 — Rh(NO) + NO(g) (1)
=z
1640 As first observed by Liang et al. [5] and proposed in
1740 tandem with a unimolecular decompsition pathway
yielding N,O.
Rh(NO)2 — Rh(O) + NzO(g) (2)
wte Figure 5a and b shows net NO uptake (expressed at
et NO molecules/Rh atom) and the net selectivity toward
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Fig. 3 (a) DRIFTS spectra obtained (under flowing 5%NO/He)
from 2 wt% and 5 wt% Rh/ALL, O3 samples after 50 s exposure to
5%NO/He at 373 K. Spectra acquired in 64 ms. (b) DRIFTS
spectra obtained (under flowing 5%NO/He) from 2 wt% and
5 wt% Rh/AL,O3 samples after 50 s exposure to 5%NO/He at
573 K. Spectra acquired in 64 ms

Whilst, in this region of the spectrum, interference
from bands due to NO, is expected, the disappear-
ance of functionality at 1745 cm™ and 1825 cm™, at the
same time as subsequent augmentation of absorbance

@ Springer

N, obtained during the interaction of the Rh samples
during 50 s exposure to flowing 5%NO/H,. It is clear
that, above 473 K, the response of the Rh to NO is
essentially the same in both 2-wt% and 5-wt% cases.
Below 473 K, however, pronounced differences appear
in both net NO uptake and the selectivity of the
interaction; the 2 wt% system shows the inverse
behaviour to that observed at 5 wt% in terms of both
uptake and selectivity. Though in both cases the reac-
tive turnover is low at 373 K, that which does occur
strongly favours N,O in the 2-wt% case.

Figure 6 shows the dynamic response of the two
systems to the adsorption of NO as a function of
temperature and as measured by changes in Rh K edge
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Fig. 5 (a) Mass spectrometry derived variation of the net uptake
of NO observed to occur during 50 s of 5%NO/He exposure to
5 wt% (open circles) and 2 wt% (filled circles) Rh samples as a
function of sample temperature. (b) Mass spectrometry derived
variation of the net selectivity (N/(N, + N,O)) toward N,
achieved during occur during 50 s of 5%NO/He exposure to
5 wt% (open circles) and 2 wt% (filled circles) Rh samples as a
function of sample temperature

XANES observed at 23250 and 23270 eV. Each trace
has been set to 0 at the beginning of the experiment
and as such these plots only those changes due to the
interaction of the NO with the Rh.

In the 5 wt% case these data, allied to formal
analysis of the EXAFS (not shown), indicate a rela-
tively simple and progressive increase in the degree of
oxidation of the Rh phase as a function of temperature,
much as we have previously delineated for the oxida-
tion of 5-wt%Rh/Alumina systems such as these using
O, [16] i.e. a logarithimic rate law, [29, 30] is indicated.
Analysis of the initial rates of oxidation leads to the
Arrhenius plot shown in Fig. 7 and indicates that the
apparent activation energy for this process, in the limit
of 0 oxidation, is ca. E, ~ 10-12 kJmol™! and, as such,
essentially the same as when O, is utilised as the oxi-
dant.

The story revealed by the 2 wt% case using the
same type of XANES analysis is, however, rather dif-
ferent. Whilst at 7 <473 K the overall temporal
dependence of the changes in XANES observed are
similar to that observed in the 5-wt% case, the
behaviour of the system apparently changes radically
at 473 K: the magnitude of the apparent changes in
XANES structure are suddenly diminished. Clearly
above 473 K the 2 wt% is behaving in a very different
manner to the 5 wt% system. Yet, both the net selec-
tivity of the interaction and, at least at 573 K, the
DRIFTS obtained after 50 s NO exposure, indicate
that the predominant nitrosyl formed is the same in
both cases. The predominant cause of this observation
lies in a rather unexpected ramification of purging the
system with flowing He in between making reactive
measurements.

Figure 8 shows a comparison of normalised Rh K
edge EDE, obtained from 2 wt% and 5 wt% samples
at 473 K maintained under flowing 5%H,/He, and the
first spectrum obtained during a switch from flowing
He to 5%NO/He i.e. before the switch has occurred. It
is abundantly clear that the spectrum obtained under
He is rather different to that derived under 5%H,/He;
the systems are not starting from the same point in
terms of the Rh phase present in the sample. In the 5%
case there is precious little evidence for such a radical
change in structure even at 573 K [15].

In the 2 wt% system evidence for this change of
phase can be seen even at 373 K, though the extent of
the change is attenuated. By 473 K, a switch to He
results in this phase change completely before NO
exposure can be made. What is clear from this obser-
vation is that a direct comparison of the structural-
kinetic behaviour of the interaction of NO with
reduced 2 wt% Rh nanoparticles (ca. 8 A diameter),
with that of the reduced particles in the 5 wt% case
(ca. 11 A diameter), is not possible using this experi-
mental methodology.
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Fig. 7 Arrhenius plot derived from the initial variation (Rh
oxidation) of Rh XANES for 5wt% Rh/Al,O3 samples

Figure 9 shows the appearance of the RhNO*
functionality in DRIFTS at 3 temperatures. For the
reaction of 5 wt% and 2 wt% samples. In each case the
intensity of the IR bands has been normalised to 1 at
50 s. At low temperatures the appearance of the
Rh(NO)" species proceeds at a tangibly slower rate on
the 5% system than in the 2 wt% case. By 573 K it is
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Fig. 8 Normalised Rh K edge EDE spectra derived, at 473 K,
from 2 wt% to 5 wt% Rh/AL,O3 samples: (a) 2 wt% Rh/AL,O;
under flowing Hy/He; (b) 2 wt% Rh/AlL,Oj3 after removal of the
flowing Hy/He and replacement with flowing He; (¢) 5 wt% Rh/
Al,O; under flowing He; (d) 2 wt% Rh/Al,O3 under flowing Hy/
He

clear that the temporal evolution of this species is, in
both cases, equivalent.

Figure 10 shows Arrenhius plots derived from the
(unnormalised) temporal behaviour of this species for
the 2-wt% and 5-wt% cases over the temperature
range investigated. What is clear from both of these
plots is that, though each case appears to be starting
from a significantly different structural points above
473 K, in terms of its normalised rate of appearance
during NO exposure, and the apparent activation en-
ergy for the formation of the RhNO™ (ca. 17.5-
20 kJmol™) their reactive behaviour is essentially the
same.

Figure 11 shows the temporal variation of the ratio
of IR bands observed at 1745 and 1825 cm™ during the
exposure of 2-wt% and 5-wt% samples (as indicated)
to NO at 373 K. Also shown are the normalised tem-
poral responses of masses 28 (N, and N,O) and mass
44 (N,O) during this process.

Again, in terms of these two IR bands, there is a
pronounced difference between the two systems under
study in their temporal behaviour during NO exposure.
In the 5 wt% case this ratio appears essentially
invariant (at ca. 0.5) during the experiment and is
apparently unrelated to the subsequent formation of
the low levels of N, that are produced at this temperature.
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Fig. 10 Arrhenius plots derived from the initial rates of
appearance of the IR absorption at 1911 cm™ on 5 wt% (open
circles) Rh/AL,O5 and 2 wt% (filled circles) Rh/Al,O; during
exposure to flowing 5%NO/He

In the 2-wt% case, however, whilst an invariance in
ratio is observed after ca. 10 s of NO exposure, the
1745/1825 cm™ ratio is higher (1.5); this period of the
interaction is associable with the production of N,O.
The initial value of this ratio in the 2-wt% case 1is,
however, higher still (2.5-3), but rapidly decreases.
This inital decrease in 1745/1825-cm™' ratio can be
clearly seen to coincide with a short burst of N, pro-
duction in the first 10 s of the experiment over the
2 wt% system.

Fig. 11 Comparison of the temporal changes in the ratio of IR
absorption at 1745 cm™ and 1825 cm™ (solid lines) observed at
373 K during exposure of Rh/Al,O5; samples (as indicated) to
flowing 5%NO/He with the evolution of masses 28 (open circles)
and 44 (closed circles) in mass spectrometry

Rh(NO), species generable in Rh/Al,O3 systems of
this type have been previously characterised using
transmission IR [5]. About 1745-cm™ and 1825-cm™
absorption are expected from this species in ca. 3:1
ratio. It is also the case, however, that contributions
due to gas phase NO(g) are also to be expected at
1833 cm™ in our experiment. If we make the assump-
tion that in the 5-wt% case the ratio we observe is
essentially that due to these latter gas phase contribu-
tions then the real 1745/1825 cm™ ratio we observe
after 10 s NO exposure in the 2 wt% system is much
closer to 3 (see also spectrum (B), Fig. 4) and therefore
that which we might expect from the predominant
formation of the Rh(NO), species. The increase in
ratio observed at T < 10 s therefore indicates that a
further species is initially evolved during the interac-
tion with NO; a species that only shows a contribution
to the IR spectrum at 1745 cm ™ i.e. the so called “high
wavenumber” Rh(NO)™ species [4-9, 28].

Discussion

DRIFTS, dispersive EXAFS, and mass spectrometry
can be combined to yield a single experiment capable
of addressing the structural, functional, and reactive
behaviour in solid or gas-solid systems with high time
resolution and at temperatures up to ca 673 K. This
approach has allowed us to dissect the interaction of
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NO with alumina supported rhodium nanoparticles
(with diameters of 8-11 A in their reduced state), and
to reveal an intriguing array of both reactive, structural
and functional behaviour within this notionally simple
and fundamental interaction.

Mass spectrometrically, the interaction of NO with
the two differently sized Rh nanoparticulate systems is
essentially identical (in terms of NO turnover per Rh/
atom and the net selectivity achieved toward N;) in the
range 473 < T <573 K. Similarly, the predominant
functionality observed in each case in this temperature
range, the linear Rh nitrosyl species, does not indicate
any significant size dependent effects.

Yet it is clear from the EXAFS taken during the
experiments that, in this temperature range, the Rh
starts from significantly differing states in the two
cases: in the 5-wt% case progressively smaller, but
nonetheless, still fcc Rh nanoparticles; in the 2-wt%
case, a new, and as yet structurally unspecified phase,
that does not show any of the EXAFS structure
expected from reduced Rh nanoparticles. At the same
time, however, this phase does not have the XANES
structure (a pronounced and intense which line for
example) to clearly indicate significant oxidation to, for
example Rh 3+ [21, 26].

This structural variation does not, in this instance,
appear to have a significant effect on the observed
reactivity of the system. At T > 473 K in the 5% case
reactive oxidation of the Rh dictates the observed
chemistry of the system and it would appear that the
apparent change in phase that occur in the 2 wt% upon
the removal of H, from the system (and its replace-
ment with He) does nothing to change the nature of
the nitrosyl functionality that may be supported on the
catalyst surface. As such the net reactive chemistry
remains the same even to the level of the apparent
activation energy associated with the formation of the
linear Rh nitrosyl species between 473 K and 573 K in
both 5 wt% and 2 wt% cases.

But what of the source of this apparent change in
structure at 2 wt%? Though variety of structural
changes of Rh on and into Al,O3 has been postulated
and observed, these have only generally been done so
at considerably more extreme conditions of tempera-
ture and reactive environment [31-38]. Equally, how-
ever, and despite the considerable safeguards that we
have taken to guard against it, we cannot rule out that
this observation is an experimental artefact due to an
extreme sensitivity of the reduced Rh nanoparticles to,
for instance, O,, moisture, or support hydroxylation,
present at very low levels, and to which the larger
5 wt% Rh particles are kinetically resistant. Whatever
the real source of this effect, this example
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demonstrates in an extremely clear fashion the poten-
tial hazards associated with trying to make compara-
tive measurements of the behaviour of supported
metallic nanoparticles of this size and reactivity. It also
illustrates the value of a multifunctional approach
using at least one directly structure sensitive probe (in
this case EXAFS); neither IR or mass spectrometry
yield any indication that this structural difference
between systems exists at all.

Size dependent effects that do have a significant
effect on performance variables such as the selectivity
do, however, appear in these systems once the tem-
perature of the interaction with NO is reduced to
below 473 K. In this temperature regime the structural
data in the 5 wt% system shows that significant oxi-
dation of the Rh nanoparticles is curtailed and
replaced by predominantly molecular NO adsorption.
Whilst in the 5% case the net NO uptake reaches a
minimum (at ca. 0.4-0.5) NO/Rh, the uptake in the
2-wt% system increases to ca. 1.8 NO/Rh atom over
the duration of the experiment. Concurrently the
selectivity to N, formation in the latter case plummets
whereas in the former it remains high.

Here the EXAFS, taken in tandem with the IR and
mass spectrometry, shows how this happens. At the 5-
wt% loading, and a starting nanoparticle diameter of
ca. 11 A, though it is clear that the particles react
structurally to the adsorption of NO, they largely resist
oxidative disruption and retain their inherent fcc
structure. Whether this is achieved through a global
rearrangement of all the Rh to accommodate the lar-
gely molecularly adsorbed NO species supported upon
smaller/flatter fcc particles, or is the result of a size
dependent phase separation (oxidative degradation
removing the smaller end of the originally present
particle size distribution but leaving the largest intact)
is a matter of debate when considered only from the
EXAFS point of view.

The IR indicates the predominant formation of
reactively inert molecular NO (analogous to those ob-
served on, for instance Rh (111) [10]) adsorbed upon
these species with IR absorption at 1680 cm™. Along-
side this the data shown in Figures 3 and 11 indicates
that this is accompanied by formation of Rh(NO)™ at
1745 cm™ but probably not significant levels of
Rh(NO),. Similarly the net uptake achieved in the
system as measured by MS (0.4-0.4 NO/Rh) would
appear to be somewhat on the low side of that which one
might expect if significant oxidative disruption was the
predominant cause of the apparent changes in EXAFS
CN. These two observations would tend to favour the
notion of a global rearrangement of all the Rh into
smaller/flatter particles covered in molecular NO.
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One can also estimate that in order to yield a CN of
around 4 from a starting point of ca. 7, using the
assumption that all the NO dispersed Rh forms species
that do not have a Rh—Rh co-ordination sphere then
around 50-60% of the Rh in the system would have to
have been oxidatively corroded away to form species
such as of Rh(NO)™ and Rh(NO),. At the very least
this would require a net uptake of > 0.5NO/Rh whilst
not even counting the NO uptake that must be
required to explain the absorption at 1680 cm™'. On
balance therefore the evidence provided from the
three techniques would suggest that, though some
oxidative disruption may be occurring, is not the pre-
dominant mode of structural reorganisation at work in
the 5-wt% case.

By contrast, in the 2-wt% case, it is clear that any
vestige of fcc structure that may well have existed
beforehand under H, is effectively removed rapidly
(even at 373 K) and replaced with XAFS indicative of
co-ordination of the Rh to low Z atoms (O or N).
Though not, in the current instance, structurally
definitive, when taken in tandem with the NO uptake
data and the IR, these measurements fingerprint par-
ticle disruption by NO and the predominant (though
not exclusive) formation of isolated Rh(NO), species:
an uptake of 1.8NO/Rh atom would indicate the for-
mation of these species to the ca. 80% level (assuming
that any other nitrosyl species are associated with
INO/Rh atom or less). Further, the temporal behav-
iour for the ratio of absorptions at 1745 cm™' and
1825 cm™', when considered with the evolution of N,
and N,O, show that some of this majority Rh(NO),
species is slowly turned over to yield N,O. By contrast
the ““high wave number Rh(NO)™ species’ also initially
formed during this interaction (and not having a
spectroscopic component at 1825 cm™) is turned over
to yield a transient burst of Nj.

At higher temperatures, where Rh oxidation by NO
dissociation starts to dominate, these differences dis-
appear, presumably as the chemistry is rapidly domi-
nated by oxidic Rh surface behaviour which is domain
size independent and does not permit the significant
formation of species such as Rh(NO),. Indeed, the
increasingly rapid formation of oxidised Rh at higher
temperatures will result in an increased preference for
the formation of the, thermally stable, linear Rh
nitrosyl species. This species may form directly on the
oxidised sites once they are formed. However, it is
equally the case that they may form via a transient
formation of Rh(NO), (see Eq. (1) and Fig. 4).

As such, increasingly fast oxidation at elevated
temperature can provide a competitive, and, in the first
instance N,O free, conduit to the removal of the

geminal dinitrosyl species as and when they might be
formed; even if they are formed to in the 2 wt% system
initially, their formation need not lead to high levels of
N,O at elevated temperatures, and no particle size
dependence in the selectivity of the interaction with
NO need therefore arise.

Conclusions

We have shown, using a new and internally consistent
methodology that fuses time resolving probes of
structure, reactivity, and functionality, that the struc-
tural-reactive behaviour of small Rh particles sup-
ported upon p-Al,Oz changes dramatically in the
regime 8 A < diameter < 11 A at temperatures
< 473 K.

At some point between these limits Rh nanoparti-
cles become unstable in the presence of NO and are
rapidly disrupted to yield majority (ca. 80%), mono-
disperse Rh(NO),, together with bent, “high wave-
number”’, Rh(NO) species. As has been suggested
before [5, 8, 9], a facile route to N,O production, even
at this low temperature, may therefore arise through
the formation of the former species; the latter clearly
being associable with the formation of N,.

At the upper end of this size range the Rh particles
appear resist this disruption (at 373 K) but do not re-
main unaltered by the adsorption of NO. The com-
bined evidence suggests they rearrange to yield
smaller/flatter particles covered in molecularly
adsorbed NO; some oxidative disruption cannot be
ruled out but its role appears minor, and significant
amounts of Rh(NO), are not formed. In this case the
high selectivity to N, arising from the low level of
reactive chemistry in the 5-wt% case is (again) de-
duced to arise from the decomposition of bent “‘high
wavenumber” Rh(NO)™ species.

Any particle size dependence in the net selectivity of
the interaction with NO disappears with increasing
temperatures due to the increasing kinetic domination
of Rh oxidation. This strongly favours the formation of
linear Rh nitrosyl species and, as such, may arrest N,O
formation from any Rh(NO), species transiently
formed through promoting (Eq. 1) at the expense of
unimolecular decomposition (Eq. 2).

Additionally our results appear to have revealed a
structural instability in the case of the 2-wt% Rh/Al,O3
system which is absent in the 5-wt% case i.e. a clearly
definable nanoparticulate fcc Rh structure only exists
in the presence of 5%H,/He in the former system.
Removal of the H, component above 373 K appears to
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precipitate a structural reorganisation of the Rh in the
2-wt% system. At present however, the precise nature
of this reorganisation cannot be further specified.

Our results show that the structural behaviour
intrinsic to Rh nanoparticles in this size range is highly
variable and a complex function of experimental
parameterisation. In this particular instance it would
seem quite that clear that the transferral of conclusions
regarding the reactive behaviour of Rh nanoparticle or
surfaces of significantly lower dispersion than studied
here, with species such as NO, and perhaps even with
temperature itself, is fraught with some substantial
difficulties. Moreover, our studies indicate that the
reliability on ex situ or indirect methods for characte-
rising particle sizes/dispersions, in this size regime, and
as a basis for the subsequent interpretation of kinetic/
mechanistic data acquired over a range of tempera-
tures, should not be taken for granted.
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