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ABSTRACT
The reduction of γ-Al2O3-supported PdO in flowing aqueous ethanol was investigated. Quick 
EXAFS (QEXAFS) performed at the Pd K-edge reveals that the presence of Cl can have a profound 
effect on the reduction process. At low loadings of Pd (1 wt-%), the size dependency of the process 
is inverted, compared to Cl-free samples. The extent of reduction was found to be dependent 
on loading/particles size. It is shown, using in situ QEXAFS at the Cl K- and Pd L3-edges, that 
residual Cl is not removed by the flowing solvent mixture, even at an elevated temperature of 
350 K. The origins of these behaviours are discussed in terms of the differing effects that Cl may 
have when bonded to oxidic or reduced metal centres and the results were compared to earlier 
observations made on the effects of Cl on commercial polyurea encapsulated Pd ENCAT™ NP 30 
catalysts.

 OPEN ACCESS

Introduction

Solvents are widely employed by the fine chemicals 
and pharmaceutical industries in their manufacturing 
processes to solubilise reactants during the reaction, as 
well as downstream processes for product separation 
and purification. As a result, the use of solvents has been 
identified as the biggest contributor to the economic 
and environmental costs of a chemical manufacturing 
process. In order to minimise these impacts, there are a 
number of solvent selection guides published in recent 
years, which aim to define what is a “green” solvent 
[1–4], assessed by its safety, health and environmental 
criteria.

Palladium is one of the most versatile elements used 
to catalyse a broad range of reactions that are particularly 
relevant to the fine chemicals and pharmaceutical indus-
tries, from the hydrogenation of unsaturated bonds, to 
C–C and C–X bond forming reactions [5]. In recent 
years, there has been particular interest in translating 
the myriad of Pd-catalysed reactions into continuous 
flow processes, which will require the use of a heteroge-
neous or immobilised form of the catalyst. In these cases, 
leaching of Pd into the mobile phase, either as molecular 
species or as colloids, is a significant problem [6–9], as 
it directly affects catalyst longevity, recovery, and puri-
fication of the product, which have thus far restricted 
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wider application of supported Pd catalysts within the 
pharmaceutical industry.

To address this problem, we have initiated a pro-
gramme study, using operando Quick Pd K-edge 
EXAFS (QEXAFS) to investigate the effect of a flow-
ing ethanol-water mixture on a number of Pd catalysts, 
containing different phases and size distributions of Pd 
nanoparticles supported upon different dispersant mate-
rials [10–12]. Concurrently, We have also investigated 
the behaviour of polymer encapsulated (ENCAT™) Pd 
catalysts under the same conditions [13]. Through this 
work we have shown that supported PdO shows strong 
particle size dependence towards reduction in etha-
nol-water mixtures: small PdO particles (< ca. 3 nm) 
show a pronounced resistance to reduction compared 
to bigger particles (>4 nm), which are relatively easily 
reduced by the solvent flow. Pd that exists in very highly 
dispersed metallic states can react extremely readily 
with the flowing ethanol-water mixture. These forms 
of Pd readily agglomerate, under relatively mild reac-
tion conditions, to yield much larger and less dispersed 
Pd particles [12]; a process that polymer encapsulation 
can curtail [13]. Lastly, these behaviours appear to be 
relatively independent or the support materials thus 
far investigated, and all the reduced Pd nanoparticles 
formed are significantly contaminated by interstitial 
hydrogen. This last observation is of particular impor-
tance, given that the formation of PdHx phases can have 
significant effect on the surface reactivity [14–17].

Cl is an important impurity that can be present in 
either the metallic particle, or in the support material, 
particularly if chloride precursors were employed in 
their synthesis. In many catalyst systems, the presence 
of the halide anion is known to affect various aspects 
of the generation and subsequent behaviour of these 
materials [18–22]. In this paper we will apply the 
same approach, combining Quick Pd K-edge EXAFS 
(QEXAFS) with Cl and Pd L3 edge XANES, to examine 
the role of residual Cl in the reduction of Al2O3 sup-
ported Pd catalysts.

Experimental

Catalyst synthesis

Chlorinated Pd catalysts were prepared by wet impreg-
nation, using PdCl2 as a metal precursor, and γ-Al2O3 
(Alfa Aesar; pellets pre-ground/sieved to between a 
90 and 75 μm mesh fraction) as described previously 
[23,24], followed by drying in air at 373 K. The samples 
were then calcined in flowing air (1 K min−1 ramp to 
773 K and held at temperature for 4 h before cooling at 
1 K min−1). Once cooled the samples were then sieved 
again to a 75–90 μm mesh fraction before use. The equiv-
alent Cl-free catalysts were similarly prepared by using 
Pd(NO3)2 solutions (15.05 wt-% Pd, Johnson Matthey 
PLC) as the metal precursor.

Operando spatio-temporal QEXAFS measurements 
at the Pd K edge

QEXAFS measurements were made at the core EXAFS 
beamline B18 [25,26] of the Diamond Light Source, 
using a Si (1 1 1) double crystal monochromator and 
ion chambers for detection of X-ray absorption, nor-
malisation, and energy scale (Pd foil) calibration. The 
dimensions of the X-ray beam used to sample through 
the 4 mm i.e. sample bed were 0.5 mm (height) × 2 mm 
(width). Bi-directional QEXAFS was employed with a 
time per (uni-directional) spectrum (24–25.5 keV) of ca. 
10–20 s. During experimentation QEXAFS spectra were 
sequentially collected along the catalyst bed at intervals 
of 0.5 mm, starting at the inlet and ending at the outlet. 
This process was then repeated throughout the remain-
der of the experiment. Data reduction was made using 
“Prestopronto” XAFS [27] software or PAXAS [28] prior 
to EXAFS analysis using EXCURV [29].

The continuous flow reactor and the overall experi-
mental protocols followed in this study have been fully 
described elsewhere [10]. Briefly, the solvent used com-
prised of a 50:50 v/v mixture of H2O/EtOH. The solvent 
components were individually degassed using nitrogen 
gas bubbled through the liquids, followed by sonication 
after mixing. The sample was packed into a quartz tube –  
to yield beds of ca. 5 mm in length – and secured on 
either side using γ-Al2O3 of a smaller particle size and 
then quartz sand. Once loaded in the reactor the sample 
was located and mapped in a dry state prior to the solvent 
being pumped through at 0.1  mL  min−1 flow and the 
“wet” bed was mapped again. The sample was then heated 
at 1 K min−1 under the flowing solvent to 350 K where-
upon it was held at this temperature for the remainder of 
the experiment. Pd K-edge EXAFS maps of the bed were 
continually collected throughout with a single complete 
axial map of the bed being obtained every 5–7 min.

In situ Cl K and Pd L3 edge spectroscopy

Cl K edge and Pd L3 edge measurements were made at 
the XMaS beamline at the ESRF using a Si (1 1 1) dou-
ble crystal monochromator and a Ketek Silicon fluores-
cence detector. A description of the overall setups and 
methodologies employed can be found in a previous 
publication [30]. In the measurements presented here 
acquisition times were typically 5–10 s/point through a 
5 μm thick polyethylene window. Solvents were applied 
to the catalysts under the same conditions (flow rate 
and temperature ramp) used for the Pd K edge EXAFS 
measurements.

Results

Three Pd/γ-Al2O3 catalysts containing different weight 
loadings of the metal (1, 5 and 10 wt-%) were prepared 
from a chloride precursor. The Pd K-edge EXAFS 
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spectra of the dried catalysts (mounted as a packed bed 
in the Stokes flow reactor) were recorded (Figure 1); the 

structural and statistical parameters derived from analy-
sis of the EXAFS spectra using EXCURV are presented 
in Table 1. Compared with the data acquired previously 
of the equivalent catalysts prepared from a Cl-free pre-
cursor [11], the 5 and 10 wt% Pd catalysts are found 
to comprise nanosize PdO without any reduced Pd(0) 
being present. In contrast, the 1 wt-% Pd/γ-Al2O3 cata-
lyst is very different. The distinctive O, Pd and Pd scat-
tering shells characteristic of PdO found in the 1wt-% 
catalyst prepared from a Cl-free precursor were absent; 
instead, the EXAFS spectrum is dominated by a scatter-
ing peak between 2.3 and 2.4 Å from the central Pd atom, 
which corresponds to a significant Pd–Cl interaction, 
indicating the presence of Cl that has been retained in 
the nanoparticle and bound to the Pd. Alongside this 
scattering shell, there is also an accompanying Pd-O 
scattering interaction. Hence, the chlorinated and cal-
cined 1 wt-% Pd/γ-Al2O3 catalyst appears to consist of 
supported Pd oxychloride, with an inferred stoichiom-
etry of ca. PdCl2O2, rather than PdO.

The samples were then wetted by a flowing liquid 
stream of 50% v/v ethanol-water at ambient temperature. 
The corresponding EXAFS spectra (Figure 2) shows that 
the PdO species present in the 5 and 10 wt-% catalysts, 
remained essentially unchanged, as was expected based 
upon our previous observations of the behaviour of their 
Cl-free analogues [11]. For the 1 wt-% Pd/γ-Al2O3, expo-
sure to the flowing solvent at room temperature elicits 
significant change in the habit of the Pd. In this case, a 
decrease in the Pd–Cl scattering shell is accompanied by 
a growth of a significant Pd-O interaction and a reduc-
tion of Pd–Pd scattering; associated with the formation 
of a nascent metallic Pd phase (Table 1). The ease of 
this Pd sample marks a sharp contrast to its Cl-free ana-
logue, which was resistant to reduction under the same 
conditions.

These studies were supplemented further by EXAFS 
data collected at the Cl K- and Pd L3- edges, using 

Figure 1.  (a) k3-weighted Pd K-edge EXAFS and (b) the 
corresponding Fourier transforms for the three Pd/Al2O3 
catalysts derived from PdCl2 precursor. Measured as dried 
samples at RT. The red lines are fits to the data derived in Table 1.

Table 1. Structural and statistical parameters arising from the analysis of k3-weighted Pd K-edge EXAFS for the three chlorinated 
Pd/γ-Al2O3 catalysts in their dry and wet states.

aCo-ordination number (±10% of stated value);
bdistance of the scattering atom from central atom (±1.5% of stated value);
cDebye-Waller factor = 2σ2, where σ is the root mean square inter-nuclear separation (Å). EF = the edge position relative to the vacuum zero (Fermi energy, eV). 
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× 100 where χT and χE are the theoretical and experimental EXAFS and k is the photoelectron wave vector. Other parameters: AFAC, 

related to the proportion of electrons performing an EXAFS type scatter on absorption, is 1. The fitting range used was: k = 2.5–13.5 Å−1.

Dry Wet

% Pd Shell Na Rb (Å) DWc (2σ2) EF R% Na Rb (Å) DWc (2σ2) EF R%

O 3.9 2.03 0.01 3.1 33.0 3.9 2.02 0.01 3.4 29.5
10 wt-% Pd 3.7 3.05 0.01 2.9 3.03 0.01

Pd 5.4 3.44 0.02 3.1 3.43 0.02

O 4.0 2.03 0.01 3.9 33.4 3.6 2.02 0.01 3.5 33.5
5 wt-% Pd 3.0 3.04 0.01 3.4 3.05 0.01

Pd 2.7 5.44 0.02 5.8 3.43 0.02

Cl 2.1 2.29 0.01 1.9 52.3
1 wt-% O 1.6 2.01 0.01 2.7 2.00 0.01 −1.7 66.0

Pd 1.5 2.76 0.02
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is washed from the catalyst completely and lost to the 
mobile phase of solvents. However, it is also possible that 
the observed changes in X-ray absorption may be due to 
the solvent absorption of Cl K- and Pd L3-fluorescence, 
and the effect is more pronounced for Cl fluorescence 
intensity (at lower energy) compared to the Pd L3 X-rays. 
An equally plausible explanation is the displacement of 
some of the Cl from the Pd to Al sites on the support.

At this juncture, we may surmise that the first con-
sequence of the wetting of all the samples with etha-
nol-water is to remove a proportion of the Cl directly 

methods we have recently developed at the XMaS beam-
line at the ESRF [30]. Figure 3 shows the results for the 
dry samples, which clearly indicated the amounts of Cl 
retained in these catalysts – relative to the Pd loading – is 
considerably higher in the 1 wt-% case compared to the 5 
and 10 wt-% cases. The presence of a pre-edge feature in 
the Cl K-edge indicates that a significant fraction of the 
total level of Cl retained is bound directly to Pd in each 
of these catalysts. With reference to a PdCl2 standard, 
and assuming that the normalised intensity of this pre-
edge features is directly proportional to the fraction of Cl 
atoms directly bound to oxidised Pd (PdO), we estimate 
that between 22 and 33% of the total Cl present in these 
dry sample is attached to Pd; the remainder is assumed 
to be bonded to Al centres at the surface of the support: 
Cl bound in this configuration, or indeed to Pd0, does 
not show a pre-edge feature at the Cl K-edge [31–33].

Once the catalysts are subjected to the flowing sol-
vent mixture, the Cl K-edge XANES showed a signifi-
cant reduction in the relative intensity of the pre-edge 
feature (Figure 4), which implies a loss of Cl bonded 
to oxidised Pd centres, suggesting that some of this Cl 

Figure 2.  (a) k3-weighted Pd K-edge EXAFS and (b) the 
corresponding Fourier transforms for three (1, 5 and 10 wt-
%) Pd/Al2O3 catalysts derived from PdCl2, measure at ambient 
temperature under a flowing 50:50 ethanol/water. The red lines 
are fits to the data derived in Table 1.

Figure 3. Normalised Cl K- and Pd L3-edge XAS derived from the 
three chlorinated Pd/γ-Al2O3 catalysts. Insets: expansion of the 
Cl K edge and Pd L3 edge XANES regions. The uppermost inset 
gives the raw Cl K/Pd L3 edge jump ratios (relative to the Cl K 
edge) as a function of the loading of Pd in the sample.

Figure 4.  Cl K-edge XANES derived from the 1 wt-% (blue), 5 
wt-% (red), and 10 wt-% (black) catalysts under a flowing 
ethanol/water mixture at room temperature.
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Last but not least, the 1 wt-% Pd/γ-Al2O3 samples 
show the greatest difference in their behaviour, with the 
chlorinated sample undergoing reduction at room tem-
perature, whereas the equivalent non-chlorinated system 
resists any reduction until 350 K and, even then, only 
reduces significantly at the very outlet of the catalyst 
bed, displaying a considerable axial variation in NPdPd

1

. As we have already seen the chlorinated 1 wt-% cat-
alyst has a fundamentally different structure to the 1 
wt-% non-chlorinated sample that appears to imbue it 

bonded to the Pd (in the 5 and 10 wt-% cases). Equally 
some Cl remains within the system and is not leached 
to the solvent flow at this temperature. By contrast we 
only have an indication that Cl–Pd bonding is lost in the 
1 wt-% Pd case from the Pd K-edge EXAFS.

Having characterised the dry and wet samples at 
ambient temperature, each of the catalysts was sub-
sequently heated under the solvent flow. At the same 
time, spatio-temporal mapping along the catalyst bed 
was undertaken using Pd K-edge QEXAFS to evaluate 
how the Pd within the systems would develop. Two 
structural parameters may be extracted from analysis 
of the EXAFS: the coordination of number of the PdPd 
scattering interaction, NPdPd

1
 (Figure 5), which is char-

acteristic of the development of an fcc Pd structure i.e. 
metallic Pd nanoparticles; and the bond distance (Å) 
associated with the PdPd scattering interaction, RPdPd

1
 

(Figure 6), which is indicative of metallic Pd nanoparti-
cles. In the case of Figure 5 the development of NPdPd

1
 as 

a function of axial position in the bed and temperature 
is directly comparable to the previous study performed 
with non-chlorinated samples [11].

The results showed that the reduction of Pd in these 
systems is dependent upon the loading in both chlorin-
ated and non-chlorinated cases. In the case of 10 wt-% 
Pd loadings, the evolution of an fcc nanoparticulate Pd 
phase is the same regardless of whether Cl is present. The 
only difference is the maximum values of NPdPd

1
 achieved 

– ca. 7 versus ca. 9 for chlorinate and non-chlorinated 
samples, respectively. The chlorinated catalyst also shows 
a narrower range of NPdPd

1
 values along the length of the 

bed. In contrast, the non-chlorinated catalysts persis-
tently return very low (<4) values of NPdPd

1
 at the reactor 

inlet.
The first of these observations might be indicative of 

the reduced Pd nanoparticles being somewhat smaller 
in the chlorinated case than they are in the Cl-free case. 
Reference to earlier studies of Benfield [34] and Jentys 
[35], this might indicate that the Pd particles created 
from the chlorinated sample might be, on average, 3–6 
times smaller than those derived from the reduction 
of a non-chlorinated source, in terms of their average 
particle atomicity, i.e. the average number of Pd atoms 
they contain.

The 5 wt-% samples also show similar evolution in the 
Pd structure, in terms of NPdPd

1
. In this case, the onset 

temperature for reduction of the chlorinated sample is 
lowered slightly. Once again, lower values of NPdPd

1
 is 

found at the inlet of the reactor, than in the remainder 
of the bed (towards the reactor outlet) though these dif-
ferentials are not as great in the chlorinated case as they 
are in the Cl-free sample. For the 5 wt-% catalysts, the 
reduced samples appear to converge towards maximal 
values of NPdPd

1
 (8–8.5), implying that they arrived at 

similar average particle sizes, at least within the experi-
mental limits of EXAFS to make this determination [34].

Figure 5. Evolution of the three Pd/γ-Al2O3 catalysts derived from 
PdCl2 (as indicated, black symbols) and the equivalent catalysts 
derived from Pd nitrate (red), heated at 1 k min−1 under flowing 
ethanol/water to ca. 350  K: The coordination number of the 
first shell fcc Pd (NPdPd

1
) retuned from the analysis of the spatio-

temporally resolved QEXAFS. The vertical blue line indicates 
the point at which the samples reaches 350 K. Thereafter they 
are maintained isothermally. This graph contains the results 
obtained from all axial position within the catalyst bed and 
therefore also yield information regarding phase and particle 
size gradients that exist.
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Figure 7 shows the results obtained from the equiva-
lent in situ experiment made at the Cl K-and Pd L3-edges 
for the 5 wt-% Pd/γ-Al2O3. Globally these spectra sup-
port the conclusions drawn from the Pd K-edge EXAFS 
spectra, insofar as the Pd phase is clearly reduced by the 
solvent at T = 350 K.

For comparison, the data was compared to an equiv-
alent, Pd nitrate-derived system (bottom trace), meas-
ured in the absence of solvent to confirm that the Al2O3 
used is, in fact, chlorine free, having previously found 
that certain other aluminas [30] contain considerable 
levels of chlorine that can interact with metals depos-
ited. Beyond this, we may see that after having been 
wetted at room temperature, the residual chlorine that 
remains in the sample is not subsequently removed, or 
change significantly, through subsequent heating under 
the solvent flow. Once again, it is not possible to tell, at 
this juncture, where this persistent Cl actually resides in 
these catalysts, bound to the reduced Pd nanoparticles, 
or resides at acid sites on the γ-Al2O3.

In earlier work, we have shown that significant rear-
rangement of Pd can occur during sample preparation, 
which can potential lead to erroneous results [12]. In the 
present work, we have shown that the reduction of the 
chlorinated 1 wt-% Pd/ γ-Al2O3 catalyst can occur in a very 
facile manner under ambient conditions in an alcoholic 

with a much lower resistance to reduction by the solvent 
mixture.

The nature of the reduced Pd can be derived from the 
PdPd bondlength associated with the metallic nanopar-
ticles as they are formed (Figure 6). For both 5 and 10 
wt-% Pd/γ-Al2O3 catalysts (red and blue data points), 
values of RPdPd

1
 are significantly above that expected from 

a reference Pd foil. Even in the case of the 1 wt-% catalyst 
(black data point) the value of RPdPd

1
 from the EXAFS is 

approximately equal to that obtained from the Pd foil 
(measured in tandem with the samples). Once again, we 
can conclude that the particles formed by reduction in 
the solvent mixture are significantly contaminated with 
interstitially adsorbed atomic hydrogen [10,11].

Figure 6. Variation of the PdPd bondlength, RPdPd
1

 (Å), associated 
with the 1st shell fcc PdPd scattering interaction NPdPd

1
 (Figure 5) 

derived from the three chlorinated Pd/γ-Al2O3 catalysts, heated 
and maintained at 350 K under flowing ethanol/water. Black = 1 
wt-%, red = 5 wt-%, and blue = 10 wt-% Pd. The horizontal black 
line is the average value of RPdPd

1
 returned from analysis of the Pd 

foil measured in parallel with the sample.

Figure 7. Evolution of a chlorinated 5 wt-% Pd/γ-Al2O3 sample 
under flowing ethanol/water from the perspective of the Cl 
K– and Pd L3–edges. The bottom spectrum is derived from an 
equivalent 5 wt-% Pd catalysts derived from a Cl free precursor 
measured in the absence of solvent.

Figure 8.  Transmission electron microscopy derived from 
the chlorinated 1 wt-% Pd/Al2O3 sample. (a) A representative 
micrograph; (b) particle size distribution derived from several 
micrographs.
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at 350 K, with a pronounced axial gradient of differ-
ent Pd phases. In comparison, the facile reduction of 
the PdCl2O2 phase present in the chlorinated 1 wt-% 
Pd/γ-Al2O3 catalyst resulted in a far more uniform axial 
profile.

In all cases, irrespective of the nature of the Pd pre-
cursor used, and in common with their Cl-free coun-
terparts, the reduced Pd nanoparticles are found to be 
significantly contaminated by interstitial hydrogen, 
which appears to be intrinsic to the chemistry between 
the Pd and the solvent components [10–12].

In our previous work, we demonstrated that facile 
rearrangement of Pd nanoparticles can occur at ambi-
ent temperatures, under conditions that are commonly 
adopted for the preparation of catalyst material for 
microscopy: the use of alcohols to disperse the catalysts 
on the TEM grid, and consequently the bombardment 
of electrons, is enough for the solvent molecules to cause 
the Pd to rearrange, such that by the time a TEM micro-
graph is measured, the Pd is found to be in a nanopar-
ticulate with average particle size of 2–4 nm, irrespective 
of loading or the support material [12]. This also appear 
to apply here for the 1 wt-% Pd sample that has a native 
PdCl2O2 oxychloride structure (determined by EXAFS): 
TEM imaging showed only the presence of Pd nanopar-
ticles of average dimensions of ca. 3 nm.

The results obtained in this study can also be com-
pared with that derived from encapsulated (ENCAT™ 
NP30) catalysts [13] where a variation in behaviour was 
also observed as a result of significant Cl contamination 
that arises from the use of chlorinated solvents in the 
encapsulation of the starting Pd(acetate) precursors. In 
this case we showed that, in batches of ENCAT™ NP30 
where Cl was found to persist to a significant degree, 
that the reduction Pd is significantly curtailed rather 
than promoted.

These diverse observations lead us to conclude that 
the effects that Cl may have on the development of such 
catalysts in flowing solvents is not only dependent on 
the Pd phase initially present, but also the nature of the 
support material. Where Pd is present as predominantly 
nanosize PdO, Cl may be found to bond to defect sites 
within or upon the PdO particles. The direct bonding 
between Pd and Cl is weak and can be easily removed by 
an ethanolic solvent at ambient temperatures. However, 
a small persistent amount of Cl remains (Cl K-edge 
XANES), which is still bound to the Pd. Given the dif-
ferences in ionic radii observed between Cl− (1.64 Å) 
and O2− (1.24–1.28 Å) we might expect that any Cl still 
bound to a Pd centre within a largely PdO environment 
may induce a destabilising strain, that may promote the 
reductive collapse of the PdO phase. Evidence for this 
may be found in the case of the 5 wt-% Pd, where the 
onset of reduction is shifted to lower temperature in the 
chlorinated case than in the non-chlorinated, although 
the effect is small and completely absent when the Pd 
loading is increased to 10 wt-%.

solvent. Indeed, the TEM image of the sample shows 
the presence of well-defined nanoparticles (Figure 8),  
which is significantly different from the EXAFS analysis 
performed of the dry sample using EXAFS (Figure 1 
and Table 1). This serves to highlight the advantage of 
the spectroscopic method for structure determination 
across different sample environments.

Discussion

The amount of Cl retained in a Pd catalyst, prepared by 
the wet-impregnation method, is dependent upon the 
total loading of Pd on γ-Al2O3. In 5 wt-% and 10 wt-% 
cases the native phase is largely nanoparticulate PdO, 
while at a lower Pd loading (1 wt-%), the Pd phase is 
present as an oxychloride of approximate stoichiometry 
PdCl2O2.

In each of the dry catalysts, the presence of a pre-
edge feature in the Cl K-edge XANES, shows that some 
20–30% is found to be still bonded directly to the Pd. For 
the most part, however, under the flow of solvent, this 
Cl–Pd bonding is removed, even at room temperature, 
with the majority of the Cl most likely lost to the sol-
vent flow. What remains are likely to be bound to defect/
acidic Al sites in the support. This residual Cl appears to 
be persistently present in the catalyst, even after heating 
to 350 K under the flowing ethanol/water.

The subsequent effects Cl has on the evolution of the 
catalyst structures under the solvent flow are also var-
ied. At 10 wt-% loading there is little difference between 
chlorinated and non-chlorinated samples. Only a dif-
ference in the average size of the final nanoparticles is 
implied, with the chlorinated system producing slightly 
smaller Pd nanoparticles. In this case, it is the intrinsic 
reactivity of the PdO phase that dominates the develop-
ment of the catalysts.

At 5 wt-% loading a similar story is found, save for 
the fact that the presence of Cl causes a slight, but meas-
urable, promotion (compared to the equivalent Cl-free 
Pd catalyst) of the reduction of the PdO phase. This is 
the case even though the Cl K-edge XANES shows that 
the  majority of direct Cl–PdII bonding has been lost 
to the mobile solvent phase at ambient temperature.

In sharp contrast, the behaviour for the 1 wt-% Pd 
system is radically different. With its native form con-
taining a high level of Cl, the Pd in this sample is found 
to be highly susceptible to reduction by the ethanol/
water flow; wetting of this sample at room temperature 
causes the removal of the substantive PdII–Cl bonding, 
revealing the present of a nascent Pd0 phase.

Subsequent spatial- and temporal-resolved Pd 
K-edge QEXAFS shows in more detail that the metal 
in 1 wt-% Pd/γ-Al2O3 is reduced below 350 K. The con-
trast with the behaviour of the equivalent Cl-free cata-
lyst is stark: the equivalent Cl-free catalyst is incredibly 
resistant to reduction, maintaining the PdO phase 
even after prolonged exposure to the flowing solvent 
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At higher loadings of Pd this promotional effect is 
progressively diminished such that at 10 wt-% loading 
Pd is reduced by the solvent in a manner equivalent to 
that observed in a Cl-free Pd catalyst or the same net 
Pd loading. At an intermediate (5 wt-%) loading evi-
dence that Cl can also destabilise PdO to a degree toward 
reduction by the solvent flow is also forthcoming. In 
common with all the Pd catalysts we have recently stud-
ied in these manners, the resultant Pd nanoparticles are 
all suggested to be significantly contaminated by inter-
stitial hydrogen sequestrated from the solvent mixture.

As such we have shown that the effect Cl may have 
on the development of a Pd catalyst under such solvent 
mixtures is a strong function of Pd loading, the precise 
nature of the Pd present (PdO, PdCl2O2, or very small 
partially reduced Pd species) in the starting catalyst, and 
whether the Cl can be easily removed (or not) from the 
catalyst by the solvent flow.

Lastly, as in two other specific cases [12] we have also 
shown that when a native, non PdO, Pd phase is particu-
larly reducible in face of an alcoholic solvent a signifi-
cant disparity between how EXAFS and TEM report the 
structures of these catalysts emerges. This is a result of 
the ability of solvents commonly employed to disperse 
samples on to TEM grid to radically alter certain reduc-
ible forms of Pd (PdCl2O2 and very small 6–10 atom Pd 
clusters [12]) to facilely initiate agglomeration of the Pd 
into nanoparticles of between 2 and 5 nm in diameter.
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On the other hand, when Cl is retained to such a 
degree (as in the 1wt-% Pd case) that a new oxychlo-
ride structure becomes tenable, the subsequent effects 
on reducibility in the solvents are much more profound; 
Pd nanoparticles may start to be formed and grow even 
at room temperature. In this case the solvent quickly 
removes Pd–Cl bonding, and the resulting unstable 
structure starts to form nanoparticles rather than being 
converted into the much more stable PdO.

More importantly it seems that in the case of the alu-
mina the Cl is largely carried away with the solvent flow 
and therefore does not subsequently interfere with the 
evolution of the Pd nanoparticles. Where Pd is present 
as partially reduced entities and/or Pd(acetate) that are 
physically encapsulated in an organic (polyurea) matrix, 
the presence of Cl has the reversed effect, in that the 
reduction of the Pd to form reduced nanoparticles is 
highly suppressed. This could be due to the Cl binding 
to the nascent Pd particles, blocking further subsequent 
reduction as the Cl retained within the encapsulat-
ing polymer vesicles is largely prevented from being 
removed by the solvent, or that Cl may be held more 
tightly within the organic matrix, for example, through 
hydrogen bonding between the halide anion and the 
urea functionality. This also imply that physical encap-
sulation can be a more effective strategy to prevent the 
large scale reordering and transport of the very small 
reduced nanoparticles to form larger particles that was 
observed in catalysts supported on metal oxide surfaces.

Conclusions

Through the use of in situ QXAFS methods to address 
Pd and the K and L3 edges and Cl at the K-edge we have 
delineated the effects that Cl may have on the develop-
ment of Al2O3 supported Pd catalysts in contact with 
aqueous ethanolic solvent flows.

The degree to which Cl is retained and the degree to 
which it affects the development of reduced and nan-
oparticulate Pd is found to be a significant function of 
Pd loading and, specifically, in the limit of low (1 wt-%) 
loadings. In this limit Pd derived from PdCl2 adopts a 
non PdO structure wherein high levels of Pd–Cl coordi-
nation are retained within structure of an approximate 
PdCl2O2 stoichiometry. This structure is far more sus-
ceptible to reduction by flowing ethanol/water that the 
nanosize stable PdO produced by the same synthetic 
approach at 5 and 10 wt-% Pd loadings, even though 
both Cl K-edge and Pd K-edge EXAFS show that the 
solvent mix removes the majority of Pd that is directly 
in contact with oxidised Pd centres. As such in the limit 
of low Pd loading the major effect of Cl is to significantly 
promote the formation of reduced Pd nanoparticles as 
compared to where Cl has not been present in the initial 
catalyst formulation: a result that is the exact opposite of 
that found when considering nanoparticle development 
in polymer encapsulated (ENCAT™ NP30) catalysts [13].
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