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5 ABSTRACT: The reactive behavior of three catalysts based on
6 Pd-loaded LaFeO3 was investigated in terms of the reducibility of
7 Pd and its propensity to leaching into the liquid phase in flowing
8 solutions prototypical of C−C coupling catalysis in a continuous
9 flow reactor cell. In situ quick extended X-ray absorption fine
10 structure spectroscopy showed that Pd remains stable and
11 nonreducible in the flowing ethanol/water solvent mixture under
12 heating to 353 K. However, ex situ transmission electron
13 microscopy, high-energy X-ray diffraction, and fluorescence yield
14 Fe K-edge X-ray absorption near-edge structure show that the
15 addition of a significant amount of base (K2CO3, 0.1 M) results in
16 the structural degradation of the perovskite support as well as the
17 mobilization of Pd along the sample bed that is dependent on the
18 structure and crystallite size of the perovskite. The results are discussed in terms of the use of perovskite-type oxides in various areas
19 of research where they are placed in contact with liquid phases of variable temperature and elevated pH.

20 KEYWORDS: palladium catalysis, leaching, Suzuki coupling, basic condition, X-ray absorption spectroscopy, X-ray diffraction,
21 pair distribution function

1. INTRODUCTION

22 Perovskite-type oxides are a versatile class of materials of
23 generic composition ABO3 offering endless possibilities for
24 combining different elements at the 12-coordinated A-site and
25 the 6-coordinated B-site. The many fold properties that result1

26 have led to perovskites being applied in a wide range of areas,
27 among which are catalysis,2 electrochemistry,3 and photon
28 driven processes4 for energy and chemical production. In many
29 of these applications, the perovskite interacts with a liquid
30 solvent phase and numerous other compounds that may
31 necessitate operation in a basic environment.5,6

32 Pd-substituted LaFeO3 perovskite oxides
7along with their

33 Rh and Pt analogueshave been found to have distinct
34 structural-reactive properties (“self-regeneration”) under redox
35 cycling conditions prototypical of those that occur in modern
36 petrol engine operation. It was found that Pd substituted for Fe
37 into the perovskite B site could be reversibly segregated to the
38 surface of the support to form small metallic Pd nanoparticles
39 during the reducing phase of operation. When feed conditions
40 were switched to oxidizing they could be rapidly oxidized and
41 Pd3+ reincorporated at its original site. The net result was a
42 catalyst system that was far more resistant to sintering of the
43 Pd phase into larger and much less active Pd particles than was
44 the case for more traditionally supported Pd catalysts. The

45ability to dynamically adapt to their environment led to the
46description as “intelligent” catalysts.7

47Later work further showed that a range of Pd-substituted
48LaFeO3 or LaCoO3 could also be effectively used in the
49completely different situations of C−C coupling processes,
50such as the Heck,8 Suzuki,9 and Sonogashira10,11 reactions. A
51summary of these studies and the mechanistic conclusions
52 f1derived from them is given schematically in Figure 1. The
53oxidized perovskite, for which much the previous study had
54shown to comprise Pd substituted for a fraction of B-site Fe,
55was exposed to a proto-typical Suzuki coupling reaction
56mixture, using aqueous isopropyl alcohol (IPA) as a solvent.
57Under relatively mild temperatures (333 K), the ability of the
58materials to catalyze the desired coupling reaction was then
59assessed using a batch reactor and post factum microscopy and
60X-ray diffraction (XRD). These studies concluded that the role
61of the perovskites was to provide a reservoir of Pd, an active
62fraction of which was lost to the liquid phase under conditions
63of catalysis. It was further concluded that solubilized Pd was
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64 responsible for the high levels of catalytic activity observed in
65 reactions conducted within a “batch” reactor. Post-reaction
66 analyses indicated that the levels of Pd that existed in the
67 reaction liquor was of the order of 2 ppm and that, therefore,
68 the solubilized Pd was effectively redeposited onto the
69 perovskite support after reaction. At no point in these works
70 was any evidence presented for the formation of Pd black or
71 Pd nanoparticles, either in solution or on the perovskite itself.
72 The mechanism of Pd solubilization was, however, not
73 understood. It was postulated8 that under these Suzuki
74 coupling conditions the solvent (50:50 IPA/water) may
75 initially reduce the Pd contained within the perovskite such
76 that Pd may then be present at the surface of the catalyst. Once
77 at the surface the Pd could then react with the halogens
78 present in the mixture to form soluble PdX (X = Cl and Br)
79 organometallic compounds (halogens being most commonly
80 implicated in the leaching of atom Pd from supported
81 catalysts). Using post factum transmission electron microscopy
82 (TEM), it was also noted that in facilitating the Suzuki reaction
83 the perovskite had undergone “a profound morphological
84 change”. XRD indicated that the catalyst was no longer the
85 starting perovskite and that neither lanthanum oxide, nor
86 lanthanum hydroxide was present. The detailed reasons behind
87 the structural changes the perovskite had undergone were not
88 elucidated.8

89 The conditions required for C−C coupling reactions add to
90 the difficulty of understanding structural changes in a batch
91 reactor. Typically, the catalyst is placed in contact not only
92 with the substrate molecules (e.g., 4-bromo anisole) but also
93 with an acid (e.g., phenyl boronic acid), an excess of base
94 (K2CO3), and an aqueous solvent (1:1 isoproyl alcohol/
95 water).8 Comprehending the nature of the active species and
96 what mechanisms lead to Pd solubilization within such a
97 complex reaction mixture is, therefore, not trivial, as a copious
98 literature attests to.12−20

99 Heterogenization of C−C coupling catalysis, despite its
100 potential advantages, has been persistently stymied by the
101 leaching of Pd into the solution phase.12−20 This issue makes it
102 necessary to separate the leached Pd from the reaction
103 products. While such separations can be relatively easily
104 achieved, this adds processes of purification and palladium
105 recovery that would otherwise not be required, which add

106unfavorably to the cost of the overall process; and product
107controls within the pharmaceutical industry, specifically with
108regard to heavy metal residues, are necessarily stringent. As a
109result, large-scale utilization of the unique properties of Pd in
110facilitating important chemical conversions has not been
111forthcoming.
112The use of continuous flow, rather than batch, presents
113many potential benefits to large-scale catalytic synthetic
114chemistry, not least of which safety,26 and has recently become
115an intensively researched field.27−34 Flow reactors are also
116appealing in the study of more fundamental aspects of both
117homogeneous and heterogeneous catalysis. Continuous flow
118arrangements provide well-defined time lines for the inter-
119rogation of reaction kinetics,35 and allow the catalysts to be
120studied in a spatial manneraxially, along the catalyst bedin
121the direction of the flow. A continuous flow approach, when
122coupled to suitable time and spatially resolving probes, also
123permits observation of any gradients (be they in the Pd phase,
124average particle size, or Pd concentration) that might arise as a
125result of the fundamental chemistry at work in a system in a
126clearer and less ambiguous manner. Any potential transport of
127the Pd along the catalyst bed can therefore be probed by such
128an arrangement. Thus, insights into the behavior of catalytic
129systems can be obtained that goes beyond that of a batch
130approach.
131We have, therefore, started to deconstruct these types of the
132catalytic reaction mixture within the paradigm of a single-pass
133plug flow reactor,21−25 in an attempt to understand the effects
134of the individual components on the nature and mobility of the
135Pd present in a range of oxide-supported C−C coupling
136catalyst systems. Using this approach, we have shown that
137aqueous ethanol can react with supported Pd by reducing
138surface PdO, to yield supported PdHx nanoparticles at a rate
139highly dependent on the particle size of the starting PdO
140phase.21,22 It can then elicit agglomeration of Pd0 nano-
141particles, thus negating the benefits of an initially high Pd
142dispersion.23

143In this report, we turn our attention to the behavior of Pd/
144LaFeO3 catalysts that, in terms of previously determined
145turnover numbers,8,9 are highly reactive (and also selective)
146catalysts for C−C coupling reactions. We show that exposure
147of these materials to aqueous ethanol does not lead to any
148reduction or dissolution of the Pd they contain. However, as
149soon as 0.1 M K2CO3 is introduced into the reaction mixture,
150reduced Pd starts to form at around 353 K and high levels of
151Pd leaching are then induced. The two processes, reduction
152and leaching of Pd, are found to be dependent on the
153crystallite size, the long-range structure of the Pd/LaFeO3
154catalysts, and also on whether Pd has been incorporated within
155or deposited on the perovskite.

2. EXPERIMENTAL DETAILS
1562.1. Materials. Three Pd-loaded LaFeO3 catalyst samples
157of different origins were used in this study: two samples of
158stoichiometry LaFe0.95Pd0.05O3 made at PSI, analogous to
159those previously documented34 and one of stoichiometry
160LaFe0.9Pd0.1O3 (Daihatsu commercial catalyst) of the type used
161in refs,7,36,37 wherein Pd is incorporated within the synthesis of
162the perovskite itself.
163In the first material (denoted as LaFe0.95Pd0.05O3), Pd was
164incorporated (from a Pd(NO3)2·2H2O precursor) during the
165synthesis of the perovskite support. In the second sample
166(denoted as Pd@LaFeO3), Pd was deposited by wet

Figure 1. Schematic representation of the steps involved in the Suzuki
reaction catalyzed by LaFe(Co)xPd(1−x)O3 as concluded by Andrews
et al.8 Initially oxidized Pd held within the perovskite structure must
be reduced and presented to the reaction mixture at the catalyst
surface whereupon it is solubilized to yield the catalytically active site.
This solubilized Pd is then redeposited on the perovskite post
reaction.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.9b04869
ACS Catal. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.9b04869?ref=pdf
ferri_d
Cross-Out

ferri_d
Inserted Text
IPA

ferri_d
Comment on Text
please change the  formula in the coloured box to LaFe1-xPdxO3 (with subscripts)



167 impregnation (to a nominal 2 wt % loading), onto the
168 preformed LaFeO3 oxide.

34b,c

169 The specific surface area of the samples was measured at the
170 temperature of liquid nitrogen using a Quantachrome
171 Autosorb-1 instrument. Prior to the measurement, the sample
172 was evacuated at 200 °C for 1 h.
173 2.2. X-ray Absorption Spectroscopy. Quick extended X-
174 ray absorption fine structure (QEXAFS) experiments at the Pd
175 K-edge were carried out in transmission geometry at BM31 of
176 the Swiss−Norwegian beamlines at the ESRF using a Si(111)
177 monochromator and ion chambers for the measurement of the
178 beam reference, sample, and energy reference (a Pd foil).
179 QEXAFS spectra were collected every 30−45 s. The beam size
180 used was ca 0.5 mm (V) × 3 mm (v).
181 Samples (ca. 75 mg, sieved to a 100−150 μm fraction) were
182 loaded into the cell described by Chiarello et al.38,39 designed
183 for operando measurements of working heterogeneous
184 catalysts in a gas−solid environment. In the current case,
185 Teflon windows and seals were used for operation using
186 flowing liquids. The 5 mm long bed was held in place between
187 quartz wool plugs. The reactor was moved stepwise downward
188 at 0.5 mm intervals using a high-precision x−y−z motor; once
189 one scan of the sample was finished, the reactor was moved all
190 the way upward to start a new mapping from the inlet to outlet.
191 QEXAFS spectra were collected every 30−45 s. EXAFS maps
192 of the catalyst beds were therefore collected in 5−7 min.
193 Once loaded, a sample was mapped using Pd K-edge EXAFS
194 in its dry state before being made wet at room temperature by
195 flowing an ethanol/water mixture (pH = 6.3) through it using
196 a syringe driver at a rate of 0.1 mL min−1. Prior to loading into
197 the syringe the solvents were individually degassed using
198 flowing N2 and then sonicated before being mixed as required.
199 Where used, K2CO3 was then added to 0.1 M concentration,
200 resulting in a solution pH of 12.9.
201 Once in a wetted state at ambient temperature, the sample
202 was mapped again and then heated under a flow of the solvent
203 to 353 K at 1 K min−1, where it was then held. During this
204 process the sample bed was continuously mapped one full map
205 collected every 5−8 min, that is, every 5−8 K from inlet to
206 outlet using QEXAFS.
207 Fe K-edge and Pd L3-edge X-ray absorption near-edge
208 structure (XANES) spectra of fresh and used samples were
209 measured at the beamline XMaS (UK CRG) at ESRF using a
210 Si(111) monochromator, a Ketek Si diode detector, and an in-
211 vacuum sample changer described in ref 40.
212 2.3. High-Energy X-ray Diffraction. X-ray powder
213 diffraction data were collected at the ID15A beamline53,54 at
214 the European Synchrotron Radiation Facility synchrotron
215 (ESRF). Powder samples were loaded into 1.5 mm diameter
216 polyimide tubes and mounted at 500 mm distance from the
217 detector (Dectris Pilatus 3X CdTe 2M). The X-ray wavelength
218 was 0.1672 Å. Diffraction images were collected over 10 s for
219 each catalyst sample and for polycrystalline CeO2 (NIST
220 674b). Background scattering of air and polyimide tube was
221 measured for 100 s.
222 2.4. Electron Microscopy. TEM measurements were
223 carried out using a Jeol 2010 transmission electron microscope
224 with a LaB6 cathode operated at 200 keV. Samples were
225 prepared on holey carbon films or copper grids from sonicated
226 suspensions in isopropanol.
227 Scanning TEM (STEM) images were recorded on an
228 aberration-corrected HD2700CS (Hitachi) operated at 200 kV
229 (cold-field emitter). For the investigation, the material was

230dispersed in ethanol and a few drops of the suspension were
231deposited onto a perforated carbon foil supported on a copper
232grid. The grid was mounted on the single-tilt holder of the
233microscope after evaporation of the ethanol. The probe
234corrector (CEOS), which is incorporated in the microscope
235column between the condenser lens and the probe-forming
236objective lens, provides a finely focussed beam resulting in a
237resolution better than 0.1 nm. Different detectors were selected
238for imaging: (i) the high-angle annular dark field detector
239collects incoherently scattered electrons resulting in an
240intensity that strongly increases with the atomic number (Z-
241contrast). (ii) A special bright-field detector allows to record
242phase-contrast images. (iii) A secondary electron detector
243installed inside a microscope column above the sample gives
244information about the sample morphology. Images (1024 ×
2451024 pixels) were recorded with frame times between 10 and
24620 s. Analytical investigations were done with an energy-
247dispersive X-ray spectrometer attached to the microscope
248column.
2492.6. Infrared Spectroscopy. Attenuated total reflection
250infrared (ATR−IR) spectra of the samples before and after the
251synchrotron experiments were acquired with a platinum ATR
252unit (Bruker) installed within the sample compartment of a
253VERTEX 70 spectrometer (Bruker) using a DTGS detector by
254averaging 100 scans at 10 kHz and at 4 cm−1 resolution. For
255comparison, a spectrum of solid K2CO3 was also collected.
2562.7. Data Analysis. EXAFS data were processed using
257PAXAS41 and/or Prestopronto42 prior to analysis using
258EXCURV.43

259High-energy XRD (HXRD) images were scaled by the
260incident X-ray flux and subtracted by the background
261scattering of air and polyimide. Data correction and radial
262integration used the libraries FabIO45 and pyFAI.44 Rietveld
263analysis of the diffraction patterns was carried out using the
264program Topas v.5 (Bruker AXS). Patterns were truncated at
265Q < 13 Å−1; background was fitted by Chebyshev polynomials;
266line profile was reproduced by pseudo-Voigt peaks, which
267allowed estimating crystallite size through the peak integral
268breadth according to the method described by Balzar et al.52

269The real−space pair distribution function (PDF), indicated
270herein as G(r), was calculated as defined in eq 43 in ref 46
271using the program PDFgetX347 with a maximum value of
272momentum transfer of Qmax = 20 Å−1. Structural models were
273fitted to the PDF using the program PDFGui.47 PDF was
274modeled using “box-car” refinements51 and the Pbnm perov-
275skite phase in successive 20 Å spans of real space up to 330−
276350 Å. The analogue refinement of the standard CeO2 powder
277accounted for the intrinsic instrument resolution-related decay,
278as its PDF intensity should not contain any effect because of
279the crystallite size in the diffraction geometry used.

3. RESULTS AND DISCUSSION
2803.1. Starting LaFeO3 and Pd/LaFeO3 Materials.
2813.1.1. HXRD Characterization: Rietveld Analysis and PDF.
282 f2Figure 2a−d shows the HXRD patterns of the starting
283materials along with their respective Rietveld fits and residuals.
284 f3Figure 3 shows the corresponding atomic PDF obtained from
285the same measurements.
286All these samples have the expected orthorhombic LaFeO3
287perovskite structure, with space group Pbnm (#62) and cell
288parameters a ≈ ac√2, b ≈ ac√2, c ≈ 2ac, where the subscript
289denotes the parent cubic unit cell. A schematic representation
290 f4of this structure is given as Figure 4 and the detail of the
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291 structural parameters and phase composition derived for these
292 materials, including undoped LaFeO3, are given in the
293 Supporting Information (Tables S1−S6).
294 The orthorhombic perovskite structure of these samples is
295 also apparent in the short-range atomic arrangement shown by
296 the PDF, as each curve is correctly fitted by a Pbnm structural
297 model (Figure 3b). The fresh LaFe0.9Pd0.1O3 sample (4.5 m2/
298 g) is composed by 93% (by weight) of Pbnm perovskite, 3.5%

299of La2O3 (P63/mmc), and 3.5% of Fe2O3 (R3̅c). No secondary
300phases were detected in Pd@LaFeO3 (13 m2/g) and
301LaFe0.95Pd0.05O3 (14 m2/g). There are differences between
302the three Pd-loaded samples concerning the average crystallite
303size of the perovskite phase and its orthorhombic distortion, in
304terms of both cell parameters and BO6 octahedra tilt angles.
305Analysis of peak broadening indicates an average crystallite
306size of 28(±2) nm for LeFe0.9Pd0.1O3, while the visibly less
307crystalline Pd@LaFeO3 and LaFe0.95Pd0.05O3 samples were
308estimated at 15(±2) and 8(±1) nm, respectively. The
309difference in the crystallite size reflects the different values of
310the specific surface area of the materials and is also evidenced
311by the amplitude of the PDF, which decays faster (i.e., at lower
312r) for the latter two than for the more crystalline
313LaFe0.9Pd0.1O3 (Figure 3). The PDF amplitude is damped by
314an instrumental-resolution contribution, which is the same for
315all samples, and by the loss of structural coherence, which
316reflects the average crystallite size. While a marked difference
317between the two Pd-substituted samples was anticipated in
318view of the harder sintering of LaFe0.9Pd0.1O3,

7,34 the
319comparatively high surface area of Pd@LaFeO3 reflects the
320more porous morphology resulting from a wet impregnation
321synthesis route.
322Partial substitution of the Fe3+ ion by the larger Pd3+ ion
323results in an increased octahedral tilt angle about the diad axis
324(φx), as expected from a reduced Goldschmidt ratio (Table
325S1). While a φx value of 11.1(±0.3)° in Pd@LaFeO3 (Table
326S1d) is closest to the one found in undoped LaFeO3,
327suggesting little Fe/Pd substitution in the bulk lattice, the tilt
328angle increases to 12.2(±0.6)° and 14.5(±0.6)° in La-
329Fe0.95Pd0.05O3 and LaFe0.9Pd0.1O3, respectively (see Tables
330S1c). The Pd-loaded samples also differ in the orthorhombic
331distortion of the unit cell. The cell of LaFe0.95Pd0.05O3 is
332elongated along a (corresponding to c in the cubic setting),
333resulting in an increased orthorhombic strain with respect to
334undoped LaFeO3. Conversely, the cell of LaFe0.9Pd0.1O3 is very
335close to cubic, as cell expansion is confined to the bc plane (ab
336in the cubic setting). Consequently, the BO6 octahedra are less
337elongated than in LaFe0.95Pd0.05O3. Again, Pd@LaFeO3
338deviates the least from undoped LaFeO3. The respective

Figure 2. HXRD patterns of the samples in their as-received state: (a)
LaFeO3; (b) LaFe 0.9Pd0.1O3; (c) LaFe0.95Pd0.05O3; and (d) Pd@
LaFeO3. Black symbols refer to the experimental data; the red lines
are the fits to the data derived from Rietveld analysis; the green lines
are the residuals (black-red). The insets show a close-up view of the
low Q (Å−1) data range. Details of the structural analysis are given in
the Supporting Information.

Figure 3. PDF of the samples in their as-received states along with the
PDF because of the CeO2 reference material. (a) Complete G(r)
envelopes from 0 to 200 Å; (b) Close up of the G(r) in the 1.5−10 Å
range, for the four perovskite samples, along with fits to the data (red)
and residuals (green).

Figure 4. General model of the orthorhombic Pbnm structure found
for the different perovskite samples measured in this work. The unit
cell atoms are: La (4c, ∼0, ∼0.5, 0.25) (gray); Fe/Pd (4a, 0, 0, 0)
(atoms with mixed occupancy in gold, emphasized Pd atom in green);
O1 (4c, ∼0, ∼0, 0.25) (red); and O2 (8d, 0.25 − u, 0.25 + v, w)
(red). The first neighbor Pd−O and Pd−Fe distances are indicated by
the brackets. The tilt angles φx and φz are calculated, respectively, as
tan−1(2u + 2v) and tan−1(4√2w).53
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339 (a√2 − c)/(a√2 + c) ratios are 0.488, 0.022, and 0.303%,
340 compared with 0.190% in LaFeO3.
341 3.1.2. Pd K-Edge EXAFS. Pd K-edge EXAFS from the three
342 samples measured in their dry state is shown as k3-weighted

f5 343 EXAFS (Figure 5a) and respective Fourier transforms (Figure
344 5b). Results of the fitting of these data using EXCURV41 are

t1 345 given in Table 1.

346 The Pd K-edge EXAFS (Figure 5) of LaFe0.9Pd0.1O3 is
347 dominated by two scattering features (Pd−O at ca. 2 Å, and
348 Pd−Fe at ca. 3.7 Å) that we would expect from Pd occupying a
349 highly symmetric octahedral site predominantly surrounded in
350 the second scattering shell by Fe atoms.
351 The scattering environment of the Pd for both La-
352 Fe0.95Pd0.05O3 and Pd@LaFeO3 is decidedly more complex
353 (Figure 5b). In the LaFe0.95Pd0.05O3 case, we infer a
354 contribution of surface Pd, as evidenced from the short
355 rPd−Fe interaction at 2.9 Å, to the overall EXAFS envelope
356 much larger than for LaFe0.9Pd0.1O3. This might be expected in
357 light of the significantly smaller crystallite size observed by
358 HXRD. The greater complexity of the EXAFS radial

359distribution function in this case, especially in the more
360convoluted nature of the second scattering shell in EXAFS,
361could arise from additional contributions from Pd present at
362the surface of the perovskite. However, we cannot rule out that
363this more complex higher shell structure may also arise from
364the increased orthorhombic distortion of BO6 octahedra in the
365perovskite phase of LaFe0.9Pd0.05O3 relative to LaFe0.9Pd0.1O3
366evidenced by HXRD.
367The appearance of Pd−Pd scattering shells around 3.0 and
3683.4 Å with low apparent Pd−Pd coordination, in Pd@LaFeO3

369suggests that the Pd in this case is predominantly present as
370very small PdO-like phases, along with, potentially, other
371atomically dispersed PdII species in agreement with the nature
372of the preparation of this sample.
3733.2. Behavior in the Ethanol/Water Solvent Flows
374 f6with and without K2CO3. Figure 6a−d shows Pd K-edge
375XANES spectra of LaFe0.9Pd0.1O3 obtained during heating
376under flows of 1:1 EtOH/H2O in the absence, or in the
377presence of, 0.1 M K2CO3 (as indicated) and compares the
378behavior observed at the reactor inlet with that observed at the
379reactor outlet.
380In the absence of K2CO3 (Figure 6a), only small changes are
381observed as a result of heating in the ethanol/water mixture.
382The observed variation in the magnitude of the edge jump of
383the Pd K-edge is no more than 2% in each case. We associate
384the development of a small, lower binding energy shoulder to
385the Pd K-edge at ca. 23348 eV with hydroxylation of Pd at the
386surface of the material. An almost identical series of spectra is
387observed at the outlet under these conditions (Figure 6c).
388In the presence of K2CO3, a very different picture emerges
389(Figure 6b). As the temperature approaches 353 K, a shift to
390lower energy in the Pd K-edge edge energy and a distinct
391change in the shape of the XANES occurs that are indicative of
392the reduction of the Pd from the Pd3+ to Pd0 state, and
393formation of Pd nanoparticles. The addition of the base,
394therefore, induces a reduction of Pd to metal nanoparticles that
395the solvent alone, at least on these time/temperature scales,
396does not.
397Second, reduction is accompanied by changes in the
398absolute magnitude of the Pd K-edge and, therefore, in the
399concentration of Pd present along the sample bed. A
400considerable diminution of the edge jump, of up to ca. 40%,
401is seen to occur at the reactor inlet. Conversely, we observe an
402augmentation of the edge jump (by ca. 10%) at the outlet
403(Figure 6d) and the same changes in the shape of XANES as
404soon at temperatures above 353 K. In other words, besides

Figure 5. Pd K-edge EXAFS obtained from the three catalysts studied in their dry state. (a) k3-weighted EXAFS and (b) Fourier transforms of the
k3-weighted EXAFS. The red lines are the fits arising from analysis in EXCURV.40

Table 1. Structural and Statistical Parameters Derived from
Fitting of the Pd K-Edge EXAFS Data Shown in Figure 5f

r (Å)a CNb DW (2σ2)c EF
d R %e

LaFe0.9Pd0.1O3

O 2.02 4.8 0.009 3.416 38.77
Fe 3.68 5.5 0.026

LaFe0.95Pd0.05O3

O 2.00 5.3 0.007 3.393 45.1
Fe 2.90 0.8 0.009
Fe 3.61 3.3 0.018

Pd@LaFeO3

O 2.01 5.0 0.008 −4.56 53.7
Pd 3.03 0.9 0.01
Pd 3.41 1.2 0.01
Fe 3.62 2.7 0.026

aDistance of the scattering atom from central atom (±1.5% of stated
value). bCoordination number (±10% of stated value). cDebye−
Waller factor; σ is the root mean square internuclear separation (Å).
dEdge position relative to the vacuum zero (Fermi energy, eV). eR %
= (∫ [cT − cE]k3 dk/[cE]k3 dk) × 100 where cT and cE are the
theoretical and experimental EXAFS and k is the photoelectron wave
vector. fOther parameters: AFAC = 0.9, related to the proportion of
electron undergoing scattering post absorption that contribute to the
EXAFS. The fitting range is 2.5−13.5k (Å−1).
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405 reduction of the Pd held within the perovskite-type structure,
406 the presence of K2CO3 elicits a mobilization of the Pd, some of
407 which is then re-deposited toward the outlet of the bed in the
408 direction of the flow.

f7 409 Figure 7 summarizes the axial changes in Pd K-edge jump
410 observed during the exposure of the three catalysts used in this
411 study to ethanol/water/K2CO3: (a) the commercial La-
412 Fe0.9Pd0.1O3 sample; (b) the LaFe0.95Pd0.05O3 sample; and
413 (c) the stoichiometrically equivalent Pd@LaFeO3 case. The x-
414 axis (map number) represents the time/temperature history of
415 the sample as it is wetted and then heated. Map number 7 is
416 the point at which the target temperature (353 K) was reached.
417 In each case, the Pd K-edge jump for each axial position in the
418 bed has been normalized to the respective values in the initial
419 “wet” maps (made at ambient temperature under the solvent
420 flow).
421 In the two materials, where Pd has been incorporated into
422 the LaFeO3 through the substitution of a portion of Fe,
423 LaFe0.9Pd0.1O3 (Figure 7a), and LaFe0.95Pd0.05O3 (Figure 7b), a

424variation of the edge jump is observed. Hence, as indicated by
425the XANES data reported in Figure 6, once a temperature of
426353 K has been achieved, Pd starts to reduce and some of it is
427then leached into the solvent flow. The rates and extent of
428both reduction and movement of Pd in LaFe0.9Pd0.1O3 and
429LaFe0.95Pd0.05O3 are also radically different. In LaFe0.9Pd0.1O3,
430the level of Pd removed at the front end of the bed reaches in
431excess of 40% at the end of the experiment (Figures 7a and
4326b), whereas in LaFe0.95Pd0.05O3 only a 25−30% loss of Pd in
433the inlet is observed (Figure 7b) even over a slightly longer
434time period (16 rather than 14 sequential maps of the catalyst
435beds). In the case of the Pd deposited upon the perovskite-type
436oxide (Pd@LaFeO3), no reduction (evidenced by XANES), or
437mobilization (evidenced from the edge jump) of the Pd is
438observed and, concomitantly, no evidence of the leaching of
439the Pd in this sample is forthcoming. The three catalysts
440therefore behave very differently in the presence of the
441ethanol/water flow to which K2CO3 has been added.

Figure 6. Background-subtracted Pd K-edge XANES spectra of the LaFe0.9Pd0.1O3 system collected at the reactor inlet and reactor outlet under
heating in ethanol/water (a,c) and under ethanol/water/K2CO3 (b,d). The arrows indicate the direction of the changes with increasing
temperature.

Figure 7. Variation in Pd K-edge jump of: (a) LaFe0.9Pd0.1O3; (b) LaFe0.95Pd0.05O3; and (c) Pd@LaFeO3 during heating to 353 K and dwelling in
ethanol/water/K2CO3. In each case, the Pd K-edge jump has been normalized to the value obtained at each axial position in the bed once the
sample has been made wet in the ethanol/water/K2CO3 at room temperature.
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442 From the knowledge of the total sample mass contained
443 within the bed and the volume sampled by the X-rays at any
444 given point within it, we can estimate the rate of Pd
445 mobilization. In the structurally most ordered of these
446 perovskites (i.e., LaFe0.9Pd0.1O3), where this process is most
447 severe, Pd is lost from the inlet of the bed with a time averaged
448 rate of the order of ca. 2.5 × 1014 Pd atoms s−1. For the
449 LaFe0.95Pd0.05O3 sample, the rate of Pd loss is estimated to be
450 over an order of magnitude lower (ca. 2 × 1013 Pd atoms s−1).
451 If we further consider the turnover numbers achieved in ref
452 8 for the coupling of 4-bromoanisole (53.5 mmol) using 2
453 μmol of a very similar catalyst (LaFe0.95Pd0.05O3) at 353 K, and
454 we assume that this sample leached Pd to the same degree as
455 ours under reaction conditions, then, we can account to within
456 a factor ca. 2 for the extent of the reaction observed in ref 8
457 without invoking any role of the halogenated reactants used in
458 this process. We come to this conclusion by calculating the
459 amount of Pd leached into the reaction liquor at 353 K (60%)
460 and multiply this by the calculated turnover number (4 × 105

461 Pd−1) and the amount of the catalyst present in the published
462 study.8 We also note that this calculation does not take into
463 account the fact that in ref 8 the concentration of K2CO3 used
464 was seven times higher (0.7 M) than in this study. However,
465 our overall conclusion remains that by far the most potent
466 agent for the induction of Pd leaching is in fact K2CO3, and
467 that halogens, as suggested in ref 8 do not have to be invoked
468 to explain the solubilization of Pd.

f8 469 Figure 8 shows the reduction of LaFe0.9Pd0.1O3 and
470 LaFe0.95Pd0.05O3 from the perspective of Pd K-edge EXAFS.
471 Figure 8a compares the Fourier transforms of the k3-weighted
472 EXAFS of the two samples at the outlet of the reactor after
473 heating to 353 K in ethanol/water/H2CO3. Figure 8b shows
474 how the reduced Pd phase evolves in the two systems as a
475 function of the reaction time and temperature. N1

PdPd, that is,
476 the number of Pd scatterers in the first shell, which is a
477 signature of nanoparticulate face-centered cubic (fcc) Pd
478 phase, is used as the indicator. To a first approximation, N1

PdPd

479 provides an estimate of the relative average size of the Pd
480 particles formed.48−50

481 These data show first that the Pd in LaFe0.9Pd0.1O3

482 undergoes reduction to a significantly greater degree than in
483 LaFe0.95Pd0.05O3, and that the Pd particles formed as a result of
484 the reaction with the basic solvent mixture are significantly
485 larger than those eventually produced in LaFe0.95Pd0.05O3. We
486 are aware of the fact that the coordination number in EXAFS is

487highly correlated with disorder [Debye−Waller (DW) factor]:
488varying levels of disorder in the fcc Pd phase can lead to
489similar-size particles displaying very different values for N1

PdPd.
490In our case, however, the significant contribution of low-z
491coordination to the XAFS envelope in LaFe0.95Pd0.05O3

492compared to LaFe0.9Pd0.1O3 mitigates in favor of a size
493differential, and a difference in Pd dispersion, dominating the
494EXAFS obtained from the Pd nanoparticle phases formed in
495these two cases. The contribution to the EXAFS from oxygen
496adsorbed at the surface of larger particles will be considerably
497smaller, as a result of the low Pd dispersion, compared to that
498for the significantly smaller and more highly dispersed Pd
499nanoparticles. Lastly, no reduction of the Pd is observed in the
500Pd@LaFeO3 case under the conditions used.
501We note here that it is not easy to explain these differential
502rates of reduction (Figure 8) and leaching (Figure 7), solely
503upon the basis of the Pd loading or surface area. For instance,
504the estimated rates of Pd leaching in LaFe0.9Pd0.1O3 and
505LaFe0.95Pd0.05O3 are about an order of magnitude different,
506whereas the differences in Pd loading and in the surface area
507are but a factor of 2 and 3, respectively.
508What can be said is that the Pd hosted in LaFe0.9Pd0.1O3

509(Figure 8) is reduced more easily, it forms larger Pd0

510nanoparticles at the surface of this material and shows a
511dramatically enhanced propensity for the leaching of that Pd
512than LaFe0.95Pd0.05O3. These observations may be correlated
513with an enhanced symmetry of the Pd present in the
514octahedral sites of LaFe0.9Pd0.1O3 derived from XRD. There
515also exists the possibility that once formed at the surface of the
516perovskite any subsequent leaching of the Pd from these
517particles might be subject to a particle size dependence, with
518larger particles being eroded more rapidly than smaller ones.
519However, it is not possible from within the gamut of possible
520factors that may be contributing to these differentials in
521reducibility and leaching, to specify, with any exactitude, a
522predominant causality.
523The stability of the Pd@LaFeO3 sample toward the
524reduction and leaching of the Pd induced by the addition of
525the base may, at first sight appear surprising. As EXAFS
526suggests that this sample substantially comprises very small
527PdO-like species, one might expect these surface species to be
528as or more reducible than the Pd hosted within the
529perovskite.34c However, we have previously shown for Pd
530supported upon Al2O3

22 that the reducibility of supported PdO
531by the solvent alone is a very significant function of the size of

Figure 8. (a) Fourier transforms of the k3-weighted Pd K-edge EXAFS derived from the outlet of beds comprised LaFe0.9Pd0.1O3 and
LaFe0.95Pd0.05O3, at 353 K. The red lines are fits to the data. (b) Evolution of the coordination number of the Pd−Pd first neighbor (N1

PdPd), as a
function of time and temperature for LaFe0.9Pd0.1O3 (●) and LaFe0.95Pd0.05O3 (red ●). The black line represents temperature.
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532 the PdO phase. While PdO of >3−4 nm diameter is facilely
533 reduced in aqueous ethanol, below ca. 3 nm, this phase
534 becomes much more resistant to reduction to the point where
535 low loaded (<1 wt % Pd) are not reduced at all.

f9 536 Figure 9 shows ex situ Pd L3-edge XANES from these
537 materials, the L3-edge being more sensitive to the chemical
538 perturbations of the Pd as a result of greater sensitivity to
539 valence electronic states and a much reduced energy
540 broadening compared to the deeper K-edge. As might be
541 expected from the Pd K-edge measurements given above
542 (Figures 5 and 6), the more ordered LaFe0.9Pd0.1O3 shows, in
543 its dry state, a white line dominated by a single sharp feature
544 (3.177 keV). After reaction with the ethanol/water/K2CO3
545 mixture, this white line structure replaced by a much broader
546 feature with its edge position shifted to lower binding energy
547 (ca. 3.1745 keV). The latter is consistent with the reduction of
548 a considerable proportion of the Pd to Pd0 in agreement with
549 the results obtained from the Pd K-edge spectroscopy.
550 In contrast, LaFe0.95Pd0.05O3, in its dry state, displays an L3-
551 edge white line that is split into two components (Figure 9b).
552 After reaction with the ethanol/water/K2CO3 mixture, the
553 intensity of the high binding energy shoulder relative to the
554 main white line peak is considerably reduced. This suggests the
555 existence of two types of Pd in this sample, one of which is

556preferentially removed by exposure to the basic solvent flow.
557Given the much smaller particles size (8.1 vs 28 nm) of this
558perovskite, we suggest that these two states arise from Pd
559contained within the perovskite-type matrix (as is the vast
560majority of Pd in dry LaFe0.9Pd0.1O3) and Pd existing in the
561surface region of the small particles of LaFe0.95Pd0.05O3. At
562present, we cannot relate any of the two peaks with a specific
563Pd environment also because in these ex situ measurements
564the spatial information was lost once the catalyst bed was
565removed from the in situ sample holder.
566In the data of LaFe0.95Pd0.05O3 (Figure 9b), no evidence of a
567shift of the edge to lower binding energies is observed, contrary
568to LaFe0.9Pd0.1O3 (inset of Figure 9a). However, the
569disappearance of the Pd state corresponding to the high-
570energy white line component, initially seen in the dry catalyst,
571is still observed. Together with the increase of N1

PdPd to
572approximately 7 at 353 K (Figure 8b) which occurs at later
573times compared to LaFe0.9Pd0.1O3 which constitutes further
574corroborating evidence that the Pd0 entities produced in
575LaFe0.95Pd0.05O3 are significantly smaller than those produced
576in LaFe0.9Pd0.1O3.
5773.3. Further Characterization of Materials after
578 f10Exposure to Ethanol/Water/K2CO3. Figure 10 shows ex
579situ Fe K-edge XANES spectra recorded for LaFe0.9Pd0.1O3 and

Figure 9. Pd L3-edge XANES of (a) LaFe0.9Pd0.1O3 and (b) LaFe0.95Pd0.05O3 in their dry state (black) and post reaction with ethanol/water/
K2CO3 (red). The inset shows expanded views of the white line regions of the spectra.

Figure 10. Fluorescence yield Fe K-edge XANES of (a) LaFe0.9Pd0.1O3 and (b) LaFe0.95Pd0.05O3 from both dry samples (black) and after reaction
in flowing EtOH/H2O + K2CO3 (red).
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580 LaFe0.95Pd0.05O3 in both their dry and reacted (after being
581 heated to 353 K in flowing ethanol/water/K2CO3) states. The
582 very different degree to which each of these Pd-substituted
583 LaFeO3-based catalysts reacts with the basified solvent mixture
584 is evident. By comparison to Fe0 (Fe foil), FeII, (FeII sulfate),
585 and FeIII (FeIII oxide) references the changes in the spectra
586 shown in Figure 10 indicate that in both cases FeIII is being
587 reduced to FeII because of the exposure to flowing ethanol/
588 water/K2CO3 at 353 K. This change is much more extensive in
589 the more ordered, more crystalline sample (LaFe0.9Pd0.1O3)
590 than in its more distorted, less crystalline (LaFe0.95Pd0.05O3)
591 counterpart.
592 STEM measurements (Figures S3−S6) establish further
593 details of the nature of the degradation of the perovskite-type
594 structure of LaFe0.9Pd0.1O3 induced by K2CO3. These
595 measurements reveal the extent of the structural heterogeneity
596 that a significant (0.1 M) amount of K2CO3 induces in an
597 initially highly uniform and crystalline material at 353 K. After
598 reaction with the basified solvent, the residual perovskite
599 structure is surrounded by an amorphous crust with an average
600 thickness of about 5 nm (Figure S2). X-ray fluorescence
601 mapping indicates this crust to be rich in Fe and, with more
602 variable concentrations, Pd (Figure S3). Therefore, the
603 resulting material might be indicatively described as Pdx/
604 FeyOz@LaFe0.9−yPd0.1−xO3−z. We conclude that under the
605 reaction conditions applied, the role of the perovskite is to
606 provide a reservoir of both Fe and Pd that are progressively
607 segregated at the surface of the perovskite particles. There, a
608 new amorphous layer is formed from them and, in the case of
609 Pd, partial solubilization to the solvent flow occurs. STEM also
610 provides evidence for the formation of extensive carbonaceous
611 deposits during the reaction, indicating that cracking of the
612 organic component of the solvent mixture has also been
613 induced by the presence of K2CO3.

f11 614 Figure 11a−c shows the HXRD data obtained for
615 LaFe0.9Pd0.1O3 after the experiment with the basified solvent,
616 while Figure 11d,e shows the PDF obtained from this data.
617 HXRD/PDF indicates that the exposure to the ethanol/water/
618 H2CO3 solvent at 353 K results in the loss of La to a secondary
619 crystalline phase and the reduction and consequent partial
620 leaching of Pd into the reaction mixture.
621 The crystal structure and crystallite size of the perovskite
622 phase in the reacted sample is very similar to that of the
623 unreacted LaFe0.9Pd0.1O3 although it constitutes a smaller
624 fraction of the crystalline material. A multiphase Rietveld
625 refinement of the diffraction pattern evidences that the
626 crystalline part of the sample volume probed consists of
627 88.5% (±2)of perovskite and 11.5% (±2)of La hydroxycar-
628 bonate, La2(CO3)2(OH)2. None of the secondary peaks could
629 be assigned to the various iron oxides, a sign that Fe has
630 migrated to the particle’s amorphous crust (as suggested by
631 STEM) or to a region closer to the reactor outlet. The loss of
632 La to a secondary phase also aids in rationalization of the
633 accumulation of both Fe and Pd in the (amorphous) surface
634 layer of the perovskite particles observed by STEM and X-ray
635 absorption spectroscopy, respectively. The presence most
636 likely of La-carbonates was confirmed by the comparison of
637 ATR−IR spectra of the materials prior to and after the
638 experiment (Figure S7). Interestingly, the irreducibility of Pd@
639 LaFeO3 was reflected in the absence of this phase in its
640 spectrum after the experiment with the base.
641 At least part of the reduced Pd is leached from the catalyst,
642 as suggested by the small improvement of the Rietveld

643refinement that is achieved upon including a fcc Pd phase with
644broad peaks in the structure model (Figure 11b). In addition,
645we note that a smaller tilt angle φx, with respect to dry
646LaFe0.9Pd0.1O3, and in line with the unsubstituted LaFeO3 and
647Pd@LaFeO3 (Tables S1−S5), is consistent with a smaller
648average size of the cations in the perovskite B site, and thus a
649much lower occupancy by Pd3+. Segregated Pd0 gives rise to
650Pd−Pd first neighbor correlations (r = 2.75 Å) that appear in
651the PDF of the reacted sample, that contribute to the increased
652high-r component of the La−O doublet as compared to the
653dry LaFe0.9Pd0.1O3 sample (marked with an asterisk in Figure
65411d).
655The degradation of the perovskite core resulting in a
656reduced crystallite size could not be inferred from an increased
657pseudo-Voigt peak width within the relatively low resolution of
658the HXRD data (Tables S2 and S5). We have, therefore,
659looked at the intensity fall off of the PDF of the two samples
660(see details in the Supporting Information). Similar to what
661was noted previously for the perovskite unit cell parameters,
662the amplitude of the PDF of LaFe0.9Pd0.1O3 before and after
663the reaction with the basified solvent shows no change. This
664suggests that the leaching of Pd, Fe, and La induced by our
665experiment does not disrupt the bulk perovskite-type structure,
666and leads to the further conclusion that leaching, and the
667formation of new phases that arise from contact with the
668basified solvent at 353 K mainly affects the outermost layers of
669the material.

Figure 11. (a) HXRD pattern of LaFe0.9Pd0.1O3 after reaction in
flowing EtOH/H2O + K2CO3. (b) Comparison of the Rietveld
refinements including the Pd phase and without the region around the
Pd 111 reflection. (c) Close-up view of the low-Q range; dotted lines
indicate peaks belonging to the La2(CO3)2(OH)2 phase and a dashed
line points to the Pd 111 reflection. (d) PDF curves of LaFe0.9Pd0.1O3
before reaction (top) and after reaction (bottom) fitted in the range r
≤ 10 Å with the Pbnm orthorhombic model; black symbols are the
experimental data, red lines the calculated PDF, green lines the fit
residual; an asterisk indicates the position of the Pd−Pd first-neighbor
distance. (e) Full-range PDF curves of LaFe0.9Pd0.1O3 before reaction
(top) and after reaction (bottom).
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4. CONCLUSIONS

670 Using space and time-resolved QEXAFS applied within a plug
671 flow reactor we established that Pd within and upon LaFeO3

672 perovskite-based catalysts is not subject to reduction or
673 significant leaching during heating under a flow of aqueous
674 ethanol. However, when K2CO3 is added to this solvent
675 significant reduction and then leaching of Pd from the
676 perovskite occurs in the absence of any halogenated
677 components.
678 In LaFe0.9Pd0.1O3, the catalyst with the highest crystallinity
679 and the smallest orthorhombic distortion, ca. 60% of the Pd
680 present at the inlet of the catalyst bed can be stripped from the
681 support in the presence of K2CO3. By contrast, we observed a
682 greater resistance to reduction and leaching of Pd in the two
683 catalysts based on more nanosized and orthorhombically more
684 distorted perovskites.
685 If, however, Pd has been deposited upon rather than within
686 the LaFeO3 support, the addition of K2CO3 to the solvent flow
687 has no effect on either the Pd present or the structure of the
688 perovskite: the Pd adsorbed at the surface of the perovskite
689 appears to provide an irreducible barrier to the structural
690 degradation of the support by the combined actions of the
691 solvent and the base.
692 Concomitant with the reduction and leaching of Pd from
693 within the highly structured perovskite, the presence of the
694 base provokes structural changes of the outer regions of the
695 perovskite particles. Reduction and segregation of a fraction of
696 the FeIII present to FeII occurs alongside that of Pd in the
697 presence of the base and results in the deposition of
698 amorphous FeOx phases apparent as an amorphous crust
699 around the perovskite particles in STEM.
700 While the starting materials contain one single crystalline
701 phase, reaction with the basified solvent at 353 K results in the
702 facile transformation of LaFe0.9Pd0.1O3 into a segregated
703 system that has lost much of Pd to the solvent flow. After
704 the reaction, the sample contains significant amounts of
705 secondary phases of Pd0, La, and Fe deposited around the
706 perovskite particles. The bulk perovskite phase, however,
707 appears to remain structurally intact after the leaching of Pd.
708 These results suggest that predictions made about the
709 behavior of Perovskite-type materials based upon the notion of
710 the retention of an ideal starting structure and composition
711 may not be valid in such a working system, especially when
712 elevated pH must be experienced as a result of the applied
713 process conditions. Our approach also demonstrates how the
714 commonly applied batch approach to studying such systems
715 and catalysis can very effectively mask the real levels of Pd
716 leaching occurring in such systems.
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