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Abstract

We perform a combined electrochemical and strucural investigation to understand

the influence of tin oxide on the electrocatalytic activity of ceria in solid oxide fuel

cell anodes. We show that the co-presence of the two pure materials improves the

power output of fuel cells by up to a factor of 10 when compared to ceria alone. X-

ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) and high-resolution

transmission electron microscopy (HR-TEM) show that the increase in electrocatalytic

activity is due to core-shell nanoparticles comprised of a molten metallic tin core capped

by a nanometric film of amorphous tin oxide. These nanoparticles form spontaneously

upon reduction of an initially uniform tin dioxide film on cerium oxide, and are stable

at 873 K thanks to oxygen transfer from the ceria supporting particles. It is highlighted

how the SnOx amorphous shell acts both as a binding agent which stabilizes Sn0 against

segregation at 400 K above its melting temperature, as well as an electro-catalytically

active interface.
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Introduction

The sustainability and further development of modern life standards are tightly tied to the

availability of cheap electrical energy, energy that needs to be produced with an ever in-

creasing efficiency and an impact on the environment which must be reduced as much as

possible.1 Fuel cell systems satisfy these standards, being based on efficient modular systems

which can potentially be adapted to a wide range of operating conditions.2 Thanks to their

high efficiency and flexibility, solid oxide fuel cells (SOFCs) are among those with the high-

est potential considering the shift from fossil fuel based energy sources to renewable fuels

such as hydrogen and biogas. Despite considerable progress achieved in high temperature

(1073-1273 K) SOFCs, which has already led to the commercialization of functional devices,

fuel cell technologies have yet to see widespread adoption. One of the factors contributing to

the low market penetration of SOFCs is the high operational temperature currently needed

to achieve sufficently high conductivity and fuel conversion rates. This means that materials

stable at high-temperature are needed for fuel cell stacks. As a consequence the overall cost

of fuel cell technology increases significantly.

In order to be able to relax material requirements and make SOFCs more economically vi-

able, operating temperatures would ideally need to be decreased to 873 K or below. This

means that new ceramic materials with high conductivity and catalytic activity at inter-

mediate temperature are required. In this regard, cerium oxide has gathered considerable

attention. This interest stems from its high oxygen storage capacity3 and strong interac-

tion with many catalytically active metals which allows for a superior stabilization of metal

nanoparticles when compared to other supports.4,5 For CeO2-based fuel cells to become a

viable alternative, however, the catalytic activity and electronic conductivity of ceria need to

be further improved. To achieve this goal the influence of different variables on the catalytic

properties of cerium oxide has been described e.g. the nano-structure of ceria particles,6–9

the size of ceria particles,4 the presence of a catalyst inside ceria particles,10 the bonding of

a metal to defects on ceria11–13 as well as oxygen transfer from ceria to a nearby metal.14–17
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Despite the large amount of work already performed, questions still remain regarding the

role of ceria in the catalytic behavior of these metal-support systems.18

Among co-catalysts tin has not been fully investigated for application in fuel cells, despite

being a relatively cheap and abundant element with multiple redox states relatively close in

energy. Tin has already been successfully employed as a co-catalyst for hydrogenation reac-

tions,19–21 CO oxidation22–24 and a strong redox interaction with ceria has been reported in

the case of Ce-Sn mixed oxides,25–28 with a direct involvement of tin in the catalytic proper-

ties of such materials. Charge-transfer mediation by tin has also been observed in the case of

platinum-tin catalysts.29 In the field of solid oxide fuel cells, recent work has focused on tin

as an aid to reduce carbon deposition in anodes containing nickel with conflicting results30–32

and on molten tin anodes at high temperature for use in direct carbon fuel cells.33,34

In this work the redox interaction between pure tin oxide and pure ceria is studied in SOFC

anodes in dry hydrogen at intermediate temperature. It is shown, for the first time, that

tin oxide on ceria is reduced to form electro-catalytically active molten metal nanoparticles

capped by a thin amorphous oxide shell. These nanoparticles increase the SOFC power out-

put by a factor of 10 when compared to cells infiltrated with ceria alone. It is highlighted

how the amorphous oxidic shell likely plays a prominent role in the oxidation reaction, and

how the Sn@SnOx nanostructures and their spontaneous formation could be used as a model

for the development of new nano-catalysts comprising an amorphous metal oxide triple phase

boundary.

Results and Discussion

Morphological Characterization of Cells

The compositions studied are presented in Table 1, and include anodes infiltrated with ceria

(cell A), tin (cell B), and both elements with the ceria:tin molar ratios of 3 (cell C) and 1.5

(cell D). The electrolyte is dense and 380 µm thick, while the SDC anode and the cathode
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Table 1: Amount of ceria and tin oxide infiltrated in the cells used in the experiments. The
same ratios were maintained for the tests on powders.

Ceria (Weight %) Tin (Weight %) Ce:Sn (molar ratio)
cell A 20 0 -
cell B 0 12 -
cell C 20 6 3
cell D 20 12 1.5

have a thickness of 150 µm and 20 µm respectively. Porosity measured via Archimede’s

technique for the anodes is ca. 40%, which is low when compared to other examples present

in the literature.35,36 Trying to increase the porosity by changing the pore former/SDC

ratio resulted in poor adhesion of the anode to the electrolyte, which eventually led to

delamination. SEM images (see Supporting Information) also show that the porosity might

not be evenly distributed; the surface of the anode, in fact, has wide pore-less areas. Pore

size shows a considerable variance, as can be seen in cross section images. These faults are

attributable to limitations in the pressing procedure. All these factors are an a priori limiting

factor for the absolute performance of the cells.35 It must be noted that these problems were

systematic and affected all cells in equal measure.

Electrochemical Testing

Electrochemical tests were conducted at 873 K with pure dry hydrogen fluxed at 50 mlmin−1

over the anode, while the cathode was exposed to ambient air. The impedance of the

cathode was negligigle in all experiments. This fact can be attributed to the relatively

large impedance generated by the anode, which overwhelms cathodic contributions. The

impedance spectra in Figure 1 show how cells infiltrated with tin alone (cell B) generate a

polarization resistance significantly lower with respect to ceria alone (cell A). The effect is

likely due to an increase in electronic conductivity: given the high temperature and reducing

environment, tin oxide is likely reduced to Sn0. This observation was confirmed with a post-

mortem analysis of the cells. Visual examination of cell B after testing revealed a grey spot
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at the center of the anode (see SI); this showed that tin oxides had been reduced to metallic

tin which, in turn, had coalesced and segregated to the surface of the anode. This behavior

is not surprising in light of the strongly reducing environment and the low melting point of

tin.

It is significant, on the other hand, that when ceria is present such degradation is not

Figure 1: Nyquist plots in dry hydrogen at 873 K for (�) cell A, (×) cell B, (∆) cell C and
(◦) cell D.

observed. The lowest impedance, in fact, is reached for cells containing both ceria and tin.

Cell D generated the lowest polarization resistance and a well defined EIS spectrum with

two clear semicircles. A lower amout of tin (cell E) gave rise to a more complex impedance

spectrum with a higher number of RC elements and a higher overall impedance. Increasing

the tin content above a Ce:Sn ratio of 1 did not improve performance further. These results

are in line with a situation in which a Ce:Sn ratio closer to 1 would maximize the area of

ceria-tin boundary regions, that is the triple phase boundary (TPB). If considerably less tin is

present, it is likely that a higher degree of heterogeneity is present in the anode, which likely

comprises areas with ceria-tin interaction and areas where ceria is present alone. The co-

presence of ceria and tin also causes a decrease in the low frequency (< 10 Hz) contribution.

A lower low frequency impedance could mean that either the charge transfer, oxygen transfer
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Figure 2: V-J and power curves in dry hydrogen at 873 K of (�) cell A, (∆) cell C, (◦) cell
D.

or the hydrogen adsorption are improved.37 In either case, a contribution to the increase in

cell performance is due to tin participating in the oxidation reaction.

The lower impedance registered when tin is added in an anode infiltrated with ceria naturally

translates in an increase in the current and power output of the fuel cell (Figure 2). The

improvement is of a factor of 10 for a Ce:Sn ratio close to 1 (cell D), which reaches a maximum

of 120 mWcm−2, and of a factor of approximately 4 for cell C when compared to cell A. The

current drawn from cell B, due to the previously mentioned segregation, is extremely low

and unstable with a maximum power under 20 mWcm−2 (not shown).

An analysis of the open circuit voltage (OCV) values also support an active role of tin in the

oxidation of hydrogen. The OCV increases from 0.8 V for cell A to 0.92 V for cell D, while

for tin alone (cell B) the OCV is considerably lower at 0.76 V. For all cells, the OCV is lower

than the theoretical value. This can be attributed to an interplay of gas transport limitations

caused by the low and imperfect porosity of the anode38 as well as to its high thickness and

to losses deriving from leakage currents through the SDC electrolyte;39 these factors affect

all cells in equal measure. The fact that the presence of tin and ceria together increases

the OCV with respect to the separate materials is attributable to reduced activation losses:

these include improved mixed ionic and electronic conduction, as well as lower barrier for
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the oxidation reaction.

Structural Analysis

To explain the increase in perfomance registered when ceria and tin are both present in SOFC

anodes, as well as the stabilization of tin against segregation, scanning electron microscopy

(SEM) and energy dispersive x-ray measurements (EDX) experiments were performed on

fuel cells after testing in hydrogen (Figure 3). SEM images show that ceria is present in the

anode in the form of 200-300 nm nanoparticles. Table 2 reports the local atomic percentages

Figure 3: SEM image of cell D showing 200-300 nm nanoparticles on the SDC anodic scaffold.
EDX spectra taken (A) on particles and (B) away from particles on the SDC scaffold away
from the particles with elemental analysis of Ce, Sm, O, Sn, Au are also presented. Au is
present as a consequence of the metalization of the sample.

obtained from EDX microanalysis, which indicate that these particles are composed of both

tin and ceria with a negligible presence of samaria, confirming that they are a result of the

infiltration of ceria rather than part of the SDC scaffold. Negligible amounts of tin were
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detected in the regions between the particles where only the signals of ceria and samaria

in a roughly 1:4 ratio were registered. This indicates that tin is localized on the infiltrated

ceria and does not cover the SDC scaffold, highlighting a strong metal support interaction

between the two materials which allows for the stabilization of tin in reducing conditions. In

cell B, on the other hand, a comparable amount of tin was found in different regions of the

anode, consistently with the segregation observed with the naked eye (see SI). The nature

Table 2: Atomic percentages obtained from EDX spectra on cell D and cell B. Data were
recorded both on particles and on feature-less regions on the SDC scaffold. SEM images and
EDX spectra are available in the Supporting Information.

Atomic %
Element On particles On scaffold

Cell D

O 74.3 67.2
Sn 13.7 0.8
Ce 8.7 23.4
Sm 1.4 5.1

Cell B

O 62.3 63.5
Sn 1.8 3.6
Ce 18.0 24.2
Sm 4.0 5.5

of the interaction responsible for the stabilization of tin on ceria was investigated by high

resolution transmission electron microscopy performed on ceria powders impregnated with

tin oxide. The powders were investigated as prepared and after treatement in dry hydrogen

at 873 K to simulate the conditions present in the SOFC anode.

HR-TEM images in Figure 4 show that, for powders not exposed to hydrogen, tin is mostly

present as tin oxide nanoparticles covering ceria particles. Spots at 3.1 and 2.7 Å in the FT

image are ascribed to (111) and (200) crystallographic planes of CeO2, respectively. The

spots at 3.3 Å correspond to the (110) crystallographic planes of SnO2. CeO2 crystallites

measure ca. 10-15 nm and SnO2 crystallites measuring about 5-10 nm.

After reduction in pure hydrogen for 6 hours, on the other hand, the material consists of

crystallites of about 10-15 nm in size. These crystallites are mainly CeO2 and metallic

Sn, but there are also SnOx crystallites. In the inset in Figure 4.B, the Fourier Transform
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Figure 4: TEM images of a ceria powder infiltrated with tin oxide (A,B) before and (C,D)
after exposure to H2 at 873 K for 6 hours.

(FT) image shows the pattern of CeO2 oriented along the (110) crystallographic direction

(spots at 3.1 and 2.8 Å corresponding to (111) and (200) planes, respectively) and spots at

2.4 Å that are ascribed to (002) crystallographic planes of SnO. Over all the Sn and SnO

crystallites there is a thin layer of amorphous tin oxide of about 3-4 nm thick. Most of the

ceria crystallites are not covered by this amorphous layer, suggesting that its occurrence is
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related to tin. Therefore, after strong reduction (6 hours) tin is not completely reduced as

a few crystallites of SnOx are present and, more importantly, there is an amorphous layer

of tin oxide covering the metallic Sn nano-crystals. The fact that SEM images of fuel cell

anodes after testing show that tin is localized on ceria particles suggests that this structure

is also present during SOFC operation.

To futher confirm that the tin oxide shell was a result of the metal-support interaction the

Figure 5: Sn 3d XPS spectra. From bottom to top spectra were recorded on (1) as prepared
SDC pellets infiltrated with ceria and tin oxide, (2) after reductive treatment at 873K in 5%
H2 in Ar and (2) after a second reductive treatment at 873K in pure H2 .

reduction process was also followed by x-ray photoelectron spectroscopy (XPS). Oxidized

samples were exposed to hydrogen and analyzed by XPS without ever being exposed to

air. Figure 5 shows the evolution of tin 3d peaks before and after reduction in hydrogen.

After treatment in 5% hydrogen the peaks in the Sn 3d XPS spectrum of the as-prepared

sample become two doublets with the formation of a shoulder at lower binding energy. After

further treatment in pure hydrogen the shoulders grow to two absorption peaks at energies

characteristic of metallic tin. For both doublets, the contributions related to tin oxide shift

to lower binding energies, indicating a reduction of SnO2 to lower valent tin oxides.40,41 The
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results are in line with those obtained with HR-TEM.

The reduction process on ceria powders impregnated with tin oxide was also followed in-

situ at 873 K with x-ray diffraction (XRD) in a hot chamber (Figure 6). It can be seen

Figure 6: (A) XRD spectra of ceria-tin oxide powders before (spectrum 1) and after (spec-
trum 2) treatment at 873 K with hydrogen for 3 hours. Dots mark diffraction peaks of
metallic tin, triangles those of tin oxide. (B) XRD spectra of reduced ceria-tin powders at
different temperatures above and below the melting point of metallic tin. Dots mark the
diffraction peaks of metallic tin.

how the diffraction peaks related to SnO2 slowly disappear after successive exposures to

hydrogen at 873 K. After the temperature is lowered to room temperature the diffraction

peaks of metallic tin appear in the spectrum. The peaks pertaining to metallic tin then

disappear when the temperature is raised above the melting point of Sn0 and reappear when

the temperature is lowered again; this process is reversible over multiple cycles, showing

that tin nanoparticles are composed of molten Sn0 in operating conditions at intermediate

temperature. The thin oxide shell covering tin nanoparticles was not visible in the spectra,

despite being clearly detected by both XPS and HR-TEM. This is explained by the tin oxide

film being amorphous, as indicated by the HR-TEM analysis.

Discussion

HR-TEM and XPS data indicate that an initially uniform oxide film is reduced and sponta-

neously re-organizes to form core-shell like Sn@SnOx nanoparticles. A mechanism to explain
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this transition is proposed in Figure 7: XRD and XPS spectra show that tin oxide is gradually

reduced to metal upon exposure to hydrogen (steps 1 and 2); as metallic tin begins to form,

it melts due to the temperature being considerably higher than melting point of the metal.

The molten metal then naturally starts to coalesce into droplets (step 3); the presence of the

ceria support, however, allows for a continuous transfer of oxygen atoms from the substrate

to the molten metal. The oxygen transfer slows down the reduction process, allowing for the

formation of nanometric molten tin droplets, which are stabilized in a dynamic equilibrium

in which tin oxide formation is counterbalanced by the reduction by hydrogen. Previous lit-

Figure 7: Proposed mechanism for the formation and stabilization of molten Sn@SnOx

nanoparticles. (1) Homogeneous tin(IV) oxide film. (2) Reduction to tin(II) oxide and
further reduction to a tin suboxide. (3) Further reduction, formation of molten metallic
tin and coalenscence of the molten metal. (4) Oxygen transfer from ceria and surface re-
oxidation of the molten tin nanoparticles.

erature suggests that, in the case of Ce-Sn mixed oxides, a partial reduction of ceria due to

the formation of interfacial Sn+ species is responsible for an increase in catalytic activity.25

In the present case HR-TEM data clearly show that a non-stoichiometric amorphous oxide

of tin is present at the triple phase boundary. Even without invoking Sn+ species, such a
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suboxide would be able to lower the surface-oxygen bond strength with respect to both ceria

and crystalline tin oxide. Consequently, the energy barrier for oxygen exchange, which has

been described as a bottleneck for the catalytic activity of ceria,42 would also be lowered,43

explaining the increase in electro-catalytic activity registered in fuel cells.

Given that the stability of the nanoparticles depends on the ability of ceria to transfer

oxygen to the interface, a question could arise as to whether the system could reach its

demise once the oxygen stored in ceria has been exhausted. In fuel cells a constant supply

of oxygen atoms from the cathode is assured, but in catalytic conditions the oxygen storage

capacity of the support could set a time limit to the life of the Sn@SnOx nanostrutures.

Preliminary data obtained via XPS, however, show that exposing ceria-tin samples previ-

ously reduced in dry hydrogen to humidified hydrogen generates a significant increase in

the intensity of oxidized tin species in Sn 3d spectra (Figure 8). This difference can be

ascribed to a thickening of the oxide layer covering Sn0 nanoparticles after treatment with

humid H2. Given the shift towards higher binding energy of the peaks corresponding to

oxidized tin, it can also be stated that such thickening might involve Sn+ → Sn(II) and/or

Sn(II) → Sn(IV ) processes. In a fuel cell anode, where water is generated by the oxi-

dation of hydrogen, this process could contribute to the long term stabilization of the tin

oxide shell. At the same time, these preliminary data could mean that a stabilization of the

core-shell structures in catalytic conditions could not be out of the question. Overall, the

data in out possession highlight the importance of the triple phase boundary in promoting

the formation of catalytically active phases. At the TPB, in fact, the redox interaction

between an oxygen-donating support like ceria and a metal can promote the formation of

sub-stoichiometric amorphous oxides which can greatly enhance the catalytic properties with

respect to both the metal and the support.44 In this context, augmenting the area of the TPB

by appropriately tailoring the size and shape of ceria particles together with the size of the

supported metal nanostructures could then allow to maximize (electro-)catalytic activity45

by extending the area of such amorphous oxides; experimental evidence, in fact, suggests
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Figure 8: Sn 3d XP spectra. Spectra were recorded on as prepared SDC pellets infiltrated
with ceria and tin oxide (A) after reductive treatment at 873 K in pure H2 and (B) after a
second reductive treatment at 873K in H2 with 3% water.

that rather than focusing either on the action of the support or of the metal nanostructures,

the attention should be directed to promoting their redox interaction in order to create more

reactive sub-stoichiometric metal-support junctions. The Sn@SnOx structures described in

this work could then serve as a new paradigm for the development of new metal-support

systems in which both the metal and the metal oxide support contribute to the formation

and stabilization of an amorphous low valent M-Ox reactive interface. With the appropriate

metal-support combination, reductive treatment of a metal oxide thin film at and above the

melting point of the corresponding metal could prove to be an interesting new synthetic

route for the creation of new metal nanostructures and reactive triple phase boundaries.

Conclusions

Samaria-doped ceria anodes infiltrated with ceria and tin oxide were tested at intermediate

temperature with dry hydrogen as the fuel. It was found that the presence of tin in ceria

infiltrated SOFC anodes enhances the cataytic properties of ceria towards the oxidation
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of hydrogen at 873 K, causing a 10-fold increase in power output. XRD analysis of ceria

powders impregnated with tin oxide show that, upon exposure to hydrogen at 873 K, SnO2 is

reduced to molten metallic tin. XPS and HR-TEM experiments revealed that the molten tin

is stabilized at temperatures as high as 873 K as core-shell nanostructures on ceria particles.

The stabilization is possible thanks to the spontaneous formation of a nanometric amorphous

layer of oxidized tin encapsulating molten Sn0 nanoparticles. This allows metallic tin to

stick to the ceria grains, thus avoiding further coalescence, without the formation of mixed

oxides. Furthermore, the SnOx shell is likely responsible for the improved electrocatalytic

activity registered thanks to a weakened surface-oxygen bond with respect to both ceria and

crystalline tin oxide. These findings highlight the importance of a cooperative meta-support

interaction in creating superior reactive interfaces and suggest a new possible synthetic route

to favor the self-assembly of such interfaces.

Methods

Materials

Button fuel cells 12 mm in diameter were prepared by uniaxially pressing 600 mg of com-

mercial samaria-doped ceria (SDC, Nextech FuelCell Materials) for the electrolyte and 150

mg of samaria-doped ceria mixed with 30% w/w commercial starch (Mantovani) as the pore

former for the anode. The semi-cell obtained was sintered in air at 1673 K for 3 hours with a

heating rate of 2 Kmin−1 and cooled at a rate of 5 Kmin−1. A 50% LSCF/50% GDC cathode

(Nextech FuelCell Materials) was applied by painting with 5% w/w vulcan carbon as the

pore former, sintered at 1473 K for 3 hours with a heating rate of 2 Kmin−1 and cooled at 5

Kmin−1. The anode was then infiltrated with a solution of Ce(NO3)3 (Treibacher Industrie

AG) and SnCl2 (Carlo Erba) to obtain anodes loaded with ceria or tin respectively. For

anodes containing both components, ceria was infiltrated and calcined at 873 K before ad-

dition of tin. A gold contact was applied on the anode with gold paste, while a silver mesh
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was applied on the cathode with silver paste.

For HR-TEM and XRD experiments, CeO2 was prepared by precipitation from commercial

cerium(III) nitrate (Treibacher AG). Surface area measured by BET was 25 m2g−1. Ceria

was than impregnated with a saturated stannous chloride (Carlo Erba) ethanol solution (12

% by weight) and calcinated at 1073 K for 3 hours with a heating rate of 10 Kmin−1.

XPS experiments were performed on ceria and tin dispersed in samaria-doped ceria (SDC)

pellets. This choice stems from experimental constraints related to the geometry of the XPS

gas treatment chamber: a porous supporting matrix, in fact, allowed for a more uniform

exposure to hydrogen. The SDC scaffolds were prepared from commercial Ce0.8Sm0.2O2

powders (FuelCell Materials) mixed with commercial starch (Mantovani) as a pore former.

Pellets were then prepared by applying a uniform pressure at 500kg for 1 minute and fired

at 1673 K for 3 hours. The porosity of the pellets measured by Archimede’s technique was

40%. 20 mg of CeO2 were infiltrated in the pellets starting from an acqueous 1.5 M solution

of cerium(III) nitrate (Treibacher AG). 5 successive infiltrations were required, each followed

by calcination at 873 K for 1 hour with a heating rate of 20 Kmin−1. 12 mg of tin oxide were

then infiltrated in the pellets by way of a saturated stannous chloride (Carlo Erba) ethanol

solution. Each of the 6 infiltrations needed was followed by calcination at 673 K for 1 hour

with a heating rate of 20 Kmin−1. Finally the pellet was calcinated at 1073 K for 3 hours

with a heating rate of 10 Kmin−1.

Characterization

All electrochemical experiments were run with an AMEL 7050 potentiostat and an AMEL

7200 frequency response analyzer. Electrochemical impedance (EIS) measurements were

conducted in the frequency range 1 MHz-100 mHz with a signal amplitude of 30 mV at

open circuit voltage. Impedance spectra were analyzed with the Elchemea Analytical 1.3

and ZView software packages. Testing was performed in dry hydrogen at 50 mlmin−1.
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Scanning electron microscopy (SEM) images were recorded using an EVO40 microscope

operating at an emission voltage of 20 KeV.

High resolution transmission electron microscopy studies were performed with a JEOL JEM

2010F electron microscope equiped with a field emission gun working at an accelerating

voltage of 200 kV.

In-situ x-ray photoelectron spectroscopy (XPS) spectra were collected with a SPECS system

equipped with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD -9

detector. Spectra were redorded with pass energy of 25 eV at 0.1 eV steps at a pressure

below 5× 10−12 bar. Binding energies were referred to the adventitious C 1s signal at 285.3

eV.

XRD spectra were recorded using a Philips X’Pert diffractometer equipped with a real time

multiple strip detector operated at 40 KV and 40 mA using nickel-filtered Cu Kα radiation

and an Anton Paar hot chamber. The temperature was increased from 298 K at a heating

rate of 10 Kmin−1 stopping at 423 K and 523 K and then lowered back to 298 K. Two XRD

spectra were recorded at every isothermal step. Spectra were collected using a step size of

0.02◦ and a counting time of 40 s per angular abscissa in the range 20-60◦. The Philips

X’Pert HighScore software was used for phase identification.
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