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HIGHLIGHTS
Controlled synthesis of supported intermetallic In-Pd compounds.
High selectivity of In-Pd compounds in the steam reforming of methanol.

Long-term measurements preeveprove the stability of In-Pd/In,O3 in MSR.
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ABSTRACT

DTA/TG/MS measurements were used to investigate the temperature-dependent and successive
phase formation of different intermetallic In-Pd compounds by controlled reduction of
PdO/In,03 with hydrogen. Reduction procedures were developed to obtain supported
intermetallic InPd and In3Pd; particles by reactive metal-support interaction (RMSI) without
detectable amounts of other compounds. In;Pd; could only be obtained in admixture with

elemental indium due to the direct reduction of the In,O3 support at temperatures above 350 °C.

All materials exhibit catalytic activity for methanol steam reforming and exhibit high CO,
selectivities up to 98%. Long-term measurements proved the superior stability of the In-Pd/In,0O;
materials in comparison to Cu-based systems over 100 hours time on stream with high

selectivity.

1 Introduction

The depletion of fossil energy carriers as well as the increasing demand of energy worldwide led
to an intensification in the research for alternative energy sources. Renewable energies and
secondary energy carriers like hydrogen have gained much attention in the recent years

especially with the advances of fuel cell technology.'”

Hydrogen is today mainly produced by reforming of hydrocarbons.®® Another possibility

intensively studied momentarily is the development of better electrodes for electrochemical
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water splitting.”'® Hydrogen itself has a relatively low volumetric energy density (0.0107
MI/L'). Therefore it has to be compressed or liquefied to improve the transportation efficiency.
Besides the physical storage of hydrogen the chemical storage in form of metal hydrides or small
chemical compounds, e.g. methanol, is likely to be of great importance and is studied broadly."
Up to now, the storage capacity in metal hydrides is too low and lacks materials exhibiting easy
and fast hydrogen charging and discharging.”* Compared to gasoline (34.2 MJ/L'"), methanol
has a relatively high energy density per volume (16 MJ/L") and is a liquid, easing handling and
transport. The often discussed drawback of the toxicity of methanol relativizes comparing the
LD50,a values of methanol (rat ~ 5600 mg/kg'*) and gasoline (rat ~ 15000 mg/kg'”) and
considering the carcinogenic effects of the latter. This makes methanol a promising hydrogen

storage candidate with high potential in a future hydrogen-based energy infrastructure.

Methanol steam reforming (MSR) is a smart method to release the chemically stored hydrogen
from methanol and water mixtures.'® Thereby methanol is reacting with one water molecule

forming three molecules of hydrogen and the byproduct CO, according to reaction equation 1.
CH;0H + H,O — 3 H, + CO, eq. (1)
CH;0H — 2 H, + CO eq. (2)

Besides this preferred reaction, decomposition of methanol can take place (equation 2) leading to
a lower hydrogen content in the product stream and, more important, to the formation of CO. To
ensure most efficient use of hydrogen in PEM fuel cells, the CO concentration has to be lower
117

than 10-30 ppm since higher contents lead to strong deactivation of the PEM fuel cel

Therefore a high selectivity towards steam reforming instead of methanol decomposition has to
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be ensured. To complicate things, both reaction pathways are linked by the water gas shift

reaction (equation 3).
CO+H;0 - CO, +H, €q. (3)

Cu/ZnO/Al,05 catalysts can be applied to methanol steam reforming, showing high activity and
selectivity.'® The major drawback of these catalysts is a high deactivation rate, especially at
temperatures above 300 °C due to sintering of the copper particles.'® Materials circumventing
deactivation were found by Iwasa et al. who investigated several noble metal-based catalytic

systems with easily reducible oxides as support.'**!

After reduction at elevated temperatures
intermetallic compounds like ZnPd (from Pd/ZnO) or InPd (from Pd/In,03) are formed by
reactive metal-support interaction (RMSI*) reaction of palladium with the reduced metal atoms
from the oxide. Since then several studies have been published on In-Pd-based catalysts and their
physical and catalytic properties.”’ The presence of intermetallic compounds improved the
CO;-selectivity of the catalysts to above 95%. These materials are also much more resistant
against sintering, showing higher stability at temperatures above 300 °C compared to Cu-based
systems.'®?*#? Up to now most effort has been put into investigating the roles of the different

phases in ZnPd/ZnO catalysts,**>*

revealing an interplay between ZnO and ZnPd being
responsible for the observed excellent selectivity — and not the sheer presence of the intermetallic
compound ZnPd.** At 300 °C pre-reduced Pd/In,O3 samples showed up to 95.5% selectivity for
MSR.?*** Men et al. prepared In-Pd/AL,O5 samples with various In-Pd ratios. They found that
the CO;-selectivity is increasing with higher In/Pd ratios. After catalytic testing up to 450 °C the
supported samples contained InPd.** Lorenz et al. obtained different In-Pd intermetallic

compounds during stepwise reduction of Pd/In,Os exhibiting high selectivities for MSR. At

reaction temperatures above 400 °C the intermetallic compounds were encapsulated with an
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In,O; shell reducing the accessible surface.”> Rameshan et al. investigated near-surface
intermetallic In-Pd phases (NSIPs*®) in MSR by near-ambient pressure XPS (NAP-XPS)
measurements. They supposed the interplay between the oxide and the intermetallic compound
also to play a crucial rule on the selectivity in methanol steam reforming on In-Pd materials.*®
Although there are several publications on In-Pd/In,O3 materials, there is no detailed
investigation available dealing with the successive formation of In-Pd intermetallic compounds.
Therefore the aim of this work is to close this gap by investigating the processes occurring
during reduction of PdO/In,O5 by in situ DTA/TG/MS measurements, NAP-XPS as well as
powder X-ray diffraction (XRD) to identify crystalline phases. In addition, this study gives
detailed insight into the catalytic activity and selectivity in the steam reforming of methanol of

the respective intermetallic compounds supported on In,Os.

2 Experimental
2.1 Catalyst preparation

10 wt% Pd/In,O5 was prepared by wet impregnation using Pd(NO3),-2 H,O (Sigma Aldrich,
~40% Pd) on In,O3 (Chempur, >99.99%) according to procedures described in the literature.”
For a typical impregnation 3.5 g In,O3 were suspended in a solution of 1.042 g Pd(NOs),-2 H,O
in 20 mL deionized water with 2-3 drops of concentrated nitric acid (Sigma-Aldrich, >65%).
Subsequently, 200 mL of deionized water were added and the resulting mixture was stirred for
30 minutes prior to the removal of the water in vacuum at 70 °C. The impregnated sample was
calcined at 400 °C for three hours in synthetic air (Air Liquide, 20.5% O, in N3). A 10 wt%

Pd/Si10, sample (Si0,: Wacker, HDK-N20) was prepared using the same procedure.
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For comparison a conventional Cu/ZnO/Al,O; catalyst with a molar composition of the metal
oxides of 67.5/22.5/10 was prepared by co-precipitation from the respective nitrates according to
literature.’” 20.667 g Cu(NO3),-3 H,0 (Merck, 99.5%), 23.522 g Zn(NO3),-4 H,O (Merck,
98.5%) and 26.079 g AI(NO3)3-9 H,O (Griissing, 98%) were dissolved in 500 mL of a 1:1
ethanol-water mixture (v/v) (ethanol: Roth, 99.8%) and quickly added to a solution of 52.99 g
NayCOs (Griissing, 99.5%) in 500 mL 1:1 ethanol-water mixture (v/v). The resulting gel was
aged for 1.5 h at 40 °C. Subsequently the precipitate was filtered and washed several times with
deionized water. The product was dried at 90 °C for five hours prior to calcination in synthetic

air with a heating-rate of 3 K/min and holding for 12 hours at 400 °C.

2.2 Characterization

Chemical composition of the materials were obtained by ICP-OES (Vista RL, Varian). All
samples were dissolved in aqua regia and measured in triplicate. Oxygen content of the samples
was determined by carrier gas hot extraction (TCH 600, Leco). DTA/TG/MS measurements were
conducted in a Netzsch STA 448 F3 Jupiter® combined with a Pfeiffer Omnistar quadrupole
mass spectrometer on approximately 80 mg samples. The high resolution of 1 pug makes the TG
measurements a valuable method for the investigation of small mass changes in reactive
atmosphere and the rather high amount of sample results in a standard deviation of less than 0.01
wt%. For the DTA/TG/MS measurements the samples were heated with 5 K/min to 200 °C and
cooled down to room temperature again to desorb moisture and other volatile compounds prior to
the reductive treatment. Gas flows during the measurements (10 vol% hydrogen in helium for

reduction) with a total flow of 50 mL/min were provided by mass flow controllers (Bronkhorst).
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All DTA/TG/MS measurements are corrected by blank measurements to account for any non-
sample effects. Low temperature-programmed reduction (TPR) was measured in the range of -80
°C up to 550 °C with a Thermo TPDRO 1100 in 10 vol% hydrogen in argon (total flow 20
mL/min). Prior to reduction, samples were pretreated in 5 vol% oxygen in helium (total flow 20
mL/min) heating with 5 K/min and holding 1 hour at 400 °C. All samples were characterized by
powder X-ray diffraction (XRD) with a Huber G670 (Guinier geometry, Cu Ko, radiation A =
1.54060 A, quartz monochromator, image plate detector) to identify crystalline phases during
reduction and catalytic measurements. XRD patterns were fitted using the program PowderCell

to estimate the content of the phases and their crystallite size.*®
2.3 Near-ambient pressure XPS measurements

NAP-XPS measurements of supported PdO/In,O3 were recorded at the ISISS-PGM beamline at
BESSY II (Helmholtz Zentrum Berlin fiir Materialien und Energie GmbH) to give detailed
insight into the formation of intermetallic In-Pd species during reduction and under MSR
conditions. The experimental setup is described in literature.” For the NAP-XPS measurements,
samples were prepared as thin discs (with a diameter of 8 mm) using 1 g PdO/In,O3 pressed with
1.5 tons in air. Samples were first measured as prepared under UHV conditions before being
reduced in 0.5 mbar H, up to 390 °C. Methanol steam reforming conditions were subsequently
applied (total pressure of 0.2 mbar, water-to-methanol ratio 2:1) while heating the samples up to
360 °C. In3d, In4d, Pd3d, Pd3p, Ols and Cls spectra were recorded with three different
information depths by varying the photon energy of the incoming beam. The resulting kinetic
energies of 232, 532 and 832 eV reveal in information depths of approximately 1.9, 3.2 and 4.4
nm, respectively.*® All spectra were energy corrected using the carbon Cls signal at 284.8 eV."!

The XP spectra were processed in the software CasaXPS and a Shirley background was
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substracted.** Because of the strong overlap of the intermetallic and oxidic indium signals it
was not possible to deconvolute the different indium species from the In3d or the In4d signal.
The ratio of In/Pdiotar Was calculated considering the peak areas of the respective 3d signals,
the photon flux, the ring current and the cross section of the respective elemental species.** To
obtain the oxygen content the Ols signal at 532 eV was used. The Pd3ps/, contribution in the
energy range of the of the Ols signal was determined from the Pd3p,,, signal applying a fixed
area ratio of 1:2 and a spin-orbit coupling of 27.8 eV. The corrected oxygen Ols signal was

fitted by a symmetric Gaussian/Lorentzian (70:30) peak.

2.4 Catalytic testing

Catalytic tests were conducted in a fixed-bed flow reactor between 260 °C and 350 °C. For
comparison a Cu/ZnO/Al,0O3 and a 10 wt% Pd/SiO, catalyst were tested under identical
conditions. The respective In-Pd intermetallic compounds were formed by in situ pre-reduction
of the PdO/In,0; inside the fixed-bed flow reactor directly before the catalytic measurements.
The homogeneous reactant flow of premixed methanol and water with a molar ratio of 1:1 was
provided by a Bronkhorst p-Flow mass flow controller connected to an evaporator. To separate
the unconverted reactants from the product stream a Nafion® membrane (Perma Pure) was used.
During all catalytic measurements the membrane was flushed with 10 L/h nitrogen in counter
flow mode to dry the product stream. A HP-GC 5890 series Il equipped with a TCD and a GS-
Gaspro column (30 m * 0.32 um) was used to analyze the formed hydrogen in the product
stream. An FT-IR multigas detector DX2000 (Gasmet) measured the CO and CO; concentration

simultaneously down into the low ppm range. The rate of methanol conversion is calculated
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according to equation (4), while the CO,-selectivity is calculated according to equation (5),
which is justified by the fact that no by-products besides CO were detected. For comparison of
the selectivities the space time velocity was adjusted to achieve 30% methanol conversion for all
materials. Apparent activation energies were derived from Arrhenius plots. XRD measurements

of the samples after the catalytic test in MSR were performed ex situ in air.

k = mmol MeOH eq. (4)

mmol transition metal X s

cco
S —-300, — 2 eq. (5
C0,,X=30% cco,+cco q. (5)

3 Results and discussion

The idea of this work is to obtain different supported intermetallic compounds by controlled
reduction starting from the same material for a better comparison of the intrinsic properties.
Therefore, the first step was to synthesize an impregnated 10 wt% Pd on In,O3 sample. This
sample was the starting point for all following experiments. Through subsequent and stepwise
reduction it should be possible to obtain different intermetallic In-Pd compounds by reactive
metal-support interaction (RMSI [50]) starting from elemental palladium which is activating the
hydrogen to facilitate the reduction of the In,O3 support. The resulting elemental indium is
diffusing into the palladium which should first result in the formation of a palladium-rich alloy
according to the binary In-Pd phase diagram.*> With ongoing reduction of the In,O3, more
indium-rich intermetallic compounds like InPd,, In,Pd; and InPd should form. Loosing it’s
elemental character, the palladium in the formed intermetallic compounds is less prone to

activate the hydrogen needed for further reduction of the In,O3 support, e.g. due to the absence
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of hydride formation.*® To overcome this decreasing reduction potential, the temperature has to
be increased for further reduction of the support. The aim of this work was to establish different
reduction procedures which are suitable to lead to the formation of only one specific

intermetallic In-Pd compound without other metallic phases being present.

3.1 Synthesis, Characterization and Reduction of PdO/In,03

According to elemental analysis by ICP-OES, the calcined PdO/In,O3 sample contains 9.44(6)
wt% palladium, corresponding to a 9.57(6) wt% Pd/In,O3; material. XRD analysis of the as-
prepared sample only shows reflections of In,O3, meaning that the size of the PdO crystallites is

below the necessary coherence length for the diffraction experiment.

To investigate if the reduction steps are well resolved from each other, a first DTA/TG/MS
measurement up to 600 °C of PdO/In,O5 in 10% H,/He was conducted. The measurement
revealed several reduction steps as shown in Figure 1. From the point of the steepest slope of the
TG trace the optimum temperature for the highest formation rate of the respective compound
could be determined. At these temperatures also the m/z signal of 18 — assigned to water — is
showing its maxima. The corresponding DTA signals are too weak and could not be taken for
further explanations due to overlapping processes. The overall mass loss after the reductive
treatment of 16.5(1) wt% correlates well to the total oxygen content of the sample (16.6(2) wt%
determined by chemical analysis, expected 16.8 wt% for PdO and In,O3) implying that under
these harsh conditions the material — including the support — is fully reduced. From the slope of
the TG signal three optimized reduction procedures were developed accordingly to interrupt the

phase formation obtaining only the target intermetallic compound in a supported state. The

10
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optimized procedures were subsequently applied during DTA/TG/MS (Figure 2) and TPR

measurements (Figure 3). Phases formed during the reductive treatments were identified by XRD

after the experiments (Figure 4). The results of the DTA/TG/MS measurements are summarized

in Table 1.

Table 1: Summary of the expected and observed mass losses

reduction reaction expected | observed
procedure mass loss / | mass loss /
wt% wt%

25°C(RT) | 34PdO + 43 H; + 31n,0; = "In15Pd85" + 43 H,0 | 1.8 1.8(1)

300°C, 1h | 20 "In15Pd85" + 21 H, + 7 In,03 — 17 InPd + 1.7 1.7(1)
21H,0

390°C,1h | 4 InPd + 3 H,; + In,03 = 2 In3Pd, + 3 H,0 1.1 1.0(1)

550°C,3h | 6InzPd, + 15H, + 51In,0; —» 4 In,Pd; + 15 H,0 1.8 11401
In,03 +3H, - 2In+ 3 H,0 10.1 (max)

sum - 16.5 15.9(1)

600 °C, 5h | - 16.5(1)

DTA revealed that the first reduction step occurring directly after switching to reducing

atmosphere is highly exothermic (Figure 1). The low-temperature TPR measurement also

showed significant hydrogen consumption around ambient temperature. In agreement with the

mass loss of 1.8(1) wt% at 25 °C, this step is assigned to the reduction of PdO to palladium. For

this reaction a mass loss of only 1.4 wt% is calculated and the difference can be explained by a

simultaneous reduction of In,O3 by highly reducing palladium hydride leading directly to the

formation of a palladium rich alloy (In15Pd85). The observed mass loss is significantly lower

than one would expect for the formation of any intermetallic In-Pd compound. The TPR

11
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measurements exhibit a negative signal indicating hydrogen release directly after the first
reduction step between 50 °C and 150 °C. It is known from literature that palladium is prone to
hydride formation at ambient temperature.*”*® The decomposition of the hydride is observed in
the TPR measurement, however the according mass loss of 0.05 wt% is too low to be detected in
the TG measurement, as the hydride decomposition is overlapping with the second reduction step

which starts already around 100 °C.*

The first optimized reduction procedure with a heating rate of 2 K/min and holding for 1 hour at
300 °C was used to investigate this second reduction step in more detail. The mass loss of 1.7(1)
wt% in the second step during the optimized procedure correlates with the amount of oxygen,
which has to be removed to obtain indium in an equimolar amount to palladium present in the
sample. The calculated mass loss of 1.7 wt% perfectly fits the experimental result if one
considers a palladium rich alloy to be formed after the first reduction step. This leads to the
conclusion that InPd should be formed in the second reduction step, which was confirmed by

subsequent XRD measurements (Figure 4).

The TPR is showing the next reduction step as a broad reduction peak around 350 °C. This third
reduction step is characterized by a mass loss of 1.0(1) wt% during the reduction with a heating
rate of 5 K/min and 1 hour holding time at 390 °C. The amount of reduced In,O; indicates that
In3;Pd; should be formed from the InPd (myoss, cale = 1.1(1) wt%), which is confirmed by XRD
measurements of the reduced sample revealing only In;Pd, and In,Os. In the third optimized
reduction procedure the PdO/In,O; was heated with 5 K/min and held at 550 °C for 3 hours. The
mass loss of 11.4(1) wt%, thus the amount of reduced In,0s3, is significantly higher than expected
(1.8 wt%) from the formation of the indium-richest intermetallic compound In;Pds. In the TPR

measurement the signal is staying above the baseline after the reduction peak at 470 °C (Fig. 3).

12
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An additional TPR measurement of single-phase In,O3 revealed that the oxide is reduced to
elemental indium in absence of palladium above 350 °C. Since the formation of In;Pd; needs
higher temperatures this intermetallic compound can only be obtained in admixture with
elemental indium. XRD patterns of the sample after reduction prove this hypothesis (Figure 4).
Since thermodynamic data for the observed species involved in the reaction sequence for the
formation of the In-Pd intermetallic compounds are available (Tab. S1), the Gibbs energy of each

step starting from PdO/In, O3 can be calculated according to eq. 6.

_ 2) T 2) T C
AG = AH® + [ c,dT — T(AS + Z%K?”dT) eq. (6)

Interestingly, the results show that the most Pd-rich phase which should form under reaction
conditions (i.e. AG < 0) is the alloy In17Pd83 (see Supporting Information). For all other
reactions, leading to intermetallic compounds, the Gibbs energy stays positive at least up to
temperatures of 750 °C (Fig. S7). Thus the calculations indicate that additional species have to
be considered, most likely activated hydrogen on the surface of the intermetallic compounds.
The activation of the hydrogen and subsequent spill-over to the In,Os would most likely lead to

lower Gibbs energies, but can not be considered here due to the lack of data.

Due to the strong reduction only 4 wt% of the In,O3 support remain after reduction at 550 °C,
resulting in a diminished surface area of the support. As a result, easier sintering of the particles
is expected, which is in line with the increasing crystallite size of the intermetallic compounds

(Table 2).

Table 2: Phase analysis and crystallite size of the intermetallic compounds after reductive
treatment.

reductive treatment sample composition crystallite size

13
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20 °C — 300 °C, 2 K/min, 1 h hold InPd + In,O3 84 nm

20° C — 390 °C, 5 k/min, 1 h hold In3Pd; + InyO3 90 nm

20 °C — 550 °C, 5 K/min, 3 h hold InsPd; + In + Iny O3 104 nm

3.2 Catalytic testing

The specific activity obtained by the catalytic measurement in the fixed-bed flow reactor for all
tested materials is shown in Figure 5a. All materials had to be tested in MSR below the their
respective pre-reduction temperature to avoid the formation of additional intermetallic
compounds, i.e. the InPd/In,O3 sample could only be tested up to 300 °C. In the tested
temperature range all materials showed an increase in their respective methanol steam reforming
activity with increasing temperature. The intermetallic In-Pd compounds showed a decrease in

the specific mass activity with increasing indium content. InPd exhibits a specific activity of 0.22

mmol MeOH mmol MeOH

at 260 °C whereas In3Pd,/In,O3 shows 0.12 and In;Pd; only 0.04 activity
mmol Pd -h mmol Pd -h

under the same reaction conditions. The supported intermetallic In-Pd compounds showed lower

activity compared to the conventional Cu/ZnO/Al,O3; sample, which exhibited a high specific

mmol MeOH
mmol Cu-h

mmol MeOH

activity of 1.1
mmol Pd -h

(260 °C). The highest activity of 2.7 (260 °C) could be

achieved with the Pd/SiO, sample on which no intermetallic compound formation occurs at the

applied reaction conditions.*

A high selectivity is the most important benchmark for a good methanol steam reforming catalyst
since CO formation has to be avoided. For a reliable comparison, the CO,-selectivity is always
discussed at 30% methanol conversion (Figure 5b). All In-Pd/In,O3; samples show a very high

selectivity for methanol steam reforming. InPd/In,O5 exhibits 91% selectivity to CO; at 260 °C,

14



290  while In3Pd; and In;Pd; reach selectivities of up to 98% at 260 °C. With increasing temperature
291  the COs-selectivity is decreasing which can either be caused by reverse water gas shift tWGS)
292 or by methanol decomposition. All tested materials show CO,-selectivities above the

293 thermodynamic equlibrium (Figure 5b). Penner et al. showed that In,O; is not rWGS-active,”"!
294 leaving the metallic surfaces as source for the CO. The copper catalyst shows a steep decrease in
295  selectivity with temperature being caused by the rWGS activity of this material.’*>* The CO,-
296  selectivity is dropping from 96.3% at 260 °C to 81.7% at 350 °C. The selectivity of the

297  intermetallic In-Pd compounds is less affected by temperature, indicating a much lower rWGS
298  activity. Especially the selectivities of In3Pd; and In;Pd; + In only decrease by 6% in the

299  measured temperature range. In contrast to the other tested materials, Pd/SiO, shows nearly

300 complete selectivity for methanol decomposition (only 2-5 % CO; selectivity) in accordance to

301 literature.” Thus, the high selectivity of the supported In-Pd/In,O3 materials excludes the

302  presence of elemental Pd.

303  From the specific activity a formal conversion rate could be determined and plotted as In k
304  versus 1/T to obtain an Arrhenius plot (Figure S1). Table 3 summarizes the derived apparent

305  activation energies for the tested materials.

306  Table 3: Catalytic activity and selectivity at 260 °C and the derived apparent activation energies.

Sample activity selectivity Ea [kJ/mol]
mmol MeOH [%] measured literature
mmol Pd - h
Pd/SiO, 2.7 4.7 65(6) -
InPd/In,0; 0.22 91.0 58(5)
In3Pd,/In, 05 0.12 98.0 55(5) 61-64 -3¢
(In7Pd;+In)/In,O5 0.04 98.0 72(5)
In,0; - - - 98 '

307
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Rameshan et al.* found an apparent activation energy of ~61 kJ/mol for a near-surface
intermetallic In-Pd phase (NSIP) which is in good agreement with values determined for
supported InPd (58(5) kJ/mol) and InsPd, (55(5) kJ/mol). Lorenz et al.** also derived an apparent
activation energy of ~64 kJ/mol for InPd/In,Os, which is comparable to our results. When they
reduced their supported sample at temperatures above 300 °C they observed an In,O; layer
encapsulating the intermetallic compound. The higher apparent activation energy for In;Pd;+In
of 72(5) kJ/mol is likely caused by a similar effect. It can be assumed that the reduced indium is
at least partly covering the In;Pds particles influencing the catalytic properties of the
intermetallic compound. This indium layer can then be easily oxidized under methanol steam

reforming conditions as observed by XRD on the spent catalyst (see next section).

To show the potential of intermetallic In-Pd compounds as alternative to copper-based systems,
catalytic long-term measurements of InPd/In,O3; and Cu/ZnO/Al,03 over 100 hours time on
stream at 260 °C were conducted (Figure 6). The conversion over the copper catalyst is
decreasing exponentially with time on stream. In the beginning the Cu/ZnO/Al,O; catalyst
converted 60% of the methanol decreasing to 10% after 100 hours. Although the significant
decrease in the activity of the copper catalyst the selectivity for CO; stayed nearly constant at
97% over the whole measurement time. In contrast, the InPd/In,O3 sample is activating over time
so that in the beginning the sample had a methanol conversion of 40% which increased up to
50% after 100 hours time on stream. In addition, InPd/In,O3 showed a significant increase in the
selectivity for CO; from 87 to 93%. This observation implies that the sample changed during the
catalytic testing over the long period which was confirmed by a XRD measurement of the
sample after the long term measurement, revealing traces of In3Pd, besides InPd and In,O; (see

next section). The formation of In;Pd, seems to be kinetically hindered since it could not
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detected after the short term measurements of InPd/In,Os. It is known from ZnPd/ZnO that
during MSR ZnO islands are formed on the surface of the intermetallic ZnPd particles which
goes in hand with an increase of the activity and the selectivity of the supported material.>* A
subsequent reduction at elevated temperatures leads in this case to a decrease of the activity as
well as the selectivity for the steam reforming reaction. After an additional hour time on stream
the activity and selectivity are restored to the point prior the reduction.’ In the case of
ZnPd/ZnO interaction of the intermetallic ZnPd and the ZnO leads to an active and selective
catalyst for MSR. Based on the catalytic data presented here, these processes could also explain
the behavior of the InPd/In,O3 system. In contrast to the ZnPd/ZnO system, a XRD measurement
of the sample after the long term measurement revealed InPd and In,O3 as main phases, but also

traces of Ins;Pd,.

3.3 XRD after catalytic measurements

To investigate the stability during the steam reforming of methanol of the different In-Pd
intermetallic compounds, XRD measurements of the samples were conducted after catalytic

testing (Table 4).

Table 4: Sample composition (mol%) before and after catalytic measurements as determined by

XRD.

InPd/ Il’l203 In3Pd2 / In203 In7Pd3+In / In203

mol% prior after prior after prior after
catalysis | catalysis | catalysis | catalysis | catalysis | catalysis

In,03 89.4 86.0 81.7 84.0 15.8 78.9
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366

InPd 10.6 14.0 - 6.1 - -
In;Pd, - - 18.3 9.9 - 16.5
In;Pd; - - - - 48.7 3.6

In - - - - 354 1.0

From the XRD analysis the InPd/In,O3 sample is stable under MSR conditions. No traces of
other intermetallic compounds or decomposition products are found after the catalytic
measurement. Only the ratio of InPd:In,O; is changing during MSR. This is likely to be
attributed to the reduction of In,O; and therefore a relative increase of the amount of InPd. In
contrast, samples containing the indium richer compounds showed reflections of palladium-
richer intermetallic compounds after the catalytic measurements. This indicates the high

dynamics and adoptability of the intermetallic compounds to the applied atmosphere.

3.4 NAP XPS

Based on the results of the ex situ experiments, a reduction treatment up to 390 °C with 5 K/min
in 0.5 mbar H, atmosphere was applied to obtain supported In-Pd intermetallic compounds
starting from PdO/In,O;. The sample was in depth characterized by XPS before and after the
reduction procedure (which was also monitored by NAP XPS) as well as under MSR conditions
to investigate the changes occurring in the near-surface region in operando. The maximum
temperature during MSR conditions was chosen 30 K below the respective reduction temperature
to avoid formation of intermetallic compounds richer in indium. The results of the MS-

measurements under in operando conditions are shown in Ffigure S6. MSR activity of the
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supported materials was detected from 150 °C onwards increasing significantly with higher

reaction temperatures.

In the as-prepared state (PdO/In,O3) under UHV conditions, the Pd3d signal consists of two
different palladium species (Figure S2). According to literature, the Pd3ds,, signal at 337.3 eV is
ascribed to PdO and the shoulder of the signal at 335.8 eV indicates the presence of elemental
Pd.>*>> The small shift of the signals compared to literature is likely to be attributed to partial
charging of the sample during XPS measurement. Since the results of the ex situ investigations
are pointing towards a full oxidation of the palladium, the small amount of elemental palladium
might result from reduction by photoelectrons during the measurement. For the In3d signal only
one species was detected (Figure S3). The position of the In3ds), signal at 444.6 eV fits to the
position of oxidic indium.’® The indium-to-palladium ratio prior to reduction is approximately 2.
In the as-prepared state the valence band (Fig. S5) is dominated by a high intensity at 3.1 eV,
which can mainly be assigned to the Pd4d signal from PdO.”"® During reduction the maximum
of the valence band shifts towards higher binding energies (4.0 eV). This shift of the signal can
be assigned to the formation of intermetallic In-Pd compounds, which is in good agreement with
literature.”® During methanol steam reforming the valence band is dominated by In,O3, which
can be explained by a coverage of the intermetallic particles with oxidic indium.”*® The In-Pd
ratio of the near-surface region for the respective treatment is shown in Figure 7. In the as-
prepared state the In/Pd ratio is 2 for all measured information depths. During synthesis the
palladium is deposited on the surface of the In,O3 support. During reduction the relative amount
of indium is increasing leading to a In/Pd ratio of 4 (832 eV) up to 7 (232 eV). This increase can
be explained with the formation of intermetallic In-Pd compounds and the diffusion of palladium

into the bulk of the samples. During MSR conditions the relative In/Pd ratio is increasing
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drastically leading to a ratio of 60 (832 eV) up to 105 (232 eV). Under steam reforming
conditions the indium is segregating on the surface of the materials and forming oxidic species,
covering the intermetallic particles. Depth-dependent measurements reveal a decreasing relative
concentration of the carbon Cls signal with higher information depth indicating the presence of
carbon only on the surface, resulting from the hydrocarbon background in the chamber.
Furthermore there is no hint on any Cls species connected to subsurface carbon.®’ Since for all
measurements subsurface carbon could be excluded the carbon signal will not be discussed any

further.

Changes occurring to the Pd3ds/, signal during the reduction of the samples up to 390 °C were
recorded in situ with a kinetic energy of 532 eV corresponding to an information depth of 3.2 nm
(Figure 8). At room temperature PdO is readily reduced to elemental Pd which is seen by the
depletion of the Pd3ds), signal at 337.3 eV and increasing intensity of the signal at 335.3 eV.
Although the peak position is shifted to higher binding energies compared to bulk Pd the
asymmetric shape and the relative shift of the Pd3d signal proof this assignment. It is again quite
likely that the small shift is caused by partial charging of the sample. At approximately 150 °C —
after full reduction of PdO — the maximum of the Pd3ds, signal starts to shift during further
reduction to higher binding energies up to 336.5 eV. Above 300 °C no further shift of the Pd3ds,
signal is observed. The shift of the Pd signal can be explained by the formation of intermetallic
In-Pd compounds which agrees with earlier results.*® Furthermore, the signal intensity is reduced
significantly upon formation of the intermetallic compounds, which is related to the depleted Pd
concentration in the near-surface region due to the presence of indium in the intermetallic
compounds. Upon reduction up to 390 °C the palladium content in the near-surface region is

decreasing to 2-5 at% compared to ~10 at% in the as prepared state. The amount of oxygen
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within the near-surface region of the sample is not affected (not shown). In line with the
formation of intermetallic compounds, the concentration of indium in the near-surface region
increased during reduction. After the reduction, only intermetallic palladium could be observed
in the Pd3d spectra. Concerning the In3d spectra (Figure S3), the signal — representing a
combination of all different indium species — is shifted to lower binding energies and became
asymmetric during the reductive treatment. Since intermetallic indium exhibits a lower binding
energy compared to oxidic indium,’ the shift is also in accordance with the formation of In-Pd

intermetallic compounds.

Although during methanol steam reforming the total oxygen content in the near-surface region
remains constant up to the maximum temperature of 360 °C oxidic species are changing. Due to
the high influence of the support the different species can not be discriminated from each other,
which is the major drawback of the In-Pd/In,O3 material. The position of the Pd3ds, signal is not
shifted (Figure 9). This proves that no elemental Pd or PdO has formed under reactive
conditions. Only the intensity of the Pd signal decreased further compared to the reduced state,
while the In3d signal became more pronounced, indicating segregation of indium species to the
surface. Thus, during the operando measurement the surface becomes depleted in palladium. The
In3d peak shape becomes symmetric again and the peak position changed back to the position of
the as prepared state under MSR conditions. This indicates that a significant amount of the
reduced indium got oxidized during MSR conditions. The indium to palladium ratio increases up
to 100 during MSR, indicating that the intermetallic particles become nearly fully covered by

oxidic indium.

Results from earlier grazing incidence X-ray diffraction experiments on polycrystalline Ins;Pdag

under operando conditions show that near-surface In,O; gets easily reduced in hydrogen
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containing atmosphere.”? The formed indium diffuses into the bulk and reacts with intermetallic
In-Pd species forming indium-richer compounds. On the other hand, the surface of Ins,Pdag gets
oxidized when steam reforming conditions are applied to the materials. Using surface sensitive
X-ray diffraction experiments under grazing incident angle (GIXRD) the formation of In,O3 on
the surface of the unsupported intermetallic compound could be detected. The reactive
atmosphere is not affecting the bulk of the Ins,Pd4s sample. From the results obtained in this
work it can be concluded that the unsupported and the supported materials show a similar
behavior in hydrogen and under steam reforming conditions. A scheme summarizing the changes

of the supported materials during reduction and catalytic measurement is shown in Figure 10.
4 Conclusions

DTA/TG/MS is a very valuable combination of techniques to investigate the formation of
intermetallic compounds. This is especially of importance if supported materials are used like in
these investigations on PdO/In,Os. Through these measurements three separate procedures could
be quickly developed which led to supported single-phase InPd and In;Pd, as well as In;Pds in a
mixture with elemental In. NAP XPS measurements showed that PdO is reduced to elemental Pd
in hydrogen atmosphere already at room temperature, followed by the formation of intermetallic
compounds above 150 °C. XRD and XPS measurements proved that no elemental Pd is present
after the respective reduction procedure. Catalytic measurements in a fixed-bed flow reactor
further proved the potential of the supported intermetallic compounds for the hydrogen
production from methanol. All materials exhibit activity and a high selectivity for methanol
steam reforming. Especially In;Pd, and In;Pd; showed CO, selectivities above 98% at 30%
methanol conversion. Although these compounds seem to decompose into the respective

palladium-richer compounds and In,Os3, these materials are interesting as precursor materials of a
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high selective methanol steam reforming catalyst. Because of the easy reduction of In,O3, a
highly dynamic behavior of the supported materials could be observed. Besides the pretreatment,
the reaction conditions and the conversion have a crucial impact on the changes of the materials.
XPS investigations revealed that during methanol steam reforming the near-surface region of the
supported In-Pd/In,O; becomes enriched in indium, which is partially oxidized. Although these
materials are quite complex, long-term measurements with up to 100 hours time on stream
proved the feasibility of InPd/In,Os3 as alternative to the common Cu/ZnO/Al,O; catalyst. The
supported intermetallic InPd compound exhibited high activity and CO,-selectivity and showed a
high catalytic stability over the whole measurement time. In contrast, the copper catalyst
deactivated relatively fast. Up to now it is not fully clarified how the selectivity in methanol
steam reforming depends upon the respective In-Pd compound, requiring further investigations

for a better understanding.
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