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Abstract 

Methanol steam reforming (MSR) provides clean hydrogen by onboard production, which 

can directly be used for fuel cell applications – while using appropriate catalysts. InxPdy/In2O3 

aerogels exhibit excellent CO2-selectivities of 99%. This is caused by the active participation 

of chemically bound oxygen from the material as proven by isotope-labeled experiments. In 

addition, the dynamic, temperature-dependent equilibrium between intermetallic and oxidic 

species has a strong impact on the catalytic properties of the material. Thus, the intermetallic 

compounds in close proximity to a supporting reducible oxide act as selectivity-decisive redox 

centers, enabling a Mars-van-Krevelen mechanism, which is responsible for the excellent 

selectivity towards CO2.  
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Introduction 

Methanol plays a fundamental role in future energy scenarios, where it serves as hydrogen 

carrier for energetic purposes and carbon feedstock for the chemical industry.1,2 Use as energy 

carrier requires a suitable reaction to convert methanol into hydrogen with the least possible 

amount of impurities. Particularly, traces of CO are detrimental for the usage of polymer 

electrolyte membrane fuel cells, requiring CO-levels below 100 ppm.3 Methanol steam 

reforming (MSR) is a promising reaction, as the only by-product is CO2 (eq. 1), which is 

tolerated by fuel cell catalysts. Side reactions are the methanol decomposition (MD) (eq. 2) 

and the reverse water gas shift reaction (rWGS) (eq. 3), both resulting in unwanted CO. 

CH3OH + H2O ⇌ 3 H2 + CO2  (1) 

CH3OH ⇌ 2 H2 + CO   (2) 

CO2 + H2 ⇌ H2O + CO   (3) 

Catalytic materials for these reactions are commonly Cu-based (e.g. the industrial methanol 

synthesis catalyst Cu/ZnO/Al2O34–7) or Pd- or Pt-based systems.4,8–13 For the latter, an easy-to-

reduce support is required to obtain high CO2-selectivity.14 Through partial reduction under 

reaction conditions, intermetallic compounds are formed by reactive metal-support interaction 

(RMSI),15 thus showing strongly altered catalytic behavior compared to elemental palladium 

or platinum.13,16 In the case of ZnPd/ZnO, it has been shown that the presence of the 

intermetallic compound alone is insufficient to obtain high CO2-selectivity, but the additional 

presence of ZnO is decisive,17–19 while the intrinsic role of ZnO could not be clarified yet. 

Nevertheless, the paradigm arose that high CO2-selectivty requires synergistic effects between 

intermetallic compounds and supporting oxides at the interface region. This was partly proven 

by mechanistic studies on different systems20,21 but the intrinsic influence besides adsorption 

properties was never fully clarified, e.g. if the catalytic material changes chemically in the 

catalytic cycle. 

Besides the excellent CO2-selectivity, a high activity and atom-efficiency is of crucial 

importance for application. To improve the latter properties, aerogels are suitable materials for 

which several reviews about synthesis and possible applications are available.22–24 The main 

benefits of aerogels for heterogeneous catalysis are the high specific surface area combined 

with an open pore system, enabling an excellent dispersion of the active component and making 

a higher fraction of active atoms accessible. This enables a better atom-efficiency compared to 

classically impregnated systems. Previous work demonstrated the high potential of combining 
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intermetallic compounds and aerogels in the ZnPd/ZnO system, which boosted the activity by 

a factor of five to 1300 mmol(H2)/(mmol(Pd)´h) at 300 °C while maintaining the excellent 

CO2-selectivity of 96% compared to an impregnated material.25 

In addition to the Pd-Zn system, the In-Pd system shows excellent catalytic properties in 

several heterogeneous reactions like MSR8,26–29, CO2 hydrogenation30,31 and carbohydrate 

(de)hydrogenation.32–35 As recent publications have shown, the understanding of structure-

activity relationships and reaction-condition-induced structural changes26,31  is essential for the 

development of optimized, highly selective catalytic materials. The cause of the high versatility 

of the system has not been exhaustively investigated and is suspected to be linked to the 

interaction of intermetallic In-Pd compounds and the oxide support material. This makes the 

system an ideal candidate to investigate catalytic activity of the interface region. Especially, a 

potential incorporation of chemically bound oxygen of the interface region of In-Pd (i.e. formed 

by the intermetallic compound and the oxidic support) into the reaction products would proof 

that the interface region and not the sole intermetallic is responsible for a high CO2-selectivity,  

proofing the aforementioned paradigm.  

Pd/In2O3 aerogels were synthesized via the epoxide route, pioneered by Gash et al.36,37 with 

in situ infiltration and reduction of Pd-precursors.25 The as-prepared and pre-treated materials 

were thoroughly characterized to obtain information about morphology by scanning and 

transmission electron microscopy (SEM, TEM), specific surface area (nitrogen physisorption 

measurements), Pd-loading by inductively coupled plasma with optical emission spectroscopy 

(ICP-OES), reduction behavior by differential thermal analysis coupled with thermogravimetry 

and mass spectrometry (DTA/TGA/MS) and crystalline phases by powder X-ray diffraction 

(XRD). The pre-treated materials were subjected to MSR conditions and, to correlate the 

catalytic activity and selectivity with the present crystalline phases, subsequently characterized 

after each test by XRD. High-resolution transmission electron microscopy (HR-TEM) and 

high-resolution scanning transmission electron microscopy combined with energy-dispersive 

X-ray spectroscopy (STEM/EDX) were applied to samples taken at different steps of the 

catalytic experiment to obtain nano-scale information about the material changes during MSR 

conditions. On these well-characterized materials, 18O-labeled MSR experiments were 

conducted to determine the role of chemically bound oxygen. 
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Results and Discussion 

For a direct comparison between aerogel-based materials with conventionally impregnated 

materials in literature,26 the aerogel was synthesized with a composition of 8 wt-% Pd/In2O3 

(by ICP/OES). The relatively high loading eases phase analyses by powder X-ray diffraction. 

TEM and SEM analysis of the material in the as-prepared state (Figure 1a and Figure S1) reveal 

an open porous network structure formed out of the primary particles. The particle diameters 

of the oxidic indium backbone are in the range of 10 – 30 nm (mean diameter 19(5) nm for the 

aerogel). XRD analysis of the as-prepared material points to the absence of well-defined 

indium oxide or hydroxide phases (Figure 1b). For correlation of the catalytic properties with 

the chemical state of the material, it is mandatory to transfer the material into a defined state, 

i.e. InxPdy intermetallic compounds supported on an In2O3 aerogel, by appropriate pre-

treatment. 

The thermal and chemical behavior of the aerogel in different gas atmospheres was 

investigated by TGA/MS (Figure 1c). Calcination in synthetic air (20% O2 in He) and 

subsequent reduction in 5% H2 in He revealed several processes. During calcination, a two-

step total mass loss of 17.4(5) wt-% was observed. The first step, being accompanied by a water 

signal in the mass spectrometer, is ascribed to adsorbed water. In addition to water, a CO2-

signal is observed for the second mass loss, which is assigned to the oxidation of organic 

residues from synthesis. The subsequent reduction reveals three processes (A-C). The first 

one (A) takes place directly after contact of the material with hydrogen and the associated mass 

loss of 1.2(5) wt-% matches the expected mass loss of 1.2 wt-% for the reduction of PdO to 

elemental palladium. At 250 °C an additional partial reduction (B) reaches its maximum rate 

accompanied by a water signal and an additional mass loss of 2.0(5) wt-%. This process 

represents the formation of InPd via partial reduction of In2O3 and subsequent RMSI on the 

aerogel for which an additional mass loss of 1.8% is expected.26 Starting at 440 °C, a 

continuous reduction of bulk In2O3 (C) occurs until the fully metallic state is reached. Based 

on this data, the material was pre-treated in two steps: first calcination at 300 °C for 1 h and 

then subsequent reduction at 230 °C for 1 h in 5% H2, the latter resulting in a mass loss of 

4.0(5) wt-% (3.0 wt-% expected for InPd/In2O3). 

XRD after pre-treatment resulted only in the reflections of cubic In2O3 and the intermetallic 

compound InPd (Figure 2a), formed by RMSI of Pd and In2O3.16 The formation temperature 

of InPd is lowered by 60 °C compared to impregnated materials,26 caused by the highly 

defective structure and small particle size of the aerogel. Physisorption measurements revealed 
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a decrease of the specific surface area from 82 m2/g for the as-prepared state to 57 m2/g for the 

material reduced at 230 °C, indicating ripening of the particles (Figure 2b).  

In-line with the BET results, TEM investigations after pre-treatment revealed particles with 

slightly enlarged diameter (26(6) nm for the oxidic backbone) and smoother surfaces, caused 

by thermal ripening (Figure 3a). Additional HR-TEM micrographs showed small and well-

dispersed InPd particles with diameters <10 nm which are identified via their (100)-spacing of 

d = 3.2 Å on highly crystalline In2O3 particles (Figure 3b). Detection of InPd as the only 

intermetallic compound by HR-TEM is consistent with the obtained XRD results (Figure 2a). 

During temperature-dependent MSR tests, the pre-treated material showed a very high 

CO2-selectivity of 93% at 200 °C, increasing to 96% at 250 °C (Figure 4a), which is in 

agreement with literature.16,26,29 Upon reaching 300 °C, the aerogel-based material outperforms 

previously investigated impregnated materials by a 50-times higher activity 

(50 mmol(H2)/(mmol(Pd)´h)) as well as higher CO2-selectivity (99% vs 97%).26 Especially 

the excellent CO2-selectivity is a major improvement compared to other systems (Figure S4), 

considering the aim of CO-levels <100 ppm. From the conversion at different temperatures 

during cooling and the second heating, an apparent activation energy of EA = 142 kJ/mol was 

derived for the temperature range of 225 – 300 °C whereas in the range of 300 – 400 °C an 

apparent activation energy of EA = 54 kJ/mol is obtained (Figure S2). The high-temperature 

activation energy is in the range of previously reported values for InPd26,29,44, while the 

activation energy at low temperature is similar to the one of the In2O3-aerogel reference 

(Figure S3). This is a first hint of the presence of only In2O3 on the surface of the InPd/In2O3 

aerogel below 300 °C. Since the subsequent isothermal section at 400 °C reveals a slow but 

continuous activity decrease by 25% from 300 mmol(H2)/(mmol(Pd)´h) to 

220 mmol(H2)/(mmol(Pd)´h) over 20 h, the InPd/In2O3 aerogel was tested isothermally at 

300 °C to investigate the long-term stability. Here, a significant initial increase in activity and 

selectivity is observed during the first 3 h (Figure 4b), indicating an increase of active surface 

species. After this initial period, a slow increase in activity and a slight decrease in 

CO2-selectivity over the period of 60 h is observed. The final activity 

(50 mmol(H2)/(mmol(Pd)´h), conversion 26%) is identical to the one obtained in the dynamic 

test, meaning that identical material changes were induced by MSR conditions. 

Since In2O3 (conventional45 as well as the aerogel in this study) shows CO2-selectivities of 

98% at 300 °C and 95% at 400 °C, compared to InPd/In2O3 with 99% and 93%, respectively, 
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a sole effect of In2O3 can be excluded as reason for the observed high CO2-selectivity of the 

InPd/In2O3 aerogel at 300 °C. In addition, the support will not contribute significantly to the 

conversion at 300 °C due to its lower  activity at 300 °C (10 mmol(H2)/g(In2O3)´h), Figure S5 

vs. 31 mmol(H2)/g(InPd/In2O3)´h), Figure S6) and the lower surface-specific activity13. 

To explore the nature of the known teamwork between intermetallic compounds and 

supporting oxide18 and thus the role of the oxidic species in more detail, sequential MSR at 

300 °C with unlabeled and 18O-labeled water and methanol was conducted in the most selective 

state of the material (Figure 5). By injection of unlabeled reactants (I), reference signals for the 

different CO2 species were obtained, which was followed by sequential 18O-labeled (II) and 

unlabeled segments (III) to be able to ascribe the formation of C16O2 and C18O2, respectively, 

to oxygen from the previous segments contained in the material. Without participation of 

oxygen from the material, CO2 will contain one oxygen atom from water and one from 

methanol. In the case of a Mars-van-Krevelen mechanism, an exchange of both oxygen atoms 

becomes possible. Upon switching to 18O-labeled water and methanol (II), the initial formation 

of C16O2 reveals the participation of an oxidic species from the material in the reaction. This is 

likely In2O3 since its active role was proven in a similar reaction environment, i.e. the CO2 

hydrogenation.46 C18O2 as well as the scrambled product C16O18O are not formed instantly and 

a rise of the signal occurs with a delay. The absence of C18O2 in the beginning indicates that 

the intermetallic compound does not produce CO2 without interaction with an oxidic species. 

The delay in the signal of C16O18O can be understood by cleavage of C-O bonds during the 

reaction mechanism as reverse reaction of C-O bond formation, allowing the exchange of the 

oxygen originally contained in the methanol. This is in agreement with an H/D exchange 

observed for CO2 hydrogenation intermediates on Cu/ZrO2.47 Since supporting indium oxide 

is not reduced under reaction conditions, in segment (III) a complete release of every 18O-atom 

from In2O3 that replaced a 16O-atom in segment (II) is expected. Switching back to unlabeled 

reactants (III) reveals narrower signals with a smaller area for C18O2 and C16O18O, not being 

identical to the shape of the signal curves for the phase with labeled water and methanol. From 

this it can be concluded that the supporting In2O3 as cause of the C18O2 formation is unlikely 

since this would produce equivalent signals for segment II and III. Thus, the main contribution 

of the observed different CO2 species in all experiment phases is most likely caused by the 

InPd/In2O3 interface, in agreement with studies on Cu/Al2O348 and Cu/ZrO247 in the CO2 

hydrogenation.  Therefore, the slow decline of 16O species in the labeled reactant phase is most 

likely linked to the incorporation of In2O3 into the already existing interface.  



7/26 
 

These isotope labeled experiments prove the active contribution of oxygen from the catalytic 

material during MSR in the form of a reactive InPd/In2O3 interface. This is strongly supported 

by operando studies on In-rich bulk InPd, where the formation of an InPd/In3Pd2/In2O3 surface 

structure was identified.49 These results strongly suggest, that the intermetallic compound is 

not the active site, but apparently an active redox chemistry at the phase boundary of oxide and 

intermetallic compound is responsible for the high CO2-selectivity of these catalytic materials 

and should be observable by the formation of different intermetallic compounds. 

To investigate further the nature of the involved oxidic species, IR-spectroscopy was 

conducted (Figure S7). No remaining (hydroxy)carbonates could be detected after purging at 

300 °C.  Additional operando TG/MS measurements show parallel signal changes for H2, 

m/z = 2, and CO2, m/z = 44, during MSR conditions and purging, excluding a decomposition 

of hydrogen free CO2 containing species, such as carbonates (Figure S8). These experiments 

show that either the concentration of (hydroxy)carbonates is extremely low or they are 

completely absent, making the impact of such species in the isotope labelled experiment 

neglectable. 

XRD patterns of the material after 60 h at 300 °C reveal a small shoulder in the 

(110)-reflection of InPd at 39.3° and an additional reflection at 22.6°, corresponding to 

reflections of In3Pd2 (Figure 6). The formation of small amounts of In3Pd2 is ascribed to the 

reduction of In2O3 starting at around 300 °C (detected by TGA/MS) and an ongoing RMSI. It 

matches the indicated redox chemistry on the catalytic material during MSR by isotope labelled 

MSR. As expected, only In3Pd2 was detected in materials after dynamic and isothermal testing 

at 400 °C. 

Upon exposure to MSR conditions at 250 °C, the InPd particles, which were observed after 

pre-reduction, are again identified by HR-TEM  by comparison of their d-spacing in agreement 

with the literature (Figure 7).16,26,29 At 300 °C surprisingly large particles with diameters up to 

>50 nm were observed. While no phase identification is possible (due to similar d-spacings of 

InPd and In3Pd2), a crystalline core and a roughly 2 nm thick partly crystalline shell with a 

lattice spacing of d ≈ 2.1 Å are identified. Comparison of these results with the catalytic 

properties and XRD data leads to the conclusion that the initial InPd particles (96% selectivity 

at 250 °C) sinter to larger, indium-enriched mixed InPd/In3Pd2 particles at 300 °C. These 

possess higher selectivity (99% at 300 °C) while not showing an activity decrease upon 

sintering, indicating that the activity is not caused by the metallic particles alone, which is in 

agreement with the isotope labeled experiment. By High-angle annular dark field (HAADF) 
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micrographs and corresponding energy dispersive X-ray spectroscopy (EDX) maps (Figure 8) 

the high dispersion after exposure to 250 °C under MSR conditions is shown. Analysis of the 

large particles reveals a Pd-depleted surface, proving that at least a partial encapsulation of the 

intermetallic particles in In2O3 occurred in agreement with literature.27  

No further changes are observed by HR-TEM (Figure S9 and Figure S10) or HAADF/EDX 

(Figure S11 and Figure S12) upon temperature changes. The observed partly crystalline shell 

probably results from the rapid size and compositional adjustment of the intermetallic In-Pd 

compounds to the reaction conditions at the particle surface and allows gas phase access to the 

intermetallic compound underneath while forming a static oxidic shell below 300 °C. While 

leading to deactivation at lower temperatures, the partly crystalline oxidic shell seemingly 

contributes to the unprecedented high CO2-selectivity. The higher selectivity compared to 

previous studies on In-Pd materials might be related to different formation temperatures of this 

shell under reaction conditions. 

The rapid sintering, the change in catalytic behavior, the isotope labelled experiments and 

thermodynamic calculations (data taken from references 52–55) indicate, that the oxidic shell is 

not static, but more likely is caused by the highly dynamic RMSI of InPd and In3Pd2 with In2O3 

reduction and formation at 300 °C. Thus, an equilibrium of partial reduction of In2O3 by 

CO (eq. 4), which is also supported by In-Pd/Al2O3 catalysts for NOx removal56, and a 

decomposition of the formed In3Pd2 by oxidation with water (eq. 5) is likely. Reduction of 

In2O3 can also occur by hydrogen but is thermodynamically not favored and will only happen 

locally when the H2 concentration is increased due to the MSR. This dynamic equilibrium 

results in a high concentration of In3Pd2-InPd/In2O3 interface in contact with the gas phase, 

which either serves as active surface or allows spillover of adsorbed species. 

4 InPd + 3 CO + In2O3 ⇌ 2 In3Pd2 + 3 CO2 ΔGR300°C = -1.89 kJ/mol (4)  

2 In3Pd2 + 3 H2O ⇌ 4 InPd + In2O3 + 3 H2 ΔGR300°C = -51.50 kJ/mol (5) 

The thermodynamic stability of InPd at 250 °C under MSR conditions explains the stability 

against sintering and subsequent rapid sintering at 300 °C via the proposed equilibrium of two 

reactions. This equilibrium is most likely also responsible for the oxide layer formation, since 

indium diffuses from the original boundary over the complete particle due to alternating In3Pd2 

formation and decomposition. In addition, the dynamic nature of the formed/reduced oxide 

results in a defective shell, which is an easily accessible source of oxygen upon reaching 300 °C 

under reaction conditions, supported by the active contribution of chemically bound oxygen 
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from the catalytic material. Oxygen incorporation from the catalytic material can happen at 

different pathways. One option is the oxidation of the side product CO. Another option is the 

promotion of the MSR pathway to CO2 by formation of oxygen vacancies, which has been 

shown for the CO2 hydrogenation.57,58 However, the differentiation of the oxidation of formed 

CO or an enhancement of the MSR pathway, which does not include CO formation,59 is not 

possible by our results. However, promotion of the MSR pathway by oxygen vacancies 

explains the increase of activity and selectivity in the first hours of the isothermal catalytic test, 

unlike CO oxidation (figure 4b). Both options do not exclude each other. For this reason, it is 

likely that the mentioned reactions (eq. 4 and 5) partly consume the formed CO and as 

consequence of this, oxygen vacancies are formed in the interface region, enhancing the 

activity and selectivity of the material. In this case the redox-activity of the material leads to 

the formation of more selective and active sites in the interface region.  At 400 °C the oxidation 

of In3Pd2, despite being favorable (ΔGR400°C = -31.73 kJ/mol), is apparently not fast enough to 

provide sufficient amounts of In2O3 and/or oxygen vacancies in close proximity to InPd to 

either consume formed CO or sufficient promotion of the MSR pathway. This results in a lower 

CO2-selectivity and the complete conversion of InPd into In3Pd2.  

Conclusions 

Pd/In2O3 aerogels were synthesized and subsequently transformed into intermetallic InPd 

with high specific surface area supported on an In2O3 aerogel by RMSI. A significant shift to 

lower reduction temperatures by 60 °C was accomplished for the formation of the intermetallic 

compound InPd compared to impregnated materials. Catalytic tests of the aerogel-based 

material revealed an unusually high CO2-selectivity in MSR of 99% at 300 °C, accompanied 

by severe changes in the Pd distribution. Comparative catalytic investigation of InPd/In2O3, 

XRD and HR-TEM investigations revealed a temperature-dependent reactive phase change by 

RMSI and an active surface-oxide layer formation. 18O-labeled MSR proofs the participation 

chemically bound oxygen in the catalytic material in MSR. Combining experimental results 

and thermodynamic considerations reveals teamwork between metallic and oxidic species as 

well as a high redox-activity responsible for the unprecedented CO2-selectivity at 300 °C. At 

250 °C and 400 °C this redox-activity is limited, leading to an encapsulation of the intermetallic 

compound or limited In3Pd2 oxidation, respectively. Both cases result in negative impacts on 

activity (encapsulation) or selectivity (lack of oxide or oxygen vacancies). Controlling the 

redox behavior is a key asset for highly active materials with exceptional selectivity in 

methanol steam reforming. 
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Figures 

 
Figure 1: a) TEM micrograph of the as-prepared aerogel, revealing a network structure consisting of polycrystalline 
secondary particles. b) XRD pattern of the as-prepared aerogel with the calculated patterns of In2O3

38, PdO39, Pd40 In(OH)341 
and InO(OH)42. c) TGA/MS measurement of the as-prepared Pd/In2O3 aerogel along with the ion current for the fragments 
m/z = 18 as indicator for water and m/z = 44 as indicator for CO2.  
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Figure 2: a) XRD pattern of the InPd/In2O3 aerogel reduced at 230 °C. Additionally shown are the calculated patterns of 
In2O3

38 and InPd43. b) Nitrogen physisorption measurements of the aerogel before and after thermal treatment. Both materials 
show type II isotherms and a decrease of the specific surface area upon pre-treatment is observed. Empty symbols belong to 
the desorption curves.  
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Figure 3: a) TEM micrograph and b) HR-TEM micrograph of the material pre-reduced at 230 °C. b) A ripened network 
structure is detected and InPd nanoparticles with < 10 nm diameter were identified by their (100)-spacing.  
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Figure 4: Catalytic properties of InPd/In2O3 (300 mgcatalyst) in MSR. a) Test under dynamic temperature conditions revealing 
altered properties regarding selectivity upon reaching 300 °C and slightly decreasing activity after 20 h at 400 °C. 
Temperature and activity share the same numerical values b) Isothermal test at 300 °C (1000 mgcatalyst) revealing an initial 
rise in activity and selectivity.  
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Figure 5: MS-signals for CO2 with different oxygen isotopes during the initial contact of catalyst and reactant stream. 
Experimental order was unlabeled reactants, 18O-labeled reactants and unlabeled reactants after thoroughly purging with 
inert gas between every vapor composition.  Dotted line represents the sum of the different CO2 species. 
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Figure 6: XRD patterns of the InPd/In2O3 aerogel after MSR at 300 °C (top) and after MSR at 400 °C (bottom). The insets 
show the magnified reflections in the shown 2 Theta range. Additionally shown are the calculated patterns of In2O3

38, InPd43, 
In3Pd250 and graphite51. The graphite reflections after catalysis are caused by graphite used to dilute the active material.  
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Figure 7: HR-TEM micrographs of a) the material after MSR conditions at 250 °C and b) after MSR conditions at 300 °C. In 
the first state small InPd nanoparticles with < 10 nm diameter were identified by the (100) spacing. After 300 °C under MSR 
conditions newly formed particles with up to 200 nm diameter are observed. Those particles exhibit a ~ 2 nm thick partly 
crystalline shell. 
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Figure 8: HAADF (a, c) and EDX (b, d) micrographs of the InPd/In2O3 aerogel at different stages of catalysis. a) and b) are 
representative images of the sample after being heated to 250 °C under MSR conditions. c) and d) are representative images 
of Pd containing particles after the sampled was heated to 300 °C under MSR conditions. 
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Table of content figure: Different active InxPdy/In2O3 species in methanol steam reforming have been identified. The 
dynamic InxPdy/In2O3 interface has been proven more active and selective than In2O3 or InPd by contribution of oxygen in 
the catalytic material to the reaction in the interface region. 

 

 


