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The hydrogen sorption properties of oxide-supported Ir-Pd 

nanoalloys have been determined for the first time, and 

correlated with their catalytic behavior. The addition of Ir to 

Pd suppresses hydride formation and leads to improved 

catalytic performances with respect to pure metals in the 

preferential oxidation of CO in H2 excess (PROX). 

Nanosizing metal particles can dramatically change their 

physical and hydrogen absorption properties. This strategy has 

recently emerged as an effective way to improve the kinetic and 

thermodynamic properties of hydrogen-storage materials.1,2 

Due to the presence of a significant fraction of surface atoms 

and the small solid-state core, the surface-mediated processes 

and the diffusion of hydrogen throughout the core are greatly 

enhanced by nanosizing.3  Beside hydrogen storage, these 

effects can play an important role in catalysis. Indeed, noble 

metal/alloy nanoparticles supported on high-surface-area oxides 

constitute one of the most important classes of solid catalysts, 

and hydrogen is involved in many industrially-relevant 

reactions.4 When hydrogen is absorbed in the nanoparticles, it 

modifies the active phase, which may have, depending on the 

reaction, promoting or detrimental effects on the catalytic 

performances.5–9 In order to design more efficient catalysts, it is 

therefore crucial to understand the interplay between hydrogen 

absorption and catalytic properties of metal nanoparticles.  

Among all noble metals, palladium is both an important 

catalytic metal and the only bulk metal which forms a hydride 

phase (PdH0.7) at ambient temperature and pressure.10–14 

Therefore, it has become the most studied metal-hydrogen 

system for highlighting nanosize effects.15–17 Decreasing the Pd 

particle size increases the hydrogen absorption rate,18 decreases 

the metal-hydrogen mixing enthalpy/entropy and critical 

temperature,19 and reversibly changes the lattice structure.20 

Moreover, the absorption capacity at a given pressure 

diminishes when decreasing the size.15,21 

Other noble metals exhibit extremely low hydrogen solubility 

in the bulk crystal phase at ambient pressure due to their 

endothermic reaction with hydrogen.22 However, for 

nanometric sizes, the significant contribution of the surface 

energy term to the overall energy of the nanoparticles is 

expected to change the hydrogen absorption properties of non-

absorbing bulk metals. The surface energy term may contribute 

as an induced additional pressure term increasingly important 

when reducing the size. Indeed, nanosize-induced hydrogen 

absorption in Rh and Ir nanoparticles stabilized into PVP 

polymers has been recently reported.23,24 Both materials can 

absorb a small amount of hydrogen and form solid solutions at 

ambient temperature and pressure.  

Along with nanosizing, nanoalloying between/with non-

absorbing noble elements is also expected to change the 

hydrogen absorption properties. Hydrogen absorption was 

reported for nanoalloys of two non-absorbing and bulk-

immiscible elements: Ag and Rh.25 For Pd-Au nanoalloys, the 

hydrogen uptake drastically decreases when increasing the Au 

content.26 Pd-Pt nanoalloys absorb more hydrogen than pure Pd 

for a Pt concentration up to 21 at.% but further increase in Pt 

concentration has a negative effect on the absorption capacity,27 

in good agreement with recent DFT calculations.28 Recently, 

bulk-immiscible Pd-Ru nanoalloys were reported to exhibit 

change from exothermic to endothermic reaction with hydrogen 

when increasing the Ru content.29 This results in a strong 

reduction of absorbed hydrogen from 0.6 to 0.08 H/M from 

pure Pd to Pd0.5Ru0.5 at 26 °C. However, all these works were 

performed with unsupported and PVP-protected nanoparticles, 

which are generally not suitable for practical catalysis.  

The bulk-immiscible Ir-Pd system has been only scarcely 

studied in the past,30–32 and its hydrogen sorption (absorption 

and/or adsorption) properties are unknown. However, it has 

been recently shown that supported Ir-Pd nanoparticles could 

act as efficient catalysts, 33–36 in particular for the preferential 
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oxidation of CO in the presence of excess H2 (PROX).36 This 

reaction is important for purifying H2 before using it as a fuel in 

PEM fuel cells. In this communication, we show that the 

superior performances of supported Ir-Pd nanoalloys with 

respect to their Ir or Pd counterparts are related to the fact that 

the nanoalloys absorb significantly less hydrogen. 

Three catalysts were prepared by incipient wetness 

(co)impregnation of amorphous silica-alumina (ASA) with 

Ir(acac)3 or(and) Pd(acac)2 dissolved in toluene. ASA is a 

mildly acidic mesoporous solid (BET surface area ca. 500 m2 g-

1) widely used in heterogeneous catalysis.37 The metal-

acetylacetonate precursors were then decomposed by heating 

the samples up to 550 °C in a hydrogen flow (see ESI for 

experimental details). With such a reducing treatment, metal 

agglomeration was avoided and the final catalysts were free of 

carbonaceous residues.35,38 The metal loadings were determined 

by ICP-OES to be 2.5 wt.% for Ir/ASA, 0.89 wt.% for Pd/ASA, 

and 4.5 wt.% for Ir-Pd/ASA. The mean atomic composition of 

the Ir-Pd sample was Ir49Pd51 (noted IrPd later on). 

The catalyst structure was investigated by powder X-ray 

diffraction (XRD), aberration-corrected transmission electron 

microscopy (TEM), and energy dispersive X-ray (EDX) 

spectroscopy. TEM observations (Fig. 1) confirm and 

supplement a previous investigation of similar systems 

supported on ASA and γ-Al2O3.
35,36 The surface-averaged 

nanoparticle sizes for Ir, Pd, and IrPd samples are 1.5 ± 0.3 nm, 

4.5 ± 1.2 nm, and 2.2 ± 0.8 nm, respectively. For the IrPd 

sample, a small fraction of Pd-enriched defective particles 

larger than 6 nm was also observed (Fig. 1a) due to the 

aggregation induced by the high metal loading needed for 

absorption measurements on poorly absorbing catalysts (i.e., Ir-

containing ones). However, the sorption results (see below) 

show that the influence of these Pd-rich particles is negligible. 

The metal dispersion was further checked by oxygen 

chemisorption measurements (see details in ESI). The mean 

diameters obtained with this method are 1.7 nm (Ir), 4.7 nm 

(Pd) and 2.2 nm (IrPd), in excellent agreement with the TEM 

results.  

EDX analyses showed bimetallic particles exhibiting size-

composition correlation, the Pd content increasing with the 

particle size (Fig. S3). Consistently, at the bottom and top ends 

of the size distribution, small Ir-rich (Fig. 1d) and large Pd-rich 

particles (Fig. 1b) were present. It was previously demonstrated 

that, although often neglected in the literature, size-dependent 

particle composition is a general phenomenon inherent to 

bimetallic catalyst preparation methods.31 Similar to 

nanoparticle size dispersion for metallic catalysts prepared by 

conventional impregnation, it cannot be avoided if a thermal 

treatment is involved, since it is due to metal-dependent 

Ostwald ripening.39 TEM observations such as those reported in 

Figure 1(b-d) showed no indication of segregated (core-shell, 

Janus…) or ordered structure, suggesting the presence of 

homogeneous random nanoalloys. However, spatially resolved 

EDX showed the presence of Pd surface enrichment for the 

biggest particles (Fig. 1e). The mean composition (Ir49Pd51) and 

the size-composition correlation were uniform throughout the 

surface of the support, and are fully consistent with previous 

results for low-loaded samples (0.9 wt% metal).35 

Hydrogen sorption properties were determined by measuring 

the pressure-composition isotherms (PCI) at RT (25 °C) up to 

0.1 MPa hydrogen pressure using an automated volumetric 

device (see protocol I in ESI for details). A pretreatment was 

performed before the measurements: the catalysts were reduced 

Figure 1. TEM investigation of the IrPd/ASA catalyst. a

Low-magnification view of a collection of particles. b-d

Aberration-free high-resolution images of a 10 nm-sized 

particle (b), a 4 nm-sized particle (c), and a 1 nm-sized 

particle (d, same scale as c). (e) EDX linescan of the particle 

in b. 

 
Figure 2. Pressure-composition isotherms at RT for ASA-

supported nanoparticles (protocol I, see text). H/M stands for 

the number ratio between sorbed hydrogen atoms and metal 

atoms. 
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in H2 atmosphere at 120 °C, and then desorbed under secondary 

vacuum at the same temperature. Note that this treatment was 

intended not only to reduce the metals but also to saturate the 

surface sites with chemisorbed hydrogen without preventing 

hydrogen absorption (see below).40 The hydrogen sorption 

properties of the ASA support were determined and no obvious 

sorption/desorption was observed up to 0.1 MPa. Therefore, the 

sorption behaviors of the three supported metal catalysts can be 

entirely attributed to metal nanoparticle-induced processes.  

 

The PCI curves for the three samples are shown in Figure 2. 

The sorption and desorption are reversible for all samples in the 

present conditions. The PCI curve for Pd/ASA clearly shows 

the presence of a sloppy plateau pressure with large 

absorption/desorption hysteresis. This indicates the formation at 

low pressure of a Pd(H) solid solution, which converts into a 

hydride phase PdHx on the plateau, in good agreement with the 

literature.15 The maximum hydrogen sorption capacities in the 

solid solution and the hydride phase are 0.36 H/M (at 1.5 kPa) 

and 0.78 H/M (at 0.1 MPa), respectively. These values are 

higher than usually reported for 5 nm-sized Pd nanoparticles 

(0.10 and 0.65 H/M, respectively).41 In the present case, other 

hydrogen sorption phenomena might take place at low pressure: 

(i) hydrogen consumption by reduction of surface metal 

oxides;42 (ii) hydrogen adsorption (physisorption and/or 

chemisorption) on surface sites; (iii) hydrogen spillover from 

the metal nanoparticles to the support.43 

The former hypothesis (i) can be excluded since the 

preconditioning of the samples was sufficient to reduce any 

surface oxide possibly present on the nanoparticles. Moreover, 

the good repeatability of the measurements (ESI) clearly proves 

that the investigated nanoparticles were in metallic state.  

To check the second hypothesis (ii), a series of additional H2 

sorption experiments was performed on the three catalysts 

following a procedure similar to that used for oxygen 

chemisorption measurements (hydrogen sorption protocol II, 

see ESI). The low working temperature (30 °C) favored Pd 

hydride formation and allowed us to compare the results with 

the data of Fig. 2 (protocol I). Reversible (physisorption and 

absorption) and irreversible (surface chemisorption) 

contributions were extracted. At variance from the pretreatment 

temperature applied in protocol I (120 °C), a treatment at 300 

°C under secondary vacuum was carried out in order to 

completely remove adsorbed hydrogen before each sorption 

measurement. The pressure vs. H/M curves obtained from these 

experiments (Fig. 3 and Fig. S8) confirm the behavior exhibited 

by the PCI curves in Fig. 2, provided that the contribution of 

chemisorption is removed. Consistent with our experiments, 

nuclear reaction analysis experiments have demonstrated that 

chemisorbed hydrogen saturates the surface of Pd nanoparticles 

(size ca. 2 nm) at very low pressure (6 10-4 Pa) and fully 

desorbs above 200 °C.40 Therefore, using our protocol I, 

chemisorbed hydrogen was always present at the surface of the 

metal particles (without blocking absorption), i.e., surface 

chemisorption of hydrogen had no significant contribution in 

the PCI measurements. Hence, the elevated H/M values 

measured for supported Pd and Ir particles at around 100 Pa do 

not originate from surface chemisorption. Nevertheless, H2 

physisorption cannot be excluded.  

Finally, hydrogen spillover (iii) might take place at low 

pressure, before absorption. Spillover is an important effect in 

heterogeneous catalysis.44 At low pressure, the H2 molecules 

dissociate (via a physisorbed state) at the metal surface and 

either remain chemisorbed at the metal surface or are spilt over 

the support surface surrounding the particles, leading to an 

enhancement of the total hydrogen capacity.  

For both Ir and IrPd samples, no plateau pressure is observed, 

indicating the formation of solid solutions with increasing 

hydrogen concentration as pressure increases. This result is in 

agreement with the formation of a hydrogen solid solution in 

1.5 nm-sized Ir nanoparticles immobilized in PVP recently 

reported by Kobayashi et. al.24 However, in our case, the 

capacity of Ir is 0.60 H/M at 0.1 MPa, which is much higher 

than the value of 0.18 H/M reported by Kobayashi et. al.24. 

Similarly to the case of Pd/ASA, a spillover effect might occur 

at low pressure for Ir/ASA, increasing the overall hydrogen 

capacity. 

If both Ir and Pd nanoparticles can accommodate hydrogen, Ir-

Pd nanoalloys could behave as an intermediate sorption system 

between nanosized Ir and Pd. However, the sorption behavior 

of IrPd is different, showing an almost suppressed contribution 

at low pressure. The maximum hydrogen sorption capacity of 

supported Ir-Pd nanoalloys (0.18 H/M at 0.1 MPa) and the 

hydrogen solubility in the whole pressure range considered 

(from 10-4 to 0.1 MPa) are much lower than those of both Ir and 

Pd nanoparticles under same pressure conditions (Fig. 2). This 

result corroborates previous findings showing a drastic decrease 

of the hydrogen uptake for PVP-embedded Pd50Au50  (0.03 

H/M at 0.1 MPa),26 Pd50Pt50 (0.17 H/M at 0.1 MPa) 27 and 

Pd50Ru50 (0.08 H/M at 0.1 MPa) 29 with respect to Pd. Both Pt 

and Au elements are located close to Ir in the periodic table and 

therefore may exhibit similar electronic and structural effects 

Figure 3. Pressure-composition isotherms at three 

temperatures for ASA-supported nanoparticles (protocol II,

first isotherm, see text and ESI). 
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when alloyed with Pd. Recent DFT calculations performed on 

Pd-Pt nanoalloys have shown that, for a Pt content approaching 

50 at.%, the hydrogen insertion energy increases to values 

exceeding those for pure Pd.28 The explanation proposed is 

based on structural aspects: the available volumes for hydrogen 

insertion decrease for a Pt content approaching 50 at.%, and 

hydrogen absorption generates strong anisotropic internal 

distortions. The Ir-Pd nanoalloy structure may be unfavorable 

to hydrogen absorption as well. Moreover, the chemisorption of 

H2 at the nanoalloy surface might be inhibited at low pressure, 

preventing hydrogen spillover.  

In order to investigate further the sorption properties of Ir-Pd 

nanoalloys as compared to Ir and Pd ones, protocol II was 

applied not only at 30 °C but also at 62 °C and 95 °C.  The 

curves for Ir and IrPd, which have essentially no inflexion point 

at 30 °C, exhibit one at higher temperature (Fig. 3 and Fig. S8), 

suggesting an endothermic metal-H reaction. Moreover, the 

pressure value of this inflexion decreases as temperature 

increases, at variance from the Pd behavior. This means that, 

when adding Ir to Pd in similar amounts, the hydrogen sorption 

behavior switches from exothermic to endothermic, just like in 

the case of Pd-Ru nanoalloys.29 

The strikingly different hydrogen sorption behavior of 

supported Ir-Pd nanoparticles with respect to that of Ir and Pd 

particles, and the corresponding differences in electronic 

structures due to the formation of a solid-solution alloy, are 

expected to have important consequences on the catalyst 

performances under hydrogen atmosphere. Figure 4 shows the 

results of CO conversion during CO oxidation (flow of 2% CO 

and 2% O2 in He, 1 atm) and CO PROX (idem with 48% H2) on 

the three catalysts. Although Pd is a very efficient H2-free CO 

oxidation catalyst (the Pd turnover frequency is two orders of 

magnitude higher than that of Ir around 150 °C, see Fig. S10), it 

is the least CO2-selective of all the platinum-group metals in 

PROX.45,46 Conversely, Ir is highly selective but poorly active 

(Fig. S11). Noticeably, at low temperature, the IrPd catalyst is 

both more active and selective in PROX than the Ir and Pd 

catalysts. Consistently, only the IrPd activity is boosted by the 

presence of H2, with a decrease of the light-off temperature by 

more than 50 °C (turnover frequency multiplied by 11 at 150 

°C). The present results confirm previous experiments 

performed on low-metal-loaded catalysts, where Ir89Pd11 and 

Ir55Pd45 nanoalloys have been found more active and selective 

than their Ir-pure or Pd-rich counterparts (or mechanical Ir + Pd 

mixtures) in PROX, independently of the support (ASA or 

alumina).36  

From PROX experiments on ceria-supported Pd and Pt 

catalysts and in situ XPS experiments, Pozdnyakova et al. 

ascribed the poor catalytic performances of Pd to hydride 

formation.47 Indeed, it suppressed the possibility of CO 

oxidation due to the preferential reaction of oxygen with 

hydride hydrogen to form water. The present H sorption results, 

showing that Ir-Pd nanoparticles sorb ca. 3 and 6 times less 

hydrogen than Ir and Pd ones, respectively (Fig. 2 at RT and 50 

kPa), may explain the promotional effect of Ir-Pd alloying in 

PROX. Ir-Pd nanoparticles retain the high activity of Pd in H2-

free CO+O reaction oxidation while preventing bulk hydrogen 

dissolution and hydride formation, which is detrimental to 

PROX. In support to sorption-PROX correlations, it should be 

noted that chemisorbed CO has a minor blocking effect on 

hydrogen absorption by high-surface-area palladium.48  

Conclusions 

Our results confirm hydrogen absorption in Pd nanoparticles (solid 

solution and hydride) as well as nanosize-induced hydrogen 

absorption into a non-absorbing element, Ir (solid solution), in the 

case of supported catalysts. Moreover, the overall hydrogen sorption 

capacity decreases strongly for Ir-Pd nanoalloys as compared to pure 

Ir and Pd nanoparticles. The addition of Ir to Pd inhibits Pd hydride 

formation, and the supported Ir-Pd nanoparticles adopt an 

endothermic behavior toward reaction with hydrogen. The 

nanoalloying effect on hydrogen sorption is shown for the first time 

to correlate with a synergistic effect in a catalytic reaction involving 

hydrogen. 
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