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Abstract

:

The formation of palladium hydrides is a well-known phenomenon, observed for both bulk and nanosized samples. The kinetics of hydrogen adsorption/desorption strongly depends on the particle size and shape, as well as the type of support and/or coating of the particles. In addition, the structural properties of hydride phases and their distribution also depend on the particle size. In this work, we report on the in situ characterization of palladium nanocubes coated with HKUST-1 metal-organic framework (Pd@HKUST-1) during desorption of hydrogen by means of synchrotron-based time-resolved X-ray powder diffraction. A slower hydrogen desorption, compared to smaller sized Pd nanoparticles was observed. Rietveld refinement of the time-resolved data revealed the remarkable stability of the lattice parameters of α- and β-hydride phases of palladium during the α- to β- phase transition, denoting the behavior more similar to the bulk materials than nanoparticles. The stability in the crystal sizes for both α- and β-hydride phases during the phase transition indicates that no sub-domains are formed within a single particle during the phase transition.
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1. Introduction


Palladium is well-known for its ability for dissociative adsorption and storage of hydrogen [1]. The hydrogen storage capacity and kinetics of hydrogen adsorption and desorption are strongly affected by the particle’s size and shape [2,3,4,5,6,7,8], which is an important parameter for catalytic applications [8,9,10,11,12,13,14]. Bulk palladium materials exhibit a sharp phase transition from α- to β-hydride, resulting in a characteristic plateau in the pressure composition isotherm [1]. For nanostructured samples, the phase transition spans over a wider pressure range [3]. In the previous works, we explained such behavior by a gradual evolution of the cell parameters in the surface region of Pd nanoparticles (NPs) [5,15]. Different theoretical models were suggested as descriptive of the structure of palladium particles during formation and decomposition of hydrides [4,16,17,18,19]. In particular, the core-shell structures were suggested [18].



Metal-organic frameworks (MOFs) represent a new class of porous crystalline materials, built from inorganic cornerstones, connected with each other through organic linkers to three-dimensional structures [20,21]. Extremely high porosity and specific surface area make them promising materials for application in catalysis, gas storage and separation, drug delivery and other fields. For specific applications, MOFs be used as an alternative to conventional supports for stabilization of metal NPs [22,23,24,25,26,27]. HKUST-1 MOF, also known as Cu-BTC, MOF-199, and Basolite C300, represent a porous structure within Fm-3m space group based on copper inorganic cornerstones connected via 1,3,5 benzenetricarboxylate (BTC) linkers [28]. In previous work, we successfully incapsulated palladium particles into the pores of UiO-67 MOF and demonstrated their accessibility to hydrogen and other substrate molecules [29,30,31,32]. Significant enhancement of hydrogen storage capacity and adsorption speed by coating of palladium NPs by HKUST-1 was reported by Li et al [33].



Here, we perform in situ time-resolved X-ray powder diffraction (XRPD) study of the Pd@HKUST-1 material to obtain information about the kinetics of atomic structure of palladium during adsorption and desorption of hydrogen. The synthesized samples were characterized by XRPD and transmission electron microscopy (TEM). Utilization of synchrotron radiation allowed for the collection of high-quality time-resolved data, which revealed the evolution of α- and β-hydride phases of palladium, their corresponding lattice parameters and the crystallite sizes during desorption of hydrogen. The results were compared with supported metal nanoparticles of different size and bulk palladium samples.




2. Materials and Methods


2.1. Synthesis of Pd@HKUST-1


The synthesis was performed following the strategy described in [28]. 22.4 mg of polyvinyl alcohol, 144 mg of ascorbic acid, 720 mg of KBr, and 151.2 mg of K2PdCl4 were dissolved in 26.4 mL of deionized water. The solution was then transferred into 50 mL round-bottomed flask with a reflux condenser and was stirred in a heated bath at 80 °C for 3 h. The resulting mixture was filtered, washed three times by acetone to water 1:1 solution and dried at 40 °C in vacuum. 19.8 mg of copper (II) acetate and 12 mg of H3BTC (benzene-1,3,5-tricarboxylic acid) were dissolved in 12 mL of ethylene and mixed for 48 h together with the obtained palladium particles at room temperature. Finally, the samples were washed twice with ethanol and dried in air at 200 °C. The BET specific surface area for the HKUST-1 one sample without palladium was 1236.4892 m2/g.




2.2. Ex Situ Characterization


TEM images of the synthesized material were taken using Tecnai G2 Spirit TWIN (FEI, Hillsboro, Oregon, MA, USA) transmission electron microscope operated at an accelerating voltage of 80 kV. The obtained images were processed using ImageJ (Version 1.53a, National Institutes of Health, Bethesda, MD, USA) software [34]. For particle size calculation, each visible particle was highlighted by tetragons and an average edge length was calculated as a square root of a tetragon area. The XRPD characterization was performed using D2 PHASER diffractometer (Bruker, Billerica, MA, USA) using Cu Kα1,2 radiation. The patterns were collected in Bragg-Brentano geometry in the 2θ range 5–80° with a 2θ step of 0.02°. Reference HKUST-1 and metallic palladium powder were measured under the same conditions.




2.3. In Situ X-Ray Powder Diffraction


In situ XRPD measurements during absorption/desorption of hydrogen were performed at BM31 beamline [35] of European Synchrotron Radiation Facility (ESRF, Grenoble, France) in Debye-Scherrer geometry. The sample was placed in a 1 mm quartz glass capillary and fixed from both sides by the quartz wool. The remotely controlled gas rig, permanently installed at BM31 beamline, and equipped with fast electric valves, was adopted to add and outgas hydrogen during the experiment. Fast outgassing was performed by opening the electric from the capillary to a pre-evacuated volume (ca. 1 L) connected with a vacuum pump. The time needed for the outgassing was below 1 s, which was tested by monitoring phase transition from hydride to metallic phase in small Pd particles [16], which is considerably faster than the desorption kinetics observed for Pd@HKUST-1. The photon wavelength of λ = 0.505235 Å was selected by Si(111) channel-cut monochromator. CMOS-DEXELA 2D image plate detector were located at 250.14 mm from the sample covering the 2θ angles up to 50° (dmin ~ 0.6 Å). The region below 4° was shielded by the beam-stop, which protected the detector from being damaged by the direct beam. The sample-to-detector distance, detector tilts and the exact photon wavelength were optimized by Rietveld refinement of the reference LaB6 and Si samples. For time-resolved measurements, 5 s acquisition per pattern was adjusted. The two-dimensional (2D) patterns were processed in PyFAI code [36] to obtain I(2θ) diffraction data. Structural analysis was performed by Rietveld refinement of the diffraction data using GSAS II software (Version 4469, General Structure Analysis System-II, Argonne National Laboratory, IL, USA) [37]. The cell parameters of α- and β-hydride phases of palladium, the relative fractions of these phases and isotropic atomic displacement parameters were set as variable parameters during the refinement. The Pseudo-Voight function were used to describe the shape of the Bragg peaks. Additional broadening due to the nanometric particle size was considered and kept as a variable parameter for both phases.





3. Results


3.1. Characterization of the Initial Pd@HKUST-1 Material


TEM images of Pd@HKUST-1 revealed formation of the nanocubes (Figure 1) covered by MOF. Due to big difference in atomic number between Cu and Pd, the scanning electron microscopy images measured in secondary electron and high angle backscattered electron regimes evidence that the cubic particles correspond to palladium (Figure S5). Average edge size of the nanocubes in Pd@HKUST-1 sample of 23 ± 4 nm was obtained by calculation of ca. 300 particles (Figure 2). A fraction of smaller particles (see Figure S4) was visible in some images. These particles were not considered, as they give negligible contribution XRPD signal compared to bigger particles. In addition, smaller particles were reported to rich lower H/Pd values at the same temperature and hydrogen pressure [38], which means that their contribution to the total hydrogen adsorption is also much smaller compared to bigger particles. Comparison of the XRPD profile of Pd@HKUST-1 with those of the reference materials also confirmed the presence of both fcc Pd and HKUST-1 phases in the synthesized material (Figure 3). The refined value of the cell parameter of the palladium nanoparticles is 3.896(1) Å, which is close to the value of 3.8899(1) Å obtained for bulk palladium.




3.2. Evolution of Palladium Structure During Adsorption/Desorption of Hydrogen


To form the hydride phase in palladium NPs, the sample was exposed to 2.1 bar of pure hydrogen at 80 °C. The hydrogen absorption and formation of palladium hydride is an exothermal process which is faster than the desorption of hydrogen. The data that was collected during the formation of palladium hydride are shown in the Supporting Information (Figure S1). Here, we focus on the detailed characterization of the desorption process during fast (<1 s) outgassing from 2.1 bar hydrogen to vacuum. The whole procedure was carried out keeping the sample temperature at 80 °C.



After complete formation of β-hydride phase, the sample was outgassed by opening the electrovalve to the vacuum pump, and the continuous collection of XRPD data with time resolution of ca. 5 s was started. The quality of the data can be appreciated in the Figure S2 of the Supporting Information. The evolution of XRPD profiles is illustrated in Figure 4. The hydrogen desorption from the particles is accompanied by a gradual decrease of the peaks of β-hydride phase (highlighted by dashed vertical lines in Figure 4) with the cell parameter ca. 4.03 Å to α-hydride phase highlighted by dotted vertical lines (cell parameter ca. 3.90 Å).



Sequential analysis of the whole dataset of XRPD patterns was performed in GSAS II code [37]. The profile parameters of the Pseudo-Voight function (GU, GV, GW, LX, and LY) were initially refined for the reference Si sample to account for the experimental contribution. The additional width observed for Pd reflections in Pd@HKUST-1 was attributed to the nanosized dimensions of the particles. It should be noted, that GW parameter was increased by 9 to account for the additional peak broadening due to a thicker capillary (1.0 mm) used for Pd@HKUST-1 compared to 0.7 mm capillary for Si reference, which gives additional peak width of ca. 0.07° estimated by the Equation (1) [39],


  β =  d r    ,  



(1)




where d is the capillary thickness and r is the sample-to-detector distance.



The sequential Refinement of ca. 300 XRPD patterns illustrated in Figure 4 was run in the reverse order starting from the last pattern where both α- and β-hydride are clearly defined. For each pattern the following set of variables were used: cell parameters aα and aβ of the two phases, the relative fractions of these phases with their sum constrained to 1, isothropic atomic displacement parameters Uiso,α and Uiso,β for both phases, crystallite sizes Dα and Dβ for both phases, and 9-parameter Chebyshev polynomial for the background function, which gives (together with the scale factor) 17 independent parameters. The refined values obtained at each step were used as starting point for the refinement of the next pattern. The first 3 patterns, collected after the beginning of the outgassing procedure, were excluded from the refinement since the α-phase fraction was below the detection limit causing instabilities in the fitting procedure. The main structural parameters obtained from the refinement are shown in Figure 5.





4. Discussion


The process of hydrogen desorption from Pd@HKUST-1 is slower than for few-nanometer palladium particles on conventional supports [4,16] and particles confined in the MOF pores [29], which allowed detailed structural characterization along the desorption process. The time needed to decompose 50% of hydride phase was 15 min (Figure 5a). The complete removal of the β-phase was achieved by heating the sample to 120 °C (See Supporting Information, Figure S3). For comparison, 2.6 nm Pd NPs supported on carbon undergo from α- to β-phase in 2 s at room temperature [16], while at higher temperatures, the desorption time was below 1 s. For supported Pd nanoparticles with sized from 1.8 to 5.4 nm, the desorption times from few seconds to minutes were reported with strong dependence on the particle size. The dependence between the desorption time (the authors used the time needed for half of the hydrogen to be adsorbed/desorbed) and the particle size was studied, which suggests further extrapolation to the bigger-sized particles. Considerably slower kinetics than for our Pd@HKUST-1 material, were reported for 4–6 nm particles at room temperature [40], where the time-resolved measurements were performed by measuring X-ray diffraction intensity fixed 2θ-position of metallic Pd (111) reflection, which was calibrated with the cell parameter. Notable, all previous time-resolved measurements were performed “indirectly”, while in this study, high-quality time-resolved X-ray diffraction profiles were collected allowing for a more comprehensive analysis.



Both α- and β-phases are characterized by similar crystallite sizes which are stable along the whole desorption process (Figure 5b), with the only slight deviation for the α-phase in the first minute of desorption, which is attributed to the fact that the fraction of this phase is below 0.1, resulting in the bigger error in determination of its crystallite size and high correlation with other parameters (particularly, with aβ and aα). The stability of the crystallite size indicates that within the limitation of XRPD method there are no sub-domains or core-shell regions formed, which was suggested by theoretical calculations [18,19] and interpretation of the hydrogen desorption kinetics, measured by indirect nanoplasmonic sensing [4] during the hydrogen desorption process. The small fractions of the additional phases and/or amorphous parts of the nanoparticles can escape from XRPD analysis, and are both being possible in the thin surface layer.



Remarkable is the stability of the cell parameters of α- and β-phases (Figure 5c). Such behavior is closer to the bulk materials, than to the nanosized samples, where a variation of cell parameters was observed, resulting in the less defined phase transition [4,5]. The increased values of aβ in the beginning of the outgassing procedure are explained by the fact that in pure β-phase region the cell parameter increases with increasing hydrogen pressure (the starting pressure was 2.1 bar).



Stability of the cell parameters and average crystallite sizes during the phase transition correlates with the sharp plateau observed by Li et al for a similar material [33]. For accurate comparison, it should be noted, that the particle size obtained in this work is bigger than that reported in [33]. However, the time needed for β-hydride phase formation is comparable for the data reported by Li et al in the current work (see Figure S1 of the supporting information). In both cases complete transition to β-hydride occurs within 5 s.



The isotropic atomic displacement parameters are also similar for both phases and do not change significantly during the phase transition. The smaller values observed for α-phase in the first minutes of the hydrogen should be attributed to the small fraction of this phase, which complicates the accurate estimation of the integral peak intensities. A possible reason for such inaccuracy may be the fact that, for a small concentration, the peak shape is not well-defined and the contribution of smaller particles to the Bragg peaks can be partially described by the background function. While, the pseudo-Voight function describes the remaining bigger fraction of particles. This can explain both lower Uiso and bigger particle sizes obtained for the α-phase at the beginning of hydrogen desorption procedure.




5. Conclusions


We performed in situ time-resolved characterization of the phase transition from β- to α-hydride phases in the cubic palladium nanoparticles, with the edge length of ca. 20 nm coated by HKUST-1 MOF, by means of synchrotron-based XRPD. The sequential analysis of the whole experimental dataset provided the structural insights into the process of β-hydride decomposition. In particular, no changes in the crystallite size were observed indicating that each particle is present either, in α- or β-phase, and excluding the core-shell models of phase distribution, or other possibilities of sub-domain formation, within the limitation of XRPD method. A remarkable stability of the cell parameters of α- and β-phase is more similar to that observed for bulk materials, than the nanosized ones, which explains the sharp phase transition previously reported for Pd@HKUST-1 material.
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The following are available online at https://www.mdpi.com/2075-4701/10/6/810/s1, Figure S1: In situ XRPD patterns collected with 0.505235 Å radiation during formation of hydride phases Pd@HKUST-1 (from blue to red). The first four spectra are collected within a minute, the last one is after five minutes after sending 2.1 bar hydrogen, Figure S2: XRPD patterns (0.505235 Å radiation) from the first 5 min of the hydrogen desorption from Pd@HKUST-1 reproducing selected data from the whole dataset shown in Figure 4 of the main text. The acquisition time for each pattern was 5 s, Figure S3: XRPD pattern (0.505235 Å radiation) for the Pd@HKUST-1 sample after complete hydrogen desorption at 120 °C, Figure S4: TEM distribution of bigger (black) and smaller (red) particles, Figure S5: SEM image for Pd@HKUST-1 material measured in SE (a) and HA-BSE (b) regimes, Figure S6. XRPD patterns (Cu Kα radiation) for synthesized HKUST-1 (blue) and reference Basolite C300 sample (black).
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Figure 1. Representative TEM micrographs of Pd nanocubes (a–c) and Pd@HKUST-1 (d–f). 
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Figure 2. Particle size distribution calculated from TEM images. 
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Figure 3. Ex situ XRPD patterns (Cu Kα radiation) for metallic palladium (red), HKUST-1 (blue) and Pd@HKUST-1 sample (green). 
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Figure 4. Evolution of in situ XRPD data collected with 0.505235 Å radiation during H2 desorption at 80 °C after fast outgassing from 2.1 bar hydrogen to vacuum. Vertical dashed and dotted lines highlight the positions of Pd reflections for α- and β-hydride phases respectively. Selected patterns from these series are shown in Figure S2 of the Supporting Information. 
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Figure 5. Fractions (a), crystallite sizes (b), cell parameters (c) and Uiso values (d) for α- (blue circles) and β- (red squares) hydride phases of palladium as function of time after fast outgassing from 2.1 bar hydrogen to vacuum at 80 °C obtained by Rietveld refinement of XRPD data. 
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