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Abstract

Structural order and surface crystallinity of palladium nanoparticles (Pd NPs) significantly 

affect their chemical and mechanical stability, and impact their resistance to poisoning and 

efficiency in hydrogen (H2) (de)sorption. This study investigates the impact of sulfuric acid 

(H2SO4) poisoning on pristine and annealed Pd NPs to identify the influence of structure on 

the density and stability of poisoners. Electron microscopy and diffraction analyses show that 

annealing transforms initially amorphous, rough, and aggregated particles into spherical and 

crystalline NPs with better-defined grain boundaries. Nanoscale AFM-IR analysis show that 

pristine NPs rapidly decompose SOx upon H2 exposure, and SOx is mainly located on the rim of 

the NP. Annealed NPs maintain stable, localized SOx signatures across multiple N2-H2 cycles, 

and only after the second H2 exposure cycle the SOx is removed from the central part of the 

NP. Contact potential difference analysis show the strong affinity of SOx to the rim of the NP. 

Together, these results reveal that crystallinity and defect density dictate both the spatial 

distribution and chemical stability of sulfur species on Pd surfaces. Pristine, defect-rich NPs 

promote rapid H2-induced SOx reduction and selective desorption from their centers, whereas 

annealed, crystalline NPs stabilize SOx more strongly and exhibit delayed desorption. This 

direct link between structural order, SOx binding strength, and hydrogen (de)sorption affinity 

underscores the critical role of nanoscale morphology in controlling poisoning dynamics and 

highlights nanospectroscopy as a powerful tool for correlating local structure with chemical 

functionality.
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Introduction

Catalytic behavior of metallic nanoparticles (NPs) is influenced by their atomic arrangement, 

degree of crystallinity, and distribution of structural defects.1–3  Grain size, surface roughness, 

facet orientation, and defect density all contribute to shaping the electronic structure and 

adsorption energetics of active sites, thereby governing reaction pathways and catalytic 

efficiency.4–9 Structural imperfections provide highly reactive adsorption sites, including 

disordered atomic domains, vacancies, steps, and grain boundaries. However, these 

imperfections can also contribute to mechanical deformation, chemical restructuring, and 

long-term degradation of the material.10 Therefore, rational design of catalytic materials 

requires a clear understanding of the interplay between structural order and chemical 

functionality.11–13

There has been extensive research demonstrating the influence of structure on catalytic 

performance across a variety of metallic systems. Amorphous or defect-rich materials often 

exhibit enhanced initial reactivity due to the presence of high density of reactive surface sites, 

but may suffer from limited stability or irreversible restructuring.14,15 In contrast, crystalline 

NPs with well-defined facets provide more predictable adsorption behavior and improved 

stability.16–19 Small or irregular NPs often exhibit rapid adsorption kinetics, but experience high 

lattice strain after repeated reaction exposure, while larger or more faceted particles possess 

greater mechanical stability.20,21 It can be therefore deuced that crystallinity, morphology, and 

defect density have a crucial impact on the catalytic performance and stability of materials.

Catalyst stability is strongly affected by the susceptibility to surface poisoning. Molecules such 

as CO, NOx, H2O, and sulfur-oxide species (SOx) can deactivate surface sites, due to strong 

interaction with the metal surface, preventing reactant adsorption and its activation.10,22–24 

The poisoning mechanism is highly sensitive to the surface structure. Surfaces with high 

density of adsorption sites can facilitate strong, sometimes irreversible binding of poisoning 

species.25,26 Consequently, the role and reversibility of catalyst poisoning depend on both the 

chemical nature of the poisoner and the structural characteristics of the active surface.

Pd NPs are ideal materials for studying structure-function relationships due to their 

exceptional ability to dissociate and absorb hydrogen. Hydrogen uptake in Pd induces a 

reversible phase transition accompanied by lattice expansion, making Pd a powerful system 

for hydrogen storage, catalysis, and sensing.9,22,27–30 However, the reversibility and kinetics of 

phase transition depend strongly on structural and morphological characteristics of Pd NPs, 
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including size, crystallinity, and surface defect density. Amorphous domains, rough surfaces, 

and high density of surface defects are common features in pristine Pd NPs, which enhance 

their hydrogen sorption rates, but also induce irreversible lattice strain upon repeated 

cycling.30,31 Alternatively, thermal annealing can be used to transform amorphous Pd NPs into 

polycrystalline nanostructures that are characterized with smooth surfaces and lower defect 

density. This structural change does not only enhance the particle uniformity but also leads to 

more predictable and reversible phase transitions during hydrogen (de)sorption cycling.30,32,33 

Therefore, structural order is directly related to mechanical robustness, phase-transition 

reversibility, and hydrogen reactivity in Pd-based nanomaterials. 34–37

Pd surfaces are highly vulnerable to poisoning, and specifically to sulfur poisoning.9,38,39 SOx 

species bind strongly to Pd, blocking H2 dissociation sites and significantly reducing their 

catalytic activity.9 Defect-rich, pristine Pd NPs provide a significant number of high-energy 

adsorption sites, which result in rapid SOx accumulation and accelerated deactivation. 

Annealed Pd NPs, on the other hand, exhibits a lower defect density and well-defined 

crystallographic facets, resulting in a higher resistance to sulfur adsorption as well as a higher 

recovery following H2 exposure.40

Due to their structural complexity, which induces both inter- and intra-particle variances, a 

comprehensive understanding of structure-reactivity correlations in Pd NPs requires an in-

depth nano-scale analysis.41–43 Such analysis will enable spatial mapping of poisoners' 

distribution and reveal how variations in surface coordination influence the adsorption 

strength, stability and diffusivity of sulfur-based species. Recent advances in high spatial 

resolution spectroscopy have enabled nanoscale investigations of catalytic nanoparticles.7,8,44–

54 In particular, infrared (IR) nanospectroscopy measurements55,56 have shown that the types 

and adsorption geometries of SOx species vary significantly due to morphological and 

structural heterogeneity among individual nanoparticles.9,39 However, the connection 

between crystallinity, location-dependent SOx adsorption (rim vs. center), and the kinetics of 

H2-induced SOx reduction remains insufficiently resolved.

Herein, we combine AFM-IR, KPFM, and electron microscopy to correlate the structural 

evolution of pristine versus annealed Pd NPs with their sulfur-poisoning behavior. We show 

that annealing transforms amorphous, highly corrugated particles into crystalline 

nanostructures with smoother surfaces, which in turn stabilizes SOx species and delays their 

H2-induced desorption. In contrast, pristine NPs exhibit rapid SOx reduction and selective 

desorption from their central regions, with preferential retention at defect-rich rim sites. 
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These insights establish a direct structure-poisoning relationship and highlight how 

crystallinity governs both SOx stability and hydrogen (de)sorption dynamics. 

Experimental 

Nanofabrication of Pd NPs samples. Pd nanodisk arrays were fabricated on 1x1 cm fused silica 

substrates using Hole-mask Colloidal Lithography (HCL).57 The particles had a nominal size of 

210 nm (diameter) and 25 nm (height), covering approx. 10% of the total sample area. For the 

annealed NPs subsequent annealing was performed at 500 °C for 18 h under a flow of 2 vol.% 

H2 in Ar. 

AFM-IR and KPFM measurements. Atomic force microscopy Infrared (AFM-IR) and Kelvin 

probe force microscopy (KPFM) measurements were performed at a tapping mode using a 

nanoIR-3 setup (Anasys, Bruker). AFM-IR setup is equipped with a Bruker Hyperspectral 

Quantum Cascade Lasers (QCL) laser source (790-1950 cm−1), a gold-coated Si probes with a 

nominal diameter of ~25 nm, resonance frequencies of 75±15 kHz, and spring constants of 1-

7 N m−1. Spectra were acquired with an average integration time of 5 s per spectrum and a 

spectral resolution of 2 cm⁻¹. For each measurement point, IR spectra were obtained by 

averaging five consecutive spectra collected at the same location on the nanoparticle. KPFM 

measurements were performed using a Pt/Ir probes with a nominal diameter of ~25 nm, 

resonance frequency of 62±14 kHz, and spring constants of 1-6 N m−1. Nano-IR measurements 

were conducted in-situ at room temperature under exposure to varying gas environments (1 

atm of N2 or 1 atm of 100:1 N2:H2 for 60 minutes), with humidity values less than 10%.

H2SO4 poisoning. Sulfur poisoning of Pd NPs was performed by immersing the sample in a 10 

mM aqueous H2SO4 solution for 10 min at 25 °C. Following exposure, the sample was dried on 

a hot plate in air at 100–110 °C for 10 min to remove physisorbed surface residues. The 

poisoning conditions were selected based on previous studies demonstrating that these 

conditions preserve the structure of both the Pd nanoparticles and the substrate, while 

harsher conditions induce structural changes.39

FIB-TEM measurements. Lamella of Pd NPs for Scanning Transmission Electron Microscopy 

(STEM) imaging was prepared using a Focused-Ion Beam (FIB), (Helios NanoLab 460F1). STEM 

images were taken using an aberration probe-corrected Themis Z-G3 (Thermo Fisher 
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Scientific) operated at 300 kV, equipped with an Annular Dark Field Detector (HAADF) for 

diffraction pattern of single Pd NP.

Results and discussion 

Pd NPs were prepared on a Si (100) wafer with a native oxide layer by using Hole-mask 

Colloidal Lithography nanofabrication. In order to prepare NPs that are characterized with a 

better-defined structure, the NPs were annealed to 500 °C for 18 h under a flow of 2% v/v H2 

in Ar. The chosen annealing temperature is above the Huttig temperature (0.3 Tm, Tm = melting 

temperature of Pd = 1828 K) of Pd (275 °C) and below the Tammann temperature (0.5 Tm, 

~650 °C) and thus lead to surface atom diffusion and smoothing without sintering of 

nanoparticles due to ripening and migration. High-resolution TEM (HR-TEM) imagining show 

the morphology and structure of the pristine and annealed Pd NPs (Figure 1a-b and e-f, 

respectively). 

characterization was conducted by using FIB to extract a lamella and its analysis by TEM 

imaging and fast Fourier transform (FFT) analysis of the diffraction pattern of the pristine and 

annealed NPs (Figure 1c-d and 1g-h, respectively). 

Figure 1. TEM (a and e), HR-TEM (b and f), FIB-TEM cross-sectional images (c and g) and FFT diffraction 

patterns (d and h) of pristine and annealed Pd NPs, respectively.

Both samples included NPs with a diameter and height of 190±10 and 25±5 nm, respectively. 

It was also identified that the pristine NPs are characterized with a more corrugated surface, 

that is constructed of nanoscale aggregates (Figure 1a-b). The annealed NPs showed a more 

spherical morphology with smoother surfaces, better-defined particle boundaries, and 
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enhanced crystallinity (Figure 1e-f), which are consistent with thermally driven intra-particle 

sintering and grain growth. 

TEM cross-sections of the pristine NP revealed a largely amorphous structure, as indicated by 

the diffuse, disordered FFT patterns (figure 1c-d). Conversely, annealed NPs displayed a 

different morphology, while the TEM cross-sections revealed sharply defined crystalline 

domains, and the corresponding FFT images exhibited distinct diffraction pattern that is 

consistent with a well-ordered face-centered cubic (FCC) structure (Figure 1g-h). These results 

confirm that thermal annealing promotes the transformation of disordered Pd NPs into 

nanostructures that are more robust, with defined crystalline domains and lower density of 

grain boundaries.

The pristine and annealed NPs were immersed in H2SO4 (10 mM, 25 °C, 10 minutes), followed 

by heating the dried sample in air (110 °C, 10 minutes) to remove physisorbed residues. 

Localized IR spectra were acquired from the center of the pristine and annealed NPs (Figure 

2a and 2b, respectively). The pristine NP exhibited characteristic IR absorption bands (Figure 

2a, blue colored spectrum) at 1100, 1194 and 1228 cm-1. The feature at 1100 cm-1 was 

assigned to sulfates adsorbed with 3-fold geometry on metallic sites (Pd0) of Pd(111) facets, 

while to peak at 1194 cm-1 is attributed to sulfates adsorbed with 3-fold geometry with the 

C3v symmetry on electron-deficient Pdx
+ sites.58 The peak at 1228 cm-1 is attributed to SO2 

species.59 The peak at 1451 cm-1 was assigned to 2-fold or 3-fold sulfates adsorbed on oxidized 

Pd sites (i.e., Pdx
+). The annealed NP (Figure 2b, blue colored spectrum) showed signals at 

1048 and 1095 cm-1, correlated to symmetric and asymmetric S-O stretching of sulfate, 

respectively, while the minor signal at 1264 cm-1 was correlated to SO2. The detection of a 

broad absorbance band at 1000-1150 cm-1 with a split to two peaks is correlated to sulfate 

adsorption at a bidentate adsorption mode with a C2V symmetry.58
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Figure 2. IR nanospectroscopy measurements acquired on the center of pristine (a) and annealed (b) 

NPs after their exposure to H2SO4. IR spectra were acquired following exposure to cycles of N2 and H2.

After exposure to H2 the IR signal of the pristine sample (Figure 4a, green-colored spectrum) 

was similar to that of the annealed sample, with two dominant peaks at 1035 and 1108 cm-1 

and a smaller peak at 1267 cm-1. The disappearance of the peaks at 1228 cm-1, coupled with 

the presence of a new peak at 1267 cm-1, was assigned to structural changes that modified 

the adsorption geometry.60 Consecutive H2-N2 cycles led to an overall decrease in the SOx 

signal and after 3 cycles only a minor signature was detected on the pristine NP. No signal was 

detected on the central part of the NPs after the 4th cycle, indicative of SOx desorption from 

the center of the NP (Figure 4a, brown-colored spectrum). 

Exposure to H2 reduced the vibrational signals on the annealed NP to about 1/3 of their initial 

amplitude. After exposure to a second cycle of H2, the IR signals at the 1000-1100 cm-1 range 

were not detected. The peak at 1264 cm-1 was attributed to SO2 species.59 The peak at 1420 

cm-1 was assigned to 2-fold or 3-fold sulfates adsorbed on oxidized Pd sites (i.e., Pdx
+).  It can 

be concluded that exposure to H2SO4 led to the formation of different surface chemistry on 

the pristine and annealed NPs. 

Quantitative analysis of surface roughness was performed based on AFM measurements 

(Figure 3). The pristine NPs exhibited an average surface roughness of 3.12 ± 0.17 nm, which 

increased to 3.40 ± 0.10 nm after exposure to H2SO4 (Figure 3, black colored curves). Following 

two cycles of exposure to N2 and H2 the roughness value decreased to 3.25 ± 0.08 nm. The 

annealed Pd NPs displayed a smoother surface, with an overall roughness of 1.92 ± 0.29 nm 

before exposure to H2SO4, which decreased to 1.24 ± 0.20 nm after poisoning. Following two 

cycles of exposure to N2 and H2 the roughness values of both the pristine and annealed 
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samples showed a moderate decrease. It was previously demonstrated by us that due to their 

high structural similarity of the nanoparticles, analysis of five nanoparticles provides 

statistically meaningful values that are representative of the behavior of the nanoparticle 

array.9

Figure 3. Average surface roughness of pristine (black) and annealed (red) NPs following sequential N2-

H2 cycles, shown before (solid lines) and after H₂SO₄ poisoning (dotted lines). Error bars represent the 

standard deviation across the analyzed particles, based on average of five NPs.

Nanoscale IR mapping were performed to correlate the structural properties with the 

distribution and stability of poisoners. Nanoscale AFM-IR mapping was performed at 1108 

cm−1, correlated to the asymmetric S-O vibration of SO4
2− (Figure 4a). Quantitative analysis of 

the variance in the IR amplitude on single NPs was performed by dividing the NP surface to 

concentric rings and averaging the IR signal across the ring (Figure 4b). The averaged IR signal 

of each ring was then plotted as function of the radial distance of the ring from the center of 

the NP to provide a quantitative analysis of the IR signal amplitude on different sites of the NP 

(Figure 4c).
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Figure 4. Quantitative analysis of AFM-IR mapping. (a) AFM-IR mapping of pristine NP following H₂SO₄ 

poisoning was recorded at 1108 cm−1. (b) Quantitative analysis of the IR signal across the NP surface 

was performed by dividing the NP into concentric rings, each with a fixed width of ~4.5 pixels (≈3 nm), 

and calculating the averaged IR signal within each ring. Ten rings are shown as an example in (b). The 

averaged signal of each ring was then plotted as a function of its distance from the nanoparticle’s center 

of mass (c). The yellow arrow indicates the radial distance measured from the particle’s center of mass.

AFM-IR maps were recorded for the pristine and annealed NPs (Figure 5a and 5c, respectively) 

after exposure to H2SO4 and following consecutive N2 and H2 cycles. Quantitative analysis of 

the IR signal was performed for two pristine and annealed NPs (Figure 5b and 5d, 

respectively), in a similar approach to the one described in Figure 4. The pristine NPs showed 

an AFM-IR signal that covered the NPs, indicating that the NPs are coated with SOx molecules 

(Figure 5a). Analysis of the AFM-IR maps showed a similar signal on the central part of the NP 

with a continuous decrease in the IR signal toward the edge of the NPs (Figure 5b, black-

colored curve). Following exposure to H₂, the IR signal in the central part of the pristine NPs 

decreased and a ring of IR signal was detected on the outer rim of the NP (Figure 5a). This was 

also validated by analysis of the IR signals (red-colored curve, Figure 5b). A second exposure 

cycle to N2 (blue-colored curve, Figure 5b) and to H2 (green-colored curve, Figure 5b) led to 

sharpening of the IR signal toward the rim of the NP. These results show the selective 

desorption of SOx from the central part of the NP following exposure to H2.      
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Figure 5. AFM-IR mapping at 1108 cm−1 of pristine (a) and annealed (c) Pd NPs after exposure to H2SO4 

and following consecutive N2 and H2 cycles. The surfaces of two NPs (labeled P1 and P2 in panels a and 

c) were divided into concentric rings, and the averaged IR signal of each ring was plotted as a function 

of the radial distance from the particle center. The radial IR signal analysis of the pristine and annealed 

NPs are shown in panels b and d, respectively. Data in b and d are shown after the first exposure to N2 

and H2 (black and red traces, respectively) and after the second exposure to N2 and H2 (blue and green 

traces, respectively). The scale bar represents 200 nm.

A different pattern was detected for the annealed NP. AFM-IR imaging probed the selective 

desorption of SOx species only after the second H₂ cycle (Figure 5c). Quantitative analysis of 

the IR signal showed that prior to exposure to H2, the IR signal reached its maximum at the 

center of the NP and moderately decreased toward the edges of the NP (black colored curve, 

Figure 5d). Following H₂ exposure, the maximum IR signal shifted from the centre toward the 

rim of the NP (red colored curve, Figure 5d) and this shift further increased after the second 

H2 exposure (green colored curve, Figure 5d). 

These observations are consistent with the analysis of surface roughness (Figure 3). Pristine 

NPs exhibit higher surface corrugation values, and noticeable changes in surface roughness 

were measured following exposure to H2, indicating a dynamic and adaptable surface 

structure. Due to enhanced atomic mobility, SOx diffusion and desorption occurred during H2 

exposure, presumably due to dissociation of H2 that enabled the following reduction and 

desorption of SOx species. The annealed NPs exhibit smaller and more consistent roughness 

variations, indicating that the surface is structurally more stable. In addition, it is expected 
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that H2 dissociation will have higher kinetic barriers on a surface with lower density of surface 

defects. Thus, the rate of SOx reduction, followed by desorption, is expected to be slower on 

the annealed NPs. For both the pristine and annealed NPs there is higher stability of SOx on 

the edge of the NP, correlated with higher density of surface defects on these sites.

KPFM measurements were performed to probe the changes in contact potential difference 

(CPD), which reflects the difference in work function between the tip and sample (Figure 6). 

As the transformation from metal to metal-hydride is expected to influence the work function 

value, KPFM measurements can shed light on the hydrogenation on the particle's top layers 

on the impact of surface poisoning on hydrogen (de)sorption kinetics. 

Figure 6. AFM topography and KPFM of the pristine (a and c) and annealed (b and d) Pd NPs. 

Measurements were performed before (a and b, respectively) and after H2SO4 poisoning (c and d, 

respectively), following consecutive exposure to N2 and H2. The radial CPD signal analysis for the pristine 

(e and f) and annealed (g and h) NPs before (e and g) and after (f and h) H2SO4 poisoning are shown. 

CPD analysis is shown after the first exposure to N2 and H2 (black and red traces, respectively) and after 

the second exposure to N2 and H2 (blue and green traces, respectively). Scale bar represents 200 nm.

AFM topography and CPD mapping was performed for pristine and annealed NPs before 

(Figure 6a and 6b, respectively) and after (Figure 6c and 6d, respectively) exposure to H2SO4 

following alternating cycles of N2 and H2. CPD measurements show noticeable differences in 

the CPD values of the pristine NP following the initial exposure to H2 (Figure 6a). Quantitative 

analysis of the CPD signal show that the CPD values at the center of the NP increased by ~25 

mV after the initial exposure to H2 (red colored curve, Figure 6e). In the second N2 and H2 

exposure cycle relatively minor changes were probed in CPD values. Interestingly, the CPD 

values at the rim of the NP showed higher signal than the center of the NP, demonstrating the 

high reactivity and affinity of hydrogen to these sites.  
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The annealed NP displayed noticeable changes in CPD values of up to 40 mV following H2 

exposure (Figure 6b and red colored curve in Figure 6f), indicative of enhanced hydrogen 

sorption affinity, correlated to improved crystallinity that led to higher diffusivity of hydrogen 

in the NP. Local enhancement in CPD values was measured at the rim of the NP, correlated to 

higher density of surface defects on these sites. For both the pristine and annealed NPs, 

smaller changes were probed in the second N2-H2 exposure cycle, in comparison to the first 

cycle, attributed to slower kinetic in hydrogen desorption from the top layers of the NPs.

Following H2SO4 poisoning, the CPD values of the pristine NP showed noticeable differences 

of up to 10 mV between the rim and the center of the NP (Figure 6c and red colored curve in 

Figure 6g). The non-homogeneous CPD signal along the NP's rim reflects the structural 

variance and heterogeneity in SOx adsorption pattern that changed the hydrogen sorption 

affinity. Nevertheless, although the adsorption of SOx species is located at rim sites (Figure 

4a), the magnitude of response to H₂ exposure is much smaller compare to the non-poisoned 

pristine NPs (Figure 6a). These results show the dominant effect of sulfate adsorption at rim 

sites on the overall hydrogen sorption affinity. In contrast, the annealed sample that was 

poisoned by SOx showed a more homogeneous CPD distribution after the first H₂ exposure 

(Figure 6d and 6h). 

These trends are consistent with the AFM-IR mapping results (Figure 5a). After the first H₂ 

exposure, the pristine NPs displayed IR signature on the rim of the NP and this IR signature 

was identified as well in the CPD analysis. The annealed Pd NPs maintained stable IR signatures 

across the surface until the second H₂ exposure (Figure 5b), which promoted SOx sorption. 

Therefore, the CPD values do not show the rim signal that was detected for the pristine NP 

and show a moderate response to the changes from N2 to H2 environments due to surface 

poisoning of the NP. 

Conclusions 

This work demonstrates how the structure of Pd NPs governs their chemical reactivity, 

hydrogen (de)sorption affinity, and susceptibility to sulfur poisoning. Pristine Pd NPs, 

characterized by rough, defect-rich surfaces and largely amorphous interiors, exhibit rapid 

adsorption and reduction of SOx species during H2 exposure. In contrast, thermal annealing 

produces crystalline Pd nanostructures with reduced defect densities, leading to more 

spatially and chemically uniform SOₓ adsorption.
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Nanoscale AFM-IR mapping reveals that SOx species distribute and evolve differently on 

pristine and annealed NPs. Pristine particles show rapid depletion of SOx from their centers 

and selective retention at their more defective rims. Annealed NPs exhibit more stable SOx 

signatures, with desorption occurring only after two cycles of hydrogen exposure. These 

trends correlate with AFM-derived surface roughness measurements and KPFM results, both 

of which confirm the more pronounced effect of poisoning on the annealed NPs, correlated 

to the lower density of surface defects, which limits the dissociative adsorption of H2, followed 

by reduction and desorption of the adsorbed SOx species.   

These results establish a direct link between nanoscale crystallinity, defect density, and sulfur 

poisoning dynamics in Pd NPs. Annealed NPs are characterized with structural robustness, 

that induces stronger sulfur adsorption sites, and quenches the hydrogen sorption affinity. In 

contrast, pristine NPs are characterized with high density of surface defects, leading to weaker 

SOx adsorption sites and improved hydrogen (de)sorption affinity, in comparison to the 

pristine NPs. These nanospectroscopic insights underscores the importance of structural 

control in designing durable Pd-based catalysts and hydrogen-responsive sensors, and 

highlights nanoscale spectroscopy as a powerful tool for correlating local structure with 

chemical functionality.
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