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a b s t r a c t 

Metal-based quasicrystals with unique quasi-periodic atomic arrangements are known to store a large 

amount of hydrogen under reasonable pressure and temperature for practical application as energy stor- 

age materials. While details on the atomic environments around hydrogen are central to understanding 

their hydrogen-storage capacity, the experimental probing of hydrogen environments and direct estima- 

tion of hydrogen content in hydrogen-bearing metal compounds, including quasicrystals, remain the holy 

grail in metallurgy and materials science because of the lack of suitable spectroscopic probes of hydrogen 

in noncrystalline metal alloys. While 1 H nuclear magnetic resonance (NMR) measurement under fast spin- 

ning has the potential to reveal the nature of bonding around hydrogen, applying NMR to these metallic 

compounds has been challenging. Here, we report the first 1 H nuclear magnetic resonance (NMR) spec- 

tra of hydrogenated quasicrystals under fast sample spinning, revealing previously unknown details of the 

bonding environment and hydrogen content. The NMR spectra of TiZrNi quasicrystals show that the metal 

atoms in the first coordination shell of neutral hydrogen shift gradually from Zr to Ti to Ni with increas- 

ing hydrogen content. This trend accounts for Ni-induced increase in the hydrogen-storage capacity and 

the enhanced desorption kinetics observed near ambient conditions. The 1 H peak maximum shifted lin- 

early toward lower frequencies with increasing hydrogen content, highlighting the utility of fast-spinning 

NMR as a novel quantitative probe of hydrogenated quasicrystals. These results open a new window to 

access the nature of hydrogen and its content in diverse hydrogen-bearing energy materials based on 

metal alloys using high-resolution 1 H NMR spectroscopy, providing improved prospects for the hydrogen 

economy. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Quasicrystals are characterized by unique quasiperiodic atomic 

rrangements, such as fivefold rotational symmetry, that cannot 

e explained by the classical concept of crystalline materials [1] . 

hile natural quasicrystals have been found in meteorites [ 2 , 3 ], 

uasicrystals have primarily been synthesized by melting and rapid 

uenching from liquids (on the order of 10 4 –10 7 K/s) [ 4 , 5 ] and/or

hrough shock compression [6] . Quasicrystals are known to have 
∗ Corresponding author. 
∗∗ Corresponding author at: School of Earth and Environmental Sciences, Seoul Na- 

ional University, Seoul 08826, South Korea ( https://g2mat.snu.ac.kr ). 

E-mail addresses: kimjy@hanyang.ac.kr (J. Kim), sungklee@snu.ac.kr (S.K. Lee). 
1 Present address: Research Center for Materials, Advanced Institute of Conver- 

ence Technology, Suwon 16229 South Korea. 

2

h

a

q

t

a

ttps://doi.org/10.1016/j.actamat.2022.117657 

359-6454/© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
otential applications as hydrogen storage materials [7] , which 

ould be used in clean and renewable energy systems [8–11] . 

ndeed, high-performance hydrogen storage materials consist of 

omposite metal alloys and their hydrides (e.g., Refs. [12–15] ; see 

upplementary Information, SI-1 for metal-bearing hydrogen stor- 

ge materials). In particular, TiZr-based quasicrystals are among the 

ost effective hydrogen-absorbing materials because the binding 

nergy between hydrogen and metal atoms is expected to be not 

ignificant, facilitating efficient removal of absorbed hydrogen [16–

3] . Furthermore, the number of interstitials (i.e., potential sites for 

ydrogen) in quasicrystals is greater than those in crystalline metal 

lloys and other candidate materials [ 18 , 24 ]. In fact Ti 53 Zr 27 Ni 20 

uasicrystals store hydrogen up to hydrogen to host metal atom ra- 

io (H/M) of 1.79 (i.e., 179 absorbed hydrogen atoms per 100 metal 

toms) [ 17 , 18 ]. 
. This is an open access article under the CC BY-NC-ND license 
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Despite its importance, the nature of the interaction between 

ydrogen and the quasicrystalline lattice remains to be explored, 

hereas earlier theoretical studies suggested that hydrogen atoms 

ccupy one of the low-energy tetrahedral sites, consisting primar- 

ly of Ti and Zr [ 25 , 26 ]. Detailed experimental probing of the hy-

rogen environments and their bonding nature in quasicrystals has 

een challenging because of the lack of a suitable experimental 

robe for absorbed hydrogen. Furthermore, direct and precise es- 

imation of the hydrogen content in hydrogen-bearing metal com- 

ounds, including metal hydrides and quasicrystals, is not trivial; 

hile volumetric and gravimetric methods have commonly been 

sed to determine the hydrogen content [27] , the methods may 

ot be suitable for detecting a small amount of hydrogen (e.g., 

mg). Since the quasicrystalline lattice tends to expand with in- 

reasing hydrogen concentration [ 18 , 21 ], X-ray diffraction (XRD) 

ata from quasicrystals are useful for inferring the hydrogen con- 

ent. However, the lack of a crystalline lattice in quasicrystals may 

ot allow a direct inference of the hydrogen content. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy 

rovides element-specific information on the local structures and 

nvironments around target nuclides in diverse diamagnetic ma- 

erials [ 28 , 29 ]. This technique has also been useful for studying

aramagnetic-element-bearing (e.g., Fe and Mn) crystalline oxides 

30–32] and disordered materials [33–36] . In particular, 1 H NMR 

an potentially probe the nature of the bonding in diverse metal 

ydrides [36] . An earlier 1 H static (without sample spinning) NMR 

tudy confirmed that hydrogen in TiH x and ZrH x tends to have 

egative 1 H NMR Knight shifts [37] that result from the mod- 

fication of the local static field around 

1 H due to the interac- 

ion with conduction electrons through hyperfine coupling [ 36 , 38 ]. 

ioneering 1 H NMR studies on quasicrystals and metallic glasses 

ere mainly conducted under static conditions [ 22 , 39 , 40 ], and the

pplication of 1 H NMR to these metallic compounds for hydro- 

en storage materials, including quasicrystals, focused primarily 

n the study of spin relaxation times and related transport prop- 

rties [41–43] . Consequently, the peaks in these static 1 H NMR 

tudies were often quite broad because anisotropic 1 H–1 H dipo- 

ar spin coupling is dominant, and thus, the detailed atomic con- 

gurations around hydrogen are hidden. Fast magic-angle spinning 

MAS) effectively removes 1 H–1 H dipolar interactions (e.g., [44] ). 

dvances in solid-state NMR under fast spinning speeds have en- 

bled the collection of high-resolution 

1 H NMR spectra, provid- 

ng site-specific information about hydrogens in various materials 

45–52] . However, 1 H MAS NMR spectra from quasicrystals under 

ast sample spinning are not currently available, as the magnetic 

ermeability of quasicrystals is larger than 1 ( ∼1.2 at 100 K for 

i 50 Zr 33 Ni 17 quasicrystals) [53] , making spinning of the sample un- 

er a magnetic field difficult. Therefore, high-resolution NMR scans 

rom hydrogen-bearing quasicrystals have been anticipated. In this 

tudy, we report the first high-resolution 

1 H MAS NMR spectra of 

i 53 Zr 27 Ni 20 quasicrystals with different H/M ratios (from 0.5 to 

.8) under fast spinning speeds up to 35 kHz, yielding new insights 

nto detailed hydrogen environments with varying hydrogen con- 

ents. Based on the high-resolution NMR results, we also aim to 

evelop a structural proxy for the hydrogen content in quasicrys- 

als. 

. Experimental 

Sample preparation . Ti 53 Zr 27 Ni 20 quasicrystals were synthesized 

hrough arc melting of mixed elements consisting of Ti, Zr, and Ni 

etals at a temperature of ∼20 0 0 °C in an argon environment on 

 Cu hearth (see Ref. [18] for further details). The resulting ingot 

as remelted several times to ensure homogeneous mixing of the 

lements. The melts were quenched on stainless steel wheel with a 

otation frequency of 50 Hz. Thin metallic ribbons of quasicrystals 
2 
ere produced via fast quenching at a cooling rate of ∼10 6 °C/s. 

he quasicrystal samples confirmed by XRD were etched by Ar 

lasma, which removes the surface oxygen layers. After additional 

urface treatment with a Pd coating, hydrogen insertion was per- 

ormed. Samples having desired amounts of hydrogen (H/M = 0.5, 

.7, 0.75, 0.9, and 1.8) were prepared by employing an automatic 

as-handling system at 300 °C [18] . The hydrogen content in the 

ample was determined by two independent methods: (1) mea- 

uring the mass gain after hydrogenation and (2) calculating the 

umber of moles of hydrogen after hydrogen uptake in a known 

olume of the sample chamber. 

NMR spectroscopy . 1 H NMR experiments of Ti 53 Zr 27 Ni 20 qua- 

icrystals were performed on a Bruker NMR system (14.1 T) at a 

armor frequency of 600.41 MHz at Seoul National University. The 

pectra were collected with a 1.9 mm triple-resonance Bruker NMR 

robe with varying spinning speeds from 10 to 35 kHz. To remove 

otential 1 H probe background signals, the spin-echo pulse se- 

uence ( π /2–t–π–t) was used [ 54 , 55 ]. The π /2 pulse lengths were

 μs for H/M = 1.8 and 1.5 μs for the other samples. Considering 

he estimated spin-lattice relaxation times ( T 1 ) of 0.4–0.5 s, a re- 

axation delay of 3 s was used. The Korringa relaxation may play 

 role in the current spin-relaxation processing involving metal 

lement. Nevertheless, as the effect becomes prevalent in spin- 

attice relaxation at lower temperature condition, the current spin- 

axation process at high temperature may not be mainly affected 

y the electron-correlation effects (See SI-2 for T 1 measurement). 

ll 1 H NMR spectra were referenced to an external tetramethylsi- 

ane (TMS) solution. The powdered quasicrystals needed higher air 

ressure for spinning the samples due to the dynamo current in- 

uced by the samples: fast spinning of large amounts of powdered 

uasicrystal samples (e.g., > ∼10 mg) is challenging. Therefore, for 

igh spinning speeds greater than 30 kHz, ∼2–5 mg of sample 

as used. To maximize the signal intensity, the sample was lo- 

ated at the center of the rotor with dried Teflon tape as an insert 

n the 1.9 mm NMR rotor. The Teflon tape was heated at 200 °C 

or 30 min to remove any hydrous impurity phase often observed 

t ∼0–5 ppm in the 1 H NMR spectrum. Variable-temperature 1 H 

MR measurements were performed using a 1.9 mm Bruker NMR 

robe coupled with external air heating at a spinning speed of 

0 kHz [56] . Therefore, the heating is not localized only to the 

ample but to rotor. The sample temperature was also estimated 

sing the 207 Pb MAS NMR shift of a Pb(NO 3 ) 2 sample [56] . Be-

ause high temperature experiments are difficult to perform un- 

er fast MAS, a spinning speed of 10 kHz was used. We note that 

nder fast MAS, the friction-induced heating increases the sample 

emperature, which was then used to explore the effect of tem- 

erature at a spinning speed of 35 kHz (SI-3). The sample volume 

s very small ( ∼5 mg). We were able to locate the sample in the

iddle of the rotor. Therefore, the temperature gradient within the 

ample is likely to be minor. 

. Results and discussions 

.1. Hydrogen environments in Ti 53 Zr 27 Ni 20 quasicrystals: insights 

rom 

1 H NMR 

1 H MAS NMR results . The 1 H static NMR spectra of Ti 53 Zr 27 Ni 20 

uasicrystals ( Fig. 1 A) show a slight negative peak shift with in- 

reasing hydrogen content. This suggests changes in the hydrogen 

nvironment and the magnitude of the interaction between hydro- 

en and the nearby host metal elements. The shift in peak position 

s also attributed to the change in the polarization of the hydrogen 

 s orbital arising from the d -electrons of the metal elements in 

he quasicrystal [ 57 , 58 ]. The peak width increases with increasing 

ydrogen content and is 28, 30, and 34 kHz for H/M ratios of 0.5, 

.9, and 1.8, respectively. Such an increase in the peak width in the 
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Fig. 1. (A) 1 H static spectra (at 14.1 T) of Ti 53 Zr 27 Ni 20 quasicrystals with different H/M ratios (0.5, 0.9, and 1.8). (B) 1 H MAS NMR spectra (at 14.1 T) obtained using a spinning 

speed of 30 kHz for H/M = 0.5 and 35 kHz for Ti 53 Zr 27 Ni 20 quasicrystals with H/M ratios of 0.7, 0.75, 0.9, and 1.8. (C) 1 H MAS NMR spectra of the Ti 53 Zr 27 Ni 20 quasicrystals 

with H/M = 0.5 at different spinning speeds for both spinning up (thick solid lines) and spinning down (thin dotted lines). The asterisks ( ∗) indicate the spinning sidebands. 

See SI-4 for the spectrum with larger spectral width where multiple spinning sideband patterns due to dipolar interaction are shown). 
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tatic NMR spectra partly indicates that the dipole–dipole interac- 

ion between 

1 H spins increases with increasing H/M ratio. Nev- 

rtheless, owing to the broad peak width in the spectra, detailed 

tructural insights could not be obtained. 

The fast sample spinning speed of 30–35 kHz (which is larger 

han the peak width in the static spectra) effectively reduces the 

eak broadening due to anisotropic spin interactions. Fig. 1 B shows 

he 1 H MAS NMR spectra of Ti 53 Zr 27 Ni 20 quasicrystals with vary- 

ng hydrogen concentrations (H/M from 0.5 to 1.8) under fast ro- 

or spinning speed, revealing the evolution of multiple hydrogen 

ites in the Ti 53 Zr 27 Ni 20 quasicrystals. Fig. 1 C also shows the 1 H

AS NMR spectra for H/M = 0.5 at various spinning speeds (as the 

pinning speed is increased from 10 kHz to approximately 35 kHz). 

he increase in the sample spinning speed reduces the magnitude 

f the 1 H–1 H dipolar interaction, leading to an increase in the ra- 

io of the central band to the total intensity (see SI-5 and Fig. 

5 for H/M from 0.9 to 1.8). Above 30 kHz, the peak shape (in-

luding intensity) is invariant, suggesting that a speed of approx- 

mately 30 kHz is sufficient to reduce the 1 H–1 H dipolar interac- 

ion in the hydrogenated quasicrystals, unveiling multiple hydro- 

en sites. Intriguingly, the 1 H peak maximum shifts toward lower 

requencies with increasing hydrogen content, from −21 ppm 

H/M = 0.5) to −26 ppm (H/M = 1.8). The negative shift may re-

ult from an increase in electron density of the d- orbital [57] . The

hanges in the peak position with increasing H/M also demonstrate 

he evolution of the hydrogen environments and the changes in 
3 
he magnitude of the interactions between electrons and nuclear 

pins. 

Peak assignment . As this manuscript reports the first applica- 

ion of high-resolution fast-spinning 1 H NMR to any quasicrystal 

onsisting of metal elements and/or metal hydrides, we discuss 

n detail the origin of the peaks observed in the 1 H MAS NMR 

pectra for the quasicrystals. First, earlier theoretical and diffrac- 

ion studies suggested that tetrahedral interstitial sites are pre- 

ominant in Ti 53 Zr 27 Ni 20 quasicrystals [ 39 , 59 ]. The previous the- 

retical study of Ti 45 Zr 38 Ni 17 quasicrystals based on the canonical 

ell-tiling model showed that a large number of such tetrahedral 

ites were formed by Ti and Zr atoms [ 39 , 60 ]. In the current study,

aking only a uniform distribution of Ti, Zr, and Ni around tetra- 

edral sites in Ti 53 Zr 27 Ni 20 into account, there are multiple dom- 

nant tetrahedral configurations around hydrogen, such as Ti 2 ZrNi 

18.2%), Ti 3 Zr (16.1%), Ti 2 Zr 2 (12.3%), Ti 3 Ni (11.9%), TiZr 2 Ni (9.3%), 

nd Ti 4 (7.9%) (Fig. S6, SI-6). The detailed elemental mixing be- 

avior could somewhat deviate from a random distribution; while 

i and Zr may show ideal mixing behavior, Ti-Ni and Zr-Ni in the 

uasicrystals exhibit enhanced proximity [60] . This leads to a de- 

rease in the configurations mainly consisting of Ni. Furthermore, 

revious structural refinement of the icosahedral TiZrNi quasicrys- 

al with a H/M of 0.3 suggested that the hydrogen atoms may 

ave proximity to both Ti and Zr atoms in tetrahedral clusters [25] . 

herefore, the observed changes in the 1 H peak shift in the qua- 

icrystal are attributed to the structural diversity in tetrahedral in- 
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erstitial sites consisting of Zr, Ti, and Ni atoms near hydrogen with 

arying hydrogen content. 

Second, the peak at approximately −28 ppm (solid reverse tri- 

ngle in Fig. 1 B) evolves with the increase in hydrogen concentra- 

ion H/M from 0.5 to 1.8. Particularly, the 1 H peak width abruptly 

ncreases with increasing H/M from 0.9 to 1.8, partly because 

f the increase in the intensity of the broad component with a 

orentzian peak shape at ∼−28 ppm in the 1 H MAS NMR spectrum 

t H/M = 1.8. Previous NMR studies showed that the Lorentzian 

eak broadening is primarily due to the strong interaction between 

he unpaired electrons in the d -orbitals of paramagnetic elements 

i.e., Ni) and the nuclear spins (i.e., paramagnetic effect) [ 32 , 61 ].

urthermore, the integrated spectral intensity normalized to the 

ample mass for H/M = 1.8 is similar to that for H/M = 0.9 (de-

pite the much larger hydrogen content for the former). Such a re- 

uction in NMR peak intensity for the former is also characteristic 

f the paramagnetic effect, suggesting proximity between hydrogen 

nd Ni. While further theoretical confirmation is needed to corrob- 

rate the current peak assignments, the broad peak at ∼−28 ppm 

ndicates that hydrogen atoms have been in proximity to Ni (corre- 

ponding to hydrogen in tetrahedral sites consisting of Ni together 

ith Ti and Zr). 

Third, the variations in the Knight shifts with varying H/M are 

lso due to the changes in the types of metal elements around 

he hydrogen. Earlier 1 H static NMR studies of ZrH x [ 37 , 57 ] showed

hat the 1 H NMR shifts of hydrogen atoms in the tetrahedral sites 

onsisting of Zr in ZrH x varied from ∼−20 ppm (for x = 0.9) to

−80 ppm (for x = 1.8), while those in TiH x exhibited more nega- 

ive 1 H NMR Knight shifts in the range of approximately −60 ppm 

for x = 1.1) to approximately −160 ppm (for x = 2.0) [ 37 , 58 ]. The

arger negative 1 H NMR Knight shifts originated from the higher 

ensity of d -electron states in TiH x and higher hydrogen concen- 

ration [37] . Thus, considering only the peak position in the cur- 

ent spectra, the hydrogen atoms in the quasicrystals may be posi- 

ioned in the interstitial sites consisting mainly of Zr atoms [ 23 , 62 ].

owever, we note that such a pronounced negative shift is not ob- 

erved in the current study ( Fig. 1 A), indicating that the nature of

ydrogen in the quasicrystals differs from that in the metal hy- 

rides. 

The NMR peak position in the 1 H NMR spectra for metal hy- 

rides depends on the magnitude of the interactions between the 

ydrogen and d -electrons in the nearby metal cations; for example, 

tronger hydrogen-Ti interactions in the crystal lead to a more pro- 

ounced negative shift in the 1 H NMR spectra [37] , while weaker 

ydrogen-Ti interactions in quasicrystals could lead to a smaller 

hift. The observed range of NMR peak positions and the magni- 

ude of the change in the peak position ( ∼5 ppm) for the TiZrNi

uasicrystal with varying hydrogen content is much smaller than 

hose for ZrH x and TiH x [37] . These results suggest that the dipolar 

nteraction between hydrogen and these metal elements is suffi- 

iently weaker than those reported for TiH x [37] . The Ti-H distance 

n the quasicrystal is indeed considerably longer than that reported 

or TiH x [ 63 , 64 ]; the Ti-H distance in TiH x is ∼1.92 Å, and that in

i 53 Zr 27 Ni 20 alloys can be up to ∼2.57 Å [ 63 , 64 ]. An increase in the

etal–H bond length indicates a decrease in the magnitude of the 

ipolar interaction. Such trends comply well with the implications 

rom the NMR peak shift, confirming that the hydrogen atoms in 

he quasicrystal are likely to be weakly bonded to these metal ele- 

ents. 

We also note that the spectrum for the quasicrystal with 

/M = 0.5 exhibits multiple 1 H NMR peaks at −14, −17, and 

27 ppm, together with the main 

1 H peak at ∼−21 ppm. This 

ndicates that the hydrogen atoms are in structurally inequivalent 

onfigurations in interstitial tetrahedral sites with varying number 

f Ti and Zr atoms (SI-6), suggesting a moderate extent of chem- 

cal disorder in the hydrogen distribution in the H/M = 0.5 sam- 
4 
le. While they are not as clear as that for H/M = 0.5, the spec-

ra for H/M = 0.7 and 0.9 resolve at least two distinct hydrogen 

ites (one at −21 ppm and the main peak at −23 ppm; the peak 

osition moves with hydrogen content), corresponding to the het- 

rogeneous hydrogen configurations. Because sites with more Zr 

toms show smaller negative shifts than those with more Ti atoms, 

he peaks at −14 and −17 ppm correspond to hydrogen atoms 

n the tetrahedral sites specifically consisting of a larger number 

f Zr atoms. The noticeable change in the spectra with increas- 

ng hydrogen content from H/M = 0.5 to 0.7 suggests that there 

ould be a threshold hydrogen concentration at which the hydro- 

en distribution in the quasicrystal changes abruptly with a slight 

hange in hydrogen content. An increase in the hydrogen concen- 

ration above this threshold could lead to a decrease in the disper- 

ion in the hydrogen sites, as the enhanced repulsive hydrogen–

ydrogen interaction due to the increase in the hydrogen concen- 

ration would result in rearrangement of hydrogen atoms. 

Taking all the factors and available information (statistical dis- 

ribution of available tetrahedral sites, peak positions, and mag- 

itude of metal-hydrogen interactions) into consideration, the 

hanges in the peak position and shape in the NMR spectra with 

arying H/M enable identification of the nature of the hydro- 

en environments; specifically, the broad peak at −26 ppm corre- 

ponds to the hydrogen interacting more with Ni and/or Ti, while 

he peak at ∼−21 ppm corresponds to the hydrogen site that is 

eakly bound mainly to Zr and/or Ti. Therefore, the metal ele- 

ent around the hydrogen in the quasicrystals changes preferen- 

ially from Zr to Ti to Ni as the hydrogen concentration increases. 

he current 1 H MAS NMR experiment under fast spinning speed 

 > 30 kHz) highlights the utility of fast-spinning MAS as a new 

robe for determining the local structure of quasicrystals. 

Note that the NMR shift ranges and corresponding peak widths 

n the 1 H NMR spectra allow us to identify whether hydrogen 

ends to form molecular hydrogens (H 2 ). The 1 H NMR peak po- 

itions of molecular hydrogen trapped inside open-cage fullerenes 

nd C 70 fullerene cages are −7.5 ppm and −24.7 ppm, respectively 

 65 , 66 ]. However, the full widths at half maximum (FWHM) of the

eaks in the 1 H static NMR spectra for mobile hydrogen molecules 

re several kHz, whereas the peaks in the 1 H static NMR spectra of 

uasicrystals in the current study and of metal hydrides in general 

re broad, with an FWHM of approximately 30–40 kHz, because 

f the moderate degree of dipolar interactions between 

1 H [ 39 , 67 ].

heir broad linewidths indicate that the hydrogen in the quasicrys- 

als exists as atomic-state hydrogen, not molecular hydrogen (SI-7). 

s also indicated from the spectra for the annealed quasicrystals, 

e note that the observed peak is not due to surface-adsorbed 

ater or hydroxyl species (SI-8) [68] . Further justification of the 

urrent peak assignment is provided in the Supplementary Infor- 

ation (see SI-7). We note that the hydrogen environments of the 

-bearing quasicrystals with varying composition (Zr, Ni, Ti con- 

ent) and diverse hydrogen content, particularly with lower hydro- 

en content (H/M < 0.5) and those between H/M = 0.9 and H/M = 

.8 remains to be explored. While the current interpretation of the 

ydrogen environments is not fully qualitative, more extensive 1 H 

MR data allows us to have more quantitative estimation of the 

ydrogen environments via deconvolution and the modeling of the 

pectra. 

.2. Effect of temperature on the hydrogen dynamics in quasicrystals 

To investigate the effect of temperature on hydrogen mobility, 

 variable-temperature NMR experiment was performed for qua- 

icrystals with various H/M at a constant spinning speed of 10 kHz. 

ig. 2 shows the spectra for H/M = 0.7 and 1.8 (the spectra for 

ther H/M values are shown in Fig. S7 in SI-9). With increasing 

emperature from 298 to 322 K, the peak width decreases; the 
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Fig. 2. 1 H MAS NMR spectra of Ti 53 Zr 27 Ni 20 (H/M = 0.7 and 1.8) quasicrystals upon 

heating with varying sample temperature as labeled. The FWHM is based on peak 

maximums. The spinning speed is 10 kHz. 
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Fig. 3. (A) Effect of temperature on the 1 H main peak width in TiZrNi quasicrystals 

with varying H/M ratios as labeled. (B) Estimated activation energy barrier ( E a ) for 

hydrogen diffusion in TiZrNi quasicrystals with various H/M ratios. 
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WHM of the main peak at 322 K for H/M = 0.7 decreases by 

40% compared to that at 298 K, dropping from 1.9 to 1.2 ppm. 

he peak widths for H/M = 0.75 and 0.9 decrease by ∼35% and 

30%, respectively, as the temperature increases from 298 K to 

22 K (see Fig. S7). The observed narrowing of the peak is partly 

ue to the enhanced hydrogen mobility at higher temperatures. 

he results also confirm that the hydrogen atoms are weakly bound 

o the interstitial sites of the quasicrystals. 

The activation energies ( E a ) for hydrogen diffusion at various 

/M were obtained from the Arrhenius plot of the temperature 

ependence of the FWHM of the main peak in the 1 H MAS NMR 

pectra ( Fig. 3 ). Note that the values represented by the Arrhe- 

ius plot in Fig. 3 A were calculated based on the FWHM of the

ain peak only (see SI-3). The estimated activation energies for 

ydrogen diffusion range from 0.08 to 0.15 eV. For the quasicrystal 

ith H/M = 0.5, E a is ∼0.1 eV. With an increase in the hydrogen
5 
ontent, a larger E a of 0.15 eV is estimated for the sample with a 

/M of 0.7. With increasing hydrogen content, E a tends to decrease 

rom 0.14 eV (for H/M = 0.75) to 0.08 eV (for H/M = 1.8). We note

hat because of the multiple peaks near the main peak, the esti- 

ation of the FWHM and the obtained activation energy for the 

ain peak in the quasicrystal with H/M = 0.5 may be subject to a 

oderate degree of uncertainty. This estimated E a is similar to the 

stimated values for hydrogen hopping and/or local jumping from 

MR spin-lattice ( T 1 ) and spin-echo ( T 2 ) relaxation time measure- 

ents (see SI-10) [41] . A further increase in the hydrogen content 

n the quasicrystals from H/M = 0.7 to 1.8 may facilitate the diffu- 

ion of hydrogen. While further confirmation is necessary, this can 

e attributed to a weaker binding between hydrogen and metals 

onstituting interstitial tetrahedral sites with increasing number of 

i atoms, as also implied from the reduced magnitude of metal- 

ydrogen interactions from 

1 H NMR spectra. 
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Fig. 4. Variation in the peak maximum in the 1 H MAS NMR spectra for TiZrNi qua- 

sicrystals (at 30–35 kHz) with varying H/M ratios. The linear fit of the changes in 

the 1 H peak maximum with H/M is also shown. 
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Fast rotor spinning has resulted in an increase in the sample 

emperature due to frictional heating. The temperature of the sam- 

le with varying rotor spinning speeds (from 10 to 35 kHz) was 

stimated using the 207 Pb MAS NMR shift of a Pb(NO 3 ) 2 sample 

56] (see SI-3 and Fig. S2). The results indicate that the change in 

he main peak width with varying spinning speed is partly due to 

n increase in the sample temperature. The trends from variable- 

emperature NMR and frictional heating due to fast sample spin- 

ing confirm that the interaction between the hydrogen and ad- 

acent metals is relatively weak, promoting diffusion of hydrogen 

ear ambient temperature conditions. 

For the H/M = 1.8 sample, some of the inhomogeneously bound 

ydrogen atoms have become mobile during heating due to the in- 

rease in sample temperature caused by fast sample spinning [69–

1] . The spinning speed of 30 kHz, obtained using the 1.9 mm 

otor, increases the sample temperature from 296 to ∼311 K. 

he change in the spectrum for H/M = 1.8 is accompanied by 

he formation of a small amount of hydrogen molecules (see SI- 

1), as shown in the 1 H MAS NMR spectrum (Fig. S8) that re- 

eals a peak at approximately 4.5 ppm, corresponding to hydro- 

en molecules [72] . This dehydrogenation is due to the combined 

ffect of fast sample rotation and an increase in the sample tem- 

erature, whereas the detailed mechanisms behind this change are 

ot yet clear. Finally, see SI-12 to SI-13 for the 1 H MAS and Hahn

cho MAS NMR spectra for rotor and stator backgrounds (Fig. S10), 

nd quasicrystal (Fig. S11) and relevant discussions. 

.3. Quantitative estimation of the hydrogen content in quasicrystals: 

nsights from the 1 H NMR peak shift 

Accurate determination of the hydrogen content in hydrogen 

torage materials is crucial for hydrogen storage applications. The 

bserved peak shift for hydrogen in the 1 H MAS NMR spectrum 

nables quantification of the hydrogen content in quasicrystals. In 

articular, Fig. 4 shows the changes in peak shifts with the increase 

n the H/M ratio, stemming from the varying degree of interactions 

etween hydrogen and the d -electrons in the metal cations. Here, 

he 1 H peak maximum ( σ ) decreases linearly with increasing hy- 
K 

6 
rogen content in the quasicrystal: 

K ( ppm ) = −19 − 3 . 8 H/M (1) 

The simple linear relationship between σ K and H/M sheds light 

n a new opportunity to measure the hydrogen content in qua- 

icrystals. While the direct estimation of the hydrogen content in 

ydrogen-bearing compounds is not trivial, the current results in- 

icate that high-resolution 

1 H NMR under fast sample spinning is 

seful for estimating the hydrogen content in both diverse qua- 

icrystals and metal hydrides. 

We note that the peak intensity in the Hahn-echo MAS NMR 

ntensity is not fully quantitative, mainly affected by the spin-spin 

elaxation times ( T 2 ) of the hydrogen sites (SI-14). The estimated 

 2 decreases systematically with increasing H/M (Fig. S12) because 

f closer proximity between H and Ni with increasing hydrogen 

ontent. Therefore, the peak intensity in the Hahn echo NMR spec- 

rum needs to be calibrated taking the changes in T 2 with vary- 

ng H/M ratio into consideration. However, in the current study the 

uantitative information comes mainly from the peak position, not 

rom the peak intensity, which shows the clear linear correlation 

ith H/M ( Fig. 4 ). 

Our preliminary synchrotron XRD study of Ti 53 Zr 27 Ni 20 qua- 

icrystals at high pressures of up to 48 GPa revealed that the hy- 

rogen solubility increased with increasing pressure [73] . As solid- 

tate NMR has been used to reveal the pressure-induced struc- 

ural transitions in diverse diamagnetic materials under compres- 

ion beyond several GPa [ 35 , 74–80 ], the high-resolution 

1 H MAS 

MR technique under fast-spinning could also be employed to de- 

ermine the hydrogen concentrations in pressurized quasicrystals. 

n addition to traditional probes of the structures and hydrogen 

ontents in quasicrystals, such as XRD [18] , volumetric and gravi- 

etric methods [27] , and thermal desorption spectroscopy [81] , 

igh-resolution 

1 H MAS NMR can also be useful for reliable mea- 

urement of the hydrogen content in hydrogen storage materials 

onsisting of diverse metal elements and only requires a sample 

ass of a few mg. 

We note that the observed peak shift [Eq. (1)] results from the 

omplex interactions between electrons in metal cations and the 

ydrogen as indicated by high-resolution 

1 H MAS NMR spectra un- 

er fast spinning speed ( Fig. 1 ). While the observed trend is ex- 

ected to be valid for other quasicrystals, the detailed trend may 

ary with types of metal elements. Further efforts need to be made 

o explore the nature of hydrogen atoms in other non-crystalline 

etal alloys with varying compositions. The successful application 

f the 1 H NMR techniques to the quasicrystals in the current study 

tems partly from a rather weak paramagnetic interaction within 

i 53 Zr 27 Ni 20 system. Therefore, its application to other quasicrys- 

als with larger interactions between unpaired electrons and nu- 

lear spins remains. Finally, other NMR methods quantifying direct 

roximity among protons and nearby metal cations (e.g., [ 48 , 80 ]) 

an be potentially used to provide additional details of the hydro- 

en in the quasicrystals. 

. Conclusions 

While details on the local structure of host metals surround- 

ng hydrogen atoms are central to understanding the properties 

elevant to hydrogen storage and release, the lack of such struc- 

ural information in hydrogen bearing metal alloys and quasicrys- 

als remained the principal impeding factor in the extensive ap- 

lication of these compounds. In this study, we show the poten- 

ial of 1 H solid-state NMR spectroscopy under fast sample spinning 

or revealing details of the bonding environment in hydrogenated 

etal quasicrystals; the first high-resolution 

1 H MAS NMR spec- 

ra of hydrogenated TiZrNi quasicrystals with varying H/M of 0.5 

o 1.8 unveiled the evolution of distinct hydrogen environments in 
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he quasiperiodic materials. The 1 H main peak position shifts lin- 

arly toward a more negative frequency with an increase in the 

ydrogen content (H/M ratio). Thus, the peak position in the 1 H 

AS NMR spectra can be a useful spectral proxy for the hydro- 

en content in quasicrystals, enabling estimation of the quantities 

f hydrogen in diverse quasicrystal samples with limited sample 

olumes. 

The current high-resolution 

1 H NMR spectroscopy reveals the 

rst direct structures around hydrogen in non-crystalline metal al- 

oys . We note that archetypal metal quasicrystal is the major com- 

onent of technologically important energy materials. Therefore, 

he unprecedented evidence of the hydrogen configurations of our 

tudies provides atomistic insights into metal alloys and its impact 

n energy materials. This study sheds light on a new opportunity 

o prove and resolve hydrogen atom environments in an enormous 

umber of crystalline and non-crystalline energy materials based 

n metal alloys, such as metal hydrides and quasicrystals for fuel 

ells and hydrogen storage applications [ 82 , 83 ]. Finally, the current 

MR technique will also be potentially helpful in estimating the 

uantity of hydrogen and natural hydrogen in diverse earth ma- 

erials with paramagnetic elements [84–86] , providing improved 

rospects for the hydrogen economy. 
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