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M AT E R I A L S  S C I E N C E

Atomic-scale quantification of hydrogen in metal 
hydrides by electron ptychography
Pengcheng Li1,2*†, Chenglin Pua2†, Zehao Dong3, Zhengxiong Su4, Tao Liu2, Chao Cai5,  
Huahai Shen6, Lin Gu2*, Zhen Chen1,7*

Direct visualization of hydrogen—the smallest and lightest element—in complex materials remains a fundamental 
challenge. Owing to its extremely weak electron scattering, high mobility, and the resolution limits of conventional 
transmission electron microscopy, the atomic-scale occupation sites and spatial distribution of hydrogen have re-
mained largely inaccessible. Here, we demonstrate atomic-resolution imaging and quantitative analysis of hydro-
gen in metal hydrides using energy-filtered multislice electron ptychography (MEP). By applying MEP to a complex 
high-entropy alloy (HEA) hydride, we resolve previously inaccessible structural details, including picometer-scale 
hydrogen displacements and pronounced three-dimensional inhomogeneity. Statistical analysis further reveals 
that hydrogen incorporation unexpectedly suppresses the intrinsic lattice distortion present in the pristine HEA. 
These results establish MEP as a powerful platform for quantitative hydrogen imaging at the atomic scale and pro-
vide direct insight into the structural role of hydrogen in phenomena ranging from hydrogen embrittlement and 
hydrogen storage to emergent electronic phase transitions.

INTRODUCTION
Hydrogen atoms, due to their small size, readily incorporate into in-
terstitial sites in alloys and oxides (1–4), leading to lattice expansion 
(3, 4), phase transformations (5–7), and changes in electronic struc-
ture (2, 3). These effects play critical roles in phenomena such as hy-
drogen embrittlement (8–10), hydrogen storage (5–7), catalysis (3, 4), 
and insulator-metal transitions (1). Understanding these behaviors 
requires precise determination of the occupation sites, atomic posi-
tions, and spatial distribution of hydrogen atoms. The characteriza-
tion of hydrogen routinely relies on spatially averaged spectroscopy 
(11, 12) and diffraction methods (13–15); however, these approaches 
inherently fail to capture the inhomogeneous and aperiodic distribu-
tion of hydrogen. Atom probe tomography, while providing near-
atomic resolution three-dimensional (3D) chemical mapping, faces 
substantial limitations for hydrogen: It lacks true atomic resolution 
for light elements, typically requires substitution with deuterium (D) 
to mitigate ambiguities, and is inherently destructive, rendering sam-
ples unusable after analysis (16). The direct imaging of hydrogen in 
real space at the atomic scale remains challenging because of its low-
est atomic number and weakest scattering cross section. Recent ad-
vances in aberration-corrected optics and phase contrast imaging 
have substantially improved capabilities of transmission electron mi-
croscopy (TEM) (17–21), enabling the detection of light elements 
such as oxygen (20, 21), nitrogen (19–21), and lithium (22). Hydro-
gen columns have also been resolved using phase contrast tech-
niques such as annular bright field (ABF) (23, 24) and integrated 

differential phase contrast (iDPC) (25). However, the image contrast 
in these methods can be destructively affected by many experimental 
parameters—including sample thickness, orientation, surface amor-
phization, and imaging conditions—fundamentally restricting hydro-
gen observability (21, 26–28). Moreover, ABF and iDPC provide only 
2D projections and cannot resolve 3D lattice distortions or chemical 
inhomogeneities, which are common yet critical for understanding 
hydrogen’s impact on material properties. These limitations are par-
ticularly detrimental in the complicated high-entropy alloys (HEAs), 
which have attracted increasing attention for their exceptional me-
chanical strength and hydrogen storage capabilities (29–32).

A promising approach is multislice electron ptychography (MEP), 
a phase-retrieval method that has been demonstrated recently as a 
powerful technique for retrieving 3D structural information from a 
single dataset (33, 34). Unlike conventional scanning TEM (STEM), 
MEP solves the inverse multiple-scattering problem, reaching sub-
angstrom lateral resolution and subnanometer depth resolution (35), 
that standard STEM cannot achieve. In addition, the linear phase 
response of MEP enables precise, quantitative mapping of element 
concentrations (36). Its phase contrast makes it possible to image both 
heavy and light elements (34, 36–38), and great successes have been 
demonstrated recently in imaging light elements, especially oxygen 
(36, 37). However, the depth-resolved quantification of hydrogen, in 
both composition and atomic position, remains a formidable chal-
lenge due to its low scattering cross section and electron sensitivity 
(39), while a contemporary MEP study successfully resolved hydro-
gen columns in PdHx nanocubes (40). Here, we demonstrate atomic-
resolution imaging and quantitative analysis of hydrogen sublattices 
in transition metal hydride and HEA hydride using energy-filtered 
MEP, an improved version of MEP. We show that energy-filtered 
MEP (EFMEP) not only reveals atomic positions with high clarity but 
also enables the quantitative determination of hydrogen content. By 
combining deep subangstrom lateral resolution with depth-sectioning 
ability, EFMEP provides depth-resolved mapping of hydrogen dis-
tribution in metal hydride. These advances offer quantitative in-
sights into hydrogen-metal interactions at the atomic scale and 
expand the scope of hydrogen characterization in chemically com-
plex materials.
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RESULTS
Benchmarking hydrogen detection limits
Many metallic elements—including Ti, Zr, and Nb—can form stable 
hydrides (e.g., TiH2, δ-ZrH1.55, and NbH2) due to their favorable 
hydrogen absorption thermodynamics (14, 15, 41). These hydrides 
typically adopt a face-centered cubic (FCC) structure with hydrogen 
occupying tetrahedral interstitial sites, as confirmed by diffraction 
studies (14, 15). To benchmark the hydrogen detection limits of 
conventional and emerging microscopy techniques, we performed 
multislice simulations on model FCC NbHx system (15-nm thick-
ness along the [100] zone axis) with progressively decreasing hydro-
gen concentrations using a practically applicable high dose of 5 × 
105 e/Å2 (Fig. 1A). At full hydrogen occupancy with 2 hydrogen at-
oms per metal atom (2.0 H/M), our simulations demonstrate that 
while ABF, integrated center-of-mass (iCOM; a more quantitative 
variant of iDPC) (27), and MEP can all show contrast for hydrogen 
columns, MEP achieves superior spatial resolution by inversely 
solving the multiple scattering problem. As hydrogen concentration 
decreases to 0.54 H/M, the hydrogen columns cannot be observed 
in both ABF and iCOM images, whereas MEP maintains discern-
ible contrast. Most notably, even at a reduced hydrogen content 
of 0.36 H/M (corresponding to 12 hydrogen atoms along the beam 
direction within the simulated column), MEP continues to exhibit 
observable albeit weakened hydrogen signal, establishing its supe-
rior detection limit for low hydrogen concentrations compared to 
conventional imaging techniques. It should be noted that the hydro-
gen atoms in the model system used for Fig. 1 are distributed dis-
cretely along the z axis. If H atoms form closely packed clusters, then 
the contrast from only two H atoms is detectable with well localized 
contrast using MEP (fig. S1).

Figure 1B further shows the relative phase of hydrogen and metal 
columns corresponding to the hydrogen content obtained from dif-
ferent imaging techniques. iCOM images exhibit a linear response at 
high hydrogen concentrations under the relative thin sample (thick-
ness of 15 nm in the simulations), but with substantially larger uncer-
tainties, especially when the hydrogen content is low. In contrast, 
MEP shows a consistent linear response with much higher precision, 
which can also be used to determine the hydrogen content. For ABF, 

quantitative relationship between the hydrogen contrast and hydro-
gen content cannot be established because the contrast is too delocal-
ized and with a low signal-to-noise ratio under this practical dose 
level. In addition, iCOM and ABF usually have complicated non-
monoclinic contrast and are hindered for quantitative analysis when 
the sample becomes thicker due to the multiple electron scattering 
and complicated contrast transfer (21, 27).

One of the most crucial experimental parameters for hydrogen 
imaging in TEM is the dose because hydrogen atoms are usually 
highly sensitive to the high energy electron beam due to their high 
mobility. To further examine the influence of electron dose on hy-
drogen visibility, we compared ABF, iCOM, and MEP reconstruc-
tions over a range of dose levels, as shown in fig. S2. At moderate 
and high doses (5 × 104, 5 × 103, and 2.5 × 103 e/Å2), MEP consis-
tently provides clearer and more localized contrast for hydrogen 
columns than iCOM and ABF, reflecting its ability to recover phase 
information by solving the inverse multiple-scattering problem. As 
the dose is reduced to 1 × 103 e/Å2, the hydrogen contrast in iCOM 
becomes very weak and is difficult to distinguish reliably from noise, 
whereas the MEP reconstruction, although affected by artifacts, still 
retains discernible hydrogen column contrast. Consistent with pre-
vious reports, our simulations show that ABF requires a dose higher 
than 5 × 104 e/Å2 to resolve contrast from hydrogen columns (24). 
Our results also demonstrate MEP’s superior performance, achiev-
ing hydrogen identification at dose levels more than 100 times lower 
than required by ABF imaging. The simulations further reveal that 
ABF imaging can only detect hydrogen atoms under restrictive con-
ditions requiring both high hydrogen content and elevated dose lev-
els (fig. S3). These findings unequivocally establish MEP’s enhanced 
sensitivity for hydrogen identification and its substantial advantage 
in dose efficiency over conventional ABF and iCOM approaches.

To evaluate the influence of host metal atomic number on hydro-
gen detectability, we performed comparative simulations of TiHx 
and NbHx systems. In the TiHx system, hydrogen columns remain 
detectable even at ultralow concentrations of 0.18 H/M (corre-
sponding to 6 hydrogen atoms along the beam direction within the 
simulated column; fig. S4), demonstrating enhanced sensitivity com-
pared to NbHx. The quantitative analysis reveals a systematically 

Fig. 1. Hydrogen detection sensitivity across different imaging techniques. (A) Simulated images of NbHx (15 nm thickness) with varying hydrogen content over Nb 
metal atoms (0.36–2.0 H/M) acquired by contrast-inverted annular bright field (ABF), integrated center-of-mass (iCOM), and MEP. Scale bar, 2 Å. (B) Relative phase of 
hydrogen-to-metal column vs hydrogen content for iCOM and MEP, demonstrating MEP’s superior detection sensitivity. The error bars in Fig. 1B represent the uncertainty 
in the relative phase, propagated from the Poisson noise and phase variation in the reconstructions included in the simulations to model finite dose conditions. At low 
hydrogen concentrations, the hydrogen signal approaches the noise level, leading to larger uncertainty in the extracted phase ratio.
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higher relative phase value between hydrogen and metal columns in 
TiHx (fig. S5A), correlating with improved hydrogen identification 
capability. This atomic number–dependent sensitivity suggests that 
the tail of the host metal’s scattering potential has moderate influence 
on hydrogen detectability in ptychographic imaging.

It is known that the phase magnitude of the reconstruction may be 
affected by different experimental or reconstruction parameters such 
as sample thickness, defocus, hydrogen Debye-Waller factors, partial 
coherence, and reconstruction parameters. Therefore, we have per-
formed systematical simulations about these factors on the effects of 
quantification of hydrogen content (details in Materials and Methods 
and figs. S5 and S6). The analyses show that partial coherence affects 
the most of the phase ratio of H/M and the estimate of hydrogen con-
tent. Therefore, the hydrogen quantification for the experiments of 
HEA is based on the calibrated relationship between the phase ratio 
and hydrogen content (H/M) using simulations with partial coherent 
parameters close to our imaging condition including both partial spa-
tial and temporal coherence.

Hydrogen occupancy sites in TiHx
We first performed experiments in a simple metal hydride, TiHx, 
using EFMEP. This EFMEP, as an extension of MEP, filters out most 

of the signal originating from inelastically scattered electrons (mainly 
plasmons) and improves convergence of the MEP reconstruction, 
leading to enhanced sharpness in the contrast of both metal and hy-
drogen atoms (fig. S7). Experimental [100] phase images (Fig. 2A) 
and line profile (Fig. 2C) reveal pronounced contrast at tetrahedral 
sites. Quantitative analysis yields a relative phase value of (7.4 ± 
1.9)%, corresponding to a hydrogen content of (1.77 ± 0.45) H/M 
determined by comparing with simulations in similar imaging condi-
tions. It is noted that the hydrogen content may be underestimated by 
using the projected phase value due to the displacements of hydrogen 
atoms along the columns. We also successfully resolved H-Ti-H triple 
projections along the [110] zone axis (Fig. 2, B and D) despite the 
small separation between Ti and H atomic columns. Images from 
both zone axes consistently agree with the structural model that H 
atoms exclusively occupy the tetrahedral sites but not the octahedral 
sites. This model is also consistent with previous reports in TiH2 (14).

We further verified the hydrogen occupancy model suggested 
from the experimental observations in TiHx via MEP simulations 
along both [100] and [110] zone axis. The simulation results are pre-
sented in Fig. 2 (E to H). The [100] zone axis simulation (Fig. 2E) 
unambiguously resolves hydrogen columns within the FCC tita-
nium lattice framework, confirming the tetrahedral sites contrast 

Fig. 2. Atomic-resolution imaging of TiH2 by MEP. (A and B) Phase images along [100] and [110] zone axis using experimental data, summing only the middle slices with 
thicknesses of 11 to 22 nm, respectively to exclude surface damaged slices. (C and D) Experimental phase profiles across Ti-H-Ti and H-Ti-H columns, from positions indi-
cated by orange dashed lines in (A) and (B), respectively. (E and F) Total phase images reconstructed from simulated data along [100] and [110] zone axes, respectively, 
obtained by summing all depth slices. (G and H) Corresponding phase profiles across Ti-H-Ti and H-Ti-H columns, with red shading indicating variation from ∼30 individ-
ual profiles and black lines showing their averages. Profile locations are marked by orange dashed lines in (E) and (F). Scale bars, 2 Å (A and E).
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observed experimentally (Fig. 2A). Along the [110] orientation 
(Fig. 2F), hydrogen columns remain distinguishable despite reduced 
intercolumn distances, consistent with the resolved H-Ti-H triple 
projections in experiments (Fig. 2, B and D). The analysis of the 
phase values, obtained by averaging across the (200) atomic planes 
containing Ti-H-Ti columns, reveals distinct peaks between Ti col-
umns (Fig. 2G). The characteristic shoulder features in the [110] line 
profile (Fig. 2H) further corroborate the hydrogen positions. These 
simulation results thus validate the experimental findings of exclu-
sive tetrahedral occupancy.

Resolving hydrogen atoms in HEA hydride
To further validate the general applicability of EFMEP, we ac-
quired 4D-STEM data for a multiprincipal element alloy hydride 
(TiZrHfMoNbHx), a system exhibiting greater complexity than pure 
metals. HEAs, defined by near-equiatomic compositions of at least 
three principal elements, exhibit features such as severe lattice dis-
tortion, chemical inhomogeneity, and short-range order (29, 42, 43). 
These characteristics substantially influence their properties, in-
cluding hydrogen storage performance (43–45). For instance, the 
TiZrVNbHf HEA demonstrates a remarkable hydrogen storage ca-
pacity of 2.5 H/M at 53 bar and 299°C, surpassing conventional alloys 
(43). This exceptional capacity suggests hydrogen occupies nontradi-
tional interstitial sites, likely facilitated by the distorted lattice configu-
rations arising from atomic size mismatch. Neutron diffraction studies 
have confirmed the occupation of octahedral and tetrahedral intersti-
tial sites simultaneously in this HEA (44). The behavior of hydrogen 
within HEA hydrides is further complicated by the lattice distortions 
and inherent chemical inhomogeneities (31, 44, 45).

The TiZrHfMoNb HEA used in this study (chemical composi-
tion in table S1) crystallizes in a BCC structure and, after activation 
at 250°C, exhibits fast hydrogen absorption kinetics and a high hy-
drogen storage capacity of ∼1.6 H/M (46). We first verified the HEA 
and its hydride by using electron energy loss spectroscopy (EELS). 
The low-energy loss part revealed plasmon peaks at 19.3 eV for 
TiZrHfMoNb and 21.0 eV for TiZrHfMoNbHx (fig. S8). These 
plasmon peak shifts between alloys and their hydrides are well-
documented in metallic systems (47–49). For instance, prior studies 
reported peaks at 17.6 eV for Ti and 19.4 eV for γ-TiH (25). This 
consistent shift confirms the successful formation of HEA hydrides. 
The superior spatial resolution and hydrogen detection sensitivity of 
EFMEP reconstruction are also demonstrated by comparing to con-
ventional techniques (HAADF, ABF, and iCOM in fig. S9). Figure 3 
displays two distinct regions along the [100] zone axis, both show-
ing clear interstitial contrast (Fig. 3, A and B), although with varying 
phase values. The weaker contrast in region 1 (Fig. 3A) compared to 
region 2 (Fig. 3B) suggests regional hydrogen content differences, 
likely arising from HEA chemical inhomogeneity. Line profile anal-
ysis revealed peaks corresponding to hydrogen columns between 
metal atoms (Fig. 3, C and D), with a stronger peak in Fig. 3D. Sta-
tistical evaluation indicated that the phase values of hydrogen col-
umns was ∼3.0 ± 0.7% and ∼4.8 ± 1.0% of metal columns (Fig. 3, E 
and F), respectively. The corresponding hydrogen contents are esti-
mated to be 0.84 ± 0.19 H/M and ∼1.33 ± 0.27 H/M using the cali-
brated relationship between the phase ratio and hydrogen content 
(H/M) with simulations close to our imaging condition including 
both partial spatial and temporal coherence (further details shown 
in Materials and Methods and figs. S5 and S6). However, the more 
pronounced positional disorder of hydrogen atoms in the HEA 

hydride compared to metal atoms inherently causes an underestimate 
of hydrogen content in the estimation using projected phase value.

By comparing the structure models of BCC and FCC lattices 
containing tetrahedral and octahedral interstitial sites (fig. S10), we 
find that the experimentally observed hydrogen contrast is consis-
tent with tetrahedral site occupancy in the FCC hydride phase. In 
the [100] zone-axis projection, the observed interstitial hydrogen 
contrast agrees with the projected tetrahedral positions; however, 
the projected octahedral positions overlap with metal columns and 
therefore cannot be distinguished directly along this direction. To 
provide independent local validation of the site assignment, we fur-
ther performed EFMEP reconstruction along the [110] zone axis 
(fig. S11). In this projection, tetrahedral and octahedral interstitial 
sites are spatially separated and are not obscured by metal columns. 
Clear hydrogen contrast is observed at the projected tetrahedral po-
sitions, whereas no identifiable contrast is observed at the projected 
octahedral positions. These local EFMEP observations from two 
different zone axes therefore support predominant, and within the 
detection limit exclusive, tetrahedral hydrogen occupancy in the 
studied HEA hydride. This conclusion is also consistent with previ-
ous bulk diffraction measurements on the same HEA system, in-
cluding x-ray diffraction (XRD) identification of the FCC hydride 
phase (46) and neutron powder diffraction results showing that 
fully deuterated TiZrHfMoNb adopts an FCC structure with deute-
rium occupying only tetrahedral interstitial sites (50).

MEP achieves subpicometer precision in atomic positioning of 
heavy metal elements, as previously demonstrated (34), enabling pre-
cise lattice distortion measurements in HEA hydrides. Figure 3 (G 
and H) displays statistical analyses of nearest M-M and H-M distanc-
es in the two regions. The in-plane projected M-M distances, mea-
sured from the projected phase images, are 231.6 ± 1.8 and 235.0 ± 
2.3 pm for the two regions, respectively. The difference in the average 
M-M distances between the two regions primarily reflects their dif-
fering hydrogen contents. Similarly, the in-plane projected H-M dis-
tances were 164.1 ± 7.0 and 166.1 ± 6.5 pm, respectively. On the basis 
of the geometry of hydrogen occupying tetrahedral interstitial sites in 
an FCC lattice viewed along the [100] zone axis, the corresponding 
calculated 3D H-M distances are 200.9 ± 8.6 and 203.4 ± 8.0 pm, 
respectively. Notably, the observed SDs reflect both methodological 
uncertainties and intrinsic lattice distortions. The actual positional 
precision should be better than these deviations. The larger SD in 
H-M distances arises from the pronounced displacement of hydrogen 
atoms, which is more substantial than that of metal atoms. Crucially, 
EFMEP achieves reliable picometer-level precision for hydrogen po-
sitions, which is unattainable with conventional techniques (51). 
Since the projected phase image represents an average of all depth 
slices, these measurements inherently smooth out local atomic dis-
placements. By analyzing each slice (fig. S12), we obtained M-M dis-
tances of 231.7 ± 4.2 and 234.9 ± 3.8 pm, corresponding to 1.8 and 
1.6% variation, respectively. This approach not only mitigates the 
smearing effect of projection but also provides direct evidence of lat-
tice distortions. Furthermore, our results also demonstrate that hy-
drogen columns remain detectable even in thicker specimens of 
∼30 nm (fig. S13), where we achieved an upper limit of precision of 
7.0 pm for H-M distances.

For comparative analysis, we performed EFMEP reconstruction 
for the pristine HEA (fig. S14). The phase image along the [100] 
zone axis reveals no detectable contrast at interstitial sites (fig. S14A), 
consistent with the absence of hydrogen occupation. Corresponding 
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Fig. 3. Imaging hydrogen atoms in TiZrHfMoNbHx by MEP. (A and B) Phase images from two distinct regions summed using middle slices (23 nm and 20 nm thickness, 
respectively) to eliminate surface artifacts. The phase images are displayed using a nonlinear scaling (power of 0.1) to enhance the visibility of hydrogen columns. The 
color bar is correctly labeled using the phase magnitude with nonlinear intervals. Scale bar, 5 Å. (C and D) Phase profiles across M-H-M columns, with red shading indicat-
ing variations from ∼100 individual profiles and black lines showing their averages. Measurement positions of one example are marked by orange dashed lines in (A) and 
(B). (E and F) Phase value distributions for hydrogen and metal sites in corresponding regions. (G and H) Histograms of projected M-M and H-M atomic distances.
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line profiles further confirmed the lack of peaks between metal col-
umns (fig. S14B). The nearest in-plane projected M-M distance was 
determined to be 237.2 ± 2.5 pm from the projected phase image 
(fig. S14C). On the basis of the BCC crystal structure and the pro-
jected atomic positions, the calculated 3D distances from metal atom 
positions to the centers of octahedral and tetrahedral interstitial sites 
are approximately 167.7 ± 1.8 and 187.5 ± 2.0 pm, respectively. 
While hydrogen absorption typically induces lattice expansion with-
in a given crystal structure, the FCC structure adopted by the hydride 
phase inherently has a different atomic packing density compared to 
the BCC structure of the pristine alloy. The tetrahedral interstitial 
sites in FCC lattices are substantially larger than both octahedral and 
tetrahedral sites in BCC lattices, facilitating the accommodation of 
hydrogen atoms and contributing to the distinct atomic configura-
tions and measured distances observed between the two phases. The 
smaller uncertainty (∼2 pm) in M-M distances of the pristine HEA 
compared to the larger SD of H-M distances in the hydride (∼8.6 pm) 
not only reflects the enhanced positional disorder of hydrogen but 
also hints at a potential modification of the host lattice’s intrinsic dis-
tortion upon hydrogenation, a point we explore further through 
depth-resolved analysis.

3D inhomogeneities of hydrogen atoms
Depth-resolved analysis through EFMEP reconstruction provided 
additional insights into the 3D structural characteristics and hydro-
gen distribution. Phase images from individual depth slices distinct-
ly revealed both lattice distortions and chemical inhomogeneities of 
metal sites in three dimensions (fig. S14, D and E). The slice-by-slice 
measurements yield an average M-M distance of 237.3 ± 6.1 pm, 
representing a 2.6% variation in pristine phase (fig. S14F), which is 
greater than that observed in the hydride phase (1.8 or 1.6%). These 
comparative results quantitatively demonstrate that hydrogen in-
corporation within the FCC hydride phase mitigates the intrinsic 
lattice distortion present in the pristine BCC HEA. The relief of lat-
tice distortion by deuterium incorporation has also been observed 
in TiVNb-based HEAs using total scattering measurements (x-ray 
and neutron diffraction) and reverse Monte Carlo structure model-
ing (44). The unexpected mitigation of lattice distortion may arise 
from three interconnected factors: Hydrogen attracts strong hydride-
forming elements (e.g., Ti, Zr, and Hf), driving localized atomic rear-
rangement that reduces chemical disorder; the BCC to FCC phase 
transition partially resets preexisting lattice distortions; and hydro-
gen’s relatively uniform tetrahedral site occupancy helps distribute 
strain evenly. Collectively, these effects counterintuitively alleviate—
rather than exacerbate—lattice distortion in HEAs.

The large lattice distortions and chemical inhomogeneities in the 
HEA matrix can necessarily lead to nonuniform hydrogen distribu-
tion in the hydride phase. To improve the signal-to-noise level of H 
sites, the depth dependent structural analysis was performed by sum-
ming the phase from five slices from EFMEP reconstruction (1-nm 
thickness per slice) with three representative depth ranges shown 
in Fig. 4A. This slice summation represents a practical compromise 
between depth discrimination and hydrogen detectability. As shown 
in fig. S15, the experimentally accessible depth response of the metal 
columns corresponds to a depth resolution of ∼1.6 nm under the 
present conditions. Since the axial resolution is generally better for 
heavier atomic columns than for lighter ones (34), a hydrogen depth 
resolution in the range of 3 to 4 nm is considered a reasonable esti-
mate for the present experiments, although it is inferred rather than 

extracted directly from the current hydrogen dataset. Phase contrast 
variations across different depth regions demonstrate the substantial 
heterogeneous distribution of hydrogen atoms at tetrahedral intersti-
tial sites. The depth profile (Fig. 4B) illustrates both the inhomoge-
neous distribution and the displacement of metal atoms. Notably, the 
magnitude of this metal atom displacement appears substantially 
lower than that observed in the pristine HEA matrix. Furthermore, 
the phase variations of hydrogen columns along the depth direction 
reveal substantial 3D inhomogeneity in hydrogen filling. Hydrogen 
atoms exhibit substantially greater displacements compared to metal 
atoms, consistent with their lower atomic mass and weaker lattice 
constraints. These findings provide direct experimental evidence for 
three-dimensionally heterogeneous hydrogen distribution in HEA 
hydrides, arising from the combined effects of intrinsic lattice distor-
tions and chemical inhomogeneities in the host alloy matrix.

The inhomogeneity of hydrogen concentration variations along 
the depth direction is further quantified using the peak intensity 
of H sites, as demonstrated for three characteristic depth ranges in 
Fig. 4C. While hydrogen columns are detectable at all depths, their 
phase value shows remarkable fluctuations (Fig. 4D), indicating par-
tial and variable occupancy of interstitial sites. However, because of 
the similar atomic numbers of Mo, Nb, and Zr, EFMEP cannot re-
liably distinguish these elements in our analysis. This limitation 
prevents direct correlation between local hydrogen occupancy and 
specific elemental environments. Specifically, the 10- to 14-nm depth 
region exhibits 30 to 44% higher relative phase value compared to the 
5- to 9-nm and 15- to 19-nm regions. The statistical analysis of rela-
tive phase value shows hydrogen column intensities of 5.0, 6.5, and 
4.5% of metal column intensities for these respective depth ranges 
(Fig. 4, E to G). These results indicate pronounced depth-dependent 
variation in hydrogen occupancy across the analyzed depth ranges.

To evaluate possible beam-induced effects during data acquisition, 
we reconstructed the same sample region under progressively in-
creased cumulative electron dose using multiple scans (fig. S16). The 
hydrogen-to-metal phase ratio remains nearly unchanged between 
0.925 × 106 and 9.25 × 106 e/Å2 and decreases only at a higher dose of 
18.5 × 106 e/Å2, where beam-induced hydrogen loss is expected. This 
result indicates that beam-driven hydrogen motion is unlikely to ac-
count for the depth-dependent hydrogen signal observed under the 
standard experimental dose (<106 e/Å2). In addition, because the 
quantitative analysis was performed using only the middle slices of 
the reconstructed results, possible artifacts associated with surface 
damage or surface amorphization were further suppressed.

DISCUSSION
In this study, we have successfully demonstrated the capability of MEP 
as a powerful tool for the atomic-scale visualization and quantification 
of hydrogen in complex materials. By implementing energy-filtered 
MEP, we achieved quantitative determination of hydrogen content, 
together with direct imaging of hydrogen positions, in metal hydrides. 
Our depth-resolved structural analysis not only reveals a pronounced 
3D inhomogeneity in hydrogen distribution but also uncovers a coun-
terintuitive phenomenon: Hydrogen incorporation mitigates the 
intrinsic lattice distortion of the HEA matrix. These results, particu-
larly the quantitative insights into hydrogen distribution and its inter-
play with lattice distortion, highlight EFMEP’s exceptional potential 
as a powerful tool for materials research, enabling the study of hy-
dride systems and other light element–containing materials at an 
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Fig. 4. Depth-sectioning analysis of hydrogen distribution in TiZrHfMoNbHx via MEP. (A) Phase images from three distinct depth regions, each integrated from 5 
consecutive slices (5- to 9-, 10- to 14-, and 15- to 19-nm depth ranges). (B) Depth profile of phase value along the M-H-M direction indicated by the blue dashed line in (A). 
An arrow denotes the displacement of hydrogen. (C) Expanded field-of-view phase images of the same three depth regions shown in (A). The phase images are displayed 
using a nonlinear scaling (power of 0.1) to enhance the visibility of hydrogen columns. The color bar is correctly labeled using the phase magnitude with nonlinear inter-
vals. (D) Corresponding hydrogen-column phase maps for each integrated depth region shown in (C). Each square pixel represents the phase value extracted at the cor-
responding atomic column position. (E to G) Phase value distributions comparing hydrogen and metal sites across the three depth regions. The broken line on the x axis 
denotes a discontinuity introduced to separate the hydrogen-site and metal-site phase distributions. Scale bars, 2 Å (A) and 5 Å (C).
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unprecedented atomic scale. Our work establishes a foundation for 
deeper investigations of hydrogen behavior in solids, enabling future 
studies to extract critical information about local site occupancy, 
atomic vibrations, and hydrogen mobility from MEP data. The meth-
odology developed here is not limited to hydride systems but can be 
readily extended to a broad range of materials containing light ele-
ments adjacent to heavy ones, including but not limited to oxides, 
nitrides, carbides, and borides. This versatility positions MEP as a 
transformative technique for atomic-scale characterization in materi-
als science. Further developments by implementing tilt-series data 
acquisition into MEP could lead to fully 3D atomic structures includ-
ing light elements (35, 52).

MATERIALS AND METHODS
Sample preparation
The TiZrHfMoNb HEA was prepared by arc melting under an Ar 
atmosphere (46). The alloy ingot was remelted six times to improve 
its homogeneity. Each specimen was machined into square plates 
(10 mm by 10 mm by 1 mm) using wire electrical discharge machin-
ing, ground with silicon carbide (SiC) abrasive paper, and polished 
using a vibratory polisher.

TEM lamellae were extracted from the TiZrHfMoNb HEA plate 
using Ga+ ion beam via the standard lift-out method in a focused 
ion beam (FIB) system (Zeiss Auriga). Subsequently, the lamella was 
hydrogenated at 250°C under 1 bar hydrogen pressure for 30 min. 
To mitigate FIB-induced damage caused by Ga+ ion bombardment 
and prevent hydrogen release due to FIB milling heating effects, a 
flash electrochemical polishing technique was applied (53). The pol-
ishing was conducted at −30°C in a solution of 4% perchloric acid 
and 96% alcohol at 14 V for 0.1 s. Commercial TiH2 powders were 
used as received. The powders were gently ground in ethanol using 
an agate mortar to obtain fine particles. The resulting suspension 
was dispersed onto ultrathin carbon films supported on TEM grids 
and allowed to dry under ambient conditions before electron mi-
croscopy measurements.

Multislice simulations
ABF, iCOM, and MEP are STEM techniques capable of resolving 
light elements. To evaluate their performance in hydrogen imaging, 
we simulated ABF, iCOM, and MEP images using an NbHx model 
system and the multislice simulation package abTEM (54). Ex-
perimental parameters, including beam energy and probe-forming 
semi-angle, were applied in the simulations. The sample thickness 
was set to 15 nm, and hydrogen content was systematically varied by 
uniformly removing hydrogen atoms along the z direction from 
NbH2. The Debye-Waller factors used were 0.43 Å2 for Nb (55) and 
1.66 Å2 for H (56). For MEP simulations, the probe was focused 
20 nm above the sample, and 60 × 60 diffraction patterns were gen-
erated with a step size of 0.5 Å by 0.5 Å. Each pattern had 512 × 512 
pixels at 0.616 mrad/pixel, which were later cropped to 256 × 256 
pixels during reconstruction to match the experimental kmax values. 
For iCOM, 200 × 200 diffraction patterns were simulated, each with 
256 × 256 pixels at 0.616 mrad/pixel. In iCOM, a defocus value of 
−3 nm and a collection angle of 0 to 24.3 mrad were applied. For 
ABF, the probe was focused on the top of the sample to obtain the 
best contrast, with a collection angle of 12.15 to 24.3 mrad. Poisson 
noise was added to model the finite illumination dose conditions. 
For TiHx, the Debye-Waller factors were 0.52 Å2 for Ti (55), while 

hydrogen retained the same values as in NbHx. Unless otherwise 
specified, the illumination dose was fixed at 5 × 105 e/Å2. The Debye-
Waller factor of H obtained from neutron diffraction refinement was 
used for hydrogen throughout the simulations (56). The possible 
variation of the hydrogen Debye-Waller factor with local compo-
sition or hydrogen content was not considered here and is there-
fore an additional source of systematic uncertainty in the quantitative 
calibration.

The experimental parameters that may affect the hydrogen quan-
tification were systematically analyzed using simulations. The influ-
ence of sample thickness was examined by comparing simulations at 
15, 20, and 25 nm (fig. S5B). For the same hydrogen concentration, 
the hydrogen-to-metal phase ratio at 15 nm is slightly larger than that 
at 20 nm, whereas the results for 20 and 25 nm are nearly identical. 
Since the experimental sample thickness of HEA hydride is estimated 
to be about 20 to 25 nm, the quantitative calibration is not strongly 
affected by thickness uncertainty.

We also considered both partial spatial and temporal coherent ef-
fects in the simulations using parameters close to our imaging condi-
tion. Temporal incoherence arising from chromatic aberration was 
modeled as a Gaussian distribution of defocus values centered at a de-
focus of 20 nm. The defocus spread was determined by Δ f = Cc

ΔE

E
 , 

where the accelerating voltage ( E ) is 300 kV, the standard deviation 
(st.d.) of the energy spread ( ΔE ) is 0.2 eV, and the chromatic aberra-
tion coefficient (Cc) is 2.0 mm, yielding the corresponding defocus 
spread of 1.33 nm (also in st.d.). Spatial incoherence due to the finite 
source size was modeled by applying a Gaussian source distribution 
with an st.d. of 0.2 Å. The quantitative analysis of the reconstructed 
phase ratios (fig. S5C) shows that temporal incoherence has only a mi-
nor effect on the H/M calibration, whereas spatial incoherence intro-
duces a slight systematic increase in the reconstructed H/M ratio. 
Although this difference is not obvious by visual inspection of the re-
constructed images alone (fig. S6), the extracted phase values indicate 
that spatial incoherence reduces the reconstructed phase of the metal 
columns somewhat more strongly than that of the hydrogen columns. 
A possible reason is that spatial incoherence modifies the effective 
probe distribution and contrast transfer, which can influence the re-
constructed phase response of strongly scattering metal columns and 
weakly scattering hydrogen columns differently. It is noted that other 
perturbation of the imaging system due to the sample vibration or lens 
instabilities would add additional incoherence (57) that could affect 
the quantification. To reduce the systematic uncertainty, we used the 
calibrated relationship between the phase ratio and hydrogen con-
tent (H/M) from simulations with parameters close to our imaging 
condition including both partial spatial and temporal coherence, 
20-nm-thick sample and 20-nm probe overfocus. The fitted linear 
calibration curves do not pass exactly through the origin, likely be-
cause the weak hydrogen-column phase can be slightly influenced by 
the neighboring metal-column background, especially at low hydro-
gen content. This effect is reduced for thinner samples, lower-Z host 
metals, or conditions giving lower reconstructed metal-column phase, 
so the curves become closer to the origin.

4D-STEM experimental data acquisition
TEM experiments were conducted using an aberration-corrected 
JEM-ARM300F2 transmission electron microscope operated at 
300 keV with a probe-forming aperture of 24.3 mrad. The 4D-STEM 
datasets were acquired using a Gatan K3 camera coupled with the 
STEMx modular system. Unless otherwise specified, the experiments 
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used a defocused electron probe positioned ∼20 nm above the sam-
ple’s top surface. Each 4D-STEM dataset consisted of 100 × 100 uni-
formly distributed scanning points with a step size of 0.52 Å using a 
beam current of ∼10 pA. The original 512 × 512-pixel diffraction 
patterns were binned down to 128 × 128 pixels before ptychographic 
reconstruction. To enhance real-space sampling, the diffraction pat-
terns were padded to 256 pixels, achieving a maximum spatial fre-
quency (kmax) of 7.967 Å−1. Reconstructions were performed with a 
slice thickness of 1 nm. For the thicker TiZrHfMoNb hydride region 
(30-nm thickness), the probe was overfocused by about 10 nm above 
the sample surface, and the scan step size was reduced to 0.42 Å.

It should be noted that neither the MEP algorithms nor the simu-
lations accounted for inelastic electron scattering (36). Typically, in-
elastically scattered electrons contribute incoherently to diffraction 
patterns, leading to image blurring and degraded reconstruction 
quality. To address this issue, we used an energy slit with a 5-eV full 
width centered at zero-loss energy to mitigate plasmonic scattering 
contributions from the diffraction patterns. As demonstrated in 
fig. S7, this adjustment revealed finer structural features in the dif-
fraction patterns. By filtering out ∼30% of the total signal originating 
from inelastically scattered electrons, we improved the convergence 
of the MEP reconstruction. Consequently, for samples with ∼18-nm 
thickness and substantial surface amorphous layers, both metal and 
hydrogen atoms exhibited substantially enhanced sharpness in the 
filtered MEP reconstruction compared to unfiltered results.

MEP reconstruction
MEP reconstructions were performed using a multislice extension 
of ptychographic phase retrieval (33, 58) with the implementation 
in PtychoShelves (59, 60). Partial spatial coherence of the electron 
probe was incorporated using a mixed-state formalism (57, 61) 
combined with a Gaussian convolution of width σPSF (62, 63). The 
probe scanning positions were refined using the intensity-based gra-
dient algorithm (64). The update direction and step size (βLSQ) at each 
iteration were determined using a least-squares maximum-likelihood 
optimization scheme (58). A Fourier-space regularization term was 
introduced to stabilize the multislice reconstruction and facilitate 
convergence (34). Reconstructions were typically performed for at 
least 2000 iterations for good convergence. The detailed reconstruc-
tion parameters are summarized in table S2.

To assess the axial resolving capability under our experimental 
conditions, we analyzed the depth dependence of the average phase 
values of metal columns obtained from the EFMEP reconstruction 
(fig. S15). The rising edge of the metal-column phase profile near the 
sample surface was fitted using an error function, which describes 
the depth response of the reconstruction. The depth resolution was 
evaluated using the full width at 80% of maximum (FW80M) of the 
corresponding depth response function, consistent with the previ-
ous definition (34). The fitted profile gives a Gaussian width param-
eter of 1.2 nm, corresponding to a metal-column depth resolution of 
∼1.6 nm under the present experimental conditions. For the same 
ptychographic reconstruction, the axial resolution is generally bet-
ter for heavier atomic columns than for lighter ones. However, the 
hydrogen phase distribution is intrinsically depth inhomogeneous 
in this system. Moreover, the hydrogen signal from individual slices, 
or from only a few summed slices, is too weak to support a robust 
edge-fit analysis. Therefore, we do not present a directly measured 
hydrogen depth resolution from the current hydrogen dataset. Tak-
ing the experimentally accessible metal-column depth response in 

the present dataset as a reference, we therefore consider a hydrogen 
depth resolution in the range of 3 to 4 nm to be a reasonable esti-
mate under the current experimental conditions. We emphasize that 
this range is inferred rather than directly extracted from the present 
hydrogen dataset.

Electron energy loss spectroscopy
We performed EELS characterization on both the pristine TiZrHf-
MoNb HEA and its hydride using an aberration-corrected JEM-
ARM300F2 transmission electron microscope operating at 300 kV, 
equipped with a Gatan K3 camera. The EELS experiments were con-
ducted with a beam current of 10 pA using a convergence semi-
angle of 24.3 mrad and a collection semi-angle of 130 mrad while 
maintaining an energy dispersion of 0.09 eV per channel.

Statistical analyses
The phase (in radians) from the ptychographic reconstruction is lin-
early proportional to the projected electrostatic potential of the sam-
ple, which, therefore, can be used for quantitative determination of 
elemental composition, such as hydrogen content. The atomic col-
umns in the MEP reconstructed images were all fitted by a 2D aniso-

tropic Gaussian function, f
(

x, y
)

= A exp

[

−
(x−μx)

2

2σ2
x

−
(y−μy)

2

2σ2
y

]

+ B , 

where the phase of each atom is proportional to parameter A. The 
relative phase value between hydrogen columns and metal columns is 
φH

φM

 , where φH and φM are the phase of hydrogen columns and metal 
columns, respectively. The uncertainty in relative phase value is 

derived according to propagation of errors: φH

φM

√

(

σφH

φH

)2

+
(

σφM

φM

)2

 , 
where σφH

 and σφM
 are SDs for φH and φM , respectively. After atom 

positions were determined by fitting, M-M interatomic distances 
were measured directly from the projected phase images and within 
individual slices. However, owing to the weak phase value of hydro-
gen atoms and artifacts of single slice, only H-M distances from the 
projected phase are used in the statistical analyses.

The hydrogen content was estimated by mapping the experi-
mentally measured hydrogen-to-metal phase ratio, Rexp =

φH

φM

 , onto 
simulation-based calibration curves generated under experimen-
tally relevant conditions. A nominal calibration curve was chosen 
using the best-matched experimental parameters, and the corre-
sponding H/M value was obtained by interpolation. The statistical 
uncertainty in H/M was determined by propagating the experimen-
tal uncertainty in the phase ratio through the nominal calibration 
curve. Because the experimental specimen thickness lies in the range 
of ∼20 to 25 nm, where the calibration curves are nearly thickness 
independent, the dominant systematic uncertainty arises from par-
tial coherence.

Supplementary Materials
This PDF file includes:
Figs. S1 to S16
Tables S1 and S2

REFERENCES
	 1.	 F. Zhang, Y. Zhang, L. Li, X. Mou, H. Peng, S. Shen, M. Wang, K. Xiao, S.-H. Ji, D. Yi, T. Nan,  

J. Tang, P. Yu, Nanoscale multistate resistive switching in WO3 through scanning probe 
induced proton evolution. Nat. Commun. 14, 3950 (2023).

	 2.	N . Lu, P. Zhang, Q. Zhang, R. Qiao, Q. He, H.-B. Li, Y. Wang, J. Guo, D. Zhang, Z. Duan, Z. Li, 
M. Wang, S. Yang, M. Yan, E. Arenholz, S. Zhou, W. Yang, L. Gu, C.-W. Nan, J. Wu, Y. Tokura,  

D
ow

nloaded from
 https://w

w
w

.science.org at Institute of Physics, C
as on Septem

ber 23, 2026



Li et al., Sci. Adv. 12, eaed5872 (2026)     23 September 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 11

P. Yu, Electric-field control of tri-state phase transformation with a selective dual-ion 
switch. Nature 546, 124–128 (2017).

	 3.	 W. Xu, G. Fan, J. Chen, J. Li, L. Zhang, S. Zhu, X. Su, F. Cheng, J. Chen, Nanoporous 
palladium hydride for electrocatalytic N2 reduction under ambient conditions. Angew. 
Chem. Int. Ed. 59, 3511–3516 (2020).

	 4.	 A. M. Abdellah, F. Ismail, O. W. Siig, J. Yang, C. M. Andrei, L.-A. DiCecco, A. Rakhsha,  
K. E. Salem, K. Grandfield, N. Bassim, R. Black, G. Kastlunger, L. Soleymani, D. Higgins, 
Impact of palladium/palladium hydride conversion on electrochemical CO2 reduction 
via in-situ transmission electron microscopy and diffraction. Nat. Commun. 15, 938 
(2024).

	 5.	 L. Schlapbach, A. Züttel, Hydrogen-storage materials for mobile applications. Nature 414, 
353–358 (2001).

	 6.	 F. Marques, M. Balcerzak, F. Winkelmann, G. Zepon, M. Felderhoff, Review and outlook 
on high-entropy alloys for hydrogen storage. Energy Environ. Sci. 14, 5191–5227 
(2021).

	 7.	 R. Mohtadi, S.-i. Orimo, The renaissance of hydrides as energy materials. Nat. Rev. Mater. 2, 
16091 (2017).

	 8.	H . Luo, S. S. Sohn, W. Lu, L. Li, X. Li, C. K. Soundararajan, W. Krieger, Z. Li, D. Raabe, A strong 
and ductile medium-entropy alloy resists hydrogen embrittlement and corrosion. Nat. 
Commun. 11, 3081 (2020).

	 9.	 P. Gong, A. Turk, J. Nutter, F. Yu, B. Wynne, P. Rivera-Diaz-del-Castillo, W. Mark Rainforth, 
Hydrogen embrittlement mechanisms in advanced high strength steel. Acta Mater. 223, 
117488 (2022).

	 10.	 X. Li, J. Zhang, Y. Cui, M. B. Djukic, H. Feng, Y. Wang, Review of the hydrogen 
embrittlement and interactions between hydrogen and microstructural interfaces in 
metallic alloys: Grain boundary, twin boundary, and nano-precipitate. Int. J. Hydrogen 
Energy 72, 74–109 (2024).

	 11.	 S. Dekura, H. Kobayashi, R. Ikeda, M. Maesato, H. Yoshino, M. Ohba, T. Ishimoto,  
S. Kawaguchi, Y. Kubota, S. Yoshioka, S. Matsumura, T. Sugiyama, H. Kitagawa, The 
electronic state of hydrogen in the α phase of the hydrogen-storage material PdH(D)x: 
Does a chemical bond between palladium and hydrogen exist? Angew. Chem. Int. Ed. 57, 
9823–9827 (2018).

	 12.	 J. J. Kweon, H.-I. Kim, S.-h. Lee, J. Kim, S. K. Lee, Quantitative probing of hydrogen 
environments in quasicrystals by high-resolution NMR spectroscopy. Acta Mater. 226, 
117657 (2022).

	 13.	 A. Machida, H. Saitoh, H. Sugimoto, T. Hattori, A. Sano-Furukawa, N. Endo, Y. Katayama,  
R. Iizuka, T. Sato, M. Matsuo, S.-i. Orimo, K. Aoki, Site occupancy of interstitial deuterium 
atoms in face-centred cubic iron. Nat. Commun. 5, 5063 (2014).

	 14.	C . Jiménez, F. Garcia-Moreno, B. Pfretzschner, M. Klaus, M. Wollgarten, I. Zizak,  
G. Schumacher, M. Tovar, J. Banhart, Decomposition of TiH2 studied in situ by synchrotron 
X-ray and neutron diffraction. Acta Mater. 59, 6318–6330 (2011).

	 15.	T . R. Prisk, A. I. Kolesnikov, G. E. Granroth, J.-L. Lin, B. J. Heuser, Vibrational modes and 
quantum zero-point energy of hydrogen in ZrH0.0155 and ZrH2. J. Alloys Compd. 818, 
152832 (2020).

	 16.	 Y. S. Chen, D. Haley, S. S. A. Gerstl, A. J. London, F. Sweeney, R. A. Wepf, W. M. Rainforth,  
P. A. J. Bagot, M. P. Moody, Direct observation of individual hydrogen atoms at trapping 
sites in a ferritic steel. Science 355, 1196–1199 (2017).

	 17.	 P. E. Batson, N. Dellby, O. L. Krivanek, Sub-ångstrom resolution using aberration corrected 
electron optics. Nature 418, 617–620 (2002).

	 18.	 M. Haider, S. Uhlemann, E. Schwan, H. Rose, B. Kabius, K. Urban, Electron microscopy 
image enhanced. Nature 392, 768–769 (1998).

	 19.	I . Lazić, E. G. T. Bosch, S. Lazar, Phase contrast STEM for thin samples: Integrated 
differential phase contrast. Ultramicroscopy 160, 265–280 (2016).

	 20.	E . Okunishi, I. Ishikawa, H. Sawada, F. Hosokawa, M. Hori, Y. Kondo, Visualization of light 
elements at ultrahigh resolution by STEM annular bright field microscopy. Microsc. 
Microanal. 15, 164–165 (2009).

	 21.	 S. D. Findlay, N. Shibata, H. Sawada, E. Okunishi, Y. Kondo, Y. Ikuhara, Dynamics of annular 
bright field imaging in scanning transmission electron microscopy. Ultramicroscopy 110, 
903–923 (2010).

	 22.	 Y. Shao-Horn, L. Croguennec, C. Delmas, E. C. Nelson, M. A. O’Keefe, Atomic resolution of 
lithium ions in LiCoO2. Nat. Mater. 2, 464–467 (2003).

	 23.	 S. D. Findlay, T. Saito, N. Shibata, Y. Sato, J. Matsuda, K. Asano, E. Akiba, T. Hirayama,  
Y. Ikuhara, Direct imaging of hydrogen within a crystalline environment. Appl. Phys. 
Express 3, 116603 (2010).

	 24.	 R. Ishikawa, E. Okunishi, H. Sawada, Y. Kondo, F. Hosokawa, E. Abe, Direct imaging of 
hydrogen-atom columns in a crystal by annular bright-field electron microscopy. Nat. 
Mater. 10, 278–281 (2011).

	 25.	 S. de Graaf, J. Momand, C. Mitterbauer, S. Lazar, B. J. Kooi, Resolving hydrogen atoms at 
metal-metal hydride interfaces. Sci. Adv. 6, eaay4312 (2020).

	 26.	 S. Lee, Y. Oshima, E. Hosono, H. Zhou, K. Takayanagi, Reversible contrast in focus series of 
annular bright field images of a crystalline LiMn2O4 nanowire. Ultramicroscopy 125, 
43–48 (2013).

	 27.	 R. Close, Z. Chen, N. Shibata, S. D. Findlay, Towards quantitative, atomic-resolution 
reconstruction of the electrostatic potential via differential phase contrast using 
electrons. Ultramicroscopy 159, 124–137 (2015).

	 28.	 P. Gao, A. Kumamoto, R. Ishikawa, N. Lugg, N. Shibata, Y. Ikuhara, Misalignment induced 
artifacts in quantitative annular bright-field imaging. Microsc. Microanal. 22, 888–889 
(2016).

	 29.	E . P. George, D. Raabe, R. O. Ritchie, High-entropy alloys. Nat. Rev. Mater. 4, 515–534 
(2019).

	 30.	D . B. Miracle, O. N. Senkov, A critical review of high entropy alloys and related concepts. 
Acta Mater. 122, 448–511 (2017).

	 31.	 M. M. Nygård, Ø. S. Fjellvåg, M. H. Sørby, K. Sakaki, K. Ikeda, J. Armstrong, P. Vajeeston,  
W. A. Sławiński, H. Kim, A. Machida, Y. Nakamura, B. C. Hauback, The average and local 
structure of TiVCrNbDx (x = 0,2.2,8) from total scattering and neutron spectroscopy. Acta 
Mater. 205, 116496 (2021).

	 32.	 Z. Li, K. G. Pradeep, Y. Deng, D. Raabe, C. C. Tasan, Metastable high-entropy dual-phase 
alloys overcome the strength–ductility trade-off. Nature 534, 227–230 (2016).

	 33.	 A. M. Maiden, M. J. Humphry, J. M. Rodenburg, Ptychographic transmission microscopy 
in three dimensions using a multi-slice approach. J. Opt. Soc. Am. A 29, 1606–1614 
(2012).

	 34.	 Z. Chen, Y. Jiang, Y.-T. Shao, M. E. Holtz, M. Odstrčil, M. Guizar-Sicairos, I. Hanke,  
S. Ganschow, D. G. Schlom, D. A. Muller, Electron ptychography achieves atomic-
resolution limits set by lattice vibrations. Science 372, 826–831 (2021).

	 35.	 Z. Dong, Y. Zhang, C.-C. Chiu, S. Lu, J. Zhang, Y.-C. Liu, S. Liu, J.-C. Yang, P. Yu, Y. Wang,  
Z. Chen, Sub-nanometer depth resolution and single dopant visualization achieved by 
tilt-coupled multislice electron ptychography. Nat. Commun. 16, 1219 (2025).

	 36.	 Z. Dong, M. Huo, J. Li, J. Li, P. Li, H. Sun, L. Gu, Y. Lu, M. Wang, Y. Wang, Z. Chen, 
Visualization of oxygen vacancies and self-doped ligand holes in La3Ni2O7−δ. Nature 630, 
847–852 (2024).

	 37.	H . Kp, R. Xu, K. Patel, K. J. Crust, A. Khandelwal, C. Zhang, S. Prosandeev, H. Zhou,  
Y.-T. Shao, L. Bellaiche, H. Y. Hwang, D. A. Muller, Electron ptychography reveals a 
ferroelectricity dominated by anion displacements. Nat. Mater. 24, 1433–1440 (2025).

	 38.	 Y. Jiang, Z. Chen, Y. Han, P. Deb, H. Gao, S. Xie, P. Purohit, M. W. Tate, J. Park, S. M. Gruner,  
V. Elser, D. A. Muller, Electron ptychography of 2D materials to deep sub-ångström 
resolution. Nature 559, 343–349 (2018).

	 39.	 P. Li, C. Pua, Z. Dong, Z. Su, L. Gu, Z. Chen, Imaging of hydrogen atoms and their 
inhomogeneity in multi-principal-element alloys via multislice electron ptychography. 
Microsc. Microanal. 30, ozae044.915 (2024).

	 40.	 Z. Shi, Q. Li, H. Mishra, D. Ma, H. D. Abruña, D. A. Muller, Electron ptychography images 
hydrogen atom superlattices and 3D inhomogeneities in palladium hydride 
nanoparticles. J. Am. Chem. Soc. 147, 39020–39025 (2025).

	 41.	 W. M. Mueller, J. P. Blackledge, G. G. Libowitz, METAL HYDRIDES (Academic Press, New York 
and London, 1968).

	 42.	 X. Chen, Q. Wang, Z. Cheng, M. Zhu, H. Zhou, P. Jiang, L. Zhou, Q. Xue, F. Yuan, J. Zhu,  
X. Wu, E. Ma, Direct observation of chemical short-range order in a medium-entropy 
alloy. Nature 592, 712–716 (2021).

	 43.	 M. Sahlberg, D. Karlsson, C. Zlotea, U. Jansson, Superior hydrogen storage in high entropy 
alloys. Sci. Rep. 6, 36770 (2016).

	 44.	 M. M. Nygård, W. A. Sławiński, G. Ek, M. H. Sørby, M. Sahlberg, D. A. Keen, B. C. Hauback, 
Local order in high-entropy alloys and associated deuterides – a total scattering and 
Reverse Monte Carlo study. Acta Mater. 199, 504–513 (2020).

	 45.	 K. Sakaki, H. Kim, E. H. Majzoub, A. Machida, T. Watanuki, K. Ikeda, T. Otomo, M. Mizuno,  
D. Matsumura, Y. Nakamura, Displacement of hydrogen position in di-hydride of V-Ti-Cr 
solid solution alloys. Acta Mater. 234, 118055 (2022).

	 46.	 P. Li, J. Hu, G. Huang, J. Zhang, W. Wang, C. Tian, H. Xiao, X. Zhou, H. Shen, X. Long, S. Peng, 
X. Zu, Electronic structure regulation toward the improvement of the hydrogenation 
properties of TiZrHfMoNb high-entropy alloy. J. Alloys Compd. 905, 164150 (2022).

	 47.	N . N. Badr, F. Long, Y. Luo, M. Topping, L. K. Béland, Z. Yao, L. Balogh, M. R. Daymond, On 
potential core-shell morphologies of δ-hydride precipitates in zircaloy-2: A 
microstructural characterization approach by electron diffraction and energy-loss 
spectroscopy. Acta Mater. 257, 119184 (2023).

	 48.	N . N. Badr, F. Long, Y. Lou, M. Topping, L. K. Béland, Z. Yao, M. R. Daymond, On the 
trigonal structure of the ζ-hydride in zirconium: A microstructural characterization 
approach by electron diffraction and energy-loss spectroscopy. Acta Mater. 247, 
118729 (2023).

	 49.	N . G. Alexandropoulos, G. Bambakidis, T. Sparrow, B. Williams, Plasmon spectra of Ti and 
TiH2. J. Phys. F Metal Phys. 16, L245–L247 (1986).

	 50.	 P. C. Li, J. W. Zhang, J. T. Hu, G. Huang, L. Xie, H. Y. Xiao, X. S. Zhou, Y. H. Xia, J. C. Zhang,  
H. H. Shen, X. T. Zu, Effects of deuterium content on the thermal stability and deuterium 
site occupancy of TiZrHfMoNb deuterides. J. Solid State Chem. 297, 121999 (2021).

	 51.	D . Zhou, K. Müller-Caspary, W. Sigle, F. F. Krause, A. Rosenauer, P. A. van Aken, Sample tilt 
effects on atom column position determination in ABF–STEM imaging. Ultramicroscopy 
160, 110–117 (2016).

D
ow

nloaded from
 https://w

w
w

.science.org at Institute of Physics, C
as on Septem

ber 23, 2026



Li et al., Sci. Adv. 12, eaed5872 (2026)     23 September 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 11

	 52.	N . Y. Kim, H. Zhong, J. Zhang, C. M. O’Leary, Y. Liao, J. Zou, H. Sha, M. Pham, W. Li, Y. Yuan, 
J.-H. Park, D. Kim, H. Jiang, J. Kong, M. Chi, J. Miao, Three-dimensional imaging of 
individual carbon atoms. arXiv:2504.08228 [cond-mat.mtrl-sci] (2025).

	 53.	 A. Schemer-Kohrn, M. B. Toloczko, Y. Zhu, J. Wang, D. J. Edwards, Removal of FIB damage 
using flash electropolishing for artifact-free TEM foils. Microsc. Microanal. 25, 1606–1607 
(2019).

	 54.	 J. Madsen, T. Susi, The abTEM code: Transmission electron microscopy from first 
principles. Open Res. Eur. 1, 24 (2021).

	 55.	 L.-M. Peng, G. Ren, S. L. Dudarev, M. J. Whelan, Debye-Waller factors and absorptive 
scattering factors of elemental crystals. Acta Crystallogr. Sec. A 52, 456–470 (1996).

	 56.	 J. R. Santisteban, J. R. Granada, J. Dawidowski, New approach in the study of hydrogen 
dynamics in metal hydrides by neutron transmission experiments. Phys. B Condens. 
Matter 269, 345–355 (1999).

	 57.	 P. Thibault, A. Menzel, Reconstructing state mixtures from diffraction measurements. 
Nature 494, 68–71 (2013).

	 58.	 M. Odstrčil, A. Menzel, M. Guizar-Sicairos, Iterative least-squares solver for generalized 
maximum-likelihood ptychography. Opt. Express 26, 3108–3123 (2018).

	 59.	 Z. Chen, Y. Jiang, D. A. Muller, M. Odstrcil, PtychoShelves_EM, source code for multislice 
electron ptychography, version 2, Zenodo (2021); https://doi.org/10.5281/zenodo.4659690.

	 60.	 K. Wakonig, H.-C. Stadler, M. Odstrčil, E. H. R. Tsai, A. Diaz, M. Holler, I. Usov, J. Raabe,  
A. Menzel, M. Guizar-Sicairos, PtychoShelves, a versatile high-level framework for 
high-performance analysis of ptychographic data. J. Appl. Crystallogr. 53, 574–586 (2020).

	 61.	 Z. Chen, M. Odstrcil, Y. Jiang, Y. Han, M.-H. Chiu, L.-J. Li, D. A. Muller, Mixed-state electron 
ptychography enables sub-angstrom resolution imaging with picometer precision at low 
dose. Nat. Commun. 11, 2994 (2020).

	 62.	 J. N. Clark, X. Huang, R. Harder, I. K. Robinson, High-resolution three-dimensional partially 
coherent diffraction imaging. Nat. Commun. 3, 993 (2012).

	 63.	 W. Xu, S. Ning, P. Sheng, H. Lin, A. I. Kirkland, Y. Peng, F. Zhang, A high-performance 
reconstruction method for partially coherent ptychography. Ultramicroscopy 267, 
114068 (2024).

	 64.	 F. Zhang, I. Peterson, J. Vila-Comamala, A. Diaz, F. Berenguer, R. Bean, B. Chen, A. Menzel,  
I. K. Robinson, J. M. Rodenburg, Translation position determination in ptychographic 
coherent diffraction imaging. Opt. Express 21, 13592–13606 (2013).

Acknowledgments: We thank T. Zhang and C. Lu for assistance during the experiments. This 
work used the facilities of the National Center for Electron Microscopy in Beijing at Tsinghua 
University. Funding: This work was supported by the National Key Research and Development 
Program of China (MOST, grant no. 2023YFA1406400), the National Natural Science Foundation 
of China (grant nos. 52273227 and U22A6005), the Open Research Fund of Suzhou Laboratory 
(grant no. SZLAB-1608-2025-TS036), and Guangdong Major Project of Basic Research, China 
(grant no. 2021B0301030003). L.G. acknowledges support from Fundamental and 
Interdisciplinary Disciplines Breakthrough Plan of the Ministry of Education of China (grant no. 
JYB2025XDXM413) and the National Natural Science Foundation of China (grant no. 
52650103). H.S. acknowledges support from the National Natural Science Foundation of China 
(grant no. 12475284). Z.S. acknowledges support from the National Natural Science 
Foundation of China (grant no. 12305290). Author contributions: P.L. and Z.C. conceived the 
study and designed the experiments. P.L. and C.P. performed the experiments and data 
analysis, with assistance from Z.D. and T.L., under the supervision of Z.C. and L.G. Z.S., C.C., and 
H.S. prepared the HEA samples. P.L. and Z.C. wrote and revised the manuscript with input from 
all authors. Competing interests: The authors declare that they have no competing interests. 
Data, code, and materials availability: Raw experimental data of the results presented in the 
paper and/or Supplementary Materials have been deposited in Zenodo at https://doi.
org/10.5281/zenodo.20353429. The code for multislice electron ptychography is adapted from 
the previously published versions in Zenodo at https://doi.org/10.5281/zenodo.4659690. This 
study did not generate new materials.

Submitted 2 November 2025 
Accepted 24 August 2026 
Published 23 September 2026 
10.1126/sciadv.aed5872

D
ow

nloaded from
 https://w

w
w

.science.org at Institute of Physics, C
as on Septem

ber 23, 2026

https://doi.org/10.5281/zenodo.4659690
https://doi.org/10.5281/zenodo.20353429
https://doi.org/10.5281/zenodo.20353429
https://doi.org/10.5281/zenodo.4659690


Atomic-scale quantification of hydrogen in metal hydrides by electron
ptychography
Pengcheng Li, Chenglin Pua, Zehao Dong, Zhengxiong Su, Tao Liu, Chao Cai, Huahai Shen, Lin Gu, and Zhen Chen

Sci. Adv. 12 (39), eaed5872.  DOI: 10.1126/sciadv.aed5872

View the article online
https://www.science.org/doi/10.1126/sciadv.aed5872
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS. 

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

D
ow

nloaded from
 https://w

w
w

.science.org at Institute of Physics, C
as on Septem

ber 23, 2026

https://www.science.org/content/page/terms-service

	Atomic-scale quantification of hydrogen in metal hydrides by electron ptychography
	INTRODUCTION
	RESULTS
	Benchmarking hydrogen detection limits
	Hydrogen occupancy sites in TiHx
	Resolving hydrogen atoms in HEA hydride
	3D inhomogeneities of hydrogen atoms

	DISCUSSION
	MATERIALS AND METHODS
	Sample preparation
	Multislice simulations
	4D-STEM experimental data acquisition
	MEP reconstruction
	Electron energy loss spectroscopy
	Statistical analyses

	Supplementary Materials
	This PDF file includes:

	REFERENCES
	Acknowledgments


