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Abstract: 

We use  low-dose  cryogenic  transmission electron  microscopy (cryo-TEM) to investigate  the

atomic-scale structure of antiperovskite Na2NH2BH4 crystals by preserving the room-temperature

cubic phase and carefully  monitoring the electron dose.  Via quantitative analysis  of electron

beam damage using selected area electron diffraction, we find cryogenic imaging provides six-

fold improvement in beam stability for this solid electrolyte. Cryo-TEM images obtained from

flat crystals revealed the presence of a new, long-range-ordered supercell with a cubic phase. The

supercell exhibits doubled unit cell dimensions of 9.4 Å x 9.4 Å as compared to the cubic lattice

structure  revealed by X-ray crystallography of  4.7 Å x 4.7 Å.  The comparison between the

experimental image and simulated potential map indicates the origin of the supercell is a vacancy

ordering of sodium atoms. This work demonstrates the potential of using cryo-TEM imaging to

study the  atomic-scale  structure  of  air-  and electron-beam sensitive  antiperovskite-type solid

electrolytes.

Keywords:  Antiperovskites;  Solid  electrolyte;  Cryo-TEM;  Atomic-scale;  Beam  damage;

Superlattice.



Solid-state electrolytes, such as garnet-type oxides (e.g., Li7La3Zr2O12),1 sulfides of the

argyrodite-type (e.g., Li10GeP2S12),2 and oxides of the perovskite-type (e.g., La0.5Li0.5TiO3),3  have

gained tremendous attention as a practical solution to address battery safety concerns, offering

enhanced  energy  density  and  chemical  stability  compared  to  liquid  electrolytes.4,5 The

antiperovskite-type  solid  electrolyte  sodium  amide  borohydride  (Na2NH2BH4),  which  was

initially synthesized as for hydrogen storage,6 has recently attracted significant attention due to

the presence of two distinct  cluster  ions (NH2 and BH4)  and the compositional  flexibility  of

structural  design.7-12 The  cation  transportation  is  theorized  to  be  the  result  of  a  rotational

mechanism of two anion clusters (known as the double Paddle wheel mechanism) that enhances‐

the movement of cations and lowers energy barriers for their diffusion and migration through

disordered  cation  vacancies.12 X-ray  scattering  and diffraction  may  not  always  capture  local

defects  and inhomogeneities,  which  arise  from intrinsic  structural  flexibility  of  Na2NH2BH4.

High-resolution electron microscopy imaging is critical for thoroughly understanding such local

structural details, which are of great importance for the rational design of solid electrolytes.13-20 

It has been observed that not all solid electrolytes are free of radiation-induced structural

damage after the exposure to the electron beam.20, 21 Cooling the samples to liquid nitrogen (LN2)

temperature  in  the electron  column after  the air-free transfer  has significantly  reduced beam

damage in solid electrolytes during imaging, which led to the direct observation of local lattices,

interfaces, and dynamic properties of solid electrolytes and electrodes at various length scales.20,

22-31  Nevertheless, the conventional air-free transfer methods face challenges in addressing the

combined challenge of air and electron beam sensitivity, and as a result direct atomic-resolution

imaging of the Na2NH2BH4 solid electrolyte has not yet been reported. 



Recently, a combination of cryo-TEM and the cryogenic plunging method, inspired by

imaging techniques used for beam-sensitive biomaterials and soft materials, has been developed

to  preserve  the  natural  structures  of  electrolytes,  solid  electrolyte  interfaces,  and  lattices  in

electrodes.18,24,26,27,30 This approach enables direct visualization of well-preserved lattice structures

at  the atomic  scale with minimal electron beam damage.  While  these approaches  have been

effective  in  preserving the  inherent  lattice  structures  of  solid  electrolytes  for  high-resolution

cryo-TEM imaging, it should be noted that previous studies were constrained to materials that do

not exhibit phase transitions under the ambient temperature. 

In this study, a robust cryogenic transfer protocol used to preserve the natural structures

of  this  air-sensitive  solid  electrolyte  crystals  is  developed.  Cryo-TEM is  used  to  image  the

atomic structure of Na2NH2BH4 crystals by minimizing electron beam damage and preserving the

room-temperature  cubic  lattice.  We  quantitatively  analyze  the  beam  damage  on  the  lattice

structures by measuring the critical dose of Bragg spots in electron diffraction patterns obtained

from bulk cubic crystals. Ultra-thin planar Na2NH2BH4  crystals are imaged while minimizing

electron beam damage. Surprisingly, the analysis of the micrographs shows a long-range ordered

superlattice with a doubled unit cell size, 9.4 x 9.4 Å, compared to the previously measured cubic

unit cell, 4.7 x 4.7 Å, from X-ray diffraction.12,  32,  33 Our observations indicate a presence of a

superlattice with double the unit cell  dimensions of cubic lattice,  which was not observed in

previous studies. Comparative analysis of atomic models, experimental cryo-TEM images, and

simulated TEM images suggests that the origin of the superlattice is ordering of vacant sodium

sites. These findings demonstrate the rich structural information accessible through atomic-scale

cryo-TEM imaging of cluster-ion antiperovskite crystals.



Figure 1A depicts the unit cell of the cubic phase of Na2NH2BH4 crystal with the Pm 3́m

symmetry, with a lattice parameter of 4.7 Å. The amide anion occupies the body center site, and

borohydride anions occupy the corner sites. Sodium cations occupy the face center sites, with

two vacant sites to maintain charge balance. The simulated diffraction pattern of the cubic lattice

is shown in Figure 1B, where dashed circles indicate the reflections corresponding to the lattice

parameter of 4.7 Å. This spacing aligns with the X-ray diffraction measurements reported in

literature.12, 32, 33

Na2NH2BH4 crystal undergoes a phase transformation from a cubic to an orthorhombic at

a  transition  temperature  of  288  K.  Consequently,  conventional  air-free  transfer  at  room

temperature followed by cooling to LN2 temperature in the column results in the loss of the

cubic phase. We employed a cryogenic plunging method to preserve the high-temperature cubic

phase  which  is  the  phase  of  interest  for  solid  electrolyte  materials  because  it  exhibits  ion

conductivity. The method involves rapidly plunging a sealed container containing the TEM grid

with deposited crystals into liquid nitrogen to prevent the phase transition. It utilized a reusable

container design, as illustrated in Figure 2A. TEM grids were dipped into powdered crystals and

carefully positioned on the lower Kapton film. A rubber pad with a hole (approximately 3 mm)

smaller than the TEM grid diameter was placed above the TEM grid to prevent contact between

the  crystals  and  the  upper  Kapton  film.  Two O-rings  were  used  to  seal  the  aluminum  cell

assembly, secured by four screws. Subsequently, the assembled cell was transferred out of the

glove box and immediately plunged into liquid nitrogen, as depicted in Figure 2B. The enhanced

thermal  conductivity  resulting  from the  close  contact  between  the  grid  and the  Kapton film

contributes to a more efficient cooling rate, in contrast to comparable methods employing plastic



tubes27 or bags29, 30, 34 as containers, which provide less surface area contact between the samples

and the cryogen. The cell was disassembled under liquid nitrogen, and the grid was preserved

and  transferred  into  the  microscope  in  liquid  nitrogen  to  ensures  the  air-free  structure  is

preserved.  Figure  2C  presents  a  cryo-TEM  micrograph  of  the  crystals  prepared  using  this

method.  Figure  2D  exhibits  the  corresponding  diffraction  pattern  obtained  from the  crystal

indicated in Figure 2C. The presence of sharp spots (up to 0.7 Å) indicates that the crystal was

well-preserved  using  the  combination  of  the  air-tight  cell  and  cryo-transfer  method.  More

diffraction  patterns  obtained  from bulk  crystals  are  shown in  Figure  S1.  Additionally,  EDS

mapping was conducted to investigate the oxygen distribution within the crystals. No obvious

oxygen signals were observed from the interior region of crystals as shown in the EDS maps in

Figure S2. 

The  electron  beam  sensitivity  in  antiperovskites  varies  based  on  their  chemical

composition and crystal structure.  In the case of Na2NH2BH4 crystals, the presence of all light

elements and high vacancy content indicates a potential for higher beam sensitivity compared to

conventional antiperovskites. Accordingly, the achievable resolution in a sample is constrained

by beam damage.21, 35 Therefore, it is crucial to investigate the durability of Na2NH2BH4 under

the electron beam before carrying out high-resolution cryo-TEM imaging.

Quantitative analysis of radiation damage in Na2NH2BH4  crystals was conducted using

selected area electron diffraction (SAED) at LN2 temperature.  A series of diffraction patterns

were recorded from the same bulk crystal by applying an accumulated electron dose of 60 e/Å2.

The fading of reflections after reaching 60 e/Å2 is demonstrated in a movie (Movie S1). Figure

3A shows the initial diffraction pattern obtained from a Na2NH2BH4  crystal prepared using the



cryo-transfer method described in Figure 2 after electron beam exposure of approximately 3 e/

Å2. Four reflections at different spatial frequencies, ranging from 2.1 to 4.7 Å, are labeled with

colored circles for quantitative measurement of the critical dose in Figure 3A. More high-order

reflections are clearly visible. The dose-limited resolution is inversely proportional to the square

root of the critical dose (Dc), representing the relative beam sensitivity, while the Dc is defined

as the accumulated dose at which the intensity of a reflection (I) reduces to 37% of its initial

intensity (I0).36, 37 The decreases in relative intensity at the four different diffraction spots (4.7 Å,

3.3 Å, 2.4 Å, and 2.1 Å)  shown in Figure 3A are plotted in Figure 3B. Gaussian fitting of the

spot amplitudes as a function of accumulated dose reveals an exponential decay for all measured

spots. The critical dose is determined by the dose at which the intensity of the spot decreases to

37%, as indicated by dashed lines. The Dc decreases from 29 e/Å2  at 4.7 Å to 17 e/Å2  at 2.1 Å,

suggesting  that  high  spatial  frequency  signals,  which  represent  the  highly  ordered  lattice

structures in Na2NH2BH4 crystals, are more vulnerable to the electron beam.

The  critical  dose  was  also  measured  at  room  temperature  for  the  comparison.  The

electron diffraction patterns acquired at room temperature were obtained using a conventional

air-free transfer holder. Figure 3C presents the comparison at a high spatial frequency spot (2.1

Å). The critical doses are 17 e/Å2 at 98 K and 2.7 e/Å2 at 298 K for the 2.1 Å spot, indicating an

approximately six-fold improvement in critical dose at the LN2 temperature. These comparisons

exhibit  the importance of cryo-transfer and low-dose cryo-TEM imaging to preserve atomic-

scale  structures  in  Na2NH2BH4  crystals  which  are  comprised  of  highly  hygroscopic  amide

compounds. 



Critical dose measurements offer insights into the durability of crystals when exposed to

an electron beam and inform usable dose limits that preserve the atomic-scale structure for cryo-

TEM imaging. Nevertheless, achieving a high-resolution image of the pristine cubic lattice (4.7

Å)  from  bulk  crystals  in  the  micrometer  size,  which  were  used  for  electron  diffraction,  is

challenging  due  to  their  thickness  significantly  exceeding  the  mean  free  path  of  300  keV

electrons. In addition to bulk crystals, smaller, flat crystals were observed adjacent to the bulk

crystals (Figure S3). These flat crystals offer a potential for high-resolution imaging.

Low-dose cryo-TEM images obtained from the flat crystals with an accumulated dose of

22  e/Å2  at LN2  temperature reveal the crystal structure directly. Figure 4A displays a contrast

transfer  function  (CTF)-corrected  micrograph  obtained  from  a  flat  Na2NH2BH4  crystal  (see

Figure S4 for the other crystal). The presence of straight edges and the relatively low contrast,

compared to the supporting carbon film, suggests that the crystal is likely a two-dimensional

crystal. The white region along the perimeters represents the Fresnel fringe induced by defocus.

Figure 4B illustrates the power spectrum of the image in Figure 4A, revealing strong reflections

that indicate a well-ordered lattice in the crystal. The reflections were indexed to determine the

lattice parameters, and only a portion of the power spectrum is shown for clarity of d-spacing.

The full power spectrum and the fitting of CTF is shown in Figure S5. Surprisingly, the first-

order lattice is observed at 9.4 Å (indicated by purple circles), double the dimensions of 4.7 Å as

revealed  by  X-ray  crystallography  and  the  electron  diffraction  patterns  obtained  from  bulk

crystals (Figure 3).12, 33 The indexing of reflections suggests that the new lattice also exhibits a

cubic  phase.  Relatively  strong  reflections  at  2.1  Å  can  be  directly  observed  in  the  power

spectrum. Figure 4C presents a magnified region indicated by the box in Figure 4A, with the



phase inverted. The lattice structure, where the bright regions represent the projection of clusters

of atoms, is visible. 

To further elucidate the origin of the supercell, we compare simulated images, generated based

on atomic models, with experimental images.  The atomic models of the pristine cubic lattice and

the supercell  with doubled unit  cell  dimensions  are presented in Figures 5A and 5B. In the

supercell, the cubic phase is tiled 2x2 in-plane, which results in 12 Na sites, each exhibiting a

nominal occupancy of 2/3 in the pristine cubic phase. Then, Na sites are removed from four

central  positions,  adjusting the occupancy of the remaining Na sites from 2/3 to  1.  The red

dashed and green boxes indicate the dimensions of the unit cell and supercell. The pristine cubic

lattice is resolved from the X-ray diffraction,12, 32, 33 while the supercell model is constructed to

assist in determining the potential lattice configuration obtained from the cryo-TEM image. The

yellow circle represents vacancies of Na atoms, while the blue circle depicts clusters without

vacancies and boron atoms are located at the corner of the box. The simulated diffraction pattern

of the supercell model is shown in Figure 5C. Both (100) and (001) reflections exhibit a spacing

of  9.4  Å,  in  contrast  to  those  in  the  pristine  cubic  lattice  at  4.7  Å  (Figure  1B).  Potential

projections were obtained by applying the multislice method to atomic models using abTEM.38

The potential projection of supercells is displayed in Figure 5D. The absence of sodium columns

due to  vacancies  results  in  hollow regions  in  the  lattice,  which  leads  to  the  formation  of  a

supercell with doubled unit cell dimensions. A simulated bright-field TEM image obtained from

a 170.4 Å thick lattice,  which is  obtained by applying the contrast  transfer function used to

obtain the experimental image (Figure S5), is presented in Figure 5E. Due to a lack of crystal

thickness information in the experimental images, a series of thickness, from 18.8 Å to 300.8 Å



was used for image simulations (Figure S6). The column of boron atoms, the vacancies of Na

atoms,  and  the  cluster  without  Na  vacancies  are  clearly  visible  compared  to  the  potential

projection. The presence of asymmetric clusters and boron atoms are attributed to the absence of

correction  for  high order  astigmatisms  and axial  coma.  Figure 5F displays  the experimental

image obtained by averaging the unit cells in the crystal (see the SI and Figures S7 and S8 for

details). The large clusters observed in the experimental image are formed by superposing the

sodium ions that occupy the face-centered sites with the NH2
− cluster anions at the center. The

corner bright spots are NH2
− cluster anions that occupy the corner sites where the adjacent six

sodium ions are missing. The presence of vacancies is evident in both the experimental image,

where they appear as black regions, and in the simulated image.  Compared to the simulated

image, the spatial resolution of the experimental image is insufficient to reveal individual atoms

within the clusters due to limitations in electron dose, instrument aberrations, and the spatial

envelope function. We generated different supercell structures by altering the vacancy ordering

and randomly rotating the NH2 and BH4 clusters. Thus far, the supercell model depicted in Figure

5B demonstrates the best agreement with the simulated image.

We  posit  that  the  superlattice  exhibiting  vacancy  ordering  appears  during  the  rapid

cooling step. However, since the cooling rate was not measured, it remains uncertain whether the

rate  was  sufficiently  fast  to  immobilize  cation  migration  in  the  pristine  cubic  phase.  This

superlattice may represent a metastable state connecting the phase transition from the cubic to

the  orthorhombic  phase.  Further  research  is  needed  to  determine  the  extent  to  which  the

superlattice  is  a  global  structure,  as  it  was  not  resolved  by  crystallography.  Despite  these

limitations,  cryo-TEM  imaging  provides  invaluable  new  information  about  the  structural



complexity induced by vacancy ordering in Na2NH2BH4 that was not previously observable. It

also  exhibits  the  potential  for  directly  imaging  the  lattices  in  other  antiperovskite-type  solid

electrolytes, whose structural determinations have been limited to the use of X-ray diffraction.

A  reliable  cryogenic  transfer  protocol,  which  utilizes  reusable  containers  and  close

contact with cryogen, was used to transfer air-sensitive antiperovskite crystal Na2NH2BH4 for

cryo-TEM imaging without notable exposure to air. The critical dose was measured to assess the

extent of radiation damage at both cryogenic and room temperatures.  Remarkably, cryogenic

temperatures provided a six-fold improvement in beam stability for this solid electrolyte. Cryo-

TEM images obtained from flat crystals revealed the presence of a long-range-ordered supercell

with a cubic phase. Notably, this supercell exhibited doubled unit cell dimensions, measuring 9.4

Å  x  9.4  Å,  in  contrast  to  the  cubic  lattice  structure  previously  determined  by  X-ray

crystallography, which measured 4.7 Å x 4.7 Å. The absence of 9.4 Å spacing in the diffraction

patterns and X-ray crystallography obtained from bulk suggests that only the flat crystals exhibit

the superlattice due to the vacancy ordering during cooling. In addition, the presence of these flat

crystals, which appear as a minor component in the electrolyte pellet, is a notable discovery that

has not been previously identified. Comparisons between the atomic models, simulated images,

and experimental images shed light on the origin of this supercell, attributing it to the vacancy

ordering  of  sodium  atoms.  The  cryo-TEM  imaging  in  position  space  revealed  previously

unobserved  structural  complexities  not  apparent  through  X-ray  diffraction.  This  study

demonstrates  a  successful  strategy  for  preserving  and  imaging  the  highly  ordered  lattice

structures of Na2NH2BH4  antiperovskite-type solid electrolytes despite the combined challenges

in these materials of high air and beam sensitivity.



Supporting Information:

Experimental section, including sample preparation, EDS, electron diffraction, cryo-TEM data 

collection and processing, a supplementary movie S1, and supplementary figures from S1 to S8. 

Two CIF files for the pristine cubic lattice and the proposed super lattice.
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Figure 1. A. The schematic crystal structure of Na2NH2BH4.  Vacancies are indicated by dashed

circles. Hydrogen atoms are omitted for clarity. B. Simulated electron diffraction pattern of the

Na2NH2BH4 with the cubic lattice. The two dashed circles represent the [100] and [010] spots at

4.7 Å, respectively. 



Figure 2. The cryogenic preservation and transfer of Na2NH2BH4 crystals. A. A TEM grid with

crystals is sealed in a container in the glove box. B. The container is moved out of the glovebox

and plunged into liquid nitrogen to freeze the crystal. The grid was removed from the container

and transferred to a TEM cryo-transfer holder under liquid nitrogen.  C. A TEM micrograph

shows the morphology of cryo-transferred crystals.  D. An electron diffraction pattern obtained

from the crystal indicated by the arrow in C. 



Figure 3. The measurement of critical dose.  A.  A section of a selected area electron diffraction

pattern  obtained  from  a  Na2NH2BH4 crystal  at  cryogenic  temperature.   Four  reflections  at

different spatial frequencies are labeled by circles for quantitative measurements of critical dose.

B.  Critical dose measurements of the indicated reflections in A at 4.7 Å (red), 3.3 Å (blue), 2.4

Å (green) and 2.1 Å (yellow), respectively.  C.  The comparison of the critical dose at 2.1 Å at

room temperature (black) and the cryogenic temperature (yellow).  A six-fold improvement in

critical dose is observed.



Figure 4. High-resolution cryo-TEM images of Na2NH2BH4 crystals. A. A CTF-corrected low-

dose micrograph shows a flat crystal with sharp edges. The accumulated dose in this micrograph

is 22 e/Å2. B. The power spectrum of the micrograph in A. The spatial frequencies of spots are

shown in two colors. All spots are observed in the experimental power spectrum, while only the

yellow spots are observed from the simulated diffraction pattern in Figure 1. C. A magnified area

is indicated by the blue box in A. The bright dots represent the electron-dense atoms in the

crystal.



Figure 5. A. The atomic model of the cubic phase, as viewed along the (100) direction. Two of

the six sodium ions in a unit cell  are missing, as indicated by the yellow circle.  BH4 cluster

anions occupy the corner sites, while an NH2
- anion is located at the center of the unit cell (red

dashed  box).  B.  The  atomic  model  of  a  proposed  supercell  lattice,  viewed  along  the  (100)

direction,  where sodium ions  occupy the face-centered  sites.  NH2
- cluster  anions  occupy the

corner sites, where adjacent six sodium ions are missing in a unit cell (green box), resulting in

doubled  dimensions.  C.  The simulated  electron  diffraction  pattern  obtained  from the  atomic

model in B. The first-order Bragg spots represent the cubic phase with a spacing of 9.4 Å. D. The

exit wave image of atoms in B (more unit cells are included for clarity).  E. A CTF-corrected

simulated image based on an atomic model with the thickness of 170.4 Å. F. An averaged cryo-

TEM image showing the clusters in the flat crystal.
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