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ABSTRACT: Light elements or compounds with an average atomic
number (Z) of less than 10 are difficult to detect due to their weak 0.76
interactions with electrons and photons. Here, we introduce a direct
thermal absorbance measurement platform for scanning electron
microscopy. The technique, named ZEM, is particularly sensitive to
low Z materials, including hydrogen (Z = 1) and vacancy (Z = 0).
We use Pd as an example to explore ZEM’s potential in
characterizing hydrogen storage materials. ZEM reveals that
hydrogen storage is highly inhomogeneous, concentrating on grain
boundaries and defects. ZEM also unveils a large defect density 1 e
created by hydrogenation, uncovering abundant voids beneath the
surface. ZEM’s nondestructive detection method allows us to
investigate multiple hydrogen charging—discharging cycles, reveal-
ing two distinct hydrogen uptake phenomena accompanied by unusual defect healing processes. We further establish the
causality between hydrogenation and defect formation, quantifying distinct correlations between hydrogen-induced defect
generation and defect-mediated hydrogen trapping. The rich phenomena discovered by the ZEM underscore its potential in
material characterizations, particularly for light elements or compounds.
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INTRODUCTION

One of the fundamental challenges in developing a hydrogen
economy is reducing the technical barriers to characterizing
hydrogen-related phenomena."” These include the physics and

charging—discharging cycles. Atom probe tomography (APT)
requires dedicated sample preparation procedures to improve
the spatial resolution of hydrogen detection to the nanoscale,
but it also relies on a destructive method.”®'* On the other

chemistry of hydrogen embrittlement,”* hydrogen trapping at
interfaces or defects,”® and hydrogen spillover occurring at the
nanoscale.” " However, very few tools are available to meet
the requirement.'""'” Sievert or gravimetric techniques employ
pressure or weight measurements to determine hydrogen
absorption/desorption of bulk materials and generally do not
exhibit spatial resolution. Thermal desorption spectroscopy
(TDS) can detect hydrogen desorption at sub-ppm levels but
cannot distinguish the signals’ spatial variations." "'
scattering can probe the structure of hydrides or hydrogen
diffusion dynamics using diffraction techniques, but it cannot
characterize samples smaller than millimeters."" Secondary ion
mass spectroscopy (SIMS) can localize the hydrogen in a
material with ~100 um lateral resolution and ~0.1 ym depth
resolution.'> However, because SIMS is a destructive method,
it cannot be used to study hydrogen evolution for multiple
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hand, because one can easily focus an electron beam beyond
the diffraction limit of light, material characterizations at the
nanoscale are usually carried out by various electron
microscopy techniques. However, standard tools like electron
probe microanalysis equipped with wavelength dispersive X-ray
spectroscopy cannot detect elements with Z < 3.'%'¢
Fundamentally, the weak interaction between hydrogen
atoms and the probe makes nanoscale characterization difficult.
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Compared to techniques for detecting the hydrogen content,
even fewer tools are capable of quantifying the vacancy
concentration. Archimedes’ method relies on microbalance and
only applies to bulk samples.'” The differential thermal
expansion method relies on precise measurements of 3(AL/
L — Aa/a) where AL/L is the temperature-dependent thermal
expansion, and Aa/a is lattice constant variation.'® It has been
a technique exclusive to bulk materials until recently."” On the
other hand, vacancy detection based on positron annihilation
spectroscopy (PAS) relies on the longer lifetime of positrons
when interacting with vacancies.”’ However, the estimation of
vacancy concentration relies on the parameters of trapping rate
models and accessing a focused positron beam has remained
challenging. Thus, the spatial resolution of PAS could reach
~50 pm so far.”'

Here, we address both challenges using a single new
technique. As shown in Figure, 1(a and b), we have recently
introduced a direct thermal absorbance measurement platform
within a scanning electron microscope (SEM) and discovered
that the majority of the absorbed energy is converted to heat,
ie., Ag/A = 98%,”*° where A is the absorbance and Ay, is the
thermal absorbance. Because other forms of absorbance, such
as X-ray, cathodoluminescence, or electron beam absorbed
current, would contribute the remaining ~2% of A, we have Ay,
~ 1 — R when the transmittance of electrons is zero (T = 0) in
a system. That is, Ay, is nearly complementary to R. Thus, 1 —
Ay, can be regarded as an ideal backscattering electron (BSE)
detector with ~2% systematic error. As shown in Figure 1c, the
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Figure 1. Direct thermal absorbance measurement platform and
the operation of ZEM. (a) A schematic figure of a direct thermal
absorbance measurement platform with samples inspected under
an electron beam. (b) An optical image of the platform consisting
of a patterned Pt thermometer supported by suspended SiN,
beams. (c) The experimental data of A, (solid color symbols,
obtained from our earlier work®®). The results of the CASINO
simulation for A, (red dash-dotted curve) under a V,.. = § kV
electron beam are also shown for comparison.

above statement has been experimentally verified for materials
with atomic numbers (Z) ranging from 1 to 79. We have
demonstrated that this technique can determine the effective Z
(Z.g) of a sample.”” Unlike BSE detectors, which have weak
responses to light elements or compounds, our ZEM technique
is particularly sensitive to low Z materials due to its signal
being complementary to that of an ideal BSE detector. ZEM
also eliminates many uncertainties associated with BSE
detectors and can serve as a standardization tool.”* This
work will explore ZEM’s potential in characterizing hydrogen
storage materials.

RESULTS/DISCUSSION

Quantifying Hydrogen Storage at the Nanoscale. As
shown in Figure 1a,b, the ZEM measurement platform is like a
bolometer. It consists of a suspended SiN, membrane with
patterned Pt wires on it. The linear resistance vs temperature
of the Pt wire can serve as a thermometer to measure the
temperature variation when an electron beam raster scans the
sample deposited at the bolometer. An electron beam
acceleration voltage (V,..) to satisfy the T = 0 condition can
be estimated by employing Monte Carlo simulation using the
CASINO program.” ~*/ Using a stoichiometric Si;N,
nanowire as calibration, the uncertainty of Ay, is estimated to
be +1%, and the accuracy of Z4 is found to be better than 1%
(see Supporting Information S1).

We first chose Sn as a controlled sample to test ZEM’s
capability to detect hydrogen. Figure 2a, b shows a Sn
microball’s SEM and corresponding Ay, image. Unlike the SEM
image, where brightness and contrast can be arbitrarily
adjusted by the user, the brightness and contrast of Ay, images
are fixed, allowing an absolute color bar of absorbance for each
ZEM image. This advantage of ZEM thus enables quantitative
Z analysis.

Because the Z of Sn is Zg, = 50, the Z.4 of SnH, would be
Zsn = (50 + x)/(1 + x) < Zg,. From Figure 1c, the hydrogen
absorption would reduce Z.g and correspondingly, displays an
enhanced Ay,. On the other hand, because it has been known
that surface morphology, such as tilted facets, edges, or voids,
would also alter the signals of ZEM,”* we employ a normalized
quantity (Ay(SnH,) — Au;(Sn))/Ay(Sn) to eliminate their
effects and to highlight the Z. variations (see Supporting
Information S2). Figure 2c displays the variations of
(Ag(SnH,) — A.;(Sn))/A4(Sn) of the Sn microball. Note
that only the crack region displays hydrogen absorption.
Interestingly, Figure 2d shows that the amount of hydrogen in
the crack decreases after 30 min, indicating desorption of
hydrogen occurs in the SEM chamber (vacuum pressure <107
mbar). Because Sn is not a hydrogen storage material and
cracks are known to physically absorb hydrogen stronger than
other regions, the result confirms ZEM’s capability in detecting
hydrogen in materials.

Next, we choose palladium (Pd) as a representative
hydrogen storage sample. Pd has been a prototypical metal-
hydride system in virtually every aspect of the envisioned
hydrogen economy, including hydrogen purification, storage,
detection, and fuel cells.”® Pd exhibits fast dissociation kinetics
of molecular hydrogen at its surfaces, showing high bulk
diffusivity of atomic hydrogen at room temperature and
atmospheric pressure. Thus, Pd has been used as a catalyst to
facilitate the uptake and dissociation of hydrogen in other
metal hydrides, reducing their hydrogenation time.** The bulk
PdH, phase diagram exhibits a miscibility gap below 290 °C
between a diluted a phase with x < 0.017 and a concentrated
phase with x > 0.6 at room temperature. On the other hand,
because of the accompanied lattice distortion during hydro-
genation processes, the elastic energy barrier of Pd is size- and
shape-dependent, leading to distinct thermodynamic phenom-
ena at the nanoscale.”” ~** Unfortunately, our understanding
of hydrogen absorption and desorption in Pd remains
incomplete, primarily because vacancies and other defects are
nearly undetectable using conventional nanoscale character-
ization techniques. Moreover, the relationship between defect
formation and repeated hydrogen charging/discharging pro-
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Figure 2. Quantifying hydrogen storage using ZEM. (a and b) An SEM image and the corresponding ZEM image of a Sn microball. Note that
there is a crack (indicated by an arrow) in the microball. (c) Mapping of (Ay(SnH,) — Ay (Sn))/Ay(Sn) after charging hydrogen and (d)
after putting the sample in the SEM chamber 30 min later. Notice the disappearance of hydrogen absorption in the crack (indicated by an
arrow). (e) An SEM image of a Pd micrograin. (f) Time-dependent electrical resistance measurement of a PdH, micrograin. The
temperature of the PdH, micrograin is gradually raised until hydrogen desorption occurs at 91 °C. (g) Mapping of (Ay,(PdH,) — Ay (Pd))/

Ay (Pd) after charging hydrogen. Here, the average hydrogen content x = 10%. The color bar is for (c, d, g). (h) Enhanced contrast of (g) to
show the correlation between x and the grain boundaries shown in (e).
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Figure 3. Evolution of Ay, and Z 4 for multiple hydrogen charging—discharging cycles. (a) The evolution of A, (left axis) and Z 4 (right axis)
for a Pd micrograin undergoing three hydrogen charging—discharging cycles. The discharged (solid arrows) and charged (dashed arrows)
processes would result in Pd (purple squares) or PdH, (red circles). The insets show the SEM image of the Pd micrograin. The Ay, of a
pristine Pd, determined by CASINO simulation (Ay,(Pd), = 0.696), is denoted as the open-crossed circle. The measurement uncertainties of
Ay, is estimated to be +1%. (b) Schematic illustrations of the hydrogen uptake and defect formation processes during the charging—
discharging cycles. Here, Pd and hydrogen atoms are denoted as dark gray and blue circles, respectively. Two distinct phenomena,
respectively showing Ay (PdH),, < Ag(Pd),, (m = 1, 2, 3) and A, (PdH); > Ay, (Pd), are denoted by the shaded purple and green regions,
respectively. The former suggests that most hydrogens fill the defects after charging (leading to an increase of Z ) while the latter indicates

hydrogens react with Pd (leading to a decreased Z.g). Defects healing after discharging is observed in both cases.

cesses is unknown. These challenges make Pd an ideal
candidate for ZEM characterization, offering a promising
approach to gaining deeper insights into nanoscale hydro-
genation dynamics.

Similar to the Sn microball, we repeated the experiment on a
Pd micrograin, whose SEM image is shown in Figure 2e.

Because Pd is a metal, whereas PdH,, is a semiconductor, an
independent resistance measurement of a Pd grain can be
carried out simultaneously to monitor its hydrogen uptake.

Figure 2f shows that the high resistance state can be kept for a

10072

long time in a vacuum chamber until the sample is heated

beyond 91 °C to discharge the hydrogen. Figure 2g displays
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the mapping of (Ag(PdH,) — Ag(Pd),)/Aq(Pd), (where
Ay(Pd), is the of a pristine Pd, in which no hydrogen
absorption has occurred) of a Pd micrograin. The relation of
(An(PdH,) — Au(Pd)y)/Aq(Pd)y vs x established by ZEM
enables us to obtain «’s distribution (see Supporting
Information S3). Although high x appeared at the edges of
Figure 2g are probably due to artifacts of imaging processing
(originating from scanning drift and the lattice expansion of
PdH,, that make precisely locating the edges of the micrograin
difficult,* averaging the whole area of the micrograin gives x =
10%. Curiously, x is inhomogeneously distributed; some
regions appear to absorb hydrogen with considerably higher
x ~ 36% while others exhibit x ~ 0%. After enhancing the
contrast shown in Figure 2h, we observe correlations between
the x and the grain boundaries. Because of a significant volume
fraction of grain interfaces, the hydrogen solubility in the
nanocrystalline Pd film is much higher than in a conventional
bulk Pd.>?**3*73% Besides, surface effects, defects, and internal
stresses at the grain boundaries may influence hydrogen
solubility as well,”*”***® resulting in the observed x = 36%.
The determination of x and its correlation with grain
boundaries thus demonstrate ZEM’s capability to detect
hydrogen at the nanoscale.

The Evolution of Hydrogens and Defects via Cyclic
Charging—Discharging. Because Ay(Pd), is not always
experimentally available, we choose Ay,(Pd), = 0.696 obtained
from CASINO simulation in the following works. Exper-
imentally, we will discharge a Pd micrograin first before
undergoing multiple hydrogen charging—discharging cycles.
The Ay’s from a selected flat region of the Pd micrograin is
used to represent the Z variations. A flat region will enable its
absolute Ay, to be determined without unwanted perturbations
from tilted facets, edges, cracks, or other surface morphological
effects.”

Our initial observation in Figure 3a reveals that the Ay, of
the first discharged Pd (Ay,(Pd), = 0.757) is much higher than
that of Ay (Pd),, which is equivalent to a reduction of Zg from
46 to 32.6. To explain the result, we note that superabundant
vacancies,”’~*” vacancy-ordered phases,’**>*' and reduction
of vacancy formation enthalpy after hydrogenation*” have been
found in bulk Pd. Because monovacancies (Zy,. = 0) and other
forms of defects would enhance Ay and, correspondingly,
reduce Zg4 of Pd (see Supporting Information S4), the
reduction of Z. beyond its initial value Zpq = 46 after the first
discharging shown in Figure 3a suggests the presence of
defects.

From Zpgy = (46 + x)/(1 + x) for PAH,, and Zpgy,. = 46/(1
+ ) for Pd containing v.g defects in a unit cell (assuming Zy,,
= 0 for a monovacancy and other forms of defects, here v is
the effective defect density), we find that while x varies at
around 11% for the first two cycles in Figure 3a, v g reaches the
highest value of 40% at the first cycle and reduces to v g = 25%
at the third cycle. The estimated v, is higher than those
reported in the literature because it contains contributions
from other forms of defects (including voids, see Supporting
Information S4). Based on the known result that hydrogens in
PdH, randomly occupy the lattice interstices,* we illustrate
the lattice model of the initially charged PdH,, in the first row
of Figure 3b and the formation of defects in the second row of
Figure 3b for the discharged Pd model.

When repeating hydrogen charging, Figure 3a shows
Ag(PdH),, < Ay(Pd),, (m =1, 2, 3) and oscillations of Ay,
are observed. Naively, if the charged hydrogens continue to fill

the lattice interstices and become PdH,, the Z 4 should have
decreased and an opposite effect (i.e., Ay, (PdH),, > Ag,(Pd),,)
should have been observed. To explain the data, hydrogens
(Zy = 1) must fill the defects (Zy,. = 0) so as to increase the
Z. and to be consistent with the observation of Ay, (PdH),, <
An(Pd), (m =1, 2, 3). The corresponding lattice models are
illustrated in the second to the fourth rows of Figure 3b.

Curiously, we observe Ay, (Pd)gs > Aq(Pd); g ~ Ap(Pd)ihira
in Figure 3a, indicating that v.g is reduced after the second
discharging. The unusual phenomenon has been suggested by
theoretical calculations that voids in Pd are thermodynamically
unstable due to the loss of configurational entropy upon
coalescing of monovacancy complexes.”* In fact, stable voids in
Pd are attributed to other factors, such as strain induced by
hydrogen dissolution or hydrogen-enhanced local plasti-
city.**** Because the time scale for conducting our experiment
suggests that the observed v, in the Pd micrograin remains
relatively stable at least for days, Figure 3a indicates that v
would change only when the Pd undergoes cyclic charging—
discharging processes. During the hydrogen charging process,
lattice strain would increase, facilitating the decomposition of
voids into monovacancies via defect migration.46 Thus,
Ap(Pd)re > An(Pd)s g ~ Ap(Pd)yig suggests a healing
process of voids, as illustrated in Figure 3b.

The healing process of voids may also explain why the ratio
of vacancy to hydrogen concentration is high (v.e/x = 3.6) at
the beginning and decreases to v.g/x = 0.85 after the third
cycle. It has been suggested that up to six hydrogen atoms can
be captured by a monovacancy,’”** whereas the number of
hydrogens captured by a void should be less due to the
reduced surface-to-volume ratio. Because the initial v
contains a larger contribution of voids that tend to over-
estimate v by a factor of 3.5 (see Supporting Information S$4),
the reduction of v.g/x also suggests the decomposition of voids
into monovacancies during the cyclic hydrogen charging—
discharging processes.

We notice that the oscillation amplitude [Ay(Pd), —
An(PdH),,, (m =1, 2, 3)] gradually decreases for increasing m
and v becomes more for m > 2. After the third cycle, an
opposite effect, Ay,(PdH); > Ay (Pd),, is observed. The result
indicates that hydrogens no longer fill the defects, but they
react with Pd instead. Currently, it is not known whether the
Pd micrograin gradually loses its capability to uptake hydrogen
or there is a balance between the two opposite effects (i.e.,
Ath(PdH)m < Ath(Pd)m and Ath(PdH)m > Ath(Pd)m)

Because similar phenomena, including a jump of Ay, in the
first discharging and oscillations of Ay’s at the later cycles, are
observed in Region II and in another Pd micrograin (see
Supporting Information SS and S6), they could suggest a
universal defect formation and healing phenomenon.

Compared with other techniques, the differential thermal
expansion method relies on X-ray or TEM diffraction to
determine the lattice contraction, which is sensitive to
monovancancies only. PAS depends on the lifetime measure-
ments of positrons, and the estimation of defect concentrations
relies on the parameters of the trapping model, which has been
known to be inadequate for materials with superabundant
vacancies.””*” Thus, the excess v observed by ZEM indicates
that previous characterization tools could have missed voids,
cracks, and cliffs.

Because the existing nanoscale hydrogen characterization
tools, such as SIMS or APT, are constrained by their
destructive detection methods, it is impossible for them to
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Figure 4. Depth profile of the effective defect density. (a) Simulated electron energy distribution under different V,’s (b) ZEM images of a
Pd micrograin for different V,.s. (c) Mapping of (A4 (PdH,) — A,(Pd))/Ay(Pd) on the flat region (denoted by the black triangles in (b)) of
the Pd micrograin. (d) Effective defect density vs penetration depth of the flat region. The inset shows the SEM image of the Pd micrograin.
The selected flat region for analysis is denoted as the black triangle. The v.'s depth profile can be associated with the hydrogen uptake,

hydrogen diffusion, defect creation, and defect healing processes in Pd.

reveal the cyclic charging—discharging process shown in Figure
3a. Thus, the unusual behavior shown in Figure 3a has never
been reported to our knowledge.

The Depth Profile of Defect Density. Because varying
the acceleration voltage (V,..) of an electron beam is known to
change the penetration depth (d) in a material,”’ ZEM can
profile the defect density at different depths (see Supporting
Information S7). Figure 4a shows the simulated interacting
profiles of an electron beam accelerated at different V, s and
the associated d in Pd. We can see that increasing V, . from 4
kV to 15 kV would increase the penetration depth from 60 to
458 nm, allowing us to probe deeper Ay’s beneath the surface.
Figures 4b,c show the ZEM images at different V, s and the
corresponding flat region selected for Z analysis. Interestingly,
we find v,¢ increases from 39% at d = 60 nm to 49% at d = 126
nm and decreases to 16% at d = 458 nm, as shown in Figure
4d. As mentioned above, the vg's observed here may also
contain contributions of monovancancies, voids, cracks, and
other defects. Because hydrogen is known to reduce the defect
formation energy and facilitate the motion of dislocations,>>™**
the observed vacancy depth profile qualitatively agrees with the
picture that hydrogen diffuses from the surface to the interior
of Pd, creates various forms of defects, and the healing of the
voids may further alter the distribution of v, in the depth
profile.

The Causality between Hydrogen Storage and Defect
Formation. The relation between hydrogen storage and
defect density has been established in bulk Pd, Nb, Ni, Co, and
Fe,”” in which the defect density is measured after a hydrogen
charging—discharging cycle is applied. However, the lack of
time-sequential analysis and the poor spatial resolution in
previous works have prohibited the establishment of causality
between hydrogen storage and defect formation. Here, we are
particularly curious about the question: After the first cycle, do
hydrogens continue to create defects in Pd, or do the
preexisting defects become the primary sites attracting
hydrogen in subsequent cycles?

10074

To answer the former question, we have applied pixel-by-
pixel correlation analysis for ZEM images of hydrogen content
and defect density at the m™ cycle (m = 2, 3), in which
hydrogen charging occurs first and discharging happens later.
Interestingly, Figure S shows that the correlation is strong
(correlation coefficient = 0.4—0.64) and agrees with previous
results observed in bulk metal hydrides.

To answer the latter question, we investigate the defect
density at the m™ cycle and the hydrogen content at the (m +
1)™ cycle, in which the discharging occurs earlier than
charging. Figure S shows a weaker correlation (correlation
coefficient = 0.09—0.18), indicating that a significant number
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Figure 5. Causality between hydrogen storage content and the
effective defect density. To investigate the causality, the data for
“hydrogen creates defects” are obtained from the m™ charging and
discharging cycle in Figure 3, and the correlation coeflicient =
0.4—0.64 is found. On the other hand, the data for “defects attract
hydrogens” are obtained from the m™ discharging cycle and the (m
+ 1) charging cycle in Figure 3, and the correlation coefficient =
0.09—0.18 is obtained. Data established from bulk materials (open
symbols) are also shown for comparison.’® Our result suggests
that hydrogenation creates defects, but defects do not necessarily
attract hydrogens in Pd.
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of defects exist but cannot attract the same amount of
hydrogens. Note that the result does not contradict the model
shown in Figure 3b, in which we find that some, but not all,
defects are filled with hydrogens.

The distinct correlations establish the causality that
hydrogenation creates defects, but defects do not necessarily
attract hydrogens in Pd. At first glance, this might imply that
v.g would continually increase with successive hydrogen
charging—discharging cycles; however, this is certainly not
the case. Thus, one possibility is the defect healing effect that
decreases v, Another possibility is the correlation of
hydrogen-creating-defects may become weaker for the (m >
4)™ cycles. Both of them have been observed in Figure 3.

CONCLUSION

Combining the new results provided by the ZEM, we now
have a more complete understanding of hydrogen uptake and
defect formation processes in Pd. Hydrogens enter Pd’s surface
and create various forms of defects. While the average
hydrogen uptake in a PdH, micrograin is x ~ 10%, its
distribution is highly inhomogeneous, reaching more than x =
36% at grain boundaries or defects. Hydrogens’ diffusion into
Pd’s interior also generates a large defect density gradient,
reaching v = 49% at 126 nm beneath the surface and vg =
16% in the interior of Pd. While some of the defects may
attract hydrogens during charging, voids may decompose into
monovacancies due to their thermodynamic instability. Defects
are considered the precursor of hydrogen embrittlement; ">
393957 however, very few existing tools can characterize them
at the nanoscale. These results demonstrate ZEM’s potential
for material characterizations, especially for unraveling the role
of hydrogens and defects in the science of catalysis and
sustainable energy.

METHODS

Materials. Palladium (Pd) fine powders with 99.995%
purity were obtained from Sigma-Aldrich. The powders were
dispersed in alcohol and deposited onto a ZEM measurement
platform. Hydrogen discharging was performed within the
SEM chamber by applying a high Joule heating current to the
ZEM platform, raising its temperature above 120 °C for 30
min. For hydrogen charging, the Pd sample was exposed to
99.999% pure hydrogen at a pressure of 1.5 bar for 1 h in a
custom-built chamber. Following this process, the sample was
rapidly transferred to the SEM chamber for analysis.

Measurements. ZEM measurements were performed
using a Zeiss Auriga SEM. A LabView program controlled
the raster scanning of a focused electron beam across the
sample. A Keithley 224 current source supplied DC currents,
while voltage responses from the ZEM platform were recorded
using a Wheatstone bridge setup with an HP/Agilent 34970A
data acquisition system. The ZEM images of discharged Pd
micrograin were scanned twice to obtain the normalized
variation of Ay, which minimizes the unwanted effects of
structural perturbations.

Simulations. The simulations were performed using the
CASINO Monte Carlo program (Version 3.3.0.4) with the
MONSEL Defaults model. This model integrates the
Browning approach for calculating the Mott elastic scattering
cross-section and employs the Joy and Luo model, further
modified by Lowney, to compute inelastic scattering energy
loss (dE/dS). In each simulation, 100,000 electrons were input

with varying electron beam diameters and acceleration voltages
(Ve = 1-20 kV). This setup allowed for the determination of
interaction volume, reflectance (R), transmittance (T),
absorbance (A), the effective defect density (v.s), and the
penetration depth (d) based on the specified parameters.
Please see Supporting Information for more details.
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S1. Experimental procedures and the accuracy and precision of A, measurements.

Palladium (Pd) fine powders with 99.995% purity were purchased from Sigma-
Aldrich. They were dispersed in alcohol and then dropped on a ZEM measurement
platform. The hydrogen discharging process was made in the SEM chamber by
applying a large Joule heating current to our ZEM platform to increase its temperature
beyond 120°C for 0.5 hours. The hydrogen charging of Pd was carried out at 1.5 bar,
under 99.999% pure hydrogen pressure, for 1 hour in our homemade chamber. Then,
the sample was quickly transferred to our SEM chamber.

Similar to our previous work!, the ZEM measurements were conducted using Zeiss
Auriga SEM. A LabView program was used for raster-scanning a focused electron beam
on a sample, while a Keithley 224 current source was used for supplying DC currents,
and an HP/Agilent 34970A was used to read the voltage responses from the ZEM
platform using a Wheatstone bridge.

Given that our ZEM signals are always normalized to An of a 400 nm thick SiNx
film, the SiNx film effectively serves as the reference standard for calibration. However,
because of the non-stoichiometric SiNx, further calibration is necessary to precisely
determine its Z. Figure S1(a & b) shows a single-beam bolometer with a stoichiometric
Si3N4 (Z=10) nanowire deposited at its center. The single-beam bolometer allows all
relevant physical quantities to be precisely measured. Figure S1(c) shows Amn’s of
regions randomly selected from a SiNx film. The measurement uncertainty is less than
1% for each image. Because of the presence of edges or tilted facets that would reduce
A, the strongest Am’s are selected from Fig. S1(c) to represent the intrinsic 4w of the
Si3N4 nanowire. The results are compared with those of SiNx film, and we find that
Aw(Si3N4 nanowire)/Am(SiNx film)=1.0084. From the CASINO simulation, we have
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A=0.89 for SisNs (Z=10). Thus, it suggests that the low-stress SiNx film is in fact Si-
rich and exhibits Z=11.3 (x=0.63). In addition, because 4i/4=98% of the SiNx film has
been established in our previous work and by P. Y. Yuan et al.'?, the accuracy of (4i-
A)/A 1s estimated to be 2%. This calibration procedure enables more accurate

determinations of Z for other materials.

0.5

Fig. S1. Determining the accuracy and precision of Am measurements. (a) An optical image of a
1450pum-long SiNy beam with 50nm Pt film deposited on it. The setup is used for calibration of the Awm
of a Si3N4 nanowire. (b) An enlarged SEM image of the center of a SisN4 nanowire. (¢) Awm’s of regions
are randomly selected from a flat SiNy film. For each 7x7 area, the measurement uncertainty is less than
1%. (d) An mapping of the SisN4 nanowire. Its signals are compared with those of SiNy film. We find
Awn(Si3N4 nanowire)/Am(SiNy film)=1.0084.

We have also investigated the robustness of A measurements for prolonged
scanning. As shown in Fig. S2(a), repeated and prolonged SEM scanning under low
Vace 1s known to cause hydrocarbon deposition on a sample. As displayed in Fig. S2(b),
we have found that the effect is not pronounced for the 4t measurement of the Ag
nanowire, Pt film, and SiNx membrane shown in Fig. S2(a) when operating Vaec = SKV
for 4 hours (which is about the accumulated scanning time we conducted for the Pd
micrograin undergoing multiple hydrogen charging-discharging cycles). From Fig.
S2(b), the largest variation of Aw is found in the Ag nanowire, whose monotonic 5%
increase can be attributed to the hydrocarbon deposition. On the other hand, Aw’s of the
Pt film and the SiNx membrane show ~1.7% variations that are much smaller than what

we observe in Fig. 3 of the main text.
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Fig. S2. Effects of prolonged Am measurements. (2) SEM image of an area (the center dark square)
after prolonged 4 measurements. (b) The corresponding A4, variations of the Ag nanowire, the Pt film,

and the SiNy membrane shown in (a).

S2. Image processing

The processes of obtaining the normalized variation of 4w images are shown in
Fig. S3. Here the ZEM images of discharged Pd micrograin are scanned twice
[respectively labelled as Pd(1) and Pd(2)], and the image of [Pd(2)—Pd(1)]/Pd(1) is
obtained to highlight the relative An variations.
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Fig. S3. Image processing procedures. (a & b) ZEM images of a Pd micrograin being scanned twice,

1

whose A images are labelled as Pd(1) and Pd(2), respectively. Here the crack regions are displayed as
red structures. (c) The image of Pd(2)—Pd(1). (d) The image of [Pd(2)—Pd(1)]/Pd(1). Note that the crack
regions are almost invisible here. Due to the uncertainties in locating the edges, the image artifacts that

appear at the edges are denoted by the red arrows in (d).

Note that the crack regions [displayed as red structures in Figs. S3(a & b)] almost
disappear in Fig. S3(d), which justifies that our method can minimize the structure
perturbations. However, because of the scanning drift and other factors (such as lattice

expansion in PdHx), it is not easy to precisely locate the edges of a sample, resulting in
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some image artifacts appear at the edges [denoted as red arrows in Fig. S3(d)].

S3. The relation between A, Zefr, and hydrogen content (x)

The principle of ZEM is based on the empirical result shown in Fig. 1(c) of the
main text. Because of 4mn/A=98%, the measured Awm agrees with that of CASINO
simulation very well. The result of Fig. 1(c) thus establishes a relation between A and
Zesi. For PdHx, we can employ CASINO simulation to obtain the relation between Am,
Zpan=(46+x)/(1+x), and x, as shown in Fig. S4(a). Similarly, the relation between
(An(PdHx)—Am(Pd)o)/4m(Pd)o and x can be established as well, as shown in Fig. S4(b).
Note that Am(Pd)o=0.696 denotes A of a pristine Pd, in which no hydrogen absorption
has occurred.
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Fig. S4. The relation between Awm, Zetr, and hydrogen content (x) (a) The relation between A,
Zpau=(46+x)/(1+x), and x. (b) The relation between (4n(PdHx)—Awm(Pd)o)/Am(Pd)o and x.

Although both 4w vs Zefrand Aw vs x relations are approximately linear, the relation

of Fig. S4 is used when estimating x in our data and no linear approximation is applied.

S4. Monte Carlo simulation of the absorbance of voids

The simulations are conducted using the CASINO Monte Carlo program (Version
3.3.0.4) using the MONSEL Defaults model®. The model incorporates the Browning
approach for calculating the Mott elastic scattering cross-section and the Joy and Luo

model*?

, which has been further modified by Lowney?® to calculate inelastic scattering
energy loss (dE/dS). We typically input 100,000 electrons with various electron beam
diameters and acceleration voltages (Vacc =1~20 KV). This enables us to obtain
interaction volume, reflectance (R), transmittance (7), and total absorbance (A4) based
on the input parameters.

The defect density (vefr) determined by our ZEM method relies on the assumption

that all vacancies are atomic scales, and its definition is to count how many atoms are
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missing, on average, from a unit cell. In reality, voids or cracks may exist in the samples,
and the definition of the corresponding defect density would be dissimilar. To
investigate their effects, we have employed CASINO simulations on arrays of voids in
Si13N4 under electron beam irradiation, as shown in Fig. S5(a). We first obtain the 4 and
follow the same guideline of our ZEM method to determine verr. Then we estimate how
much volume of voids (Vvoid) is located within 90% of the interacting volume (Vebeam)
of the electron beam. The volumetric void concentration (Dvoid) is obtained by Dvoid =
Vvoid/ Vebeam.

It must be pointed out that Dvoid may not be a well-defined quantity when
employing an electron beam as a probe. Furthermore, the CASINO simulation would
not be accurate when the void size becomes too small. Nevertheless, it is still
worthwhile to know the difference between the two concentrations. Figure S5(b) shows
their ratio (ve/Dvoid) for different void sizes. We find that vetr tends to overestimate the
void concentration by 150% when the void sizes are about 35nm, and the

overestimation increases to 350% when the void size is reduced to 20nm.
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Fig. S5. CASINO simulation of an electron beam interacting with an array of voids. (a) Schematic
illustration of a 5 KV electron beam interacting with a SiNy sample with two layers of voids. (b) vest/Dyoid

with different void sizes.

However, we emphasize that probing nanoscale voids and estimating their Dvoid
are always difficult for conventional tools, including Archimedes’ method, thermal
differential method, Raman spectroscopy, PL spectroscopy, etc. Although Dveid may be
ill-defined at the nanoscale, the simulation results show that ZEM remains a valuable

tool for estimating their abundance.

S5. The evolution of hydrogens and defects in Region 11
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Fig. S6. The evolution of Amin Region II. (a) The Region II is denoted in the blue area shown in the
inset. The discharged and charged processes are respectively denoted as solid and dashed arrows,
resulting in Pd (purple squares) or PdHy (red circles). Because the Aw of a pristine Pd is not available
here, the result from the CASINO simulation (44,=0.696, denoted as an open-crossed circle) is used as a
reference. The measurement uncertainties of A, is estimated to be +£1%. (b) Schematic illustrations of
the hydrogen uptake and defect formation processes during the charging-discharging cycles. Here, Pd
and hydrogen atoms are denoted as dark gray and blue circles, respectively. The processes showing

Awn(Pd)>An(PdH) and Am(Pd)<4m(PdH) are denoted by the shaded purple and green regions, respectively.

S6. The evolution of hydrogens and defects of another Pd micrograin
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Fig. S7. The evolution of Awm of another Pd grain. (a) A ZEM image (identical to Fig. 2(c)) where a flat
region of the Pd micrograin (denoted by the black arrow) is used for Ay analysis. (b) The evolution of

(An(PdHyx)—Am(Pd))/Am(Pd) of the selected region during two cycles of hydrogen discharging and



charging, where Ax(Pd)=0.696 is determined by CASINO simulation. (c) The evolution of the averaged
Auw of the selected area during the charging-discharging cycles. The measurement uncertainties of A is
estimated to be £1%. The schematic illustrations of the hydrogen uptake and defect formation processes
are also shown in the insets. Unlike Fig. 3 of the main text, only An(Pd)>A4n(PdH) processes (denoted by
the shaded purple) are found here.

S7. The electron beam’s penetration depth (d) vs Vacc
The penetration depth (d) of an electron beam for a given Vacc has been analytically

studied by Kanaya and Okayama’, in which d (has unit in m) can be expressed by

0.0276myN 4E5/3
d=-——Aa (1)

78/9p
where E=eVacc is the energy of electron in KeV, ma is the atomic mass in kg, Na is
Avogadro’s number, p is the density in kg/m?. The d can also be obtained from Monte
Carlo simulation by, for example, defining 10% of the incident electrons penetrate
through a plane of d beneath the surface. Figure S8 shows the results of Eq. (1) and the
CASINO simulation for Pt (Zp=78). We can see that both methods are consistent with

each other and their difference can be attributed to the different definitions of d.
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Fig. S8. The penetration depth (d) vs Vac. for Pt. Here the analytical results from Kanaya & Okayama’
(dark blue circles) and CASINO simulation (red square) are shown for comparison. Their difference can

be attributed to different definition of d.

The validity of Eq. (1) and the CASINO simulation have been experimentally verified
by Yuan et al’.
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