nature communications

Article https://doi.org/10.1038/s41467-025-66174-0
Operando X-ray imaging reveals size-
dependent evolution of cobalt oxide
thermochemical material during thermal
redox cycles
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Multivalent metal oxides are promising thermochemical materials (TCMs) for
energy storage and conversion owing to their high energy density, air com-
patibility, and high-temperature stability. Co;0,4 serves as a model system for
examining particle-size- and structure-dependent redox behavior. While par-
ticle size and porosity are known to affect performance, their interplay and the
kinetics of pore formation during cycling remain unclear. Here we show the
chemical and 3D morphological evolution of Co30,4 micro- and nanoparticles
during redox cycles at 800-900 °C using thermal analysis, in-situ synchrotron
transmission X-ray microscopy (TXM), and scanning electron microscopy.
Thermal analysis shows that nanoparticles re-oxidize more rapidly than
microparticles at 800 °C. In-situ nanotomography and chemical imaging
reveals that nanoparticles undergo redox conversion without forming internal
pores, whereas microparticles develop isolated porosity during reduction.
These pores persist through re-oxidation, correlating to a lower conversion
rate in subsequent cycles. Our results demonstrate distinct degradation
kinetics in Co3;0,4 micro- and nanoparticles, underscoring the critical role of
particle size and porosity in redox performance and informing strategies to
enhance the long-term efficiency of metal oxide TCMs.

As the global energy landscape shifts towards sustainable sources, the  years due to their competitive energy density and capability to operate
need for efficient and durable thermal energy storage (TES) materials  at higher temperatures®*. Multivalent metal oxides undergoing redox
is becoming increasingly critical in many applications, such as con- reactions, typically in an open system at temperatures above 700 °C,
centrated solar power systems”. Among TES materials, thermo- are promising TCMs because they can operate with air as the working
chemical materials (TCMs) have gained significant attention in recent  fluid*®.
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Multivalent metal oxides have emerged as promising TCMs for
TES systems because of their high energy storage capacity, favorable
reaction reversibility, suitable redox temperatures, and cost-effective
working atmosphere’'°. However, challenges such as limited material
reversibility and performance degradation over multiple cycles
remain" . Among these oxides, Cos0, is an ideal candidate for
mechanistic studies, despite its relatively high material cost. Its well-
characterized redox behavior'* enables clear evaluation of reaction
kinetics and pathways at the nano- and meso-scales, providing insights
that can guide the development of more cost-effective TCMs. One of
the degradation issues is structural deformation, such as cracking and
fragmentation, induced by thermal cycling, likely resulting from
repeated thermal expansion and contraction™. Another common
degradation mechanism in Coz0;, is the sintering of particles at ele-
vated temperatures, which impedes diffusion of gaseous species and
leads to reduced storage capacity2. Common mitigation strategies,
such as reducing the initial particle size”""® or introducing a porous
structure”'*'’, have been applied to Co30, and doped Co3;04 TCMs to
enhance their performance. While a porous structure is generally
believed to improve redox rate by increasing surface area and facil-
itating gas transport, recent studies suggest that its benefits may not
always be straightforward. For instance, a Co;04-based porous, foam-
like structure with a pore size of 1-1.5 mm exhibited a lower conversion
rate during thermal cycling compared to a dense structure; further-
more, the porosity of both dense and porous Co;0, changed after 10
thermal redox cycles®. These findings highlight that, beyond simply
introducing porosity, it is critical to ensure the stability of the porous
structure throughout thermal cycling. Recent studies suggest that
preserving the porous structure in TCMs through lattice-matching
strategies and the addition of stabilizers can help maintain effective
thermal cycling performance®?. Similarly, nanoparticles are generally
believed to improve Co304 conversion rate by increasing reactive
surface area and reducing diffusion distances”". Therefore, it is
important to track the evolution of the porous structure within parti-
cles with different sizes during thermal cycling to better understand
their conversion efficiency. However, the kinetics of the pore evolu-
tion, both within and between individual particles, especially the iso-
lated pores, remain poorly understood. Traditional technique, like the
Brunauer-Emmett-Teller (BET) method based on adsorption isotherms
of nonreactive nitrogen or argon”, commonly used for porosity
measurements, has limitations in analyzing internal and isolated pores
at the sub-particle level. As a result, the influence of particle size and
isolated pores on the chemical and morphological evolution of Co304
during thermal cycling has not been thoroughly explored, partly due
to the challenges in characterizing intermediate morphological and
oxidation state changes at the micron and nanometer scales in situ
during the thermal cycling.

Synchrotron transmission X-ray microscopy (TXM) has been
employed in various studies to characterize the morphological evolu-
tion of materials. For instance, in battery research®%, it allows for
direct 3D imaging of a range of materials under real-time cycling
conditions. Additionally, changes in material interfaces, such as
coarsening® and alterations in the pore/ligament network® over time,
can be captured and quantified. Moreover, the spatial distribution of
chemical information and oxidation states in materials can be directly
visualized and quantified using X-ray absorption near-edge structure
(XANES) imaging, a spectroscopic imaging technique”. These time-
resolved synchrotron-based techniques can capture the morphological
evolution and spatially resolved chemical changes of Co304 during
thermal cycles at sub-30 nm resolution, providing insights into how
morphological changes under high-temperature thermal cycling affect
the thermal redox reaction.

In this work, Co50, micro- and nano-particles were selected to
study their chemical and morphological evolution, as well as their
reversibility during thermal redox cycles. Since the transition

temperature of Co30, to CoO was reported to be 885°CP, the tem-
perature range for the thermal redox cycle in this study was set
between 800 and 900 °C. At the macro-scale, thermal analysis was
performed on these two materials using thermogravimetric analysis
(TGA). At the micron to tens of nm length scale, the morphological and
chemical evolution of the materials in an air atmosphere during ther-
mal redox cycles was studied using in-situ TXM and 2D XANES imaging
techniques. For further analysis, the in-situ samples after thermal
redox cycles were analyzed using scanning electron microscopy (SEM).
Through the investigation and analysis of the morphological evolution
and chemical changes of Co50; in different particle sizes at various
scales, the fundamental phase transition and degradation mechanisms
of Co304 TCM during thermal redox cycles in air are discussed.

Results and discussion

TGA results

To investigate the reversibility and kinetics of the conversion between
Co304 and CoO, the redox behaviors of Co3;0, micro and nano parti-
cles were analyzed by TGA in one and five thermal redox cycles
between 800 °C and 900 °C. The results are shown in Fig. 1.

As shown in Fig. 1A, B, both the micro and nano particles of Co30,
rapidly converted to CoO at 900 °C during the first cycle, as indicated
by the significant weight loss accompanied by O, evolution. The the-
oretical calculation shows that the expected weight loss in the full
conversion of Co304 to CoO is 6.6 wt%, following the reaction shown in
Eqgs. (1, 2).

Reduction : 2C0,04+AH ' 6C00+0, M
. . T < TC
Oxidation : 6C00+ 0, —2C0,0, +AH 2

Where T is temperature and T, is transition temperature. The nor-
malized weight was calculated as the ratio between the difference of
the theoretical and actual weight losses to theoretical weight loss, and
the experimental results are presented in Fig. S1. During the cooling
process, the reverse direction of the reaction (2) took place. Initially,
there was no significant weight change for the particles at 850 °C. To
further investigate the temperature of the re-oxidation reaction,
additional TGA scans were conducted under a controlled cooling rate
of 2°C/min, and the result is shown in Fig.S2. But at 800 °C, the
nanoparticles increased in weight rapidly and fully converted to Coz04
in approximately 5min. In contrast, the microparticles increased in
weight at a slower rate, and did not fully convert even after 30 min. To
further examine the conversion fraction of CoO during the reoxidation
process, we performed additional simultaneous TGA-DSC experi-
ments, with the results presented in Fig.S3. As shown in Fig. 1C, D,
there was no significant difference in the weight change for the Co;0,
particles over five cycles. Additionally, the derivative of mass change
remained consistent across the five cycles for both the micro- and
nanoparticles, indicating that the conversion rate of Co304 did not
change and that both particle types retained their reversibility
throughout the cycles. Therefore, there was no obvious degradation
in the micro and nano particles of Co30,4 during the short-term thermal
redox cycles under the current cycling conditions, which is consistent
with the literature data®.

Chemical evolution analyzed by in-situ 2D XANES imaging

To study the chemical evolution and kinetic differences between
Co30, microparticles and nanoparticles during thermal redox cycles,
2D XANES images were collected at various time points in the tem-
perature range of 800 to 900 °C at the FXI beamline. Fig. 2, Supple-
mentary Movie 1 and Supplementary Movie 2 show the fitted 2D
XANES images of Co3;0,4 microparticles and nanoparticles, with each
pixel corresponding to the atomic fraction of Co in the CoO phase,
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Fig. 1| Thermogravimetric analysis curves of Co;0, microparticles and

nanoparticles during one and five thermal redox cycles; blue lines represent
normalized weight (the difference between theoretical and actual weight loss,
divided by theoretical weight loss, for a complete Co;04-to-CoO conversion),
black lines indicate the temperature profile, and red lines show the derivative
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of mass change (DTG). (A, B) normalized weight of microparticles (A) and
nanoparticles (B) during one redox cycle (900-850-800-900 °C); (C, D) nor-
malized weight and DTG curves of microparticles (C) and nanoparticles (D) over
five redox cycles (900-800 °C) with 30 min holding time at each temperature.
Source data are provided as a Source Data file.

based on the white line positions. This was determined by the linear
combination fitting of normalized XANES spectra of CoO and Co304,
and the fraction of CoO spectrum used in the fitting corresponds to the
atomic fraction of Co in the CoO phase; for simplicity, the term
“fraction of CoO” will be used for the remainder of the manuscript.
In Fig. 2A, a nearly full conversion of Co30,4 to CoO was observed
in the microparticles during the first cycle at 900 °C within a short time
(-3 min), which is consistent with the TGA results (Fig. 1). When the
temperature cooled down to 850 °C, CoO gradually converted back to
Co30, through reoxidation. Detailed XANES spectra at different loca-
tions, from the center region to the surface, are shown in Fig. S4.
However, CoO did not fully convert back to Co;0, after 55 min, indi-
cating a kinetically limited reoxidation process. The incomplete
reoxidation process and the resulting chemical heterogeneity can be
visualized in Fig. 2B: the region of interests (ROIs) in the enlarged view
of Fig. 2A-h, along with the corresponding spectra, identifies a mixture
of the Co304 (purple) and residual CoO (yellow). Fig. 2C shows the
temperature profile of the imaging data collection from Fig. 2Aa-p.
In the in-situ 2D XANES analysis, the conversion from CoO to Co30,4
occurred at -850 °C, as shown in Fig. 2Ae-h, but this re-oxidation pro-
cess did not initiate in the TGA analysis at this temperature. A separate
DSC thermal analysis determined that the re-oxidation process of the
microparticles initiate at -850 °C, as shown in Fig. S5. Literature reports
the onset re-oxidation temperature as 850 °C", 870 °C", and 879.7 °C’.
These variations can reasonably be attributed to kinetic factors such as
sample geometry, mass, and heat transfer behavior. Therefore, 850 °C is
likely the equilibrium temperature during the re-oxidation process in
the TXM experiment. If the experimental temperature is slightly below
this equilibrium temperature, it may promote the conversion to Cos0y,
whereas if it is slightly above, the conversion may be inhibited.

Since the reoxidation process was incomplete, the temperature
was further decreased to 800 °C, with results shown in Fig. 2Ai-1. At
800 °C, most CoO converted back to Coz0,4 within a short period of
time (- 3 min), but a small amount of the CoO did not convert back to
Co50, after 21 min. In the subsequent cycle, when the temperature was
increased back to 900 °C, the conversion rate of Co3;04 to CoO was
significantly decreased compared to the first cycle at 900 °C. It can be
seen in Fig. 2Am-p that the reduction process took longer in the sec-
ond cycle, with a small amount of Co3z04 not converting to CoO
after 30 min.

To study the Co504 nanoparticles, 2D XANES imaging with a similar
temperature profile (Fig. 2F) as microparticles was conducted at the FXI
beamline, with the results shown in Fig. 2D, E. As shown in Fig. 2D, the
Co30,4 nanoparticles rapidly converted to CoO within the first 3 min
during the first cycle at 900 °C. However, upon cooling, the CoO phase
did not fully convert back to Co;0, within 30 min at 850 °C, leaving a
small amount of the nanoparticles unreacted. The normalized XANES
spectra extracted from the selected ROIs from images, as shown in
Fig. 2E, indicate that some CoO phase remained in the particles, parti-
cularly in ROI-2. When the temperature was further lowered to 800 °C,
most of the CoO converted to Cos04 within -3 min. Notably, in the
second cycle at 900 °C, the conversion rate of Co;04 nanoparticles was
faster than that of the microparticles, with most of Co;0,4 converting to
CoO within -3 min, which was in the same conversion rate as the first
cycle. Since the specific surface area (surface area per volume) of
nanoparticles is larger than microparticles, there is a larger amount of
the interfaces between air and nanoparticles where the oxidation pro-
cess can take place. Consequently, the rate of the re-oxidation process
was faster in the nanoparticles, leading to a faster conversion rate
between Coz0,4 and CoO during the thermal redox cycles.
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Fig. 2 | The evolution of chemical states of Co;0, for different particle sizes as a
function of thermal redox cycles. (A-C) microparticles and (D-F) nanoparticles:
(A, D) Fitted 2D XANES images reflecting the atomic ratio of Co in CoO phase at
different temperatures and time points. (B, E) Enlarged view of (A-h) for micro-
particles and (D-g) for nanoparticles, highlighting particle heterogeneity in the
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region of interest (ROI) and corresponding XANES spectra, where p indicates the
X-ray attenuation. (C, F) Temperature profile during the in-situ experiment, indi-
cating time points (a-p) for imaging data collection. Note that black color in the
XANES images indicates a masked region where the sample amount is negligible.
Source data are provided as a Source Data file.

To quantify the conversion rate of the Co304 micro- and nano-
particles, the amount of Co (arbitrary unit, proportional to the mol. of
Co) in each pixel of the 2D XANES images was calculated. The fraction
of CoO in the total sample and the conversion depending on the
amount of Co, during the thermal redox cycles, are shown in Fig. 3, for
both the micro- and nano-particles.

Figure 3A shows that the conversion rate of Co;0,4 microparticles
to CoO at 900 °C is faster in the first cycle (reaching > 95.0% in ~25 min
after the temperature reaching 900 °C) than in the second cycle
(reaching only ~60.0% in ~25 min). In contrast, ~95.0% of Co504 nano-
particles converted to CoO within 2 min at 900 °C in both the first and
second cycles, as shown in Fig. 3B. The conversion rate significantly
decreased for microparticles during the second cycle but remained

unchanged for nanoparticles, possibly due to morphological changes
in the microparticles during the first thermal cycle.

In Fig. 3C, microparticles in regions with higher Co amount
(thicker regions) converted to Co50, to a greater extent (in fraction)
than those with less Co amount (thinner regions) at 850 °C and 800 °C.
This might be because the specific surface area and surface curvature
increase significantly in the thicker regions at 900 °C, promoting
conversion to Co;04 when the temperature is lowered. The larger
specific surface area may be due to the thicker region being composed
of a large number of small particles. As shown in Fig. 3D, the thicker
and thinner regions of the nanoparticle sample exhibited similar
conversion rates when the temperature was lowered to 850 °C and
800 °C, suggesting that this morphological evolution did not occur in
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Fig. 3 | Fraction of CoO and Co-amount-dependent redox conversion in

microparticles and nanoparticles during thermal cycling. The fraction of CoO in
the microparticle (A) and nanoparticle (B), during thermal redox cycles. The sha-
ded background colors represent different temperature segments applied during
the cycles. C, D show the conversion as a function of the amount of Co per pixel,
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given in relative units proportional to the molar amount of Co, in the microparticle

and nanoparticle, respectively, which are calculated based on the 2D XANES ima-

ges. The green dashed rectangles highlight the back-and-forth conversion between
Co304 and CoO at 850 °C.

nanoparticles at 900 °C. To better understand the differences in redox
behavior between micro- and nanoparticles, the morphological chan-
ges during thermal redox cycles will be discussed in the following
section. Interestingly, both micro- and nanoparticles converted to CoO
back and forth at 850 °C (green-color dash rectangles in Fig. 3C, D),
indicating that 850°C is the equilibrium temperature for the re-
oxidation process.

Morphological evolution analyzed by in-situ X-ray nano-
tomography

To understand the morphological evolution with time of Co;0,4 micro
and nano particles, the in-situ X-ray nano-tomography data were col-
lected at the end point of each temperature segment. The 3D volume
rendering, as well as the corresponding 2D XY and XZ pseudo cross-
sectional views of Coz04 micro and nano particles during the thermal
redox cycles at different temperatures, are shown in Fig. 4.

In microparticles, as shown in Fig. 4A-C, several large particles
were observed in the first cycle at 800 °C before any chemical evolu-
tion, and no porosities were present inside the particles. However, after
ramping the temperature to 900 °C, cooling to 850 °C, and then down
to 800 °C, porous structures appeared within the particles, as shown in
the detailed 2D XY and XZ views shown in Fig. 4A, B. Figure 4C shows
the 3D volume rendering of the particles, with the internal and isolated
pores displayed in the sub-figures. Internal pores formed within a

particle because of O, evolution, whereas isolated pores originated
from sintering. At 850 °C, the volume of internal and isolated pores
(shown in magenta) increased significantly within the particles during
the back-and-forth conversion between Coz04 and CoO. This conver-
sion process likely promoted sintering, causing the particles to connect
and form large isolated pores. The volume fraction of internal and
isolated pores (calculated as the volume of internal pores divided by the
volume of particles and internal and isolated pores) was 8.2% at 850 °C,
decreasing to 7.2% at 800 °C due to more CoO being converted. These
internal and isolated pores likely inhibited the reduction of Co;0,4 to
CoO during the second cycle at 900 °C. However, this back-and-forth
conversion was not observed in the TGA results, suggesting that fewer
internal and isolated pores were generated within the particles. Thus,
the subsequent reduction process remained as fast as in the first cycle. A
detailed discussion of internal and open pores is provided in section 2.4.
These porous structures persisted in the particles even after completing
the thermal redox cycles and returning to room temperature. In con-
trast, these porous structures were not observed in the nanoparticles
during the thermal cycles, as shown in Fig. 4D-F. The nanoparticles
retained their original morphology without agglomeration or merging
after the thermal redox cycles. To further understand the morpholo-
gical evolution of the microparticles and nanoparticles during the
thermal cycles, the surface area and volume changes for these two
samples as a function of the thermal cycling are shown in Fig. S6.
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showing the internal and isolated pores and nanoparticles (F).

Based on the chemical evolution kinetics shown in Figs. 2, 3, the
formation of a porous structure in the microparticles may have hin-
dered the conversion from Co5;0, to CoO during the second cycle at
900 °C, as the slower conversion rate was not observed in nano-
particles. While porosity can increase the surface area and potentially
enhance the interaction between cobalt oxide and oxygen, the internal
and isolated pores likely contribute, affecting the overall conversion
process. The porosity evolution will be further explored in the fol-
lowing sections.

Porosity evolution and impact on Co30,4/CoO conversion during
thermal redox cycles

To fully understand the mechanism behind the formation of the por-
ous structure inside the Co;0, microparticles, another in-situ X-ray
nano-tomography experiment of Co;0, microparticles during thermal
redox cycles between 800 °C and 900 °C was conducted at the FXI
beamline. A single Co304 microparticle was continuously measured

with X-ray nano-tomography throughout the thermal redox cycles,
and the morphological evolution of the particle and porous structure
visualized in 3D are shown in Fig. 5, Supplementary Movie 3 at different
temperatures and time points.

A smooth surface was observed on the particle at room tem-
perature, as shown in Fig. 5Aa, but it became rougher when the tem-
perature was raised to 900 °C, shown in Fig. 5Ac, d. This surface
character did not change significantly during the following thermal
redox cycle (Fig. 5Ae-h). Since both the surface area and volume of the
single particle changed due to the O, evolution, here, the specific
surface area (SSA) was calculated by dividing the surface area
(including from both internal and open pores) by volume to char-
acterize the surface and porosity properties of the particle. The plot of
SSA versus time is shown in Fig. 5B, overlaid with the temperature
profile during the thermal cycling. The specific surface area increased
significantly at the beginning of the first cycle at 900 °C, indicating that
smaller pores were generated inside the particle with O, evolution. O,
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evolution could lead to a sudden generation of a large amount of
vacancies, which then diffuse through the lattice, forming the initial
small pores when there is excess concentration of vacancies”.

Following the initial rapid generation of pores, there was then a
sudden decrease in specific surface area at 900 °C observed at -6 min
(as indicated by the green arrow in Fig. 5B), which might be due to the
coarsening process of the surface with high curvatures, corresponding
to the small features such as pores generated from the O, evolution®.
The continued evolving oxygen gas caused the pores to grow further,
eventually slowing down and stopping after 12 min of heating the
sample at 900 °C, as evidenced by the steady decrease in specific
surface area. Coarsening became the dominant process after 12 min at
900 °C, with smaller pores merging into larger ones and larger pores
interconnecting to form pore networks, which will be further dis-
cussed in Fig. 5E. The driving force for coarsening here is to reduce the
total surface energy of the system by reducing the amount of the
surface’.

To further understand the kinetics of coarsening in the Cos0,
particle, the power-law relationship between the characteristic length
(L), which is reciprocal of specific surface area and coarsening time (t)
was determined to provide insights into the coarsening mechanism.
The /. for materials with complex morphology has been used to ana-
lyze the morphological evolution of materials®**, The coarsening time
is determined relatively from the time when the temperature reached
900 °C. The power (n) was determined by fitting the experimental data
to the following Eq. (3)*:

L~

C (3)
where different values of n correspond to different mechanisms: n=3
for bulk diffusion, and n=4 for surface diffusion®*****, Other coar-
sening mechanisms, such as viscous flow and evaporation/reconden-
sation, were not considered in this study. The fitting line was set to
intercept at the origin, as coarsening likely began when the
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temperature was raised to 900 °C. As shown in Fig. 5C, D; the fit of [.*
versus ¢ exhibited a higher goodness-of-fit (R*=0.96) than [ versus
time (R*=0.70). This result indicates that surface diffusion is the rate-
determining mechanism controlling coarsening in the microparticles
under this condition®.

Figure SE shows the morphology of pore formation inside the
particle in a sub-region, as marked by a red dashed cube in Fig. 5Ac. In
the region highlighted by a red circle, a small internal pore formed
and continued to grow due to the evolution of O, gas, which could
potentially increase the O, partial pressure within the pore. This early
stage of morphological evolution was dominated by the kinetics of
gas evolution and vacancy diffusion through the lattice (bulk diffu-
sion) rather than surface diffusion coarsening. Following this initial
small pore formation, to minimize surface energy, ions on the par-
ticle surface migrated from regions of high curvature, where there
are sharp features and a higher chemical potential, to regions of
lower curvature, where there are smoother features with a lower
chemical potential. The curvature evolution will be further discussed
in Fig. 6. As a result, the pore merged with another nearby pore
through surface diffusion. Over time, the connected pores grew and
the surface became smoother, ultimately forming a more stable
microstructure.

Figure 5F, Supplementary Movie 4 show the evolution and changes
of open and internal pores within the particle during the thermal cycles,
and Fig. 5G illustrates the change in the volume of open pores and
internal pores over time. During the O, evolution process in the first

cycle at 900 °C, both internal and open pores formed simultaneously.
Open pores that opened to the air facilitated the evolution of O, during
the conversion to CoO with an enlarged active surface area. Conversely,
internal pores trapped O,, increasing its local concentration and ther-
modynamically inhibiting the conversion. In the subsequent stage, the
morphological evolution was dominated by the material coarsening
process. The volume of open pores decreased during this stage, pos-
sibly due to the densification process accompanied by the coarsening.
Additionally, the volume fraction of the internal pores increased
slightly, indicating that a small amount of the open pores may be
enclosed by the surrounding material, transforming into internal pores.
After 83 min of isothermal heating at 900 °C in the first cycle, both
internal and open pores were still observed in the particles.

At 800 °C, the volume fraction of the open pores decreased, while
that of the internal pores increased slightly. CoO near the open pores
readily reacted with O,, promoting its re-oxidation to C050,. As the
density at room temperature of CoO (6.44 g cm™ *) is larger than that
of Co304 (6.11gcm™ *), the oxidation process caused the particle
volume to increase, reducing the volume of open pores, consistent
with our findings here. Literature has described this CoO reoxidation
process involves displacement reaction and ambipolar diffusion of Co
ions and electrons*®, For the internal pores, it has been confirmed
with TEM that there is no pore formation from reoxidation of CoO
back to Co304%, and thus the increased volume of internal pores at
800 °C was likely due to the enclosure of open pores from the coar-
sening process.
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Fig. 7 | 3D XANES analysis of Co;0, microparticles quenched after the second
reduction cycle at 900 °C for 30 min, preserving the high-temperature phases.
(A) 3D volume rendering based on peak position fitting, showing lower peak
position values (corresponding to the CoO phase) predominantly at the particle
surface, while higher values (Co30,4 phase) remain in the interior; (B)
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Representative image slices in XY view from the 3D XANES data, illustrating the
spatial distribution of CoO and Co;0,4 phases, as well as the presence of internal/
isolated and open pores, Z= 0 is defined as the bottom of the sample in z direction
in (A); (C) The enlarged view in the white dash rectangle in the X-Y views in (B) at
Z=6.63 and 6.89 um.

During the second thermal cycle, when heating to 900 °C again,
the internal pores formed during the previous re-oxidation process
remained within the material. Although many open pores were gen-
erated, these internal pores likely inhibited the conversion of Co30,4 to
CoO by trapping O, within them. As discussed in Section 2.2, a large
number of internal pores (8.2% volume fraction) were generated within
the particles due to coarsening and sintering at 850 °C. Although the
internal and isolated pore volume decreased to 7.2% at 800 °C, the
trapped O, created a localized high-concentration environment within
these pores, which could inhibit the reduction reaction (Co30,4 to CoO)
during the second cycle, as discussed previously for Figs. 2, 3.

To understand the mass transport from high-curvature regions
(sharp features with higher chemical potential) to low-curvature
regions (smoother features with lower chemical potential) driven by
surface energy minimization, the curvature distribution on the particle
surface was analyzed. Figure 6 shows the 3D visualization of the mean
curvature of the particle during the thermal cycles, along with the
corresponding interfacial shape distribution and Gaussian curvature
analysis.

As shown in Fig. 6B, regions of the Co;0, particle with mean
curvature near zero (blue areas) generally correspond to relatively
smooth surfaces, although they can still include points with either
positive or negative Gaussian curvature, reflecting different local
geometries. As the temperature increased to 900 °C, high-curvature
features developed, leading to noticeable morphological changes.
During the isothermal hold at 900 °C, surface coarsening led to a
reduction in these sharp features, resulting in smoother morphologies.

The scaled interfacial shape distribution in Fig. 6C clearly shows that
point (d) has a greater proportion of low curvature features compared
to point (c), indicating a smoother interface. A similar smoothing trend
was observed during the second cycle at 900 °C, comparing (g) and
(h), the distributions of the principal curvatures (K3, K>) shift toward
lower values, indicating a smoother surface. A map of the different
regions along with their corresponding interfacial shapes has been
illustrated in the literature®. Features within the particle characterized
by K; <0 and K> 0 exhibit saddle-like curvature®.

To further quantify these changes, histograms of the mean cur-
vature (H=(K;+K>)/2) and Gaussian curvature (H=K;K>) for points
(c), (d), (g), and (h) are shown in Fig. 6D. In both cycles, the coarsening
process promoted the mass transport from high-curvature regions,
associated with sharp features and higher chemical potential, toward
lower-curvature regions with smoother geometries and lower chemi-
cal potential. As a result, both the mean curvature and Gaussian cur-
vature values for points (d) and (h) shifted closer to zero, indicating the
development of more planar surface features*’.

To investigate the spatial distribution of CoO and Co304 phases,
as well as the presence of internal/isolated and open pores at 900 °C,
Co30, microparticles were quenched after the second reduction cycle
at 900 °C for 30 min to preserve the high-temperature phases. A 3D
XANES analysis was then conducted at room temperature, with the
results shown in Fig. 7.

In Fig. 7A, the color in the 3D volume rendering represents the
peak position of the XANES spectra at the Co K-edge. A peak position
of -7.726 keV corresponds to a region fully converted to the CoO
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Fig. 8 | Schematic illustration of the mechanism of porous structure formation in Co304 microparticles and the role of internal and isolated pores in the subsequent
reduction process, in contrast to the absence of an apparent porous structure in Co;04 nanoparticles.

phase, while a position of -7.730 keV corresponds to unconverted
Co304. Since the high-temperature phases were preserved during
quenching, the surface regions indicate full conversion to CoO due to
the easy release of O,. In contrast, the interior regions, containing
internal and isolated pores that trap O, and increase the local O, partial
pressure, remain largely unconverted as Co;0,4. The subfigure high-
lights regions with approximately 40% CoO (mole fraction). In the
innermost region, the material remains entirely as unconverted Co30,.

To further illustrate the spatial distribution of CoO and Co0,
phases, as well as the presence of isolated and open pores, repre-
sentative slices in XY view are shown in Fig. 7B. The enlarged view in the
white dashed rectangle in the subfigures (Z=6.63 and 6.89 um) is
shown in Fig. 7C. Regions near open pores appear purple, indicating the
presence of CoO, while areas adjacent to isolated pores appear red or
yellow, indicating the retained Co30,. Therefore, the open and internal/
isolated pore structures play a critical role in the conversion process:
while open pores facilitate gas exchange and promote the reduction
reaction, isolated and internal pores likely inhibit the conversion of
Co304 to CoO by trapping evolved O,, increasing the local oxygen
concentration and thereby suppressing further reduction of Co30,.

To summarize the mechanism of porous structure formation in
the Co50, microparticle sample and the influence of internal and iso-
lated pores on the subsequent reduction process, a schematic illus-
tration is shown in Fig. 8.

In summary, when Coz0,4 microparticles are heated to high tem-
peratures, multiple types of pores are generated. Open and internal
pores form because of O, evolution, followed by vacancy diffusion and
subsequent coarsening. Isolated pores develop between particles due
to sintering. Upon cooling to lower temperatures, some open pores may
transform into closed pores due to the volume expansion associated
with the re-oxidation of CoO to Co30,4. During subsequent heating,
these closed and internal pores inhibit the reduction of Co30, to CoO by
trapping the evolved O,, which increases the local oxygen concentra-
tion and thereby suppresses further reduction. In contrast, this porous
structure is not observed in the Co;04 nanoparticle samples.

The commonly accepted benefit of a porous structure lies in the
formation of open pores, which facilitate oxygen release to the sur-
rounding atmosphere. In our study, the volume of open pores is sig-
nificantly higher than that of internal pores. However, the impact of
internal and isolated pores should not be overlooked, as their ability to
trap evolved O, gases can undermine redox performance. In addition
to their role in trapping oxygen, internal and isolated pores can also
negatively decrease the thermal conductivity of the material. This
reduction in thermal conductivity can hinder efficient heat transfer
within the particle, potentially slowing the temperature rise required
to drive the endothermic reduction of Co304. A number of studies
have demonstrated this inverse relationship between porosity and
thermal conductivity**’. However, in the present study, the sample
consists of a thin particle layer attached to the inner wall of a quartz
capillary and is heated via radiative transfer from an external furnace.
Due to the small sample volume and the predominance of radiative
over conductive heating in this configuration, we believe the impact of
isolated pores on thermal conduction is negligible in our case.

Post-TXM experiment analysis with SEM for particle sintering

To validate the morphological changes observed via X-ray nano-
tomography, Cos;04 microparticles were subsequently characterized
using SEM. For SEM imaging, the microparticles were examined at
room temperature directly on the quartz capillaries used for the X-ray
experiments, as shown in Fig. 9A, B. Initially, the microparticles were
imaged before thermal cycling. As shown in Fig. 9C, the uncycled
microparticles exhibited flat, sharply faceted surfaces. In contrast,
after one thermal redox cycle (heating to 900 °C, cooling to 800 °C,
and then returning to ambient temperature), the particle surfaces
became considerably smoother and less faceted, as shown in Fig. 9D.
This change in surface morphology resulted from a surface smoothing
and coarsening effect during the high-temperature thermal redox
cycle, driven by the minimization of total surface energy, as also dis-
cussed in the X-ray imaging analysis (Fig. 5)**. Notable particle
sintering'"> was also observed after one cycle, with the apparent
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Fig. 9 | Ex situ SEM characterization of morphological changes in Co30,4
microparticles before and after thermal redox cycling during the synchrotron
TXM experiment. A Low-magnification SEM image of the open end of a quartz
capillary used in the synchrotron TXM experiment, showing Co304 microparticles
adhering to the inner walls. B Broken capillary piece with microparticles on the

§ D)

exposed face, prepared for higher magnification imaging shown in (C) and (D).
Room-temperature SEM images showing morphological changes of microparticles
(C) before and (D) after one thermal redox cycle at the synchrotron TXM experi-
ment (up to 900 °C). The scale bar shown in (C) is accurate for all images in (C)
and (D).

merging of small, discrete particle units into larger, continuous
microstructures. Both surface coarsening and sintering are likely to
contribute to the decrease in specific surface area during thermal
redox cycling of Coz04 as a thermochemical material.

Summary of findings and future perspectives on TCMs

In this study, the 3D morphological and chemical evolution of Co;0,
micro and nanoparticles during thermal cycles in the range of 800 to
900 °C were investigated using thermal analysis, in-situ synchrotron
transmission X-ray microscopy, and scanning electron microscopy
techniques. The analysis revealed distinct thermal redox behaviors
between Co304 microparticles and nanoparticles. The TGA analysis
indicated that Co3;0,4 nanoparticles demonstrated faster re-oxidation
at 800 °C compared to microparticles. No significant degradation was
observed by TGA in either Co;0, micro or nanoparticles during five
thermal redox cycles.

The in-situ chemical mapping by 2D XANES imaging and 3D
morphological studies by X-ray nano-tomography confirmed these
findings, highlighting the significant differences in the chemical and
morphological evolution between the two particle sizes. Nanoparticles
exhibited a faster redox conversion rate between Co;0, and CoO
without forming porous structures during the thermal cycles. In con-
trast, microparticles developed porous structures that potentially
hindered the redox conversion. Further investigation of a single
microparticle indicated that both open and internal pores formed
during the reduction process due to O, evolution, with the subsequent
coarsening primarily driven by surface diffusion. The volume fraction
of open pores decreased significantly, while that of the internal pores
remained and increased slightly during the re-oxidation process at
800 °C. In subsequent cycles, these internal pores appeared to hinder
the reduction process from Co50, to CoO by trapping O,, creating a
localized high-concentration environment. Internal pores were gen-
erated more extensively during cooling from 900 °C and holding at
850 °C due to the back-and-forth conversion between Co304 and CoO,
which could have a more significant impact on the subsequent
reduction process. Post-TXM experiment analysis with SEM revealed
that the initial microparticles had flat, sharply faceted surfaces and
became smoother and less faceted after the thermal redox cycle due to
the coarsening process. Additionally, larger, more continuous micro-
particle structures were observed due to sintering. These findings
demonstrate that Coz0, serves as a representative model for under-
standing redox-induced structural evolution in metal oxides, and the
mechanistic insights gained here, particularly on pore evolution, sin-
tering, and particle size effects, can be extended to guide future

studies, as well as design and optimization of other thermochemical
materials. Moreover, the in situ synchrotron-based imaging metho-
dology used in this work is highly adaptable. It can be applied to a
broad range of TCMs under controlled atmospheres or reactive con-
ditions, and with proper containment, even to materials that are cor-
rosive or toxic, thereby providing a versatile platform for investigating
chemical and morphological evolution across diverse material
systems.

Overall, nanoparticles exhibited a faster and more stable con-
version without developing significant porous structures, whereas
microparticles were prone to forming internal and isolated pores,
which can slow down the reduction process and reduce long-term
cycling performance. This highlights the importance of under-
standing how particle size and pore structure affect degradation
during cycling. Future material design should focus on approaches
that prevent sintering and coarsening, such as adding dopants to
help maintain a stable structure with high surface area. In addition,
promoting and preserving open porous networks can improve gas
exchange while reducing the formation of isolated pores that limit
performance. Applying these particles onto a chemically stable,
macroporous support may further enhance structural stability and
heat transfer by improving gas flow and reducing densification.
Finally, adjusting thermal conductivity and oxygen transport prop-
erties through material selection or structure changes may offer
additional ways to improve redox performance. Together, these
insights provide a practical direction for developing thermochemical
materials with better durability and efficiency under thermal cycling
conditions.

Methods

Experimental procedure of thermal analysis

The Co30,4 microparticles (<10 um, 99.0%, Sigma-Aldrich) and nano-
particles (<50 nm, 99.5% trace metal basis, Sigma-Aldrich) were used in
the experiments. The thermal redox cycles of Coz04 micro and nano
particles were evaluated using a thermogravimetric and differential
scanning calorimetry analyzer (TGA, Mettler Toledo TGA/DSC 3 +) at
atmospheric pressure. The schematic TGA experimental setup is
shown in Fig. 10A. Approximately 3.0 mg of sample was loaded into a
70 pL alumina crucible and thermally cycled between the tempera-
tures of 800 °C, 850 °C and 900 °C. The temperature was initially kept
at 800 °C" to remove impurities from the particle surface. A ramping
rate of 50 °C/min was applied during both the heating and cooling
cycles. Throughout the tests, sample mass and temperature were
monitored at a sampling rate of 1 datapoint per second.

Nature Communications | (2025)16:11278

n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66174-0

Fig. 10 | Research concept and schematic experimental setup for the kinetics
study of Co;04 micro and nano particles in thermal redox cycles. (A) TGA setup
measuring weight change of samples in macro-scale. B In-situ synchrotron TXM

(1) TGA N\ (e) (o SEM N

—_ 1

e i B top ! 1
9 _ < Detector  Zone plate Samplzmhole €am stop : Electrons
< X 5 ~ N
g < g — € % v :’ | )
- & :‘;’_ | N Condenser '
= g - |
o el - - Q- Quartz capillary o ! Detector
2 ~\\\T|me (m|r’1)’,—* 20 mm ﬂ :

h = o _»05mm CLopH— |
(= = ]Digital scale =i " 'i
Gas inlet (N ) Alumina tube
2D XANES 3D tomography

Micro to Nano-scale /

setup tracking the chemical and morphological evolution of samples in microns
and tens of nm length scale. C SEM setup analyzing morphologies for the post-TXM
sample.

In-situ synchrotron X-ray nano-tomography and XANES imaging
The schematic of the in-situ synchrotron TXM setup with the capillary
sample preparation is shown in Fig. 10B.

The TXM sample preparation of the micro and nanoparticles
follows the procedure described below. First, the Co;0, particles were
loaded into an open-ended quartz capillary (Charles Supper, 05-QZ)
with a 500 um outer diameter and 10 um wall thickness. After filling,
the particles were poured out, leaving only a thin layer adhered to the
inner wall to ensure the collection of a high-quality transmission signal.
The funnel end was then removed, resulting in a 20 mm long capillary
containing the remaining particles. Afterward, the capillary was
attached to an alumina tube (2 mm OD, 1 mm ID, 28 mm length) using
an alumina-based ceramic adhesive (Resbond™ 989). In-situ 2D XANES
imaging and nano-tomography were conducted on the particle sam-
ples enclosed in the capillary, during thermal redox cycles in a tem-
perature range of 800 °C to 900 °C with a versatile, compact heater
after proper calibration® at the Full Field X-ray Imaging beamline (FXI,
18-ID)*¢ at the National Synchrotron Light Source-Il (NSLS-II) at Broo-
khaven National Laboratory (BNL).

The images from the TXM at the FXI beamline were captured
using a lens-coupled CCD detector with 2560 x 2160 pixels, providing a
field of view of 46.8 um x 55.48 um. A camera binning of 2 x 2 was used,
resulting in an effective pixel size of 43.34 nm. For nano-tomography,
the X-ray incident energy was set to 8.0 keV, which is the designed
energy for the objective zone plate. It is also slightly higher than the Co
K-edge (7.709 keV), which provides a good contrast between particle
and air regions. The nano-tomography was conducted at a fly scan
mode, with a rotation speed of 8°/s to capture the morphological
evolution at a higher temporal and spatial resolution to minimize the
impact of particle movements on the imaging quality due to the ele-
vated temperature. The exposure time for each projection image was
0.05s. The full tomography was collected with a 180° rotation cap-
turing about 450 projections, with a total acquisition time of 0.5 to
1.0 min per tomographic scan. For the 2D and 3D XANES imaging,
scans were conducted at X-ray energy across the Co K-edge, from
7500-7709eV in 100eV steps, 7710-7715eV in 5eV steps,
7715-7735eV in 1eV steps, and 7740-8000 eV in 100 eV steps. With
fewer energy points, each 2D XANES imaging scan took about 4.5 min
to ensure that the chemical evolution was well captured. The 3D
XANES scan was carried out on microparticle samples quenched to

room temperature after the second reduction cycle at 900 °C for
30 min, in order to preserve the high-temperature phases. 3D XANES
was measured by collecting tomography as a function of energy, fol-
lowing the same energy points mentioned above. The tomography at
different energies was reconstructed and subsequently registered to
ensure proper alignment, enabling accurate XANES fitting.

3D volumes were reconstructed from tomography projection
images using gridrec algorithm implemented in Tomopy*’ package.
Post image processing of the 3D tomographic reconstruction stack
images, including data at different energies and different time points,
was conducted using the Crop3D and Median (3D) plugin in the FIJI
package of ImageJ*®, as well as Python packages including Skimage*’,
Numpy*® and Scipy® to perform cropping, filtering, segmentation and
volume registration. Volume registration from fast Fourier transforms
of the 3D volumes was used to align the whole tomography. Thresh-
olding segmentation was performed to differentiate the solid phase
(Co504 and CoO mixture) and air. Watershed image segmentation and
flood fill method was used to identify a single particle and the internal
pores. The open pores of the particle were identified with further
image processing, and the details are shown in Fig.S7. The image
profiles of mean curvature and Gaussian curvature were calculated
using Tomviz (version 1.10), an open-source software package™. The
principal curvatures were then derived from the mean curvature and
the Gaussian curvature. The interfacial shape distribution (ISD) plot
was then generated based on the curvature values using customized
code developed in our previous study*’. The processed image stacks
were then visualized in 2D using Image] and in 3D using Dragonfly
software (version 2020.1, Comet Technologies Canada Inc.)”. The
volume and surface area of the particles were calculated using Dra-
gonfly software after proper segmentation. The XANES data were
processed using PyXAS”** and Athena software®.

Standard X-ray absorption spectra of CoO and Co3;0, were col-
lected at the Inner Shell Spectroscopy beamline (ISS, 8-ID) at NSLS-II at
BNL (Fig. S8). The white line position of CoO is 7726.4 eV, while that of
Co304 is 7729.8 eV. Therefore, in the 2D XANES imaging and the 3D
XANES image stacks data, the fitted white line position at each pixel
can be representative of the reduction (CoO) and oxidation (Co30,)
phases in the particles. Here, the spectrum at each pixel is a linear
combination of CoO and Co304 spectra proportional to the amount of
Co in each phase, from the projected views. The fitted white line
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positions between 7726.4 and 7729.8 eV do not indicate an inter-
mediate oxidation state, but rather the ratio of these two phases. The
corresponding fitted white line positions of the combined spectra of
Co304 and CoO are shown in Fig.S9. Thus, the fraction of Co in the
CoO phase in each pixel can be calculated based on the white line
position. Using the amount of Co estimated from the X-ray absorption,
the conversion depending on the amount of Co can also be calculated.
The detailed calculation method is shown in Fig. S10.

SEM sample preparation and characterization

The post-TXM Co3;0, microparticles were characterized with SEM
using two methods. With the first method, microparticles were imaged
directly through the open end of the microcapillary using a low-energy
backscattered electron detector on a TESCAN Solaris Ga-FIB-SEM
operated at 2kV accelerating voltage with a 300 pA beam current in
UH-Resolution mode. Second, the microcapillary was broken, and a
piece was mounted on a standard SEM stub using Ag paint and sub-
sequently sputter-coated with 5nm Au. The broken microcapillary
piece is shown in Fig. 10C. Secondary electron images were then
acquired on a FEI Nova NanoSEM 630 operated at 5kV accelerating
voltage with a 3.6 nA beam current.

Data availability

The digital data for all figures, tables, charts, and any other media
contained in this publication and its associated supporting informa-
tion files are available on the Zenodo repository, under Digital Object
Identifier (DOI): 10.5281/zenodo.17211114. Source data are provided
with this paper.

Code availability

The custom code used for data processing and analysis is available on
the GitHub repository, under Digital Object Identifier (DOI): https://
github.com/SBU-Chen-Wiegart/Co304.
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