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Metal oxides play an important role in catalysis, integrated circuit fabrication, and optical coatings. A
common approach for obtaining these oxides is the thermal decomposition of solid precursor templates,
among which metal carbonates are the most widely used ones. Despite the importance of the process,
the atomic-scale mechanisms governing the transformation of such templates into oxides remain insuffi-
ciently understood. Using in situ transmission electron microscopy (TEM), we show that La,(COz)3-8H,0
and Ce,(CO3)3-8H,0 undergo a multistep transformation: (i) dehydrogenation, (ii) decarbonization, and
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(iii) crystallization. Our observations reveal concurrent compositional and structural changes within the
precursor templates during their conversion to oxides. These findings offer valuable insights into the crys-
tallization of metal oxides, providing a basis for optimizing their properties for diverse technological
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Introduction

Metal oxides such as CeO,,"* La,0;,>* Zn0,>® and Al,0;” are
widely used in catalysis,"*” electronics,® and optics,* due to
their exceptional properties, including catalytic activity,"’
ionic conductivity,” high dielectric constant (k),> and ultra-
violet (UV) absorption.® For instance, CeO, is a key component
in automotive catalytic converters and solid oxide fuel cells,">
while La,0; is used as a high-k dielectric material in the man-
ufacturing of integrated circuits.> A major strategy for produ-
cing metal oxide nanostructures (e.g., particles,®° plates,'"*
and films"™) is the thermal decomposition of solid or wet-
coated precursor templates, such as metal (oxy)carbonates®
and hydroxides.'®'"'* This method enables precise control
over the morphology,®® composition,"* and properties™"" of
the resulting metal oxides.

The transformation process typically involves phase
changes, often progressing through intermediate metastable
phases, accompanied by the release of volatile byproducts,
such as CO, and H,0.'"'>' During this transformation, the
crystallization of the oxide phase determines the crystal grain
1215 composition,'* and defect characteristics,'® which in
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turn influence the electronic,"” catalytic,
mechanical'® properties of the oxides.

Despite the widespread use of thermal decomposition for
oxide synthesis, many details about the atomic-scale trans-
formation remain unknown. This knowledge gap arises pri-
marily from the lack of methods capable of directly probing
the process. While previous studies based on macroscopic
characterization methods, such as X-ray diffraction (XRD),"*"
Fourier transform infrared spectroscopy (FTIR),>>*® and
thermogravimetric analysis (TGA),>*** have provided impor-
tant insights into the transformations, they lack the resolution
to capture atomic-scale nucleation pathways driving crystalliza-
tion in real time. Transmission electron microscopy, although
capable of atomic resolution, is conventionally performed
under vacuum at room temperature, requiring sample cooling
and transfer that interrupt ongoing reactions.®'*'*?* These
constraints hinder the observation of rapid, short-lived events
occurring on the timescale of seconds, leaving the early stages
of structural evolution largely inaccessible.

Here, we employed in situ TEM imaging with atomic-scale
resolution®>**"*° to directly monitor the real-time transform-
ation of metal carbonates into polycrystalline oxide nano-
structures. This approach enables the simultaneous tracking
of nucleation and phase evolution under controlled heating
and gas environments, offering mechanistic insights that are
beyond the reach of conventional methods. To investigate both
intrinsic and environment-driven transformation processes,
we used two types of metal carbonate templates:
La,(C03);-8H,0 and Ce,(CO3);-8H,0. In the former, decompo-
sition proceeds intrinsically to La,0;, with lanthanum retain-
ing its +3 oxidation state, whereas in the latter, decomposition
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is oxygen-driven, leading to the formation of CeO,,
accompanied by the oxidation of cerium from Ce*" to Ce**.

Results and discussion

The as-synthesized La,(CO;);-8H,0 template is a plate-like
crystal (Fig. 1A: ¢ — ¢, = 0 s). It has a layered structure with an
interlayer spacing of 8.6 A (Fig. 1A and S1). Each basic layer
consists of lanthanum polyhedra, in which La** ions are co-
ordinated with CO;>” ions and water molecules. Approximately
75% of the total water molecules are coordinated within the
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Fig. 1 Transformations of carbonate templates into metal oxides. Schematics
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polyhedra, while the remaining water molecules reside in the
interlayer regions. Upon heating from 23 to 800 °C at a rate of
10 °C min™", the single-crystalline template decreased in size
and transformed into polycrystalline La,O; (Fig. 1A: t — ¢, =
4700 s). Similarly, when the Ce,(CO;);-8H,O template was
annealed under an oxygen atmosphere (760 Torr of 20% O,
and 80% Ar) instead of a vacuum, it transformed into CeO,
(Fig. 1B and S5), in a manner analogous to the transformation
of La,(CO;);-8H,0 into La,0;.

To elucidate the transformation mechanisms of these car-
bonates into their respective oxides, we tracked their evolution
in real time. We first investigated the structural changes

T=600°C
t-t,=3500 s

= 500 NmM

= Q) nM"’

12:30-32 and in situ TEM images with the corresponding electron diffr-

action patterns showing the transformation of single-crystalline (A) Lax(COs3)3-8H,0 and (B) Ce,(CO3)35-8H,0 templates into polycrystalline La,O3 and
CeO, plates, respectively, during heating. The La,(COs3)3-:8H,0 template was heated from 23 to 800 °C at a rate of 10 °C min~t in a vacuum, while
the Ce,(CO3)3-8H,0 template was heated from 23 to 600 °C at the same rate under an oxygen atmosphere (760 Torr of 20% O, and 80% Ar). For
clarity, H atoms in H,O molecules are omitted in the schematics. Black dashed rectangular prisms indicate the corresponding unit cells. ty is the
time point at which we started increasing the temperature.
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Fig. 2 Transformation pathway of the La,(COs3)3-8H,0 template into La,Os. (A) TEM image series and the corresponding electron diffraction pat-
terns of a La,(COs)3-8H,0 template transforming into La,O3 upon heating from 23 to 800 °C at a rate of 10 °C min~t in a vacuum. (B) TGA profile of
La»(CO3)3-8H,0 heated from 40 to 800 °C at a rate of 10 °C min™ in air. (C) Schematic diagram showing the transformation stages: La,(COz)s-8H,0
undergoes dehydrogenation into La,(COz)z (step 1), decarbonization into a-La,Os (step II), and subsequent crystallization (step 11). White arrows in
(A) at t — to = 1060-3460 s indicate the small voids that form within the template. The black arrow in (B) indicates the temperature at which the tem-
plate composition approaches that of a stoichiometric La,Os. The dashed horizontal lines in (B) correspond to the theoretical weight percentages of
La,(CO3)3 and La,O3 derived from the decomposition of La,(COs3)3-8H,0. tg is the time point at which we started increasing the temperature.

during the transformation of La,(COs);-8H,0 as the tempera-
ture was increased from 23 to 800 °C under vacuum (Fig. 2A).
With increasing temperature, the template gradually lost its
crystallinity and became amorphous (Fig. 2A: t — ¢, = 0-3460
s), followed by recrystallization of this amorphous phase into a
polycrystalline La,O; phase (Fig. 2A: t — ¢, = 4660 s). The TGA
profile of the template revealed two primary stages of weight
loss (Fig. 2B): dehydrogenation occurring between 40 and
370 °C, and decarbonization occurring between 370 and
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730 °C. These processes can be described by the following
reactions:

La, (CO3)3 - 8H,0 — LaZ(C03)3 + 8H,0 (1)

Laz(CO3)3 — La, 03 + 3CO, (2)

Fig. 2C summarizes the transformation pathway. During
the initial heating stage, most of the water molecules are
removed from the template (I: dehydrogenation step), resulting

This journal is © The Royal Society of Chemistry 2025
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in the loss of its crystallinity. In the subsequent stage, the
CO;>” ions in La,(CO;); decompose to form amorphous La,0;
(a-Lay03) and CO,(g) (II: decarbonization step). Finally, the
a-La,O3; undergoes crystallization into polycrystalline oxide
(c-LayO3) (II: crystallization step). As shown in Fig. 2C, the
interlayer and coordinated water molecules are released below
370 °C, indicating their minimal contribution to decarboniza-
tion and crystallization. In contrast, carbonate decomposition
governs the evolution of La,(COs); into La,0s, thereby impact-
ing its crystallinity, grain size, and defect density.*>** Note
that the observed transformation pathway is independent of
the heating rate; similar transformations were observed when
La,(CO3);-8H,0 templates were heated at 25 and 100 °C min™*
instead of 10 °C min™" (Fig. S2 and S3 vs. Fig. 2A).

To better visualize the crystallization of a-La,03, we imaged
the process at higher magnification, as shown in Fig. 3. When
a-La,0, was heated from 600 to 900 °C at a rate of 30 °C min™"
(Fig. 3A), small La,O; nuclei with sizes of 1-3 nm began to
form at the edge of the template at 671 °C (Fig. 3B: t — t, = 142
s). Note that this temperature is significantly lower than the
730 °C required for the template composition to reach stoi-
chiometric La,Oz;, as shown in Fig. 2B. This crystallization
process is thermodynamically driven by the reduction in free
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energy,”>*® while the plate-like template promotes hetero-
geneous nucleation by lowering the critical energy barrier
through its large surface area and high-energy edge sites.’”
Upon further heating, these nuclei grew into larger grains and
came into contact with adjacent grains, producing polycrystal-
line La,O; (Fig. 3B: ¢t — ¢, = 206-448 s).

While La,(CO3);-8H,0 transforms into La,Oz; without chemi-
cal interaction with the surrounding gaseous environment (eqn
(1) and (2)), the thermal decomposition of other template
materials can yield non-stoichiometric oxides. For example, in
contrast to annealing in air, annealing Ce,(CO;);-8H,O either
under vacuum or N, produces oxygen-deficient CeO,_,, in which
cerium exists in both Ce*" and Ce*" oxidation states (Fig. S6 and
S7). Hence, it is important to consider the effect of the atmo-
sphere on the thermal decomposition process. To address this,
we investigated the evolution of the Ce,(COj;);-8H,0O template
during thermal decomposition under an oxygen atmosphere.

Our in situ TEM observations show that the transformation
pathway of Ce,(CO3);-8H,O closely resembles that of
La,(CO3);-8H,0, with both undergoing an amorphous inter-
mediate phase before crystallizing into the respective metal
oxides (Fig. 4A). The TGA profile of Ce,(CO;);-8H,0 exhibited
two distinct weight-loss steps during this process (Fig. 4B).
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Fig. 3 Nucleation of La,Oz nanocrystals in the amorphous film. (A) TEM and the corresponding FFT images showing the crystallization of the amor-
phous film into the polycrystalline La,Oz upon heating from 600 to 900 °C at a rate of 30 °C min~t in a vacuum (Sl Video S1). (B) Sequence of inverse
FFT images of the area (white box) in (A) showing the nucleation (t — t, = 130-142 s) and growth (t — t; = 206-448 s) of La,O3z nanocrystals (see
Fig. S4 for the unprocessed TEM and FFT images). The amorphous and crystalline regions are false-colored in blue and yellow, respectively. tq is the

time point at which we started increasing the temperature.
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Fig. 4 Transformation pathway of the Ce,(COz3)3-8H,0 template into CeO,. (A) TEM image series and the corresponding electron diffraction patterns of
the Ce,(COs)s-8H,0 template transforming into CeO, upon heating from 23 to 600 °C at a rate of 10 °C min~* in O, (760 Torr of 20% O, and 80% Ar). (B)
TGA profile of Ce,(CO5)s-8H,0 heated from 40 to 600 °C at a rate of 10 °C min~! in air. (C) Schematic diagram showing the transformation stages:
Ce,(CO3)3:8H,0 undergoes dehydrogenation into Ce,(COs)s (step 1), oxidation and decarbonization into a-CeO, (step Il), and subsequent crystallization
(step Il). (D) Sequence of inverse FFT images showing the nucleation (t — to = 60—126 s) and growth (t — to = 207-873 s) of CeO, nanocrystals (see Fig. S8
for the unprocessed TEM and FFT images) upon heating from 300 to 600 °C at a rate of 30 °C min™ in O, (SI Video S2). The amorphous and crystalline
regions are false-colored in brown and green, respectively. The black arrow in (B) indicates the temperature at which the template composition approaches
that of a stoichiometric CeO,. The dashed horizontal lines correspond to the theoretical weight percentages of Ce,(COs); and CeO, derived from the
decomposition of Ce,(COz)3-8H,0. ty is the time point at which we started increasing the temperature.
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First, Ce,(CO;);-8H,0 underwent dehydrogenation to form
Ce,(CO;); at 40-270 °C. This was then followed by oxidative
decarbonization of Ce,(CO;); into CeO, at 270-330 °C,
described by the following reactions:">

Cez(C03)3 -8H,0 — CeZ(C03)3 + 8H,0 (3)

1
Ce, (CO;)g + 502 — 2Ce0, 4+ 3CO, (4)

At 330 °C, the composition of the template closely
approached stoichiometric CeO, (Fig. 4B), which enabled the
nucleation of CeO, nanocrystals within the amorphous phase
(Fig. 4D).

Comparison of the atmosphere-dependent structural evol-
ution of Ce,(CO3);-8H,0 and La,(CO;);-8H,0 templates reveals
that O, significantly accelerates the transformation of
Ce,(CO3)5-8H,0, but not La,(CO;);-8H,0. At 300 °C, the
Ce,(CO;)3-8H,0 template retained its crystalline structure
under vacuum (Fig. S6A: ¢ — ¢, = 1660 s), but lost crystallinity
under an oxygen atmosphere (Fig. 4A: ¢ — ¢, = 1662 s). This be-
havior is consistent with oxidative decarbonization of
Ce,(CO;)3-8H,0 occurring at a much lower temperature
(270-330 °C) compared to the non-oxidative decarbonization
of La,(CO;); (370-730 °C) (Fig. 4B and 2B).

This difference can be attributed to the greater positive charge
density of Ce*", which has a higher charge (+4) and a smaller
ionic radius (0.87 A) than those of La®* (+3, 1.03 A) and Ce®" (+3,
1.01 A).*® The higher polarizing power of Ce*" induces a stronger
distortion of the CO;>~ electron cloud, weakening its C-O bonds
and thereby facilitating decomposition at substantially lower
temperatures than in the cases of La*" and Ce’".

To further support this explanation, we calculated the CO,
desorption energy (AE) as a proxy for the decarbonization step
during the transformation of metal carbonates into oxides.
Specifically, AE was evaluated for La,0,CO;, Ce,0,CO;, and
Ce,0;CO0;, corresponding to CO, release from oxycarbonate
intermediates containing La**, Ce®*, and Ce*", respectively. For
example, La,0,CO; decomposes as La,0,CO; — La,03 + CO,.
The calculated AE for the Ce"'-containing intermediate
(Ce,05CO3) is significantly lower (101.4 eV) than that for the
La*- and Ce*'-containing intermediates (223.3 eV for
La,0,C0O; and 193.9 eV for Ce,0,CO;) (Fig. S9).

Note that this carbonate-to-oxide transformation approach
can be extended to other rare-earth systems. For example,
Fig. S10 shows that Y,(COj3);-2H,0 transforms into Y,O; and
Pr,(CO3);-8H,0 transforms into PrsO,;. Taken together, these
results suggest that, for rare-earth carbonates whose thermal
decomposition does not involve changes in the metal oxi-
dation states, the gaseous atmosphere under which these car-
bonates are annealed has little to no impact on their trans-
formation to metal oxides.">*%*° By contrast, when oxidation
to higher valence states is required, the presence of O, facili-
tates oxidation and accelerates the overall conversion process,
whereas the lack of oxygen results in oxygen-deficient oxides
with coexisting mixed-valence metal states.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

Our in situ TEM studies reveal that the transformation of metal
carbonate templates into metal oxides proceeds through a
sequence of three distinct steps: dehydrogenation of the car-
bonate, followed by decarbonization into an amorphous metal
oxide, and finally crystallization of the oxide. These results
underscore the significance of real-time tracking in revealing
transient structural states during crystallization, thereby pro-
viding mechanistic insights that can guide the controlled syn-
thesis and optimization of oxide materials for a wide range of
applications.

Methods

Materials

The following reagents from Sigma-Aldrich Co. (St Louis, MO,
USA) were used to synthesize the Lay(COj3);:8H,0 and
Ce,(C0O3)3-8H,0 templates: lanthanum(im) nitrate hexahydrate (La
(NOs)3-6H,0, cat. no. 203548), cerium(ur) nitrate hexahydrate (Ce
(NOs)3-6H,0, cat. no. 238538), sodium bicarbonate (NaHCO3, cat.
no. $6297), and ethylene glycol (EG, cat. no. 324558). Yttrium(im)
nitrate hexahydrate (Y(NO;);-6H,O, cat. no. Y820618, Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China) and praseody-
mium(m) nitrate hexahydrate (Pr(NO;);:6H,0, cat. no. P106054,
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China) were used to synthesize the Y,(CO;);-2H,0 and
Pr,(CO;);-8H,0 templates, respectively. Deionized (DI) water with
a resistivity of 18.2 MQ cm was used to prepare all aqueous solu-
tions in this study.

Synthesis of carbonate templates

The La,(CO3);-8H,0O templates were synthesized based on a
modified procedure of Yin et al'* Specifically, 0.23 g of
NaHCO;, 2 mL of EG, and 7 mL of DI water were mixed in a
50 mL centrifuge tube. Next, 0.44 g of La(NO;);-6H,0 was dis-
solved in 3 mL of DI water, and the solution was added to the
centrifuge tube. The resulting mixed solution was maintained
at ambient temperature for 6 h. The precipitate was collected
by centrifugation, washed five times with DI water, and dried
overnight at 60 °C.

The Ce,(CO;);-8H,0, Y,(CO;);-2H,0, and Pr,(CO;);-8H,0
templates were synthesized following the same procedures as
the La,(CO3);-8H,0 templates, but instead of La(NO;);-6H,0,
0.44 g of Ce(NO3);-6H,0, Y(NO3);-6H,0, or Pr(NO3);-6H,0 was
used, respectively. Additionally, for Ce,(CO3);-8H,0, the tem-
plate solution was maintained at ambient temperature for 3 h
rather than 6 h.

In situ TEM experiments

A Titan S/TEM (Thermo Fisher Scientific Ltd., Hillsboro, OR,
USA) operated at an accelerating voltage of 300 kV was used for
in situ TEM studies. Image series were acquired at 5 frames per
second using a Gatan K2 IS camera (Gatan Inc., Pleasanton, CA,
USA), with an electron flux ranging from 100 to 200 e~ A% s7*.

Nanoscale, 2025, 17, 26194-26202 | 26199
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DENSsolutions Wildfire and Climate TEM holders
(DENSsolutions, Delft, Netherlands) were used for in situ
heating studies of the templates in a vacuum and in a gaseous
environment (20% O, and 80% Ar at 1 atm pressure), respect-
ively. The gas mixture (O, + Ar) was flowed into the TEM
holder at a flow rate of 40-50 pL min~' using the
DENSsolutions gas delivery system.

Schematics of crystal structures

The crystal structures of the carbonate templates and the crys-
tallized oxides shown in Fig. 1A and B were adapted from ref.
12, 30-32 and rendered using the CrystalMaker® 9.0.3 software
package.”’ The LaO,,, CeO;, and CO; polyhedra are depicted
in translucent blue, green, and grey, respectively.

Electron diffraction profiles

The radial diffraction profiles in Fig. S6B are the plots of the
summed intensity S(k) obtained from electron diffraction
images after background subtraction. The summed intensity
was calculated using the following equation:

S(k) = _1(k) (5)

Here, k = (kk,) and k = /k,2 + k2 are the outward radial
vector from the center of the diffraction pattern and its corres-
ponding length, and I(k) is the diffraction intensity at that
point.

Thermal decomposition in a tube furnace

Thermal decomposition of the templates was carried out in a
tube furnace (NBD-O1200-50IT-80F, Henan Nobody Materials
Science and Technology Co., Zhengzhou, China) under either
air or an N, environment. For each study, 100-200 mg of a
template was placed in a quartz boat, which was then posi-
tioned at the center of a quartz tube with an inner diameter of
42 mm. For decomposition in air, the samples were heated
from room temperature to 800 °C at a rate of 10 °C min™*
under static air. For decomposition under N,, the tube was
pumped down and purged with pure N, three times prior to
heating. The samples were then heated from room tempera-
ture to 800 °C at the same rate under a continuous N, flow of
approximately 200 sccm, sufficient to create a slight overpres-
sure relative to the ambient atmosphere.

XRD, TGA, and XPS characterization

The XRD patterns shown in Fig. S1 and S5 were obtained
using a Bruker D8 Advance Powder X-ray Diffractometer
(Bruker, Billerica, MA, USA) with a 26 range of 5°-70° and a
step size of 0.02° s~". The XRD patterns shown in Fig. S10 were
obtained using a PANalytical X’Pert PRO Powder X-ray
Diffractometer (Malvern Panalytical, Almelo, The Netherlands)
with a 26 range of 5°-80° and a step size of 0.02° s~

The TGA profiles displayed in Fig. 2B and 4B were acquired
using a Discovery TGA (TA Instruments, New Castle, DE, USA).
During TGA measurements, the samples were heated in air
from 40 to 600 or 800 °C at a rate of 10 °C min™".

26200 | Nanoscale, 2025, 17, 26194-26202
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The XPS results shown in Fig. S7 were obtained using a Kratos
Axis Ultra DLD spectrometer (Kratos Analytical, Shimadzu,
Japan), equipped with a monochromatized Al Ka X-ray source (15
kV, 3 mA, beam size 300 x 700 pm?). The pass energy was set to
40 eV for the high-resolution scans. Raw XPS data were calibrated
using the binding energy of the C 1s peak at 284.8 eV, and back-
ground subtraction was performed using the Shirley method.*
Data analysis was performed with XPSPEAK 4.1 software.”® The
Ce 3d spectra were deconvoluted into Ce®" and Ce** components.
The fractions of Ce*" (fees) and Ce** (fie) shown in Fig. S7A
were calculated using the following equations:**

Aces+ = Ay + Ay (6)

Acers = Ay + Ay + Ay + Ay + Ay + Ay 7)
Aces+

Jeer = —= (8)

Aces+ + Agerr

Acet+
Aces+ + Acer+

fCe‘“r =

Here, A, and A, represent the deconvoluted peak areas at
binding energies of 885.2 and 903.1 eV, respectively, corres-
ponding to Ce*" contribution. The Ce*" contribution is given
by the peak areas A,, A+, Ay, Ay, Ay, and A~ associated with
binding energies of 882.4 (v), 888.8 (v"), 898.0 (v'""), 900.7 (u),
907.3 (u”), and 916.6 eV (u"’), respectively.

Computational methods

All calculations displayed in Fig. S9 were performed using the
Gaussian 09 software package.”” The B3LYP hybrid density func-
tional theory (DFT) method*®*” was used in combination with
the CEP-31G basis set,**>° which includes effective core poten-
tials for rare-earth elements such as cerium and lanthanum. The
charge and spin multiplicity were assigned according to the
expected oxidation states of the metal centers. Single-point energy
calculations were performed on optimized geometries of nano-
scale clusters to refine the electronic energy values. This compu-
tational setup provides a reliable balance between accuracy and
efficiency for systems containing f-block elements.>

The geometric structures of oxide clusters (La,Osz, Ce,Os,
and CeO,), their corresponding oxycarbonate intermediates
(Lay0,CO03, Ce,0,CO3, and Ce,03CO3), and CO, were fully opti-
mized without symmetry constraints. Vibrational frequency
analyses were performed, and the absence of imaginary fre-
quencies confirmed that these structures correspond to opti-
mized geometries located at stable local minima on the poten-
tial energy surface, rather than transition states or saddle
points.

The CO, desorption energy (AE) from oxycarbonate inter-
mediates was calculated as a proxy for the decarbonization
step of metal carbonates using:

AE = onide + ECOZ - onycarbonate (10)

Here, Eoxide, ECOZ7 and onycarbonate are the total energies of
the isolated oxide cluster, the CO, molecule, and the oxycarbo-
nate intermediate, respectively.

This journal is © The Royal Society of Chemistry 2025
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