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Microdroplets as ambient ‘hydrothermal’ reactors
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Microdroplet reactors offer a unique platform for driving chemical transformations under ambient con-

ditions, mimicking key features of hydrothermal environments. Here, we report a microdroplet-enabled

strategy for the room-temperature synthesis of phase-pure, porous, flower-like tenorite (CuO) nano-

structures from copper acetate monohydrate via a copper hydroxide acetate monohydrate intermediate.

Ultrasonic nebulization of homogeneous ethanol–water solutions of copper acetate monohydrate creates

confined microenvironments with rapid solvent evaporation and steep concentration gradients, enabling

nucleation and growth pathways analogous to hydrothermal systems under ambient conditions, effectively

resulting in an “ambient hydrothermal” reaction. The resulting CuO exhibits exceptional functional perform-

ance, achieving rapid U(VI) removal from 1000 ppb to below 10 ppb within 5 minutes; over 20-fold higher

efficiency than commercial CuO, while retaining structural integrity. This gram-scale, energy-efficient syn-

thesis eliminates high-temperature calcination and demonstrates the broader potential of microdroplets as

“ambient hydrothermal” reactors. The method provides a scalable, surfactant-free route to complex oxide

nanostructures, bridging the gap between solution-phase and solid-state approaches.

Introduction

Microdroplets have emerged as powerful platforms for trans-
forming materials.1 Various nanomaterials have been syn-
thesised in microdroplets, exploiting the unique conditions
present there.2–16 These nonequilibrium environments enable
green mechanosynthesis of nanoparticles, 2D materials, and
hierarchical oxides, assisted by intense electric fields (∼109 V
m−1), electrostatic stress, and supersaturation gradients that
mimic high-pressure conditions, without external heating or
additional chemical reagents.17–20

Hydrothermal synthesis (HS) is a process in which precur-
sor materials are thermally treated in a solvent at temperatures
above the solvent’s normal boiling point inside a sealed
pressure vessel, leading to the formation of solid-state pro-
ducts. Conventional HS of CuO is typically carried out at elev-
ated temperatures (usually around 250 °C) and under autoge-
nous pressure to promote dehydration and crystallization from
copper-based precursors, such as copper acetate.21–23

Alternatively, tenorite can also be produced via solid-state syn-

thesis, which relies on high-temperature (400–900 °C) thermal
decomposition or solid-phase reactions of copper precursors
under ambient pressure, offering a simple yet energy-intensive
route compared to hydrothermal processing.24 These energy-
intensive methods yield sintered products with limited poro-
sity, hindering their use in adsorption and catalysis appli-
cations. Here, we demonstrate that nebulized microdroplets
serve as ambient ‘hydrothermal’ reactors, transforming copper
acetate stepwise via a copper hydroxide acetate monohydrate
intermediate into phase-pure, porous nanoscale tenorite
under ambient conditions. Our microdroplet synthesis offers
unmatched sustainability advantages: ambient temperatures
eliminate energy-intensive heating, water-based nebulization
minimizes chemical footprint, and gram-scale scalability sup-
ports industrial green chemistry without specialized equip-
ment or pressure vessels. The resulting CuO exhibits rapid
U(VI) adsorption, superior to commercial benchmarks, reveal-
ing droplet-directed phase control as a scalable route to func-
tional nanomaterials for environmental remediation.

Results and discussion
Ambient ‘hydrothermal’ synthesis of CuO

The ultrasonic nebulization-assisted transformation of copper
acetate monohydrate to tenorite (CuO) is schematically illus-
trated in Fig. 1. A detailed description of the experimental pro-
cedure is provided in the SI. Briefly, copper acetate monohy-
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drate (Fig. 1A) was dissolved in an ethanol–water mixture (4 : 1
v/v) to form a clear solution (Fig. 1B) containing solvated
copper acetate. The solution was then subjected to ultrasonic
nebulization for 6 h. During this process, micron- to submi-
cron-sized droplets were generated, serving as confined micro-
reactors. Fig. S1 demonstrates an optical photograph of the
experimental setup. Rapid solvent evaporation and local con-
centration gradients within these droplets promoted partial
hydrolysis of acetate ligands and rearrangement of copper
coordination environments (reaction pathway is schematically
shown in Fig. 1, bottom part, step 1), leading to the formation
of a blueish-green precipitate (Fig. 1C). The precipitate was
separated by centrifugation, thoroughly washed with water and
ethanol to remove unreacted precursors, and dried in air.
Field-emission scanning electron microscopy (FESEM)
revealed uniform disk-like particles (Fig. 1D and Fig. S2).
Solvent composition effects were investigated using ethanol–
water ratios of 4 : 1 (Fig. S2), 1 : 1 (Fig. S3A), and 2 : 1 (Fig. S3B).
The 4 : 1 ratio yielded the most uniform disc-like mor-
phologies, and this ratio was chosen for subsequent experi-
ments. Phase identification by powder X-ray diffraction (PXRD)
confirmed the material as copper hydroxide acetate monohy-

drate (Fig. S4). X-ray photoelectron spectroscopy (XPS) further
verified the presence of Cu(II) species (Fig. S5). Further details
on solvent screening, control experiments, and the proposed
formation mechanism are provided in the later part of the
manuscript. During handling, it was observed that the bluish-
green precipitate gradually turned blackish-brown upon slight
activation, such as gentle sonication. This colour change
suggested that the initial precipitate was a metastable inter-
mediate, rather than a thermodynamically stable phase.
Therefore, the obtained solid precipitate was subjected to an
additional 3 h of ultrasonic nebulization in water (the pro-
posed mechanism is illustrated in Fig. 1, bottom part, step 2).
At the end of this process, a blackish-brown precipitate was
obtained (Fig. 1E). FESEM imaging revealed that the initially
uniform disk-like morphology had transformed into highly
porous, flower-like structures with diameters of 300–500 nm
(Fig. 1F). This phase was stable and exhibited intriguing
nanostructural features, prompting us to investigate it further
in subsequent experiments.

Microscopic and spectroscopic characterization

The morphology and structural evolution of the synthesized
material were examined by FESEM, as presented in Fig. 2A–C.
The low-magnification image (Fig. 2A) reveals a hierarchical
assembly composed of porous nanostructures. In contrast, the
higher-magnification images (Fig. 2B and C) reveal a well-
defined, flower-like architecture composed of interwoven
nanosheets.

The phase purity and crystallographic structure of the final
product were further investigated by PXRD (Fig. 2D).25 The
diffraction peaks can be indexed fully to monoclinic CuO, con-
firming the successful conversion of the precursor to crystal-
line copper oxide under ambient conditions, with no detect-
able secondary phases. The presence of sharp, intense diffrac-
tion peaks indicates the material’s highly crystalline nature. To
gain insight into the bonding evolution during the transform-
ation, Fourier-transform infrared (FTIR) spectra were recorded
in attenuated total reflectance (ATR) mode and compared for
the precursor, intermediate, and final products (Fig. 2E). The
precursor exhibits a broad O–H stretching band around
3500 cm−1, along with characteristic asymmetric and sym-
metric stretching vibrations of the acetate group [νas(COO

−)
and νs(COO

−)] located near 1550 and 1400 cm−1, respectively.
These acetate-related bands gradually decrease in intensity
during the intermediate stage, and they vanish almost comple-
tely in the final product, evidencing the removal of acetate
ligands. Simultaneously, a strong absorption band emerges
near 490 cm−1, corresponding to Cu–O lattice stretching, con-
firming the formation of CuO and consistent with the PXRD
observations. XPS analysis (Fig. 2F) was carried out to elucidate
the oxidation state and surface chemical composition of the
obtained material. The Cu 2p3/2 and Cu 2p1/2 peaks, centered
at 933.7 eV and 953.6 eV, respectively, accompanied by two dis-
tinct satellite peaks, confirm the presence of Cu(II) species and
validate the formation of tenorite. The complete XPS survey
spectrum of the synthesized material is shown in Fig. S6.

Fig. 1 Schematic of ultrasonic nebulization-assisted transformation of
copper acetate monohydrate to CuO. (A) Optical image of solid copper
acetate monohydrate precursor. (B) Dissolution in ethanol–water (4 : 1
v/v), forming solvated copper acetate species. (C) Optical image of
copper hydroxide acetate monohydrate intermediate (a ruler is to show
the scale). (D) FESEM image showing disk-like morphology of the inter-
mediate. (E) Optical image of phase-pure CuO powder. (F) FESEM image
revealing nanostructured, porous CuO morphology. Step 1 and 2 of the
reaction mechanism are shown at the bottom of the figure.
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The porous nanostructural characteristics of the as-syn-
thesized tenorite were further examined by high-resolution
transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM), as shown in Fig. 3.
The TEM image (Fig. 3A) reveals hierarchical, flower-like
assemblies composed of interconnected nanosheets, consist-
ent with the morphology observed in the FESEM images. The
HRTEM image (Fig. 3B) displays well-resolved lattice fringes
with an interplanar spacing of 0.25 nm, corresponding to the
(111) plane of monoclinic CuO, in agreement with the PXRD
results. The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image (Fig. 3C)
exhibits distinct Z-contrast, highlighting the Cu-rich frame-
work of the hierarchical structures and confirming a uniform
mass distribution across the particles. Elemental mapping
obtained from TEM-energy-dispersive X-ray spectroscopy
(TEM-EDS) further verifies that the flower-like architectures are
composed exclusively of copper and oxygen (Fig. 3D and E).
The corresponding EDS spectrum (Fig. 3F) shows character-
istic peaks of Cu and O as the major elemental constituents.
At the same time, minor signals from carbon and nickel are
attributed to the carbon-coated nickel TEM grid used as the
support. The combined microscopic and spectroscopic ana-
lyses provide a coherent picture of the stepwise transformation
from copper acetate monohydrate to crystalline CuO through
an intermediate hydroxide acetate phase. The observed mor-
phological evolution, from disk-like assemblies to porous,
flower-like architectures, is intricately related to the physico-
chemical dynamics within the ultrasonic nebulization environ-

ment. The microdroplets act as room-temperature ‘hydro-
thermal’ reactors, where solvent evaporation, concentration
gradients, and cavitation-generated microjets collectively facili-
tate anisotropic growth and self-assembly.

To evaluate the broader applicability of the microdroplet-
assisted synthesis strategy, the methodology was extended to
silver- and zinc-based systems with slight modifications in
solvent composition. For the silver precursor, a water-rich
medium containing 19 mL of water and 1 mL of ethanol was
used, which promoted hydrolysis within the microdroplets
and led to the formation of Ag2O. In contrast, when the zinc
precursor was processed in pure ethanol (20 mL), the reduced
water content likely limited hydrolysis, favoring the formation
of a zinc hydroxy-acetate intermediate phase. The phase com-
positions of the products were analyzed by XRD, and the
corresponding patterns are provided in the SI (Fig. S7 and S8).
These results demonstrate that the microdroplet-assisted
approach can be extended beyond the CuO system and can
yield distinct products through simple adjustment of the reac-
tion medium.

Thermal stability of intermediate and final product

Thermogravimetric analysis (TGA) was conducted on both the
intermediate and the final product (Fig. S9). The TGA curve of
the intermediate, copper hydroxide acetate monohydrate,
shows multiple weight-loss steps: (i) a loss around 130 °C
attributed to the removal of adsorbed water; (ii) a weight loss
near 200 °C associated with dehydroxylation of the copper
hydroxide layers, and (iii) a further decrease around 250 °C

Fig. 2 Structural and spectroscopic characterization of the synthesized CuO. (A) Large area FESEM image showing hierarchical assemblies. (B and
C) High-magnification FESEM images revealing the porous flower-like morphology composed of nanosheet subunits. (D) PXRD pattern indexed to
monoclinic CuO. (E) ATR-IR spectra of the precursor, intermediate, and final CuO product. (F) XPS profile of Cu showing the Cu 2p3/2 and Cu 2p1/2

peaks with characteristic satellite features.
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corresponding to decomposition of the acetate groups. In con-
trast, the final product, tenorite, exhibits only a minor weight
loss in the 250–300 °C range, which can be assigned to the
removal of physically adsorbed moisture and trace surface
species, indicating enhanced thermal stability after
conversion.

Solvent effects and formation mechanism of the disc-like
intermediate

Ultrasonic nebulization was also conducted using other
alcohol–water mixtures, such as methanol–water, under com-
parable conditions. In these cases, a disc-like intermediate
phase with clustered disk structures was observed (Fig. 4A and
B). However, ethanol–water produced more reproducible and
better-defined hierarchical structures and was therefore
chosen as the optimal solvent system for the subsequent
experiments. The introduction of ethanol lowers the dielectric
constant of the solvent mixture, promoting rapid evaporation
within the microdroplets and thereby enhancing supersatura-
tion and nucleation. Under these conditions, partial hydrolysis
of copper acetate monohydrate occurs in the ethanol–water
(4 : 1) medium, leading to the formation of copper hydroxide
acetate monohydrate as an intermediate phase. This inter-
mediate is proposed to arise from the hydrolysis of the precur-
sor, followed by the bridging of neighbouring Cu2+ centres by
hydroxide ions. The confined microdroplet environment,
together with the interfacial electric field, may further
promote ion enrichment and accelerate precipitation.26–29

Subsequent treatment in water facilitates further hydrolysis of

Fig. 3 Transmission electron microscopy (TEM) characterization of the synthesized CuO. (A) TEM image is showing hierarchical morphology. (B)
High-resolution TEM (HRTEM) image presents lattice fringes with an interplanar spacing of 0.253 nm corresponding to the (111) plane of monoclinic
CuO. (C) High-angle annular dark-field scanning TEM (HAADF-STEM) image. (D and E) Elemental maps of copper and oxygen, respectively, confi-
rming uniform elemental distribution. (F) Energy-dispersive X-ray spectroscopy (EDS) spectrum verifying the presence of Cu and O elements, in the
expected ratio (Ni is due to the TEM grid).

Fig. 4 (A and B) FESEM images of the intermediate formed via ultra-
sonic nebulization in MeOH : H2O (4 : 1), exhibiting clustered disk-like
structures. (C and D) FESEM images of the final product obtained after
subsequent sonication of the intermediate in water, where no porous
nanostructures were observed.
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the intermediate, while dehydration drives its transformation
into crystalline CuO. The observed disc-like morphology is
attributed to evaporation-induced Marangoni flow. In multi-
component droplets, differential evaporation generates
surface-tension gradients that drive internal recirculating con-
vection, redistributing solute species and suppressing outward
capillary transport, thus promoting uniform disc-shaped depo-
sition. Notably, the reaction showed no observable progression
in pure water, even after prolonged ultrasonic nebulization for
up to 24 h, as evidenced by clear solutions and the absence of
precipitate formation (Fig. S10). In contrast, the ethanol–water
system yielded a distinct bluish-green precipitate, indicating
successful intermediate formation (Fig. S11). Another interest-
ing observation was that simply suspending the bluish-green
intermediate precipitate in water at room temperature led to
its slow conversion to blackish-brown tenorite over several
days, confirming the thermodynamic favorability of the tenor-
ite phase.30–32

Thermodynamic and kinetic considerations of phase
transformation

The room-temperature transformation from copper acetate
monohydrate to CuO is likely kinetically assisted by the
unique microdroplet environment. Rapid evaporation from the
microdroplets generates local supersaturation, which favours
the precipitation of a metastable copper hydroxide acetate
intermediate. This intermediate can persist transiently under
confined interfacial conditions, where ion enrichment, altered
solvation, and the intrinsic electric field at the gas–liquid
interface may lower the activation barriers associated with
hydrolysis and dehydration. Subsequent water treatment facili-
tates further hydrolysis of the intermediate, while dehydration
provides the thermodynamic impetus for conversion to crystal-
line CuO. Thus, the ambient phase transformation is governed
by a balance of kinetic acceleration and thermodynamic stabi-
lization within the microdroplet interface.

Comparison of nebulization and bath sonication

To verify whether porous, flower-like structures were formed
specifically under ultrasonic nebulization conditions, several
control experiments were conducted. A copper acetate solution
of identical concentration in the ethanol–water mixture (4 : 1
v/v) was first subjected to direct bath sonication. No visible
change occurred during the initial 1 h of sonication, during
which the temperature of the bulk solution was maintained
below 40 °C using ice packs. Upon continued sonication for an
additional hour without external cooling, the solution temp-
erature exceeded 55 °C, and a small amount of precipitate
formed. FESEM analysis of this precipitate revealed disc-like
structures, like the intermediate observed under nebulization
(Fig. S12). The precipitate was then separated, washed, and
redispersed in water, followed by sonication for 3 h, during
which the suspension gradually changed from light brown to
black, yielding a product with a completely different,
micrometer-sized morphology (Fig. 4C and D). These results
confirm that microdroplet confinement and rapid evaporation

gradients under nebulization are uniquely responsible for gen-
erating the porous, hierarchical nanostructures, distinguishing
this method from conventional sonication.

Gram-scale synthesis and rapid U(VI) remediation performance

Our methodology can produce materials on a gram scale, as
evidenced by the optical image in Fig. S13 of the dried, as-syn-
thesized tenorite powder, which weighed 1.01 g. The as-syn-
thesized CuO exhibits hierarchical porosity and a high surface
area (25.63 m2 g−1, by BET), indicating strong adsorption
potential (Fig. S14). Its performance was evaluated for As(III),
As(V), Se(IV), U(VI), Pb(II), and Cd(II) using 100 mL of 1000 ppb
solutions with 50 mg of adsorbent, achieving high removal
efficiencies for all metals, with U(VI) showing the highest
removal, reducing its concentration to <10 ppb (Fig. 5A). Due
to its superior U(VI) uptake, subsequent studies focused on
this ion. Dosage-dependent studies (5–100 mg in 100 mL, 1000
ppb U(VI)) showed that <20 mg was sufficient to lower U(VI)
below 10 ppb (Fig. 5B). Kinetic studies at 1 ppm U(VI) revealed
rapid adsorption, reaching <10 ppb within 5 min using 20 mg
adsorbent (Fig. 5C), following pseudo-second-order kinetics
(qe = 4.67 mg g−1, k = 12.12 gmg−1 min−1). Despite modest qe
due to low loading of the initial solution, the system demon-
strates strong practical potential for rapid remediation.
Langmuir analysis at higher concentrations gave qmax =
113 mg g−1 (Fig. S15), comparable to oxide sorbents.
Adsorption experiments with other metals including As(III), As
(V), Se(IV), Pb(II), and Cd(II) indicate that the synthesized CuO is
not completely non-selective, as it can remove several heavy
metal species to varying extents (Fig. 5A). However, the sub-
stantially higher uptake of U(VI) suggests a clear preference of
the hierarchical CuO for uranyl ions. This selectivity may be

Fig. 5 Adsorption performance and post-adsorption characterization
of CuO for heavy metal removal. (A) Removal efficiency for As(III), As(V),
Se(IV), U(VI), Pb(II), and Cd(II) from 1000 ppb solutions. (B) Effect of adsor-
bent dosage (5–100 mg) on U(VI) removal efficiency. (C) Time-depen-
dent adsorption kinetics of U(VI), showing rapid removal (<10 ppb within
5 min); inset shows the linear fitting of the pseudo-second-order kinetic
model. (D) TEM-EDS elemental mapping confirming uniform uranium
adsorption on the flower-like CuO nanostructures.
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related to the unique coordination behavior of UO2
2+, its high

charge density, and its strong surface interaction with
hydroxylated CuO sites. To evaluate the practical applicability
of the synthesized CuO, multiple adsorption–desorption cycles
were performed, and a range of regeneration eluents, includ-
ing acidic, alkaline, and carbonate-based solutions, with and
without an oxidizing agent, were screened. The desorption
efficiency under the tested conditions remained partial and
did not achieve complete regeneration; among the eluents
examined, the highest desorption efficiency of approximately
50% was obtained using 1 M Na2CO3 + 0.2 M H2O2, whereas
0.1 M HNO3 afforded 23% desorption and 0.1 M HCl caused
material instability. Importantly, despite partial desorption,
uranium removal performance remained consistent over suc-
cessive cycles. This behaviour is attributed to the batch adsorp-
tion conditions, which were operated below the adsorbent’s
saturation (maximum capacity = 113 mg g−1). Consequently, a
substantial fraction of active sites remained available after
each cycle, allowing the partially regenerated CuO to sustain
comparable uranium uptake in subsequent adsorption steps.
As shown in Fig. S16, the adsorbent maintained consistently
high U(VI) removal efficiency throughout the reuse studies,
with negligible variation in effluent U(VI) concentration and
adsorption efficiency remaining above 99% over all cycles.
These results confirm the stability and reusability of the hier-
archical CuO adsorbent under the tested conditions, while
indicating that further optimization of the regeneration proto-
col will be required to achieve quantitative uranium desorp-
tion. TEM-EDS confirmed uniform uranium distribution
(Fig. 5D), while FESEM showed preserved morphology after
multiple cycles (Fig. S17). Consistent with these observations,
XRD patterns collected after U(VI) adsorption showed no dis-
cernible changes in the crystal structure of CuO (Fig. S18),
indicating excellent structural stability during the adsorption
process. To gain insight into the adsorption mechanism, XPS
analyses of the adsorbent after U(VI) uptake were conducted,
and the high-resolution spectra are shown in Fig. S19. The U
4f spectrum (Fig. S19B) exhibits characteristic U 4f7/2 and U
4f5/2 peaks at 381.7 eV and 392.5 eV, respectively, accompanied
by shake-up satellite features, confirming the presence of
uranium predominantly in the hexavalent oxidation state. The
absence of detectable U(IV)-related components indicates that
U(VI) remains largely unchanged during adsorption. These
results suggest that uranium uptake occurs primarily through
surface complexation and/or surface precipitation rather than
through U(VI) reduction. In addition, the Cu 2p spectrum
(Fig. S19A) remains consistent with the CuO framework, indi-
cating that the adsorbent preserves its chemical integrity after
adsorption.

Conclusions

In conclusion, we demonstrate a microdroplet-based strategy
that enables room-temperature synthesis of porous, flower-like
CuO nanostructures via a copper hydroxide acetate monohy-

drate intermediate. Unlike conventional hydrothermal/solid-
state methods that require 250–600 °C and elevated pressures,
ultrasonic nebulization of ethanol–water microdroplets creates
confinement, rapid evaporation, and concentration gradients
analogous to those in hydrothermal reactors, yielding gram-
scale, phase-pure CuO under ambient conditions.
Comprehensive analyses confirmed the unique role of nebuli-
zation over bulk sonication, producing hierarchical nano-
structures with exceptional adsorption performance: U(VI)
reduced from 1000 ppb to <10 ppb in 5 min, outperforming
commercial CuO (>20-fold) while retaining morphology. The
versatility of the microdroplet-assisted approach was further
demonstrated through the successful synthesis of silver oxide
and zinc-based intermediate phases. This energy-efficient
approach eliminates high-temperature calcination, offering
broad utility for oxides and surfactant-free nanoparticles via
‘ambient hydrothermal synthesis’ microdroplet mechano-
chemistry, bridging solution and solid-state chemistry.
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