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A B S T R A C T

We demonstrate how strategically engineered oxygen vacancies enable room-temperature laser crystallization of 
zirconia (ZrO₂) in ambient air. Our sol-gel chelation synthesis creates amorphous ZrO₂ nanoparticles with a high 
concentration of oxygen vacancies that fundamentally alter the material’s energy landscape. These defects create 
sub-bandgap states that facilitate visible light absorption and dramatically reduce the energy barrier for crys
tallization. Under low-energy laser irradiation (405–532 nm), oxygen vacancies mediate a rapid phase trans
formation mechanism where atmospheric oxygen interacts with vacancy sites, triggering ionic rearrangement 
and crystallization without conventional high-temperature processing. For comparison purposes, this study also 
explores the thermal crystallization of black zirconia in an oxidative atmosphere, a process typically performed 
under vacuum or inert conditions. Through comprehensive characterization (FTIR, EPR, XPS, XRD, Raman), we 
establish that vacancy-mediated crystallization produces monoclinic ZrO₂ with preserved defect structures, 
yielding a distinctive black phase with 25.6 % oxygen vacancy concentration, significantly higher than thermally 
processed counterparts (9.2 %). This vacancy-enabled crystallization circumvents the need for extreme tem
peratures (>1170◦C) typically required for ZrO₂ processing, making it compatible with additive manufacturing. 
Using a modified 3D printer with a 405 nm laser, we demonstrate patterned crystallization of complex archi
tectures, opening new possibilities for fabricating advanced ZrO₂-based devices for photocatalysis, fuel cells, and 
energy applications. This work provides fundamental insights into defect-mediated phase transformations and 
establishes a new paradigm for room-temperature ceramic processing.

1. Introduction

Advanced semiconducting ceramic materials are essential for 
numerous critical applications, including varistors [1], capacitors [2], 
piezoelectric devices [3], gas sensors [4], and solid oxide fuel cells [5]. 
While additive manufacturing offers promising avenues for fabricating 
complex ceramic architectures, crystallization processes vary signifi
cantly by material, from ~500◦C for some bioceramics to > 1700◦C for 
technical ceramics like alumina. For zirconia specifically, conventional 
crystallization to the monoclinic phase requires temperatures exceeding 
1100◦C, with phase transitions occurring at 1170◦C (monoclinic to 
tetragonal) and 2370◦C (tetragonal to cubic) [6,7]. These high tem
peratures limit compatibility with temperature-sensitive substrates and 

complicate ambient processing conditions.
Recent advances in laser-based characterization and processing have 

enabled unprecedented control over material phase and properties [8, 
9]. In additive manufacturing, developments in wire-based friction stir 
[10], binder jetting [11], and laser-induced forward transfer [12]
demonstrate the growing importance of room-temperature processing 
methods. For ceramic materials specifically, understanding phase 
transformation mechanisms at the atomic scale, including dislocation 
motion and defect interactions [13], is crucial for developing new pro
cessing strategies. The integration of laser processing with additive 
manufacturing [14] presents unique opportunities for fabricating func
tional ceramic components, provided that crystallization can be ach
ieved without extreme temperatures.
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Although laser-fabricated crystallized ceramics have been reported 
[15–17], these approaches generally rely on high-energy lasers and 
often focus on surface modification rather than defect-mediated trans
formations. Our work introduces a fundamentally different approach 
that leverages oxygen vacancies to facilitate room-temperature crystal
lization under low-energy laser irradiation.

Zirconia (ZrO₂) presents a compelling case for investigating defect- 
mediated property modifications. Pristine ZrO₂ is inherently non- 
reducible due to its high ionicity and wide band gap (3.2–5.09 eV) 
[18,19]. However, at the nanoscale, its electronic structure becomes 
amenable to modification through surface engineering [20]. Specif
ically, oxygen vacancies, which create in-gap energy states near the 
conduction band minimum [21,22], in contrast to cation vacancies that 
form levels above the valence band maxima [23], can dramatically 
transform ZrO₂’s properties. High oxygen vacancy concentrations can 
narrow the band gap from 5.09 eV in white ZrO₂ to 1.52 eV in black ZrO₂ 
[24,25], enabling visible light absorption and potentially facilitating 
lower-energy crystallization pathways [26].

The monoclinic phase of ZrO₂ represents the thermodynamically 
stable polymorph at room temperature and atmospheric pressure, 
making it the target phase for applications requiring long-term struc
tural stability [27,28]. While tetragonal and cubic phases require sta
bilization through doping or high temperatures (>1170◦C for 
tetragonal, >2370◦C for cubic), the monoclinic phase offers inherent 
stability combined with excellent chemical resistance and mechanical 
properties essential for catalytic and energy applications [5,29]. Recent 
advances in laser-based material processing have demonstrated the 
potential for controlled phase selection in ceramic materials [30,31], 
while developments in additive manufacturing highlight the need for 
room-temperature processing methods compatible with complex ge
ometries and temperature-sensitive substrates [32,33]. However, con
ventional routes to crystalline monoclinic ZrO₂ require sintering 
temperatures exceeding 1100◦C, incompatible with these emerging 
manufacturing paradigms [34].

The strategic integration of oxygen vacancies in ZrO₂ offers multi
faceted advantages beyond facilitating low-temperature processing. 
These defects create charged surface states [35–37] that expand ZrO₂’s 
application landscape to include cancer treatment [38], electrochemical 
sensing [39], biosensing [40], photocatalysis [41], 
photo-electrochemical solar cells [20], and even ferromagnetic mate
rials [42]. However, conventional methods for synthesizing oxygen 
vacancy-rich ZrO₂ including high-temperature evacuation [43], 
high-pressure H₂ treatment [44], Ar+ bombardment [45], molten 
lithium reduction [46], and high-pressure torsion [18] are 
energy-intensive and often yield suboptimal vacancy concentrations and 
distributions.

Sol-gel chemistry represents a particularly promising approach for 
oxygen vacancy engineering in zirconia. While traditional sol-gel syn
thesis is well-established for ZrO₂ [47–50], its potential for controlled 
introduction of oxygen vacancies has been underexplored. Most current 
sol-gel methods yield low oxygen vacancy concentrations, necessitating 
high-temperature post-treatments in reducing atmospheres to enhance 
vacancy formation [51]. Similarly, doping sol-gel-derived ZrO₂ with 
metallic nanoparticles can generate oxygen vacancies but still requires 
high-temperature processing [52,53]. Recent studies by Imparato et al. 
[54] have shown that introducing complexing agents followed by 
thermal treatment at 400◦C can create visible light-responsive ZrO₂, 
suggesting the feasibility of defect engineering through sol-gel 
chemistry.

The novelty of our approach lies in the strategic modification of sol- 
gel chemistry to directly produce high-quality amorphous oxygen 
vacancy-rich ZrO₂ without post-treatments. Building upon our previous 
work with titania [55], we have developed a chelation-controlled sol-gel 
method that precisely regulates the hydrolysis and condensation rates of 
zirconium precursors. By employing acetylacetone as a chelating agent 
and implementing extended aging, we achieve unprecedented control 

over oxygen vacancy formation at the nanoparticle surface. Unlike 
conventional sol-gel methods that create uniform ZrO₂, our approach 
deliberately engineers structural defects that fundamentally alter the 
material’s energy landscape.

This work demonstrates how these strategically incorporated oxygen 
vacancies enable room-temperature laser-induced crystallization in 
ambient conditions, a significant departure from traditional thermal 
processing requirements. The amorphous oxygen vacancy-rich ZrO₂ 
nanoparticles exhibit enhanced visible light absorption, facilitating 
crystallization under low-energy laser irradiation without the need for 
vacuum environments or metallic dopants. Through comprehensive 
characterization using FTIR, EPR, UV-Vis, Raman spectroscopy, TEM, 
and XPS, we elucidate the role of oxygen vacancies in the laser-induced 
crystallization process and benchmark these materials against thermally 
crystallized counterparts. By enabling ambient laser patterning of 
complex ZrO₂ structures, this approach represents a significant 
advancement toward practical additive manufacturing of functional 
zirconia-based architectures.

2. Methods

2.1. Synthesis

The synthesis of the oxygen vacancy-rich red-ZrO2 is done through 
sol-gel chemistry as shown in Fig. 1(a). The synthesis process involves 
the mixing of the solvent (ethanol) and the chelating agent (acetylace
tone) with the zirconium precursor (Zirconium (IV) butoxide). The use 
of acac reduces the reactivity of the zirconium alkoxide toward water, 
effectively modulating hydrolysis kinetics and promoting the controlled 
generation of oxygen vacancies during aging. The detailed synthesis 
procedure is described in detail in the Materials section of this 
manuscript.

The chemical reactions can be controlled through the hydrolysis and 
complexation molar ratios [56]. We define these two ratios as 
rw= [H2O]/[Zr] and rc= [acac]/[Zr], respectively. A precise control of 
these ratios yields cluster solutions, stable sols, transparent and opaque 
gels and precipitated powders. [57] The ratios that we use in this work 
are summarized in the Table 1.

To obtain red-ZrO2 rich in oxygen vacancies, we must decrease the 
kinetics of the hydrolyzation reaction. To do so, we use Zr(OBu)4 con
taining four (butoxy) carbon atoms in the organic chain. The length of 
the organic chain in metal alkoxides is known to be inversely propor
tional to its reactivity towards hydrolyzation in the sol-gel process [58]. 
Indeed, the reactivity of alkoxy groups towards hydrolysis decreases as 
the number of carbon atoms in the organic chain increases [57]. It is also 
common to dilute the precursor in alcohols or mix it with complexing 
agents to reduce its reactivity towards water [58]. In this study, we use 
acetylacetone (acac) as a complexing agent (rc=0.65) to chelate the 
metallic cation on the Zr(OBu)4 precursor and delay its hydrolyzation. 
The mechanism responsible for the reaction between acac and Zr(OBu)4 
can be explained by the following interexchange substitution reaction 
[58]: 

Zr(OBun)4+acacH→Zr(OBun)4-x(acac)x+xBuOH                                    

Over an extended aging period of 8 months, we observe a gradual 
change in the color of the solution from light-yellow, to orange and to 
blood-red. This change in color is directly attributed to the formation of 
oxygen vacancies. It stems from the charge transfer from the complexing 
agent (acac) to the Zr4+ ion [59,60] and the formation of peroxo com
plexes that display an intense orange or red color in solution [58,61,62]. 
These peroxo complexes also enhance the visible light photoexcitation 
of semiconductor materials [63,64]. Finally, we obtain the red amor
phous ZrO2 rich in oxygen vacancies shown in Fig. 1(a) [59]. The 
extended duration, though a limitation for scalability, is necessary to 
achieve the exceptionally high oxygen vacancy concentration (>25 %) 
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validated by XPS and EPR analyses in later sections.
As a control experiment, we synthesize ZrO2 without any complexing 

agent (rc = 0), through the standard hydrolysis and condensation of 
zirconium (IV) butoxide (Zr(OBu)4) [65,66]. The hydrolysis reaction is 
exothermic and takes only few seconds to complete [52]. Afterwards, 
the condensation reaction takes place to yield amorphous ZrO2 nano
particles precipitating at the bottom of the beaker [65,66]. Although the 
whole process is completed in few seconds, the system is typically aged 
for 72 h before the solvent is evaporated and the usual white-colored 
amorphous ZrO2 powder shown in Fig. 1(b) is obtained. [52] Due to 
the absence of chelating agents and slow hydrolysis control, this mate
rial lacks significant oxygen vacancy content and serves as a compara
tive material.

3. Results and discussion

3.1. Characterization of the amorphous red-ZrO2 powder

3.1.1. Structural and chemical analysis
The formation of the Zr(OBu)4-acac complex and the nature of the 

acac-Zr bond are probed by FTIR spectroscopy. Fig. 2(a) shows the 
comparative FTIR spectra of the oxygen vacancy-rich (red) ZrO2 powder 
versus the conventional (white) ZrO2.

In the red ZrO₂ sample, we identified characteristic bands at 
1524 cm⁻¹ (γC––O) and 1423 cm− 1 (νC––C) [67], confirming the pres
ence of acetylacetonato groups in the enol form coordinated to zirco
nium atoms. The band at 1278 cm⁻¹ corresponds to νC-CH3 group 
bonded to the acac [68] suggesting the complete reaction of the acac 

with the Zr cation [68,69]. The absence of the characteristic acac band 
at 1620 cm− 1 supports this conclusion. As expected, these bands are 
negligible in the white ZrO₂ spectrum, indicating no acac-Zr interaction 
(rc = 0). The band at 1365 cm− 1, common to both spectra, is directly 
attributed to the δCH3 groups from Zr(OBu)4, acac and the solvent [68, 
70].

Based on FTIR analysis and supported by previous studies [71,72], 
we propose a symmetric trimer structure for the Zr(OBu)₄-acac complex 
(Fig. 2(b)), where two or three acac ligands coordinate to each surface 
zirconium atom. This complex formation inhibits condensation and 
polymerization reactions of Zr(OBu)₄, resulting in the formation of red 
amorphous ZrO₂ with controlled oxygen deficiency [71,73].

3.1.2. Characterization of oxygen vacancies
We employed multiple complementary techniques to characterize 

and quantify oxygen vacancies in our materials:
Electron Paramagnetic Resonance (EPR): Fig. 2(c) shows electron 

paramagnetic resonance (EPR) spectra of the amorphous red-ZrO₂ 
powder. EPR is a common method to probe paramagnetic materials and 
identify Zr3+ species, oxygen vacancies and the electrons produced by 
the desorption of lattice oxygen ions that reduce Zr4+ ions to Zr3+ ions 
[74,75]. EPR is highly sensitive, capable of detecting unpaired electrons 
at concentrations as low as parts per billion [76]. The observed signals 
with g-values between 2.003 and 2.006 are attributed to superoxide 
anion radicals coordinated to surface Zr⁴⁺ ions [77], and to unpaired 
electrons associated with oxygen vacancies and reduced Zr centers [78, 
79].

UV-Visible Spectroscopy: Fig. 2(d) displays UV–visible absorption 
spectra of the amorphous red-ZrO₂, revealing a broad absorption band 
from 340 nm to 600 nm. This unusual visible light absorption in ZrO₂ 
(which typically absorbs only in the UV region) is directly correlated 
with oxygen vacancy concentration and the presence of Zr³ ⁺ ions [80].

Band Structure Modification and Crystallization Mechanism: As 
illustrated in Fig. 2(e), oxygen vacancies create intermediate states 
within the ZrO₂ bandgap that are crucial for the laser-induced crystal
lization mechanism. These states enable efficient visible light absorption 

Fig. 1. (a) Amorphous red-ZrO2 synthesized by sol-gel method. (b) Oxygen vacancy-rich red-ZrO2. (c) Conventional oxygen vacancy-free white-ZrO2.

Table 1 
Hydrolysis and complexation ratios used for the synthesis of the conventional 
(white) and the oxygen vacancy-rich (red) ZrO2 particles.

ZrO2 powder rw= [H2O]/[Zr] rc= [acac]/[Zr]

White ZrO2 (Fig. 1a) 2.44 0
Red ZrO2 (Fig. 1b) 2.44 0.65
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while increasing the material’s Urbach energy [81]. Importantly, the red 
amorphous ZrO₂ already possesses oxygen vacancies from our 
chelation-controlled sol-gel synthesis (Fig. 2c), the laser irradiation does 
not create additional vacancies but rather triggers crystallization while 
preserving them. The mechanism proceeds through sequential steps: (1) 
absorption of 405–532 nm photons via vacancy-induced sub-bandgap 
states, (2) excitation of electrons to the conduction band, (3) interaction 
with atmospheric oxygen molecules that act as effective photo-excited 
electron scavengers [82,83], (4) adsorption of O₂ molecules on the red 
ZrO₂ nanoparticle surface to partially compensate for the oxygen va
cancies [84], and (5) enhanced ionic mobility induced by oxygen va
cancies that facilitates the amorphous-to-monoclinic phase 
transformation [82]. The presence of oxygen vacancies promotes the 
formation of Zr3+ sites by distributing the electrons left behind by the 
vacancy to contiguous Zr sites, thereby reducing them from Zr4+ to Zr3+

[84].

3.2. Laser-induced crystallization of oxygen-deficient ZrO₂

3.2.1. Real-time phase transformation monitoring
To demonstrate and characterize the phase transformation from 

amorphous red-ZrO₂ to crystalline black-ZrO₂, we performed in-situ 
monitoring using Raman micro-spectroscopy (Witec alpha300 system 
with 0.5 cm⁻¹ spectral resolution). Fig. 3(a) shows the evolution of 
Raman spectra over a 100-second interval following laser irradiation 
with a continuous-wave 532 nm laser at a power density of 270 W/mm². 
The crystallization process occurred rapidly, with characteristic mono
clinic ZrO₂ peaks developing within seconds of irradiation.

Fig. 3(b) quantifies this transformation, showing that maximum in
tensity for the characteristic monoclinic phase peaks at 175 and 
185 cm⁻¹ was reached after approximately 30 s of irradiation. This rapid 
crystallization at room temperature and low laser power (compared to 

conventional sintering temperatures of >1100◦C) demonstrates the 
effectiveness of our oxygen vacancy engineering approach.

Raman spectroscopy is also a suitable technique to investigate the 
oxygen vacancies from the red-ZrO2 powder, as it can detect the disorder 
in the first atomic layers and the lattice defects that are not visible by 
XRD [41,85]. The Raman spectra recorded during the 
laser-crystallization show the main characteristic peaks of the 

Fig. 2. Characterization of the amorphous red-ZrO2 powder rich in oxygen vacancies. (a) Comparison of the FTIR absorption spectra for the red-ZrO2 powder and 
conventional vacancy-free white-ZrO2 powder. (b) Schematic representation of the Zr(OBu)4 molecule chelated by acac during the synthesis. (c) EPR spectrum of the 
amorphous red-ZrO2 powder. (d) UV–vis spectra of the amorphous red-ZrO2 powder. (e) Schematic representation of the energy diagram with sub-bandgap states 
created by the oxygen vacancies. The proposed reaction for the laser-assisted phase transition process is also illustrated.

Fig. 3. (a) Raman micro-spectroscopy result for the crystallized (red) amor
phous ZrO2. (b) Transient evolution of the laser-assisted crystallization process.
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monoclinic ZrO2 (m-ZrO2), with a slight broadening and blue shift. This 
peak position dependence on the oxygen content is well documented 
[86] and directly attributed to the presence of oxygen vacancies [41]. 
The mechanism involves the disruption of the crystal structure of the 
surface Zr-O units due to oxygen vacancies, which leads to the disor
dered surface [41]. Most importantly, the Raman analysis suggests that 
this oxygen vacancy-rich red-ZrO2 crystallized by laser reaches a higher 
degree of crystallization than the crystallized ZrO2 obtained using 
thermal conversion of other oxygen vacancy-rich powders [41].

While no external heating is applied, the absorbed laser energy 
(270 W/mm² at 532 nm or 240 W/mm² at 405 nm shown later in this 
document) does cause localized temperature increases. Based on similar 
laser processing studies [31,87], we estimate local temperatures of 
200◦C at the irradiation spot. To quantify these effects, we monitored 
the laser crystallization process using a thermal imaging system (FLIR 
ETS320) with emissivity set to 0.8 [88]. The maximum recorded tem
perature was 193◦C at the laser focal point, with rapid spatial decay 
maintaining the surrounding material below 50◦C (Figure S6), still 
significantly below the 1170◦C required for conventional thermal 
crystallization.

The rapid thermal dissipation prevents bulk heating, maintaining the 
substrate at near-ambient temperature. This localized, transient heating 
combined with the photon-assisted vacancy mechanism enables crys
tallization without the sustained high temperatures that would annihi
late oxygen vacancies [89]. This localized heating, combined with the 
photon-assisted vacancy mechanism, drives the 
amorphous-to-crystalline transformation without grain coarsening, as 
evidenced by the ~20 nm crystallite size (Fig. 4).

3.2.2. Structural confirmation of laser-crystallized ZrO₂
Transmission electron microscopy (TEM) was employed to validate 

the crystalline phase of laser-crystallized ZrO₂. Fig. 4 presents TEM 
micrographs showing well-defined crystalline structures. The average 
particle size (Fig. 4(a)) is approximately 20 nm, with a relatively narrow 
size distribution. High-resolution imaging (Fig. 4(b)) reveals clear lattice 
fringes, confirming successful crystallization.

Selected area electron diffraction (SAED), shown in the inset of Fig. 4
(b), displays well-defined diffraction rings corresponding to the (111), 
(200), and (211) planes of monoclinic ZrO₂. The measured interplanar 
distance of 0.31 nm matches the expected d-spacing for the (111) plane 
of monoclinic ZrO₂ [90].

3.3. Thermal crystallization of oxygen-deficient ZrO₂

3.3.1. Comparative analysis of thermal vs. laser crystallization
Prior to treatment, the standard white-ZrO₂ and the oxygen-deficient 

red-ZrO₂ powders remains fully amorphous, as evidenced by FTIR 
spectroscopy showing only organic ligand signatures (Fig. 2a).

To establish a comparative baseline, we performed conventional 
thermal annealing of both standard white-ZrO₂ and oxygen-deficient 
red-ZrO₂ at 1170◦C in air. The standard white-ZrO₂ powder was 
annealed for 60 min, while the oxygen-deficient red-ZrO₂ was annealed 
for only 60 s to minimize oxygen vacancy loss through diffusion (which 
becomes significant above 450◦C) [89].

As shown in Fig. 5(a), the standard white-ZrO₂ powder retained its 
white color after thermal crystallization, while Fig. 5(b) demonstrates 
that oxygen-deficient red-ZrO₂ transformed to black-ZrO₂ after just 60 s 
of thermal treatment. Upon thermal treatment, both materials undergo 
phase transformation to monoclinic structure, confirmed by TEM anal
ysis (Figure S1, Supplementary Information) and XRD (Figure S2, Sup
plementary Information), but with markedly different characteristics. 
The black ZrO₂ (from red precursor) exhibits broader XRD peaks and 
matches with oxygen-deficient reference patterns (O₀.₆₆Zr₃, 
00–021–1498), while white ZrO₂ shows sharp peaks consistent with 
stoichiometric baddeleyite (00–013–0307). This color change from red 
to black is consistent with structural rearrangements of Zr-O units on the 
nanoparticle surface caused by the presence of oxygen vacancies [41,59, 
91], confirming that the transformation represents a phase change from 
amorphous to oxygen-deficient monoclinic structure while preserving 
the vacancy concentration during crystallization.

3.3.2. Spectroscopic comparison of crystallization methods
Fig. 5(c) compares Raman spectra for standard white m-ZrO₂ (ther

mally crystallized), black m-ZrO₂ (thermally crystallized), and black m- 
ZrO₂ (laser crystallized). All three samples exhibit characteristic peaks of 
monoclinic ZrO₂, confirming successful phase transformation regardless 
of processing method [92].

The standard white m-ZrO₂ shows expected monoclinic features at 
178, 191, 223 (Bg), 308 (Bg), 334 (Bg), 345 (Ag), 382 (Ag), 477 (Ag), 
503 (Bg), 537 (Bg), 558 (Ag), 573, 614 (Bg), and 638 cm⁻¹ (Ag) [85,93, 
94]. In contrast, both black m-ZrO₂ samples (thermally and laser crys
tallized) show peaks at 175, 185, 216 (Bg), 308 (Bg), 329 (Bg), 372 (Ag), 
467 (Ag), 550 (Ag), 573, 607 (Bg), and 629 cm⁻¹ (Ag) that are broader 
and shifted to lower frequencies.

These spectral differences provide clear evidence for the presence of 

Fig. 4. TEM characterization of the oxygen vacancy-rich ZrO2 nanoparticles after laser-induced crystallization. (a) Powder morphology observed at low resolution. 
(b) Lattice fringes visible at higher resolution. The inset shows the SAED pattern.
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Fig. 5. Crystalline ZrO2 nanoparticles after thermal annealing at 1170 ◦C. (a) Thermally crystallized standard white m-ZrO2 powder. (b) Thermally crystallized black 
m-ZrO2 powder. (c) Raman micro-spectroscopy results for the standard white m-ZrO2 powder (thermally-converted at 1170 ◦C), black m-ZrO2 (thermally-converted 
at 1170 ◦C) and black m-ZrO2 (laser-converted at 532 nm and 270 W/mm [2]).

Fig. 6. X-ray photoelectron spectroscopy (XPS) for the thermal crystallized standard monoclinic ZrO2 ((a), (b), (c)), thermal crystallized monoclinic black ZrO2 ((d), 
(e), (f)) and the laser crystallized monoclinic black ZrO2 ((g), (h), (i)).
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oxygen vacancies in both black m-ZrO₂ samples, as such defects alter the 
local symmetry and vibrational modes of the ZrO₂ lattice [85]. A distinct 
peak at 250 cm⁻¹ appears exclusively in the laser-crystallized sample, 
which has been specifically attributed to oxygen vacancies and vibra
tional modes of the oxygen sublattice in a disordered state [85,95].

3.4. Quantitative analysis of oxygen vacancies in crystalline ZrO₂

3.4.1. X-ray photoelectron spectroscopy analysis
X-ray photoelectron spectroscopy (XPS) was employed to quantita

tively assess oxygen vacancy concentrations and electronic structure 
differences among the samples. Fig. 6 presents the survey scans and 
high-resolution spectra of the Zr3d and O1s regions for standard white 
m-ZrO₂, thermally crystallized black m-ZrO₂, and laser crystallized black 
m-ZrO₂.

The carbon peaks observed in all survey scans (Fig. 6(a), (d), and (g)) 
are attributed to residual carbon from the Zr(OBu)₄ precursor used in the 
sol-gel synthesis [96,97]. These peaks are most pronounced in the 
laser-crystallized sample, as laser treatment only crystallizes the surface 
while leaving underlying amorphous material with higher carbon 
content.

In the Zr3d region, peaks at approximately 182.2 eV (Zr3d₅/₂) and 
184.4 eV (Zr3d₃/₂) correspond to Zr in ZrO₂ [97–101]. Comparing Fig. 6
(b), (e), and (h), we observe a slight shift (0.2–0.4 eV) toward higher 
binding energies in the laser-crystallized sample compared to standard 
white m-ZrO₂ and thermally crystallized black m-ZrO₂.

This shift appears counterintuitive, as oxygen vacancies typically 
create electronic states near the conduction band in most metal oxides, 
leading to lower binding energies [98]. However, ZrO₂ exhibits 
distinctive behavior: oxygen vacancy states are located closer to the 
middle of the bandgap, significantly farther from the conduction band. 
Consequently, electrons in these vacancy states have limited mobility 
toward the conduction band, resulting in positively charged vacancies 
that cause downward band bending and a shift toward higher binding 
energies in XPS [102].

Analysis of the O1s region reveals peaks at ~530–530.7 eV attrib
uted to Zr-O bonds [26], while peaks between ~531.5–532.7 eV 
correspond to oxygen ions in surface vacancy sites (Odefect) and chem
isorbed oxygen species (e.g., OH⁻) [103]. The peak at 533.2 eV, indic
ative of oxygen vacancies, shows significantly higher intensity in the 
laser-crystallized sample (Fig. 6(i)) compared to the standard white 
m-ZrO₂ (Fig. 6(c)) [26].

Through quantitative analysis of O1s peak areas [26] (see Table S1, 
Supplementary Information), we determined relative oxygen vacancy 
concentrations of 9.2 % for thermally crystallized black m-ZrO₂ and 
25.6 % for laser-crystallized black m-ZrO₂. This substantial difference 
demonstrates the superior preservation of oxygen vacancies during 
room-temperature laser processing compared to high-temperature 
thermal treatment.

3.4.2. Electron paramagnetic resonance comparison
Fig. 7 presents EPR spectra comparing the three crystallized ZrO₂ 

samples. Both black m-ZrO₂ samples exhibit signals with g-values be
tween 2.000 and 2.003, attributed to electron trapping at oxygen va
cancies [24,78,79,104]. The signal at g = 2.0023, present in both black 
m-ZrO₂ samples but absent in standard white m-ZrO₂, is specifically 
associated with Zr³ ⁺ paramagnetic centers linked to line defects or grain 
boundaries. In ionic oxides such as ZrO₂, these defect sites are known to 
introduce energy levels high within the bandgap, as depicted in Fig. 2
(e), enabling electrons to be easily excited into the conduction band 
[104]. This observation aligns with the laser-assisted crystallization 
mechanism proposed for black m-ZrO₂, as illustrated in Fig. 3. Sup
porting this interpretation, the standard white m-ZrO₂ does not exhibit 
any of the aforementioned EPR signals, consistent with the absence of 
paramagnetic oxygen vacancies in the material.

The persistence of these EPR signals even after processing in an 

oxidative atmosphere (air) indicates a remarkable stability of oxygen 
vacancies in our materials. The higher signal intensity in the laser- 
crystallized sample compared to the thermally crystallized sample 
aligns with our XPS findings (Figs. 6(f) and 6(i)), confirming superior 
oxygen vacancy preservation during room-temperature laser processing. 
This difference can be attributed to the high-temperature conditions 
(1170◦C) used for thermal crystallization, which promote outward 
diffusion of oxygen vacancies, a well-documented phenomenon that 
occurs above 450◦C due to entropy-driven processes [89,105].

3.5. Laser patterning of complex structures using oxygen-deficient ZrO₂

3.5.1. Demonstration of patterning capabilities
To demonstrate the potential of our approach for additive 

manufacturing applications, we employed a standard commercial 
filament-based 3D printer equipped with a continuous-wave 405 nm 
laser printhead. This apparatus has been fully described in other works 
[31,55]. By applying a laser power density of 240 W/mm², we achieved 
controlled crystallization of amorphous red-ZrO₂ into black m-ZrO₂ with 
spatial precision, enabling the creation of complex patterns as shown in 
Fig. 8.

The selection of 405 nm laser wavelength was strategically based on 
the optical properties of our oxygen-deficient ZrO₂. UV–visible spec
troscopy analysis (Fig. 2d) confirms strong absorption at this wave
length, which falls within the broad 340–600 nm absorption band 
created by oxygen vacancy-induced sub-bandgap states. This wave
length provides optimal coupling between the laser energy and the 
electronic transitions facilitated by the vacancy states (Fig. 2e), enabling 
efficient room-temperature crystallization. Additionally, 405 nm lasers 
are standard components in commercial 3D printing systems, ensuring 
practical implementation of our approach without requiring specialized 
equipment.

Fig. 8(a) presents a micrograph of a laser-crystallized pattern, where 
the darker laser-treated region is clearly delineated from the surround
ing untreated material. Fig. 8(b) shows a high-resolution 3D topographic 
reconstruction obtained using laser scanning microscopy, demon
strating that the laser treatment achieves a penetration depth of up to 18 
μm while maintaining pattern fidelity. The details of the procedure and 
the optimal processing parameters are provided in the supplementary 
section.

The selection of oxygen-deficient red ZrO₂ over conventional white 
ZrO₂ for additive manufacturing is critical to the success of this 
approach. While white ZrO₂ exhibits negligible visible light absorption 

Fig. 7. Comparison of the EPR spectra of the thermally- and laser-crystallized 
m-ZrO2 samples.
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due to its wide bandgap (5.09 eV) and lack of oxygen vacancies, the red 
ZrO₂ demonstrates broad absorption from 340 to 600 nm (Fig. 2d) 
enabled by its 25.6 % oxygen vacancy concentration. This fundamental 
difference allows red ZrO₂ to undergo room-temperature crystallization 
under low-energy visible laser irradiation (240–270 W/mm²), whereas 
white ZrO₂ would require conventional thermal processing exceeding 
1170◦C, conditions incompatible with 3D printing platforms and 
temperature-sensitive substrates. This vacancy-mediated visible light 
responsiveness represents the key innovation enabling direct laser 
writing of crystalline ZrO₂ architectures.

3.5.2. Structural integrity and phase confirmation
The monoclinic phase of the laser-crystallized structures was 

confirmed by Raman micro-spectroscopy (Figure S3, Supplementary 
Information). Fig. 8(c) presents an intensity Raman mapping of the 

characteristic monoclinic ZrO₂ peaks at 175 and 185 cm⁻¹ , clearly 
delineating the patterned region.

The Raman mapping reveals microcracks in the laser-treated region, 
attributed to rapid densification during crystallization [87]. While these 
defects represent a limitation of the current process, ongoing optimi
zation of laser parameters (power density, scan speed, and beam profile) 
aims to minimize crack formation while maintaining high oxygen va
cancy concentration.

3.5.3. 3D additive manufacturing of crystalline ZrO₂
To demonstrate true 3D additive manufacturing capability, we 

fabricated multi-layered ZrO2 structures using sequential powder 
deposition and laser crystallization. Two geometries were produced: a 
hollow square and a hollow cylinder, both reaching approximately 
3 mm in height. The fabrication process involved manual deposition of 

Fig. 8. Complex laser-crystallized ZrO2 structure. (a) Microscopy image of the crystallized structure. (b) Typical topographic 3D surface reconstruction of the laser 
crystallized structure. (c) Micro-Raman image of the laser-crystallized surface. The image corresponds to the intensity of the 175 cm− 1 and 185 cm− 1Raman peaks.

Fig. 9. 3D printed crystalline ZrO2 structures. (a–c) Hollow square: (a) before powder removal, (b) after isopropanol washing (wall width 3.23 mm, height 
2.90 mm), (c) 3D topographic reconstruction. (d–f) Hollow cylinder: (d) with residual unconsolidated powder, (e) after washing (wall width 2.81 mm, height 
3.00 mm), (f) 3D topographic reconstruction.
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amorphous red-ZrO2 powder layers followed by selective laser crystal
lization (405 nm, 240 W/mm²) of each layer before adding subsequent 
material. After completing the structures, unconsolidated powder was 
removed by washing with isopropanol, revealing the final crystallized 
geometries.

Fig. 9 presents the 3D structures fabricated through layer-by-layer 
deposition and laser crystallization. The hollow square structure 
(Fig. 9a-c) reached 2.90 mm in height, while the hollow cylindrical 
structure (Fig. 9d-f) achieved 3.00 mm. Cross-sectional height profiles 
demonstrate successful layer consolidation: the square structure shows 
consistent heights of 2.89 mm and 2.90 mm at two measurement points 
(Figure S4), while the cylinder exhibits heights of 2.81 mm and 3.00 mm 
(Figure S5). Although manual powder deposition introduced some 
lateral shifting between layers, the structures maintained integrity 
throughout the building process, confirming the viability of vacancy- 
mediated crystallization for multi-layer fabrication.

These proof-of-concept structures demonstrate several key achieve
ments: (i) successful interlayer adhesion through vacancy-mediated 
crystallization without additional binders, (ii) preservation of struc
tural integrity across multiple layers without delamination, and (iii) 
ability to create both solid walls and hollow geometries. The 18 μm laser 
penetration depth proved sufficient for layer consolidation while 
maintaining the black crystalline phase throughout the structure.

While manual powder deposition introduced some geometric irreg
ularities, this limitation can be addressed through integration with 
automated powder-bed or dispensing systems available in commercial 
ceramic 3D printers. The successful fabrication of millimeter-scale 
structures validates the potential for scaling to larger components 
while maintaining the unique properties conferred by oxygen vacancies. 
Future optimization will focus on automated powder handling, layer 
thickness control (targeting 20–50 μm), and complex geometry fabri
cation for functional devices in photocatalysis and energy applications.

3.6. Phase transformation mechanism

The phase transformation mechanism combines thermodynamic 
driving forces with kinetic pathways uniquely enabled by our high ox
ygen vacancy concentration (25.6 %). From a thermodynamic 
perspective, the transition to monoclinic ZrO₂ can be expressed as con
tributions of different energies to the total energy: 

ΔGt→m = ΔGc + ΔUse + ΔUs                                                               

where ΔGt→m represents the total energy difference for transformation 
to monoclinic phase, ΔGc is the chemical free energy difference, ΔUse is 
the strain energy difference, and ΔUs is the interface energy difference 
[82].

oxygen vacancies fundamentally alter the energy landscape by 
introducing significant lattice strain [106]. Each vacancy creates a local 
distortion field that propagates through the surrounding lattice, with the 
cumulative effect of 25.6 % vacancies generating strain energy (ΔUse) 
sufficient to reduce the crystallization barrier from > 1100◦C to room 
temperature [106,107]. The transformation to monoclinic phase occurs 
when the total free energy change ΔGt→m = ΔGc + ΔUse + ΔUs becomes 
negative [82], where the vacancy-induced strain energy compensates 
for the unfavorable chemical free energy difference at room 
temperature.

The kinetic pathway, illustrated in Fig. 2(e), proceeds through a 
photon-assisted mechanism: (1) 405–532 nm photons are absorbed by 
electrons in vacancy-induced sub-bandgap states, with absorption effi
ciency proportional to vacancy concentration [81–83]; (2) 
photo-excited electrons are promoted to the conduction band, leaving 
behind positively charged vacancy sites; (3) atmospheric O₂ molecules 
act as electron scavengers, becoming activated O₂⁻ species [82,83]; (4) 
these activated oxygen species adsorb at surface vacancy sites, creating 
local charge imbalances that trigger Zr-O bond rearrangement [84]; (5) 

the ionic mobility enhancement from both vacancies and 
photo-excitation propagates the crystallization front through the mate
rial via a nucleation-growth mechanism [59,82,87].

This process fundamentally differs from thermal crystallization, 
where high temperatures provide the energy for atomic rearrangement 
but also promote vacancy annihilation through diffusion [89]. Our 
laser-induced mechanism operates at temperatures below the vacancy 
diffusion threshold, preserving the engineered defect structure within 
the final monoclinic phase.

4. Conclusions

This study presents a modified sol-gel synthesis method for produc
ing amorphous ZrO₂ nanoparticles with enhanced oxygen vacancy 
concentrations. The method employs Zr(OBu)₄ as a precursor and ace
tylacetone (acac) as a chelating agent to control hydrolysis kinetics and 
facilitate oxygen vacancy formation through an 8-month aging process.

We characterized the oxygen deficient ZrO₂ using multiple comple
mentary techniques including XPS, EPR, UV–vis spectroscopy, and 
Raman spectroscopy. XPS analysis indicates oxygen vacancy concen
trations of approximately 25.6 % in the aged red-ZrO₂ compared to 
9.2 % in conventional white-ZrO₂. The enhanced visible light absorption 
(340–600 nm) observed in UV–vis spectroscopy correlates with the 
presence of these oxygen vacancies and associated Zr³ ⁺ sites.

We characterize the chemical structure of the chelated precursor by 
FTIR spectroscopy and propose a symmetrical trimer model, which 
agrees with previous reports. We also investigate the laser-induced 
crystallization of the amorphous ZrO2 nanoparticles by transient 
Raman micro-spectroscopy and observe rapid and irreversibly crystal
lization in the first seconds of irradiation. We attribute this phenomenon 
to the reactivity of oxygen vacancies with molecular oxygen present in 
the surrounding ambient atmosphere. We also propose a schematic 
mechanism for the crystallization process. XRD, TEM and SAED reveal 
that the laser-induced crystallization results in a polycrystalline mono
clinic ZrO2 arrangement. For comparison, thermally-induced crystalli
zation of standard (white) and oxygen vacancy-rich amorphous ZrO2 at 
1170 ◦C is performed. It also leads to monoclinic ZrO2, but with different 
colors (white and black), as expected.

The 8-month aging period, while necessary to achieve the excep
tional 25.6 % oxygen vacancy concentration demonstrated here, rep
resents a significant barrier to scalability. Future optimization strategies 
should explore: (i) controlled temperature aging (40–60◦C) to accelerate 
peroxo complex formation without compromising vacancy generation, 
(ii) alternative chelating agents such as β-diketonates with enhanced 
complexation kinetics, (iii) ultrasonic or microwave-assisted processing 
to promote sol-gel reactions, and (iv) systematic optimization of the 
hydrolysis (rw) and complexation (rc) ratios to balance reaction speed 
with defect concentration.

We have successfully demonstrated both 2D patterning and 3D ad
ditive manufacturing of crystalline ZrO2 structures, achieving 
millimeter-scale components through layer-by-layer processing. The 
fabrication of hollow squares and cylinders up to 3 mm in height vali
dates the feasibility of this vacancy-mediated approach for producing 
complex ceramic architectures without high-temperature sintering. This 
room-temperature crystallization capability, enabled by our engineered 
oxygen vacancies, represents a paradigm shift from conventional 
ceramic processing and opens new possibilities for integrating func
tional ceramics with temperature-sensitive materials in next-generation 
devices.
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