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Spinel oxides, renowned for their structural versatility, are used in various solar photothermal-related
applications. However, the relationship between the crystal microstructure and the photothermal
conversion is unknown. ZnCo,04, a normal spinel with Co at octahedral sites, provides a model to study
the link between octahedral distortion and photothermal conversion. We found that greater Jahn—Teller

distortion enhances photothermal conversion efficiency (63.4% — 80.2%). Magnetic and DFT analyses
Received 19th September 2025 . L ) . . " . .
Accepted 3rd November 2025 attribute this improvement to a distortion-driven transition of ZnCo,0,4 from a low-spin semiconductor
to a high-spin metallic-like state, which promotes light-to-heat conversion. Tuning electronic behavior

DOI: 10.1039/d5ta076759 via microstructural distortion offers valuable insights for developing efficient photothermal conversion
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Introduction

Solar energy resources have attracted people's attention due to
their clean and abundant characteristics. The capture and
storage of solar energy is critical. One approach to achieve this
is photothermal conversion, one of the most fundamental
processes in nature. The solar to heat conversion process can
cover a variety of applications, including drying and water
evaporation at low temperatures, catalytic reactions, and power
generation at high temperatures. No matter what the applica-
tion is, its common core component is the photothermal
conversion material." Therefore, it is imperative to develop
materials with higher photothermal conversion efficiency to
achieve clean and sustainable energy infrastructure goals.

Significant efforts have been devoted to enhancing solar-to-
heat performance by increasing solar absorption and mini-
mizing thermal losses. In this context, the development of high-
efficiency, cost-effective photothermal materials remains
a primary focus. Most of the research in recent years has
focused on designing highly absorbent materials.>* So far,
plenty of photothermal materials have been developed,
including carbon-based materials® and narrow-bandgap semi-
conductors.® Among a large number of materials, spinels have
been extensively investigated for solar absorbers due to their
structural stability and diversity.”®
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Structural and compositional design is known to critically
affect photothermal performance. Microstructural tuning of
cobalt-based hybrid nanoreactors can couple solar evaporation
with catalytic processes,'® hierarchical MXene composites ach-
ieve ultrahigh conversion efficiencies via interfacial optimiza-
tion, and bioinspired porous architecture enhances thermal
localization and water transport.**> Reviews further highlight
the role of material composition and structural design in gov-
erning light-to-heat efficiency, supporting strategies based on
microstructural distortion and electronic tuning.*®

The general chemical formula of spinel materials is AB,X,,
crystallizing in the Fd3m space group. A-site cations occupy the
tetrahedrally coordinated 8a sites, while B-site cations occupy
octahedrally coordinated 16d sites. Jahn-Teller (JT) active
oxides have been extensively studied for their magnetic, elec-
tronic, and catalytic properties. For instance, JT distortion in
LiMn,0, influences cation ordering and magnetic coupling,**
while cooperative JT distortion in LaMnO; drives an insulator-
metal transition via spin-state reconfiguration.” Theoretical
studies also suggest that JT-active ions in spinel lattices can
reduce the band gap and modulate carrier transport.'® However,
the impact of JT distortion on photothermal conversion
remains largely unexplored.

Variation in the occupancy of these sites by different metal
ions alters the electronic structure, thereby affecting the pho-
tothermal conversion process. In particular, the d orbitals play
an important role in the photoexcitation observed, which has
been used in developing photocatalysts capable of using the less
energetic but more abundant visible light."””** There are some
transition metal ions that can introduce lattice distortion in the
octahedral site in spinels.?>** Although well known, its effect on
photothermal conversion efficiency has often been overlooked.
Efficient conversion requires both broadband solar absorption
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and adequate electron-phonon transport. Most previous efforts
have focused on tuning the electronic structure of the material
to enhance solar absorption and photothermal conversion
efficiency.”>*

ZnCo,0, is a representative normal spinel oxide, where the
tetrahedral sites (Td) are only occupied by Zn** while Co**
occupies the Oh sites. In this regard, ZnCo,0, is an ideal model
to understand the relationship between the microstructure and
photothermal performance. In this work, we demonstrate that
the photothermal conversion efficiency of a spinel is highly
dependent on the degree of the lattice distortion in CoOg
octahedra. Analyses via XRD, SQUID, and DFT indicate that
lattice distortion strongly enhances photothermal conversion.
Distortion of CoOg octahedra triggers a semiconductor-to-metal
transition, promoting charge recombination and efficient light-
to-heat conversion. The most distorted sample (ZCO-300 °C)
achieves the highest light absorption and photothermal
conversion efficiency, demonstrating that tuning octahedral
distortion is a key strategy to optimize photothermal
performance.

Results and discussion
Morphology and structure characterization of samples

A simple sol-gel method was adopted to prepare the ZnCo,0,
precursor. Then the obtained precursor was calcined at
different temperatures. XRD patterns of ZCO-300 °C, ZCO-400 °
C, ZCO-500 °C, and ZCO-600 °C samples are shown in Fig. 1a,
and the diffraction peaks are consistent with the standard PDF
card of ZnCo,0, (JCPDS no. 23-1390). The diffraction peaks of
calcined samples shift to a higher angle as the calcination
temperatures increase, indicating the presence of lattice
contraction in these samples.** Fig. 1b shows the Raman spec-
troscopy results, which further confirm the above assignments.
The characteristic vibration peaks at ~182 ecm™ Y, ~477 em ™Y,
~515cm ', and ~613 cm ™" are assigned to the strong vibration
modes F2g, Eg, F2g and F2g respectively. The Raman vibrational
mode (i.e., Alg) results in a peak positioned at 686 cm™*
consistent with the previous studies of ZnCo,0, spinel.”® As the
synthesis temperature increases from 300 °C to 600 °C, the
Raman peaks become sharper and more intense, suggesting
enhanced crystallinity. A slight redshift and broadening of the
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Fig.1 Structure characterization of ZCO-300 °C, ZCO-400 °C, ZCO-
500 °C and ZCO-600 °C. (a) XRD patterns and (b) Raman spectra of
ZnCo,04 at different calcination temperatures. TEM patterns of (c)
ZCO-300 °C, (d) ZCO-400 °C, (e) ZCO-500 °C and (f) ZCO-600 °C.
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A,;g mode are observed at 300 °C, indicative of local lattice
distortion related to Jahn-Teller active Co®" ions in octahedral
coordination. Fig. 1c—f shows the scanning electron microscopy
(SEM) images of ZnCo,0,, which indicate that both spinel
oxides are aggregated nanoparticles without apparent
difference.

CoOg octahedral Jahn-Teller distortion of samples

To investigate the structural evolution and CoOs octahedral
distortion of the spinel ZnCo,0,, we employed the Rietveld
refinement method to analyze the XRD data (Fig. 2a-d).
Refinement results reveal that all synthesized samples are in
a single phase with the Fd-3m space group (cubic, 227). As we
know, the spinel oxides are enriched with octahedral sites and
are likely to undergo Jahn-Teller distortion to eliminate the
orbital degeneracy to maintain the energy stability of the
system. As illustrated in Fig. 2e, the distance of Co-O bonds at
the octahedral sites is gradually decreased, accompanied by the
increase of calcination temperatures, which demonstrates that
a compressive strain exists in the calcined samples. Addition-
ally, the cell volume of the samples shows a decrease because
the heating treatment contributes to the crystallite process of
ZnCo,0, spinel (Tables S1 and S2). We used the formula® to
calculate the distortion of the octahedral sites and found that as
the calcination temperature decreases, the degree of distortion
gradually increases (Fig. 2f). These results confirm that the

Jahn-Teller distortion modulates the local bonding
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Fig. 2 XRD refined patterns of ZCO-300 °C, ZC0-400 °C, ZCO-500°
Cand ZCO-600 °C: (a) ZCO-300 °C, (b) ZCO-400 °C, (c) ZCO-500 °C
and (d) ZCO-600 °C. (e) Length of the Co-O bond in ZnCo,0,4 at
different calcination temperatures. (f) J-T distortion of ZnCo,0, at
different calcination temperatures.
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environment, consistent with the proposed distortion-driven
mechanism in Raman analysis.

SV "

Analysis of the magnetic properties of the samples

The elongation or compression of the Co-O bond along the z-axis
direction can significantly affect the electron configuration of the
ty and e, orbitals, thus exerting a great effect on the spin state of
Co®" ions.?® The magnetic properties and the related spin infor-
mation of the as-synthesized ZnCo,0, were thereafter used for
the detection of the extremely subtle magnetic field. Fig. 3a shows
the recorded magnetization curves in a magnetic field from 0 to
50 kOe. The magnetization curves of all the samples show similar
profiles and no hysteresis feature shows up, suggesting para-
magnetic behaviors under ambient conditions.”

The change in magnetic susceptibility was characterized by
the Superconducting Quantum Design (SQUID) technique.*
The magnetic moment evolution measured by the SQUID
magnetometer clearly verifies the expected trend of spin-state
modulation in the samples.

Further temperature-dependent magnetization character-
ization was carried out using field-cooling procedures at H =
1000 Oe in the range of 2 to 300 K (Fig. 3b). In the high
temperature domain (above 150 K), the susceptibilities derived
from the magnetizations obey a paramagnetic Curie-Weiss law:

M
XZﬁ (2)

C
Xon-i‘T_—TC (3)

where y, is the temperature-independent contribution, and C
and T are the Curie constant and Curie-Weiss temperature,
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Fig. 3 Magnetic properties of ZCO-300 °C, ZCO-400 °C, ZCO-500 °
C and ZCO-600 °C samples. (a) Hysteresis loops of the as-prepared
spinel ZnCo,04 samples recorded at room temperature (300 K). (b)
Temperature-dependent magnetization characterization of the as-
prepared samples at H = 1000 Oe. (c) Effective magnetic moment of
samples. (d) High- and low-spin state fractions of each sample.
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respectively.” The fitting results for the samples are shown in
Fig. S1. Based on the fitting results the effective magnetic
moment g can be acquired through u.g = /(8C)ug (Fig. 3¢). As
the calcined treatment increases, the u.s decreases, more
details are provided in Table S3. For octahedrally coordinated
Co**, most of the recent experimental and theoretical studies
highlight that the mixture of LS and HS states is more reason-
able.>>®* Therefore, we treated the spin state of Co>* as a mixture
of HS state (4.9 ug) and LS state (0 ug) in this work. Using these
values, the volume fractions of Co®*" in HS and LS states can be
calculated as shown in Fig. 3d. More details are presented in
Table S3. ZCO-300 °C has the highest content of HS Co®* ions
compared to other calcined samples. In detail, the HS and LS
fractions in the ZCO-300 °C sample are 34% and 66%, respec-
tively. The contributions of the HS state in the samples after
heat treatment gradually decrease with increase in temperature.

DFT + U calculations of samples

ZnCo,0; is a normal spinel with Zn>" and Co®" residing in the
four-coordinated tetrahedral and six-coordinated octahedral
sites, respectively (Fig. 4a). Because of the high crystal field
splitting energy, Co®" generally favors a low-spin (LS) state (ta,°
e,’) in an octahedral environment,** where the t,, orbitals are
fully occupied and e, orbitals are fully empty (Fig. 4b). This gives
rise to a purely localized electronic structure and therefore an
intrinsic semiconductor feature.?® The vacant e, orbitals provide
an opportunity to manipulate Co®" from the low-spin to the
high-spin state, which, from an electronic perspective, mark-
edly alters the photothermal conversion process of ZnCo,0,.-
The empty e, orbitals can allow up to two unpaired electrons to
reside, forming the intermediate-spin (IS) state (t,," €,') and
high-spin (HS) state (t,,* €,°), respectively. In Fig. 4c, by per-
forming density functional theory (DFT) calculations, we
observed that the octahedral units underwent gradual lattice
distortion (Table S4) when manually increasing the unpaired
spins in ZnCo,0,. This is because the increase of the cobalt spin
state forces the two originally empty e, orbitals to be steadily
occupied, which gives rise to a degenerate electronic ground
state. This electronic state is unstable and induces the Jahn-

E-EfleV

Fig.4 DFT + U calculation of ZCO-300 °C, ZCO-400 °C, ZCO-500 °C
and ZCO-600 °C samples. (a) Crystal structure of the spinel ZnCo,04
with Zn and Co occupying the tetrahedral and octahedral sites,
respectively. (b) Illustration of the Co®" spin state transition from low
spin to high spin. (c) J-T distortion in the octahedral site as the spin
state increases. (d) Density of states (DOS) of ZnCo,0, as the spin state
increases.
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Teller effect to lower the energy as well as the symmetry of the
system.*® As a result, the degeneracy is broken, and the octa-
hedral units exhibit elongated distortion. The density of states
(DOS) patterns in Fig. 4d provide a more visual illustration of
the spin channel evolution during the process of cobalt spin
state increase. For ZnCo,0, with no spin manipulation, the
spin-up and spin-down densities are completely symmetric, and
no channel lies across the Fermi level. When the spin state of
Co®" is manually raised, the symmetry of DOS is gradually
destroyed. Meanwhile, the electronic density starts to become
continuous as a result of the delocalized electrons and eventu-
ally, a channel connecting the states below and across the Fermi
level appears and propagates. Note that the channel is strictly
propagated in the spin-up domain, suggesting that distortion-
selected charge transport is induced and promoted.** At the
same time, due to the lattice distortion in the CoOg octahedral
site in ZnCo,0,, it was found that the material's properties also
changed from semiconductor to metal in an upper-limit model
which contributes to the absorption and the photothermal
conversion process of the samples.

Photothermal conversion performance of ZnCo,0,

To understand the relationship between lattice distortion and
photothermal conversion, we conducted the photothermal tests
of ZnCo,0, spinel under the irradiation of a Xe lamp (P = 4.5
KW m™?), which has an irradiation spectrum similar to solar
irradiation. The greater the distortion caused, the greater the
proportion of high spin, and thus the greater the absorption of
the material (Fig. 5a). Specifically, the band gap of the materials
was also determined from UV-vis-IR absorption spectra,
showing a gradual decrease with increasing calcination
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Fig. 5 Photothermal conversion test of ZCO-300, ZCO-400, ZCO-
500, and ZCO-600 samples. (a) UV-vis-IR spectra of the as-prepared
spinel ZnCo,0, samples. (b) Surface temperature of samples
measured by IR camera. (c) Temperature—time cycle curves of
samples. (d) Thermal conductivity data of samples. (e) Summary of the
relationship between photothermal conversion efficiency and lattice
distortion.
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temperature (Fig. S2 and Table S5), which aligns well with the
DFT-calculated trend. During the tests, the surface temperature
of ZnCo,0, spinel oxides was recorded using an IR camera
(Fig. 5b). The temperature of both samples rapidly increased to
a stationary value. The temperature of ZCO-300 °C increased
from 25.0 to 125.0 °C and reached a steady value after 120 s
under irradiation, while within the same testing period, the
peak temperature of ZCO-600 °C only reached 114.7 °C at the
same time, both of which are stable for 6 cycles (Fig. 5¢c and S2).
According to the thermal equilibrium calculations (Fig. S3 and
Table S6), the internal photothermal efficiency of ZCO-300 °C is
80.2%, being much higher than that of ZCO-600 °C (63.4%).
These results strongly indicate that the degree of distortion
within the CoOg octahedron plays an important role in photo-
thermal conversion, with severely distorted structures being
particularly effective in promoting photo heat generation.
Besides, the temperature elevation behaviors of ZnCo,0, are
highly reproducible after three on/off cycles of photothermal
conversion under concentrated Xe lamp light irradiation.

The distortion of the octahedral sites causes the rearrange-
ment of electrons, which is manifested in changes in the spin
and absorption of the material. Similarly, we can verify that the
calcination temperature can effectively change the degree of
material distortion by observing the change in the thermal
conductivity of the material with temperature. As shown in
Fig. 5d, the thermal conductivity of the material changes with
temperature. The thermal conductivity of the material calcined
at 600 °C is higher than that of the material calcined at 300 °C.
Greater lattice distortion in a crystal enhances phonon scat-
tering and reduces the phonon mean free path, thereby
lowering the thermal conductivity.®> At the same time, as the
distortion increases, the material changes from a semi-
conductor to a metallic state, making the energy band of the
material continuous. This transition would dramatically reduce
the lifetime of electrons and holes®*® which would transfer
energy to the crystal lattice faster, resulting in lattice relaxation
and improving the photothermal conversion efficiency of the
material (Fig. 5e).

To demonstrate the practical potential of the material for
photothermal applications, we performed a proof-of-concept
solar evaporation test. Under one-sun illumination, the mate-
rial exhibited efficient water evaporation, achieving a rate of

change(kgm’)

‘Time(min)

Fig. 6 Proof-of-concept demonstration of the photothermal water
evaporation performance. (a) Schematic illustration of the experi-
mental setup. (b) Surface temperature of the materials under one-sun
illumination. (c) Water evaporation rates of the sample.

This journal is © The Royal Society of Chemistry 2025
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1.21 kg m > h™" (Fig. 6). These results illustrate the material's
applicability in solar-driven water evaporation and energy
conversion.

Conclusions

In summary, by employing spinel ZnCo,0, synthesized at
various calcination temperatures, we have demonstrated the
efficacy of lattice distortion in enhancing photothermal
conversion efficiency and that XRD refinement and magnetic
characterization can be employed to identify the Jahn-Teller
distortion in the lattice introducing the HS state in the CoOg
octahedral site. Also, the DFT calculations suggest that the
lattice distortion will induce more IS states in the CoOg site. The
distortion-engineered ZnCo,0, is predicted to have more HS
fraction in the CoOg site, which would introduce more Jahn-
Teller distortion in the lattice. Subsequent experiments estab-
lish a straightforward approach to engineer lattice distortion in
Co0Og. The best-performing ZCO-300 °C sample with the largest
degree of lattice distortion exhibits decent photothermal
conversion efficiency that outperforms other Co-based oxides.
Our work emphasizes that the rationality and benefits of engi-
neering the lattice distortion of metal oxides is an approach to
advanced photothermal conversion efficiency.
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