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ABSTRACT We report a giant photothermal effect arising from

\’S” nanosheets —bulk
quantum confinement in two-dimensional nanomaterials. ZrNCI Ei
ultrathin nanosheets with less than four monolayers of graphene-like 2
nanomaterial successfully generated synergetic effects of larger %f
relaxation energy of photon-generated electrons and intensified To
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vibration of surface bonds, offering predominantly an enhancement

of the electron—phonon interaction to a maximized extent. As a

result, they could generate heat flow reaching an ultrahigh value of N
5.25 W/g under UV illumination with conversion efficiency up to 72%. | hole
We anticipate that enhanced electron—phonon coupling in a quantum Monolayer

confinement system will be a powerful tool for optimizing photo-

thermal conversion of inorganic semiconductors.
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nergy transformation from photon

energy on the edge of the visible

regime has greatly affected life pro-
cesses, such as catalysis, detection, imaging,
etc., which leads to tremendous conveniences
for modern life in the past century.'* In this
regard, every category of energy conversion
from ultraviolet (UV) light has indeed
brought a revolutionary impact on the scien-
tific area and its intriguing applications. For
example, electrical energy converted from
UV light finds useful applications in photo-
voltaic devices and photodetectors;”
chemical energy converted from UV light
accelerates chemical reactions in the photo-
catalysis process®® For photon to thermal
energy conversion, as is well-known, infrared
(IR) light is capable of photothermal conver-
sion through an infrared—phonon coupling
effect, but with weaker photon energy;'®
However, UV light with stronger photon
energy matches the transition energy be-
tween valence and conduction bands of
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semiconductors to excite electrons,’ not to
effectively trigger photothermal conversion.
Recent studies have made great efforts in
photothermal conversion in order to utilize
the whole solar photon spectrum;'>'* how-
ever, the exact working mechanism of con-
version from UV light to thermal energy is still
unclear and lacks an effective way to opti-
mize their conversion efficiencies from this
stronger photon energy form. Therefore,
building a bridge between UV photon en-
ergy and harvesting heat not only is a long-
standing scientific issue to be conquered but
also holds great promise for providing a new
cold-light-driven heating source as well
as improving solar thermal utilizations.'*
Electron—phonon coupling in the UV excita-
tion system shows promise for solving
the problem of energy conversion from UV
light to thermal energy, where photo-
generated electrons inevitably interact with
phonons, leading to energy relaxation in
the form of heat release.'” Thus, enhancing
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electron—phonon interaction to a maximized extent
represents a great opportunity for achieving giant
photothermal effects. Here, we demonstrate that the
quantum confinement effect in two-dimensional (2D)
nanomaterials maximizes the enhancement of electro-
n—phonon interactions, successfully realizing a giant
photothermal effect in semiconducting materials.

Interest in ultrathin 2D nanomaterials, especially
inorganic graphene-like materials, has surged since
the discovery of graphene, due to their abundant
elemental composition, special crystallographic struc-
ture, and diversified electronic properties.'®~'® The
unique electron and phonon structures of 2D nano-
materials create an intensive electron—phonon inter-
action, providing a unique platform to investigate the
conversion from photons to heat. Strong confinement
effect in one or a few atom thick 2D nanomaterial
enables a tunable energy band gap and thus simplifies
band structure.'® In 2D ultrathin nanosheets, photo-
excited electrons can be roughly modeled as 2D
free electron gas confined in a one-dimensional (1D)
potential well,®® in which the energy state can be
defined as

E, = n*h?/(8ma®) + k*h? /(8mx?) (1

where n is and integer that describes the quantum
number in a confined direction; k is the wavenumber in
the two-dimensional plane; h is Planck's constant; m is
the effective mass of the electron; and ais the thickness
of the layered material. As demonstrated in Figure 1a,
to remain more energetically stable in a specific ex-
cited state, a photon-excited electron, whose initial
wavenumber is kg at the nth state, will reach the lowest
energy point (k= 0) by releasing relaxation energy (AE)
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Figure 1. (a) Schematic illustration of excited electron
relaxation process in a 2D nanostructure with an increased
number of layers (left to right: monolayer, bilayer, and 100
layers). (b) Crystallographic structure of monolayer ZrNCI.
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to thermal energy without radiation by electron—
phonon interaction. According to eq 1 and calcula-
tions, a larger of thickness value (a) of the material
corresponds to denser excited states, which means
electrons in the monolayer can jump to a lower excited
state, but with a ko value higher than that in the
bilayer when excited by the same photon. In the
bulk structure, with significantly increased 100 layers,
the initial wavenumber k, becomes extremely small.
Hence, reducing the thickness in the layered materials
will generally increase the initial wavenumber k, of an
excited electron and, consequently, create a stronger
electron—phonon interaction, which will be favorable
for transformation into greater thermal energy. More-
over, due to the elimination of interlayer van der Waals
force and plenty of exposed surface atoms,' 23 sur-
face bond vibrations would be much freer in 2D
nanomaterials. Therefore, the confinement effect
in 2D nanomaterials creates the synergetic effect of
increased relaxation energy as well as surface bond
vibration, which shows advances for enhancing the
electron—phonon interaction to trigger photothermal
effects.

Structural analysis inspires us that lamellar zirconium
nitride chloride (ZrNCl), with unique four-layer atoms
in @ monolayer, shows promise in creating a strong
confinement effect and thus enhancing electron—
phonon interactions. The unit cell of SmSl-type 5-ZrNCl
consists of triple layers of [CI—Zr—N—Cl] atom stack-
ing. The weak van der Waals interaction between
adjacent layers of ZrNCl enables a nanosheet structure
with the height down to four atomic layers thick.
Furthermore, in each [CI—Zr—N—Cl] layer, a double
honeycomb-like ZrN structure is sandwiched between
two layers of Cl atoms (Figure 1b), featuring two sets
of relatively independent Zr—Cl bonds,?* which would
provide extra vibrations for better electron—phonon
coupling. With the quantum confinement effect in
a unique atomic structure, ZrNCl could be a hopeful
candidate for achieving effective photo-to-thermal
conversion.

Herein, we highlight a greatly enhanced electron—
phonon interaction in two-dimensional nanomaterials
as a new effective route to realize giant photothermal
effects. With the quantum confinement effect in
unique atomic structure, ZrNCl ultrathin nanosheets
with less than four monolayers, as a new 2D graphene-
like material, generates heat flow with an ultrahigh
value of 525 W/g under UV irradiation at a high
conversion efficiency of 72%, which is dozens of times
higher compared with other wide-gap semiconduc-
tors, recording the best value of direct UV photother-
mal effect among inorganic materials nowadays. This
study not only opens up a new direction to find a
promising candidate for giant photothermal effects in
semiconducting solids but also realizes a new effective
energy conversion form of UV light.
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RESULTS AND DISCUSSION

Synthesis and Characterization. In the typical process
(Materials and Methods), ZrNCl ultrathin nanosheets
were chemically exfoliated for the first time by ultra-
sonication of bulk precursor Li-intercalated ZrNCl.
Systematic characterizations have been used to verify
the few-atom-layer structure and composition of
ZrNCl ultrathin nanosheets. The X-ray diffraction
(XRD) pattern of exfoliated ZrNCl nanosheets showed
a high c-orientation feature, and only (00n) peaks have
been detected (top of Figure 2a), indicating a high-
quality ZrNCl structure. XPS indicated elemental va-
lence and compositions of ZrNCl ultrathin nanosheets.
Supporting Information Figure S1 showed that Zr 3ds,,
and Zr 3ds,, peaks from both bulk and nanosheet
samples were located at 182.1 and 184.5 eV with a
spin—orbital splitting energy at 2.4 eV. The ratio of
peak intensity between these two peaks was close to
3:2. These peak features were consistent with reported
Zr*" signals in X-ray photoelectron spectra (XPS),%
which verified that no chemical impurities were
brought into the system under ultrasonic exfoliation.
The quantification of Zr, N, and Cl peaks in the XPS
spectra further confirmed that the elemental ratio
of Zr/N/Cl was close to 1:1:1. Furthermore, elemental
mapping images (Figure S02) also confirmed that Zr, N,
and Cl were distributed homogeneously in the final
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Figure 2. (a) XRD pattern of as-synthesized ZrNCl bulk sample, assembled film of ZrNCl nanosheets, and the standard XRD
pattern. (b) TEM image of ultrathin ZrNCI nanosheets with a cross section image (top inset). (c) HAADF-STEM image of

nanosheet products without any contaminated ele-
ments. The structure and composition characteriza-
tion described above indicated that our final product
maintained stable chemical stoichiometric properties
with a unique 2D structure.

Microstructural characterizations were taken to re-
veal the morphology and crystalline structure of ZrNCl
nanosheets. The SEM image showed that the bulk
sample had tightly stacking layers (Figure S3), while
the as-exfoliated samples were ultrathin nanosheets
with lateral sizes ranging from hundreds of nano-
meters to about 1 um (Figure S4). The TEM image of
the exfoliated ZrNCl nanosheet in Figure 2b unraveled
a freestanding, sheet-like morphology with lateral size
of about 500 nm. The almost transparent feature
implied the ultrathin structure of exfoliated nano-
sheets. AFM scanning under tapping mode was used
to measure the thickness of as-obtained nanosheets.
The measured height was about 3.426 and 3.944 nm
(Figure 3a), corresponding to 3—4 layers, because the
interplane spacing of (003) was 9.213 A. The HRTEM
image also showed the cross section of ZrNCl nano-
sheets, from which we measured the interplane
spacing to be about 0.98 nm, close to the d value
of the (003) plane. Furthermore, there were three to
four bright and dark lattice fringes, indicating that
nanosheets were stacked up by three or four ZrNCl
monolayers, which agreed with the measurement
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as-exfoliated nanosheets. (d) Schematic diagram of ZrNClI crystal structure projected along the [001] direction.
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Figure 3. (a) Scanning conductance microscopy (SCM) im-
age of ZrNCl nanosheets with the interleave mode of AFM
(height was measured under tapping mode of AFM). (b) Line
scan of ZrNCl nanosheets along the direction indicated
by the white line in the SCM image (red line and blue line
correspond to the white line with red crosses and blue
crosses, respectively). (c) UV—vis absorption spectra of
ZrNCl nanosheets and its bulk counterpart.

result of AFM images. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) image (Figure 2¢) directly unveiled the single-
crystalline nature and hexagonal atomic arrangement
of ZrNCl nanosheets, which was consistent with the
schematic diagram of the ZrNCl crystal structure
viewed down the [001] zone axis (Figure 2d). All of
these characterizations elucidated that ZrNCl ultrathin
nanosheets with less than four [Cl—Zr—N—ClI] layers
were successfully produced with high c-orientation
and good crystallinity.

The electronic structure of ZrNCl nanosheets was
investigated by combined analysis of scanning con-
ductance microscopy (SCM) and UV—vis absorption
spectroscopy. SCM (Figure 3a) inspected microscopic
conductance of as-exfoliated ZrNCl nanosheets with
the interleave mode of AFM via a dual-pass tec-
hnique.?® During the measuring process, a 5 V dc
voltage was applied to the tip, and the cantilever was
driven at its free resonant frequency. In the scan results
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(Figure 3b) from the line profile of the SCM image,
ZrNCl nanosheets showed a positive phase shift with
respect to the bare SiO, substrate, which demon-
strated their semiconducting characteristics with a
wide energy band gap from a microscopic viewpoint.*”
UV—vis spectra revealed that the ~2.6 eV band gap of
bulk ZrNCl increased to ~3.3 eV for ZrNC| nanosheets,
showing a blue shift when the thickness was down
to atomic scale. Both results of the SCM image and
UV—vis spectra proved that ZrNCl ultrathin nanosheets
were able to absorb UV photons effectively.

As evidenced by the above characterizations, bulk
ZrNCl has been successfully treated on nanosheet
structures with a thickness down to the few nanometer
scale, while still maintaining the polymorphic structure
and elemental composition of the bulk, providing
an ideal 2D nanomaterial platform to investigate the
quantum confinement effect. In 2D nanomaterials,
electrons excited by photons are confined in a 1D
quantum well, in which energy levels are quantized
and can be defined in eq 1. According to the 1D box
model, as illustrated in Figure 1a, the reduction of
thickness (a) enhances the relaxation energy of
excited electrons, which enhances the probability for
electron—phonon coupling. Moreover, ultrathin ZrNCI
nanosheets with a special four-atom stacking structure
in each layer and large exposed surface area would
generate intensive vibrational modes in the 2D
confined system. Therefore, with both advantages of
larger relaxation energy and intense bond vibration,
stronger electron—phonon coupling in ultrathin ZrNCl
nanosheets could be achieved. Furthermore, ZrNCl
nanosheets have strong UV absorption and weak
photon luminescence (Figure S5), promising large
thermal response under UV excitation.

Photothermal Effect. Heat flow released from ZrNCl
nanosheets under UV illumination was detected by
photo-differential scanning calorimetry (photo-DSC)
(see Materials and Methods) with UV light having a
wavelength of 365 nm at an intensity of 200 mW/cm?.
In this thermoanalytical technique, the heat change of
a sample is characterized with/without optical illumi-
nation in isothermal mode. When the source of UV
photons was on, an exothermal process was observed
(Figure 4a), during which the heat flow reached 5.25 W/g,
achieving energy conversion efficiency as high as
72% (Supporting Information section S7). Good photo-
corrosion resistance to UV light on ZrNCl nanosheets is
shown in Figure S7, in which a stable and reproducible
heat flow was shown within 200 min without obvious
heat flow degradation. In a response and reset process,
the time for reaching stable heat flow of ZrNCl na-
nosheets after UV light on/off was 18.6 s (response time)
and 15.0 s (reset time), respectively (Figure 4b). Com-
pared to the bulk sample, the response and reset time
of bulk ZrNCl was 29.6 and 35.4 s, each of which was
about twice as long as that of nanosheets, revealing a
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Figure 4. (a) Time-dependent photothermal response of ZrNCl nanosheets and the bulk counterpart with UV light on and off.
(b) Enlarged part of one response and reset process. (c) Maximum heat flow of ZrNCl nanosheets evolved with increasing light
intensity. (d) Maximum heat flow of ZrNCl nanosheets and its bulk, TiO,, ZnO, and SnO, nanocrystals, and their bulk materials.
(e) IR thermal image of an assembled square thin film of ZrNCl nanosheets with UV light on. (f) Time-dependent open voltage
of a thermoelectric generator in which the hot junction is covered by a different area of the ZrNCl film assembled by

nanosheets.

thermal diffusion time of the bulk sample that is longer
than that of nanosheets (Figure S8). Considering that
heat flow generated from ultrathin ZrNCI nanosheets
was 24 times larger than that from the bulk sample, it
was understandable that the thermal diffusion rate was
not the decisive factor for the great discrepancy of
heat flow. Therefore, atomic-thickness confinementin a
unique four-atom ZrNCl structure of [Cl—Zr—N—Cl]
in a monolayer structure, with synergic advantages
of larger relaxation energy and strengthened bond
vibration, enhanced the photothermal effect in ultra-
thin ZrNCl nanosheets. In addition, this highly efficient

FENG ET AL.

photo-to-thermal conversion from ZrNCI nanosheets
could only be achieved by UV illumination due to
energy match between UV photons and energy band
gap. A green laser source of 532 nm was used to
irradiate ZrNCl nanosheets as a comparison (Figure S9),
from which only very little heat (0.01 W/g) was released
because electrons could not be excited effectively by
green light with weaker photon energy. Moreover, a
linear relationship between the light intensity and the
corresponding stable heat flow was observed (Figure 4c),
demonstrating that the UV photothermal effect in
ZrNCl nanosheets was intrinsic. The thermal response
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of ZrNCl nanosheets was ultrahigh, which was con-
firmed by the comparison experiments of wide band
gap semiconductors, such as TiO,, ZnO, and SnO,
nanocrystals and nanosheets (Figure S10 and Table
S1). The heat flow generated from ZnO, TiO,, and
Sn0O, nanocrystals under 200 mW/cm? UV light
(365 nm) was 0.16, 0.26, and 0.07 W/g, respectively
(Figure 4d). In the same experimental condition, the
converted heat flow was 0.35 W/g for ZnO nanosheets,
0.36 W/g for TiO, nanosheets, and 0.66 W/g for SnO,
nanosheets. Hence, heat converted from photons by
ZrNCl nanosheets was dozens of times of higher com-
pared with that of other wide-gap semiconductors,
showing the outstanding photothermal performance
of ultrathin ZrNCl nanosheets.

The giant heat release in ZrNCl nanosheets was also
proven by auxiliary characterization techniques of
a thermal imager. A rapid infrared thermal imager
visually recorded the increasing temperature caused
by heat released from ZrNCl ultrathin nanosheets
under UV illumination. In our experiment, ZrNC| nano-
sheets have been assembled into a square film via
vacuum filtration and have been transferred onto a
quartz substrate (Figure S11a). Before the UV source
was turned on, the film and the substrate were in the
same green color, showing that they were the same
temperature (Figure S11b). After being exposed under
UV photons for just 10 s, the color of the square area in
the middle changed to red (Figure 4e), showing that
the temperature obviously increased. The shape of the
color-changed area was identical to that of the ZrNCl
film, which gave solid evidence that the temperature
increment resulted from the UV photothermal effect of
ZrNCl nanosheets. To demonstrate practical applica-
tions, we further transferred ZrNCl thin film onto the
hot junction of a commercial thermoelectric generator.
When heat was released from ZrNCl nanosheets under
UV illumination, temperature difference would be
occur between two junctions to generate electricity.
An open voltage of the generator with the UV source
on/off has been measured. The wavelength of the UV
source was 380 nm with an intensity of 150 mW/cm?>.
The open voltage increased as the area of the covered
ZrNCl thin film changed from 0 to 100% (Figure 4f).
When the surface of the hot junction was completely
covered by the ZrNCl film, the open voltage reached a
stable value of about 3.4 mV under UV light, indicating
a large temperature gradient formed between two
sides of the generator, which demonstrated the
exothermic heat converted from photons. The open
voltage with UV light on/off was reproducible and
stable, which was consistent with the cycling stability
performed in the photo-DSC measurement. Moreover,
an inverted-U-type relationship has been found be-
tween the thickness of the ZrNCl thin film and the open
voltage of the thermoelectric generator (Figure S12).
Based on above measurement, ultrathin ZrNCl
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nanosheets can also be used as a stable UV-driven
planar heat source with higher energy conversion
rate and efficiency.

UV-Raman Study. Ultrathin ZrNCl nanosheets with
atomic-thickness confinement successfully accom-
plished the giant photothermal effect during the
photon excitation process due to enhanced photo-
excited electron—phonon coupling. Different types of
phonons with different polarization included complex-
ity in the electron—phonon coupling process. Under
this situation, UV-Raman provided auxiliary evidence
to unveil the enhanced interaction between optical
phonons and photoexcited electrons in ZrNCl nano-
sheets. When UV photons interacted with species
having a strong UV absorption, some Raman bands
showed strong resonance enhancement due to the
coupling between excited electrons and some phonon
states.”® In this regard, the Raman spectrum under
excitation of a 325 nm laser was observed to change
the vibration modes due to an enhanced electro-
n—phonon interaction, and a 514 nm visible laser
was used for comparison purposes. The Raman spec-
trum of ZrNCl nanosheets excited by a 514 nm laser
showed almost the same feature as that of the
bulk counterpart, and it is consistent with the Raman
spectrum reported in previous literature,?® which also
verified the structure of ZrNCl. However, when using
a 325 nm laser as an excitation source, the Raman
spectrum changed greatly. As shown in Figure 5a, peak
A corresponds to the out-of-plane vibration mode A4
(along the c-axis), while peak B is associated with the
in-plane vibration mode Eg (vertical to the c-axis).”
Therefore, comparing the relative intensity of peaks A
and B could indicate the enhancement of vibration in
the corresponding direction. In this case, the intensity
of peak A was much weaker than that of peak B in
spectra obtained under a 514 nm laser, but the inten-
sity of peak A was larger than that of peak B when
under 325 nm laser illumination. Moreover, by compar-
ing the ratio of peaks A and B for bulk (1.18) and
nanosheet (1.31), respectively, we see that the vibra-
tion mode of A;y was more enhanced when the
thickness of bulk ZrNCl was down to atomic scale,
which indicated a stronger electron—photon coupling.
Therefore, these results proved that the vibration of the
A;4 mode was strengthened more compared to the E
mode under UV light illumination. This selectively
enhanced Raman mode indicated that coupling be-
tween optical phonons and excited electrons occurred
in the ZrNCl nanosheet structure under UV light.
Additionally, in the UV-Raman spectra, a red shift of
the A;4, mode from 586.1 to 582.2 cm ™' was observed
between bulk and 2D ZrNCl samples, while no shift was
observed for the E; mode between the two. This
energy reduction effect means that less energy was
needed in the bond vibration of the A;4 mode, due
to the elimination of van der Waals force and a more
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Figure 5. (a) Raman spectra of ZrNCl nanosheets and its bulk counterpart in the region of 550—650 cm™
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spectra. (b) Bond length of Zr—N (perpendicular to the c- aX|s), Zr—N (parallel to the c-axis), and Zr—Cl (parallel to the c- aX|s)
evolved with the number of layers in the ZrNCl structure. (c) Schematic representations of trapped positrons of Vae, Ve Vi
VZr V¢ vacancy associates according to positron annihilation data.

exposed surface area in 2D ZrNCl, which would also
be conducive to elevate electron—phonon interaction
in ZrNCl ultrathin nanosheets.

The above UV-Raman results were further verified
by a structural optimization process. Perdew—Burke—
Ernzerhof functional calculation (Supporting Informa-
tion section S2) was performed to uncover the micro-
structural evolution as a function of number of layers,
in which the bond lengths of Zr—N (perpendicular to
the c-axis), Zr—N (parallel to the c-axis), and Zr—Cl
(parallel to the c-axis) bonds in bulk, bilayer, and
monolayer of ZrNCl have been calculated, respectively.
The evolution of each bond length is shown in
Figure 5b, from which we could see that the Zr—N
and Zr—Cl bonds along the c-axis became longer as the
number of layers decreased, while the Zr—N bond
perpendicular to the c-axis shortened a little when
the number of layers decreased. The stretch of in-plane
bonds facilitated the vibration modes along the c-axis
in ZrNCl nanosheets to enhance electron—phonon
interaction, which led to increased intensity and red
shift of the A;4 mode in the UV-Raman spectrum. The
calculation results brought a further insight into UV-
Raman spectra, confirming the enhancement of the
electron—phonon interaction along the c-axis in ZrNCl
ultrathin nanosheets, where the quantum confine-
ment effect was responsible for giant heat release.

Vacancy Detection. In a system under photon excita-
tion, the sources of heat generation are not only from
the electron—phonon interaction but also from the
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recombination process of electron—hole pairs at
defects®® In order to study the defect conditions
between ZrNCl bulk and nanosheets, we used positron
annihilation and electron paramagnetic resonance
(EPR) to investigate cation and anion defects, respec-
tively. As an accurate methodology to study cation
defects in materials, positron annihilation could un-
cover information on defects such as type and relative
concentration by measuring the lifetime of positrons.®’
The lifetime spectra of ZrNCl nanosheets and its coun-
terpart have been recorded (Figure S13), which were
similar to each other and could be analyzed into two
lifetime components. The components with longer
lifetime (bulk = 1.044 ns and nanosheets = 1.311 ns)
were ascribed to large defect clusters and interface.
The shorter lifetime components of the bulk and nano-
sheets was very close to each other (bulk = 0.292 ns
and nanosheets = 0.305 ns) with very similar intensity
(bulk = 97.1% and nanosheets = 95.7%), which indi-
cated that the exfoliation process did not bring extra
cation defects into the sample (Table S2). According
to the theoretical calculation (Supporting Information
section S2), three types of theoretical positron lifetimes
were 316,317, and 361 ps (Table S3), corresponding to
three different defects where the distribution of posi-
tron annihilation was trapped, that is, Zr vacancy (V;r’),
Zr—N vacancy (V;,/V,'\,"), and Zr—Cl vacancy (V;;V&.),
respectively (Figure 5c). Therefore, the predominant
defects in both bulk and nanosheets could be assigned
to Vy, or V4 Vi ". The EPR spectra of ZrNCl ultrathin
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nanosheets and the bulk are shown in Figure S14,
from which we could see that no obvious signal of
single electron has been detected. Since anion vacancy
in the ZrNCl structure would definitely leave single
electrons, the EPR spectrum confirmed that no anion
defects existed in the ultrathin ZrNCI nanosheets. In a
word, there was no obvious discrepancy of cation and
anion defects between ultrathin ZrNCl nanosheets
and its bulk counterpart, which showed that defects
did not have the capability of producing significant
improvements in UV photothermal effect from bulk
to ultrathin nanosheets, giving auxiliary evidence that
the quantum confinement effect in 2D nanomaterials
played a vital role in achieving giant UV photothermal
effect.

CONCLUSION

In conclusion, atomic-thickness confinement in a
unique ZrNCl structure of four-atom [Cl—Zr—N—Cl] in

MATERIALS AND METHODS

Materials. Zirconium powder (=92.0%), ammonium chloride,
and n-butyllithium (n-BuLi) (2.5 M in hexane) were all purchased
from Sinopharm Chemical Reagent Co. Ltd. and used without
further purification.

Synthesis of Bulk 8-ZrNCl. 3-ZrNCl powder was prepared in two
steps: in the first step, $-ZrNCl with ZrO, impurity was synthe-
sized through a high-temperature solid reaction, in which
5 mmol Zr and 5.5 mmol NH,CI were ground to mix homo-
geneously and then sealed into a 4 mL quartz-lined autoclave.
The autoclave was heated at a heating rate of 3 °C/min to 650 °C
and maintained for 3 h. The system was then allowed to cool
to room temperature. The light green product was directly
collected from the quartz lining without washing. In the second
step, the obtained mixed product (ZrNCl and ZrO,) was purified
via the process reported previously.3* A mixture of 300 mg of
as-obtained product with 50 mg of NH,Cl was vacuum-sealed in
a quartz tube and horizontally placed in the furnace with a
temperature gradient from 750 to 850 °C. The purified -ZrNCl
was transported into the high-temperature zone in 1 day. Then,
the higher temperature zone (850 °C) was first cooled to 750 °C
with a cooling rate of 2 °C/min, while the lower temperature
zone was maintained at 750 °C. Afterward, these two tempera-
ture zones were cooled to room temperature with the same
cooling rate at 2 °C/min.

Preparation of Precursor Li,ZrNCl. Li,ZrNCl precursor was pre-
pared by a lithium intercalation process. The 20 mg of pure
ZrNCl powder was dispersed in 2 mL of hexane with 0.5 mL of
n-BuLi in a customized glass vacuum system. The reaction
system was stirred and kept at 60 °C for 10 h. The obtained
dark dispersion was filtered, washed with cyclohexane, and
vacuum-dried at 60 °C for 30 min.

Exfoliation of LiZrNCl into ZrNCI Nanosheets. The as-obtained
Li,ZrNCl was dispersed in 15 mL of distilled water and ethanol
mixture (Vi,o/Vewon = 2:1). The Li,ZrNCl-containing solution
was bubbled with nitrogen to expel dissolved oxygen to
avoid oxidation and then ultrasonicated for 3 h. The resulting
suspension was centrifuged at 2500 rpm for 20 min to remove
unexfoliated flakes, and the remaining supernatant was a high-
quality dispersion of ZrNCl nanosheets.

Photo-DSC Measurement. In order to measure heat evolution
accurately, the photo-DSC apparatus was set in an isothermal
environment, which was kept at 25 °C while the source of
photons was turned on and off. In this measurement, a 0.50 mg
sample was spread out at the bottom of an open aluminum pan;

FENG ET AL.

one monolayer, as a new graphene-like structure,
produces synergic advantages of larger relaxation
energy and strengthened bond vibration, which inevi-
tably induced enhanced electron—phonon interaction
in ultrathin ZrNCl nanosheets. The unprecedentedly
giant heat flow generated from ZrNCl ultrathin nano-
sheets reached as high as 5.25 W/g with efficiency of
72%, which was dozens of times higher compared with
that of traditional wide band gap semiconductors, such
as nanocrystals of TiO, (0.26 W/g), ZnO (0.16 W/qg), or
Sn0O,; (0.07 W/qg), also recording the best value of UV
photothermal effect among inorganic materials nowa-
days. The successfully realized giant UV photothermal
effect in 2D nanomaterials represents a new effective
energy conversion form from UV light. We anticipate
that intense electron—phonon interaction in the quan-
tum confinement system would be a powerful tool to
achieve an efficient photothermal effect in inorganic
solids.

meanwhile, an empty aluminum pan was used as a reference.
UV light was emitted from a quartz light guide with a power of
200 mW/cm?, which vertically irradiated the sample and the
blank reference.
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