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TÓM TẮT

Trong những năm gần đây, việc sử dụng thiết bị thu nhiệt năng mặt trời đang ngày càng gia tăng vì đây là 
một phương pháp trực tiếp và hiệu quả để biến năng lượng mặt trời thành các nguồn năng lượng có thể sử dụng 
được. Trong xu hướng này, các nghiên cứu tập trung vào việc phát triển cấu trúc nano của các nitride kim loại 
chuyển tiếp và oxynitride kim loại, nhằm tối đa hóa khả năng thu năng lượng từ mặt trời. Trong nghiên cứu này, 
vật liệu zirconium(oxy)nitride (Zr(O)N) đã được tổng hợp thành công bằng cách xử lý ZrO2 trong môi trường khí 
NH3 ở nhiệt độ cao nhằm ứng dụng trong quá trình chuyển đổi năng lượng quang nhiệt. Để xác định đặc điểm cấu 
trúc tinh thể, hình thái và tính chất của các vật liệu này, các kỹ thuật phân tích như nhiễu xạ tia X (XRD), kính hiển 
vi điện tử quét (SEM) và phân tích phổ phản xạ khuếch tán tử ngoại khả kiến (UV-Vis DRS) đã được sử dụng. 
Các kết quả cho thấy rằng pha tinh thể zirconium(oxy)nitride bắt đầu hình thành ở nhiệt độ 1150 oC. Các vật liệu 
Zr(O)N đã tổng hợp thể hiện khả năng hấp thụ năng lượng mặt trời và tạo ra nhiệt một cách hiệu quả. Các kết quả 
này cho thấy Zr(O)N có thể được tổng hợp bằng phương pháp đơn giản và có tiềm năng lớn trong các ứng dụng 
chuyển hóa năng lượng quang - nhiệt.

Từ khóa: Hạt nano ZrO2 , ZrN, Zr(O)N, chuyển hóa năng lượng quang nhiệt.
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ABSTRACT 

In recent years, there has been a growing focus on solar thermal collectors as they offer a direct and efficient 
means of converting solar energy into usable forms. In line with this, significant attention has been directed 
towards advancing transition metal nitride and metal oxynitride nanostructures for solar-thermal collectors to 
maximize solar energy harvesting. In this study, we have successfully synthesized zirconium(oxy)nitride (Zr(O)N)
materials for photothermal energy conversion. The process involved treating ZrO2 in NH3 at high temperatures, 
resulting in the creation of nanoparticles with promising properties. To characterize the materials, we conducted 
thorough investigations using X-ray diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet-
visible diffuse reflectance spectroscopy (UV-Vis DRS). The findings indicate that the Zr(O)N crystalline phase 
initiates its formation at 1150 °C. The Zr(O)N materials possess a robust capacity for absorbing solar energy and 
efficiently producing heat. Furthermore, these outcomes highlight the feasibility of synthesizing Zr(O)N through 
a straightforward approach, underscoring their significant potential for applications in photothermal conversion.

Keywords: ZrO2 nanoparticles, ZrN, Zr(O)N, photothermal energy conversion.
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1. INTRODUCTION

In recent times, there has been a notable increase 
in the exploration of group IVB transition-
metal nitrides, as opposed to noble metals like 
Au and Ag, to broaden the scope of plasmonic 
applications and deepen our understanding of 
light-matter interactions.1,2 This shift has the 
potential to revolutionize core technologies in 
fields such as telecommunications, computing, 
efficient solar harvesting, solid-state lighting, 

photochemistry, photo- and bio-sensing, 
diagnostics, and therapeutics.3,4 Among these 
materials, titanium nitride (TiN) has garnered 
significant interest. However, zirconium nitride 
(ZrN) holds particular importance due to its 
distinct physical properties, including excellent 
anti-corrosion characteristics and a high melting 
point.5 Importantly, ZrN exhibits a zero crossover 
wavelength within the visible spectrum, similar 
to Au, which grants them plasmonic properties 
in the visible and near-infrared regions.3 This 
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feature enhances their ability to absorb sunlight 
and convert it into heat, making them highly 
suitable for solar light harvesting applications.6 

Numerous techniques can be employed 
for the synthesis of ZrN, such as high-energy 
ball milling of Zr elemental powders in a 
nitrogen gas environment at room temperature,7 
the magnesium thermal reduction process,8 
a nonthermal plasma reactor,9  the initiation 
of exothermal reactions through microwave 
radiation,10 and the utilization of metalorganic 
chemical vapor deposition method.11,12 Among 
these approaches, the reduction-nitridation of 
zirconium oxide (ZrO2) is frequently employed 
for the synthesis of zirconium nitride. This 
method involves the direct nitriding of ZrO2 
using ammonia gas at elevated temperatures.12-14 

Zirconium Nitride (ZrN) possesses 
distinctive properties, including a high melting 
point (2952 oC) and single crystal hardness 
(22.7±1.7 GPa), strong covalent Zr-N bonding 
and excellent chemical resistance, and stability, 
making it highly suitable for applications as 
coatings and protective layers.15-17 Recently, 
ZrN has garnered attention as an excellent 
material for electrodes in energy storage 
and conversion,18 owing to its exceptional 
electrical conductivity, mobility, and impressive 
electrochemical performance.4,19,20 Moreover, 
ZrN has emerged as a promising alternative 
plasmonic material, finding diverse applications 
in solar cells,21 solar light harvesting,22 and 
solar to heat energy conversion.23,24 Its unique 
properties make it a valuable candidate in 
these solar-related technologies. Furthermore, 
zirconium oxynitride, similar to zirconium 
nitride, has piqued special interest as a material 
for solar-thermal collectors. This interest is due 
to its remarkable solar absorptance and thermal 
stability.9,24,25 Thus, both ZrN and zirconium 
oxynitride exhibit great potential in advancing 
various applications related to energy conversion 
and utilization.

In this study, a straightforward approach 
was introduced to produce zirconium(oxy)nitride 
nanoparticles through the reduction-nitridation 
process of zirconium oxide nanoparticles (ZrO2 
NPs) in NH3 gas at elevated temperatures. 
SEM images illustrated that average particles 
increased during nitridation process. Notably, 
the results revealed the formation of cubic ZrN 
phase at 1150 °C, and the materials exhibited 
strong and broad absorption spanning from the 
visible to near-infrared region (~300 – 2000 nm). 
Furthermore, the potential of the synthesized 
nanoparticles in solar-thermal energy conversion 
was also assessed. 

2. EXPERIMENTAL

2.1. Chemicals 

The raw materials used in this study including 
zirconium dioxide (ZrO2, 99.95%), zirconium 
nitride (ZrN, 99.9%),  ammonia and nitrogen gas 
(NH3, H2, > 99.9%) were supplied from Aladdin 
Reagent Co., Ltd., China.

2.2. NH3 treatment of ZrO2 nano particles

Initially, 8 mg of ZrO2 powder was carefully 
placed into a ceramic boat, which was then 
positioned at the center of a quartz-tube furnace 
using a customized setup. This setup allowed 
for precise control of temperature, pressure, 
and gas flow during the experiment. One end of 
the quartz tube was connected to the gas inlet, 
with N2 and NH3 gases available. The other 
end was connected to a mechanical vacuum 
pump. To begin the process, the quartz tube was 
evacuated to achieve a vacuum level of 10−3 
mbar. Subsequently, the furnace was pre-heated 
to 300 °C. To eliminate any contaminants, the 
tube was purged multiple times with N2 gas. 
Once prepared, the temperature in the furnace 
was raised either to 1050 or 1150 °C, both at 
a ramping rate of 5 °C min−1. After the desired 
temperature was stabilized, pure ammonia gas 
was continuously introduced into the furnace 
at a flow rate of 400 sccm for a duration of  
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1.5 hours. Following this, the furnace was 
gradually cooled down to 100 °C in an NH3 
environment and further to room temperature in 
N2 before unloading the sample. 

2.3. Material characterization 

The crystalline structure of the obtained samples 
was studied by powder X-ray diffraction (XRD) 
employing an X-ray diffractometer (Brucker 
Phaser, D2) using Cu Kα irradiation (λ = 0.154 nm).  
The surface morphology of the synthesized 
materials was characterized by scanning electron 
microscopy (SEM) using a HITACHI S-4800 
microscope. UV-Vis absorption spectra were 
measured using a Shimadzu 2600 UV-visible 
spectrometer.

2.4. Photothermal materials study

For each experimental run, 0.8g of PVP 
(Polyvinylpyrrolidone) and 9.5 mL of DMF 
(N,N-Dimethylformamide) were combined in 
a 100 mL glass beaker and stirred for a period 
of 4 hours. Subsequently, 0.01g of ZrO2 1150 
nanoparticles was added to the mixture and 
dispersed with sonication for 10 minutes. The 
resulting ZrO2 1150 nanoparticle suspension 
was then used to create thin layers on glass slides  
(2 cm x 2 cm) through the spin-coating method, 
spinning at 1500 rpm for 60 seconds.

To evaluate the solar-thermal energy 
conversion performance of the prepared 
samples, a custom-made closed metal chamber 
made of steel was utilized. The metal chamber 
was insulated with fiber glass material to 
minimize heat loss. The prepared samples were 
placed at the center of this chamber and exposed 
to sunlight irradiation. The temperature of the 
ZrO2 1150 layer was monitored using a K-type 
temperature probe. Additionally, temperature 
measurements inside the chamber and the 
ambient air outside were recorded using mercury 
temperature meters. The photon flux of sunlight 
was measured using a luminous flux meter from 
China. Throughout the experiments, data was 
recorded at 10-minute intervals to analyze the 
performance of the samples.

3. RESULTS AND DISCUSSION

The XRD patterns of the ZrO2 NPs before and 
after the NH3 treatment at 1050 and 1150 oC 
(sample ZrO2 1050 and ZrO2 1150) are presented 
in Figure 1. In the case of ZrO2 nanoparticles 
(referred to as ZrO2 TM), all observed diffraction 
peaks corresponding to monoclinic (m) and 
tetragonal (t) crystal structure phases were 
accurately matched with standard data of  
ZrO2 (PDF Card - 00-036-0420 and PDF  
Card - 00-042-1164, respectively).26,27 This result 
also indicates high purity of ZrO2 TM (red trace).

Figure 1. XRD diffraction patterns of ZrO2 precusor 
and ZrO2 after annealing in NH3 at 1050 and 1150 oC.

Upon NH3 treatment of ZrO2 at 1050 °C,  
the peaks related to the monoclinic (m) 
phase of ZrO2 nearly vanish, while most of 
those corresponding to the tetragonal ZrO2 

remain, e.g., at 31.3o, 36.3o, 52.3o and 62.1o 
(pink trace).28,29 Furthermore, at the higher 
temperature of 1150 °C, the treatment results 
in the appearance of new peaks at 33.9°, 39.4°, 
56.9°, and 67.9° (black stars), corresponding 
to diffraction planes of the (111), (200), (220), 
and (311) atomic planes of the face-centered 
cubic (FCC) structure of ZrN (PDF Card - 00-
031-1493).16,30 There are two peaks at 43.1o and 
63.2o (red dots) which can be attributed to the 
insulating-metallic phase transition (ZrOxNy).

29 
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Interestingly, annealing ZrO2 in NH3 transforms 
the mixture of monoclinic and tetragonal crystal 
structure phases into the single phase of t-ZrO2 
and initiates a new phase of ZrN.

Figure 2 displays scanning electron 
microscopy (SEM) images of a representative 
sample, along with the particle size distribution, 
which was measured and determined using 
Digital Micrograph. 

Figure 2. SEM images and the particle size 
distribution of (a) ZrO2 TM, as well as ZrO2 after 
being treated in NH3 at different temperatures: (b) 
1050 °C, and (c) 1150 °C. The color of the powders is 
also illustrated in the respective insets.

The SEM images present the shapes and 
sizes of ZrO2 TM nanoparticles (Figure 2a)  
and the same nanoparticles after annealing 
in ammonia at 1050 °C (Fig. 2b) and 1150 °C 
(Figure 2c). In Figure 2a, ZrO2 TM exhibits a 
wide variation in particle sizes, with an average 
diameter of approximately 137.67 ± 40.30 nm, 
represented by the top red distribution curve. 
After treatment at 1050 °C, the average diameter 
increases significantly to 206.58 ± 45.90 nm, a 
nearly 15% increment, as shown by the middle 
blue distribution. Subsequently, the particle size 
further grows by about 17% after treatment  NH3 
at 1150 °C, resulting in an average diameter of 

about 238.03 ± 64.69 nm, as illustrated in the 
bottom black curve. The growth of particle 
sizes is due to higher reaction temperature. 
In addition, the substantial differences in size 
between the ZrO2 1050 and ZrO2 1150 samples, 
approximately 22% and 27%, respectively, can 
be attributed to the significant variability in the 
size of the ZrO2 TM particles, estimated to be 
around 29%.

The findings reveal that NH3 treatment at 
temperatures ranging from 1050 to 1150 °C does 
not significantly impact the surface morphology 
of the nanoparticles. However, it does induce 
remarkable changes in both particle size and 
the appearance of the powder color. These color 
variations are clearly visible in the optical images 
within the SEM images, showcasing a gradual 
shift from white (ZrO2 TM) to dark gray (ZrO2 
1050) and ultimately black (ZrO2 1150), which 
is the typical color of ZrN powder. This color 
transformation aligns with the light absorption 
characteristics observed in the following UV-Vis 
absorption spectra.

To investigate the optical properties of the 
composites, UV-vis diffuse reflectance spectral 
analysis was conducted on ZrO2 powder, as well 
as the ZrO2 samples treated in NH3 at 1050 and 
1150 °C. The results obtained from the analysis 
are presented in Figure 3.

Figure 3. UV-Vis absorption spectra of the 
representative samples and the corresponding band 
gap  calculations using the Kubelka-Munk method as 
indicated in the inset.
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The UV-Vis absorption spectrum ZrO2 TM 
shows a sharp and prominent absorption band 
with maximum at around 277 nm (4.48 eV 
in photon energy) which can arise due to the 
transition between valence band to conduction 
band.28,31 However, this absorption peak for the 
ZrO2 nanostructure in the UV-region is at lower 
energy as compared to the previous report on 
the optical band gap for bulk ZrO2 (5.0 eV).32 
This indicates that there is still contribution 
from extrinsic states towards the absorption in 
this region. Apart from the strong absorption 
peak, a broad and weak absorption  from visible 
to near infrared exists. The weak absorption in 
the visible and near IR region is expected to 
arise from transitions involving extrinsic states 
such as surface trap states or defect states or 
impurities.32 The direct band gap energy can be 
determined by Kubelka-Munk method, about 
3.7 eV, as indicated by the blue trace in the inset 
of Figure 3.

When comparing with pure ZrO2, the 
absorption spectrum of ZrO2 1050 reveals 
distinct characteristics. It displays a pronounced 
absorption peak at 391 nm with an energy gap 
(Eg) of approximately 2.3 eV, as depicted in the 
red trace within the inset. Additionally, there is 
a broad and potent absorption band spanning 
from the visible to the near-infrared spectrum. 
The initial absorption can be attributed to the 
band gap of zirconium oxynitride,28,33,34 while 
the broad absorption is the result of a continuous 
depopulation of the d-band and the creation of 
an energy gap between the valence band and the 
Fermi level.35 

Upon increasing the annealing temperature 
to 1150 °C, a phase transition to ZrN commences 
from the outer layer of ZrO2 1150 particles, 
as evidenced by the XRD pattern. This 
transformation yields a significantly intensified 
and broadened absorption spectrum over a 

wide range, extending from the ultraviolet 
to the near-infrared region. Several factors 
contribute to this phenomenon, including the 
plasmonic behavior arising from the metallic 
content of ZrN/Zr2ON2,

9,36 the presence of 
oxygen/zirconium vacancies or interstitials32,37 
and a diverse distribution of particle sizes, 
as observed in Figure 2. Notably, the broad 
plasmon resonance spectrum featuring a central 
peak around 530 nm and the heightened light 
absorption within the visible-near infrared range 
at elevated temperatures hold immense promise 
for applications in solar light harvesting.

Figure 4 illustrates temperature 
measurements conducted within a metallic 
enclosure and on glass coated with ZrO2 1150 
nanoparticles. The temperature of the ZrO2 
1150-coated glass is depicted as the red trace, 
the air temperature within the chamber is 
represented by the black trace, and the photon 
flux is displayed as the blue trace (transmitted 
through a chamber window glass with over 90% 
light transmission). In Figure 4a, temperature 
measurements taken outdoors in an environment 
with an ambient air temperature of 26 °C are 
displayed for both inside the chamber and the 
glass film coated with ZrO2 1150 nanoparticles, 
all under sunlight illumination.

The outcomes reveal a proportional 
increase in the temperature of the ZrO2 
1150-coated glass with rising photon flux. After 
a continuous 60-minute exposure to sunlight, 
the glass coated with ZrO2 1150 nanoparticles 
reaches a peak temperature of 60 °C, presenting 
a temperature differential (ΔT) of approximately 
15 °C above the air temperature within the 
enclosed metal box (around 45 °C). These initial 
findings strongly suggest the potential of 
zirconium oxynitride as a viable material for 
applications involving photothermal energy 
conversion.
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Figure 4. Temperature arising from ZrO2 1150 
material under sunlight exposure: the temperature of 
the ZrO2 1150-coated glass is depicted as the red trace, 
the air temperature within the chamber is represented 
by the black trace, and the photon flux is displayed as 
the blue trace (transmitted through a chamber window 
glass with over 90% light transmission).

4. CONCLUSION

In brief, we have illustrated a straightforward 
method for producing zirconium(oxy)nitride 
nanoparticles. These particles display robust 
and extensive light absorption across a wide 
spectrum of solar wavelengths, encompassing 
the UV-vis to infrared range. We evaluated their 
ability for photothermal energy conversion by 
employing a metal chamber setup, where ZrO2 
1150 nanoparticles -coated glass were tested. The 
results indicated a significant heat generation, 
surpassing the surrounding temperature by 
approximately 30%. This experimentation 
underscores the promising prospects of utilizing 
zirconium(oxy)nitride for enhancing solar-to-
heat conversion performance.
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