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rO2 with enhanced visible-light
photocatalytic activity for hydrogen production
and degradation of organic dyes

Yuanyang Wang,a Yinghua Zhang,a Haiqiang Lu,*a Yanxin Chen,a Zhenmin Liu,a

Shen Su,a Yongbing Xue,a Jianfeng Yao *b and Hongbo Zeng *ac

Two new types of N-doped ZrO2 photocatalysts ZON and AZON have been synthesized using

ethylenediamine as the nitrogen source by a facile and low-cost sol–gel method. The N-doped ZrO2

samples have been characterized using various techniques including X-ray diffraction (XRD), UV-Vis

spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),

photoluminescence spectroscopy (PL) and N2 adsorption–desorption tests. The XRD analysis shows that

the crystallinity of ZON samples calcined at 400–600 �C can be indexed to monoclinic ZrO2; while the

AZON samples calcined at 400–550 �C only show amorphous diffraction patterns. The UV-Vis response

of both N-doped ZrO2 samples can be extended to the visible light regime. The high resolution XPS

spectra indicate that N element has been doped in the lattice of ZrO2. Visible-light photocatalytic

reactions using the N-doped ZrO2 photocatalysts (i.e. ZON, AZON) calcined at 450 �C show the highest

hydrogen production rate (2.12 mmol g�1 h�1) and best methylene orange degradation performance due

to substitutional N-doping of the ZrO2. The novel N-doped ZrO2 materials are demonstrated to be very

promising photocatalysts with enhanced visible-light photocatalytic activity. Our results provide useful

insights into the development of novel photocatalytic materials for hydrogen production and

degradation of organic wastes by narrowing the wide bandgap of semiconductors with high

photocatalytic activity under UV-Vis light.
1. Introduction

Developing and using renewable energy sources, instead of
fossil fuel, has received much research attention over the past
two decades, and is believed to be an effective approach to
address the environmental and energy challenges facing the
world in the 21st century. Hydrogen is a clean and no carbon
energy source with great potential for solving the environmental
crisis and energy shortage issues.1–6 Heterogeneous photo-
catalysis for water splitting into H2 using semiconducting
catalysts has received considerable attention due to its signi-
cant economic and environmental benets in producing clean
H2 from water via solar energy.7 In general, semiconductors
possessing electronic structure characterized by a lled valence
band (VB) and an empty conduction band (CB) can act as
photocatalysts for light-induced photochemical reactions. The
prerequisite for an efficient semiconductor photocatalyst is that
ering, Taiyuan University of Science and

l: luhaiqiang-1900@163.com

g Forestry University, Nanjing 210037,

neering, University of Alberta, Edmonton,
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the redox potential for the evolution of hydrogen and oxygen
from water and for the formation of reactive oxygenated species
(hydrogen peroxide, hydroxyl, and superoxide radicals) should
lie within the band gap of the semiconductor.8

During the past 40 years, various semiconductor photo-
catalytic materials have been developed to split water into H2

and O2 under UV and visible light illumination. Splitting water
into H2 and O2 under sunlight allows the production of clean
and renewable H2 on a large scale. TiO2 is an n-type semi-
conductor with bandgap energy of 3.0–3.2 eV, and it is widely
used as a heterogeneous photocatalyst for solar applications
including production of H2 from water.9–17 Zirconia (ZrO2) is
a very important material in petroleum industry for the defor-
mation, dehydrogenation and isomerization of organic
compounds,18 and it has outstanding properties such as high
dielectric constant, wide optical band gap, high chemical and
thermal stabilities, low optical loss and high transparency in
visible and near-infrared regimes.19 However, zirconia with
bandgap energy of 5.0 eV is less used in photocatalysis, espe-
cially for applications under sunlight. Several studies reported
that incorporation of some transition metal ions could effec-
tively enhance the efficiency of ZrO2 based catalytic
systems.18,20–24 Nitrogen doping of oxide semiconductors by
bandgap modulation of photocatalysts, such as TiO2 (3.0–
This journal is © The Royal Society of Chemistry 2018
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3.2 eV)25 and Ta2O5 (4.0 eV),26,27 has been proved in our previous
studies to effectively enhance visible-light absorption. In this
work, N-doped ZrO2 was prepared using ethylenediamine as the
nitrogen source by a facile sol–gel method and heat treatment.
The heat treatment at a selected temperature could remove the
organic residues and keep the N-dopant. The resulting N-doped
ZrO2 was found to signicantly enhance H2 production rate and
methyl organic degradation.
2. Experimental methods
2.1. Preparation of N-doped ZrOxNy

Two types of N-doped zirconium oxynitride (ZrOxNy) were
prepared by a sol–gel method. The rst type of N-doped ZrOxNy

was synthesized using an alcoholysis-based sol–gel method
similar to that in our previous work.25,26 In a typical sol–gel
synthesis process, 10 g of ZrO(NO3)2 was dissolved in 60 mL of
anhydrous ethanol, followed by the addition of 5 mL of ace-
tylacetone as a stabilizer under continuous stirring for 4 h.
60 mL of ethylenediamine was added into the sol solution and
stirred till they gelled. Aer the gel being aged for 6 d, the
yellowish sol was dried at 60 �C for 5 d. The dry gel was then
ground and calcined at 350–600 �C for 1 h. The nal products
were named ZON-350, ZON-400, ZON-450, ZON-500, ZON-550
and ZON-600, respectively, based on the calcination
temperature.

The second type of N-doped (aerogel) zirconium oxynitride
was prepared using a similar synthesis method as above
except the addition of 5 mL of tetraethyl orthosilicate in the
solution of ZrO(NO3)2, ethanol and acetylacetone. The nal
dry gel was ground and calcined at 400–550 �C for 1 h. The
resulting products were named AZON-400, AZON-450, AZON-
500, AZON-550, respectively, based on the calcination
temperature.
Fig. 1 XRD patterns of different N-doped zirconium oxynitride
products: (a) ZON prepared at 350–600 �C, and (b) AZON prepared at
400–550 �C.
2.2. Characterization of photocatalysts

The phase structure of N-doped zirconium oxynitride was
characterized by X-ray diffraction (XRD) using Rigaku MiniFlex
II with Cu Ka radiation (l ¼ 0.1542 nm) at 40 kV. The UV-Vis
absorption spectra were recorded on a Perkin-Elmer Lambda
750 UV/Vis/NIR Spectrometer. X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250) was used to examine the surface
chemistry of the N-doped ZrOxNy samples, coupled with
a spherical capacitor analyser and Al Ka (hn ¼ 1486.6 eV) as the
radiation source. Binding energies were calibrated by the C 1s
peak at 284.8 eV. The specic surface areas of the N-doped
zirconium oxynitride samples were measured by the Bru-
nauer–Emmett–Teller (BET) method employing nitrogen
adsorption at 77 K aer treating the samples at 100 �C and
�10�4 Pa for 2 h using a Tristar-3000 apparatus. Scanning
electron microscope and energy dispersive X-ray spectroscopy
(SEM-EDS) were observed by the Hitachi S-4800 eld emission
SEM (operated at 15 kV). Room temperature photo-
luminescence (PL) spectra were recorded on a spectrouorom-
eter (FluoroMax-4, HORIBA Jobin Yvon) using a Xe lamp as the
excitation source.
This journal is © The Royal Society of Chemistry 2018
2.3. Photocatalytic degradation of methyl orange and
photocatalysis tests for H2 generation

Photocatalytic experiments were performed by following
a method reported previously.25,26 The photocatalytic activity
was evaluated by the degradation of methyl orange under visible
light irradiation (>400 nm) with a 300 W high-pressure xenon
arc lamp. In each test, the photocatalyst from photocatalytic
water-splitting (0.5 g) was added into 500 mL of 20 mg L�1

methyl orange aqueous solution (pH ¼ 5). Oxygen was bubbled
into the suspension, and the photocatalytic degradation effi-
ciency and residue of methyl orange was determined by a UV-Vis
spectrometer by monitoring the characteristic absorption peak
of methyl orange at 464 nm. And photocatalysis tests for H2

generation, typically, 0.5 g of photocatalyst, chloroplatinic acid
(1% Pt) were added into 500 mL of 20 vol% aqueous methanol
solution under a Xe lamp (300 W). The amount of H2 evolved
was determined by using a gas chromatograph (GC).
3. Results and discussion

Fig. 1a and b show the corresponding XRD patterns of the two
types of nitrogen-doped zirconium oxynitride products ZON
and AZON, respectively, calcined at different temperatures. For
ZON-350 (calcined at 350 �C), no obvious characteristic peaks
appear on the XRD spectrum (Fig. 1a). For ZON-400, ZON-450,
ZON-500, ZON-500 and ZON-600 calcined at 400–600 �C
(Fig. 1a), all the XRD characteristic peaks at 2q ¼ 24.11�, 28.10�,
30.00�, 31.37�, 35.19� and 50.21� can be indexed to monoclinic
ZrO2 (JCPDS no. 37–1484). No addition peaks of impurities are
observed, indicating that the nitrogen-doped zirconium oxy-
nitride products have a single phase with high purity. The sharp
diffraction peaks also indicate high crystallinity of these prod-
ucts. In contrast, Fig. 1b shows that for the AZON samples
calcined at 400–550 �C, only amorphous diffraction patterns are
detected.

Fig. 2a and b show UV-Vis spectra of the two types of N-doped
zirconium oxynitride products ZON and AZON prepared at
RSC Adv., 2018, 8, 6752–6758 | 6753
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Fig. 2 UV-Visible spectra of (a) ZON and (b) AZON calcined at
different temperatures.
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different temperatures. Previous study has shown that the band
gap of ZrO2 nanocrystals is about 5.0 eV, and the only UV-Vis
response appears at 240 nm. Interestingly, Fig. 2 shows the
UV-Vis response of N-doped zirconium oxynitride calcined at
400–600 �C is extended to visible light and near IR regime. As
the organic residuals and N-doping element are prone to be
oxidized at high temperature, the absorbance threshold in
visible light becomes weaker and the absorption edge shis to
shorter wavelength with increasing the calcination temperature
for both ZON and AZON materials.

Fig. 3a shows the FTIR spectra of N-doped ZON nanocrystals
in the range from 400 to 2500 cm�1. The bands at �569 and
483 cm�1 can be attributed to the Zr–O and Zr–O–Zr vibrations,
respectively.28 The bands at �1621 cm�1 can be ascribed to the
O–H vibrations of H2O absorbed in the N-doped ZON nano-
crystals. The bands at �1341 cm�1 can be attributed to the
metal and hydroxide bond (Zr–OH).29 As can be seen, additional
peaks are observed aer doping with N. The weak peaks at
�742 cm�1 are associated with the wagging vibration of N–H
bond, while the peaks at 1570 cm�1 are associated with their
Fig. 3 FTIR spectra of (a) ZON and (b) AZON prepared at different
temperatures.

6754 | RSC Adv., 2018, 8, 6752–6758
bending mode.29 The band at 1341 cm�1 can be ascribed to the
dC–H of the carboxylate group.30 The FTIR spectra in Fig. 3a
suggest that carbon-related impurities are present in the ZON
samples calcined at low temperature (e.g. 350 �C), which can be
removed at high temperature. However, for AZON samples, the
FTIR spectra in Fig. 3b show that only the bands at �1621 and
985 cm�1 can be detected, and other vibrations are too weak to
be detected. The band at�1000 cm�1 can be assigned to the Si–
O–Zr vibration.31

XPS is widely used for the characterization of surface
elemental composition and electronic states of photocatalysts.
As shown in Fig. 4a, the global XPS survey spectra of ZON and
AZON prepared at different temperatures indicate the presence
of Zr, O, N and C elements and some peaks of other elements,
such as Si, were observed. The C 1s peak is located at 285.4 eV,
which is possibly ascribed to the remaining organic precursor of
all samples not yet completely removed at temperatures less
than 550 �C. Fig. 4a displays the spectra of all samples for Zr
consist of Zr 4p, Zr 3d, Zr 3p3, Zr 3p1, Zr 3s at 31.1, 182.5, 331.9,
347.2, 433.3 eV, respectively.32 Only amorphous diffraction
patterns of AZON sample calcined at 450 �C was detected by
XRD. However, AZON sample calcined at 450 �C was tted by
a single component (Zr–O) with the binding energy of 182.7 eV
for the Zr 3d5/2 (Fig. 4b). The high resolution XPS spectra of N 1s
region of the catalysts are shown in Fig. 4c. There is one main
peak centered at 396.8 eV in the XPS spectrum of N–ZrO2, cor-
responding to the Zr–N bond. There is also an additional peak
at higher (400 eV) binding energy compared to the main peak.
This characteristic peak is assigned to the N–O bond for the Zr–
O–N state.29 To t O 1s spectrum, two components (O–Zr and O–
H) were required. Fig. 4d shows that the binding energies for
them were 530.4 and 532.2 eV, respectively.33

Fig. 5a shows the element components of AZON-450 sample.
The EDS patterns of the sample aer N doping, it is obviously
that the peak of N element appeared by calcined at 450 �C.
Fig. 5b shows the SEM image and corresponding elemental
mapping and the elements Zr, Si, O, C, N are distributed in the
sample. Very importantly, the N signal is observed in the image,
which means AZON-450 sample was doped by the nitrogen
element. The elemental compositions of ZON (Fig. 5c) and
AZON (Fig. 5d) by SEM-EDS were summarized. N-doped ZrO2

was prepared using ethylenediamine as the nitrogen source by
sol–gel method and heat treatment. N doping level in visible
light-responsive photocatalysts will affect the visible photo-
catalytic activity of samples. From the EDS analysis, the ZON-
450 AND AZON-450 possessed the highest nitrogen content,
which reached 1.24% and 1.15%, respectively.

Fig. 6a and b shows photoluminescence spectra of ZON and
AZON samples, respectively, at room temperature. Photo-
luminescence excitation peaks were selected according to the
UV-Vis absorption spectra (lmax ¼ 290 nm). The emission peaks
of all the ZON and AZON samples are centered at 425–475 nm
when the sample is excited at 290 nm with clear shi. Fig. 6
shows that the intensity of PL peaks overall increases with
increasing the calcination temperature. It is noted that ZON-450
and AZON-450 samples calcined at 450 �C exhibit the lowest
photoluminescence signal among all the spectra for ZON and
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XPS survey of ZON and AZON prepared at different temperatures (a), high resolution spectrum of AZON sample calcined at 450 �C of Zr
3d (b), N 1s peak around the 396.8 eV regions (c), O 1s (d).
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AZON samples, respectively, which indicates the recombination
rate of photogenerated charge carriers is the lowest on the
surfaces of ZON-450 and AZON-450 samples. The PL results
thus conrm that the N-doped zirconium oxynitride sample
with a lower PL displays a higher photocatalytic activity.

The surface area and pore size distribution of N-doped
zirconium oxynitride samples (ZON and AZON) were charac-
terized by Brunauer–Emmett–Teller (BET) measurements.
Fig. 7a shows the nitrogen adsorption–desorption isotherm of
ZON samples, indicating the presence of meso- and macro-
porous structure. The BET surface area of ZON samples
decreases from 31 to 16 m2 g�1 as the calcination temperature
Fig. 5 SEM-EDS spectrum (a) and corresponding elemental mapping (b)
and AZON samples (d) by SEM-EDS.

This journal is © The Royal Society of Chemistry 2018
increases from 400 to 550 �C, which should arise from the high
crystallinity of ZON samples calcined at a high temperature, and
the peak pore size is centered at around 8.2–20.3 nm (Fig. 7a
inset). The nitrogen adsorption–desorption isotherm of AZON
samples is a typical type IV curve, indicating the presence of
mesoporous structure. The BET surface area of AZON samples
decreases from 290 to 217 m2 g�1 as the calcination tempera-
ture increases from 400 to 550 �C, and the peak pore size is
centered at around 2.4–3.3 nm (Fig. 7b inset). The larger pore
size of ZON samples should arise from the intra-crystalline
pore, while the relatively smaller pore size of AZON samples
should arise from carcase construction.
of AZON-450 sample, the elemental compositions of ZON samples (c)

RSC Adv., 2018, 8, 6752–6758 | 6755
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Fig. 6 Photoluminescence spectra of (a) ZON and (b) AZON samples
calcined at different temperatures, with excitation wavelength
290 nm.

Fig. 7 N2 adsorption–desorption isotherms and pore size distribu-
tions (inset) of (a) ZON and (b) AZON samples calcined at different
temperatures.

6756 | RSC Adv., 2018, 8, 6752–6758
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Methylene orange was used as the model organic pollutant
to evaluate the photocatalytic activity of the N-doped ZrO2

samples. Fig. 8a shows the visible-light induced photocatalytic
degradation of methylene orange over different N-doped ZrO2

photocatalysts. Almost all the N-doped ZrO2 samples exhibit the
visible-light photocatalytic activity, suggesting that the ethyl-
enediamine is an effective N source. ZON and AZON samples
calcined at 450 �C show the highest photocatalytic activity in the
photocatalytic degradation of methylene orange, which indi-
cates that the sintering temperature also plays an important key
role in the photocatalytic activity of N-doped ZrO2 samples.
Fig. 8b shows that ZON-450 has the highest H2 generation rate
as high as 2.12 mmol g�1 h�1 and AZON-450 has a H2 genera-
tion rate of 1.85 mmol g�1 h�1. The photocatalytic H2 tests
further supported the excellent photocatalytic activity of the N-
doped ZrO2 materials, as shown in Fig. 8b. It is noted that
although the ZON and AZON samples calcined at 450 �C show
slightly lower photocatalytic activity in the H2 generation tests
than the TiON-500 and TaOxNy-550 as we reported previ-
ously,25,26 the photocatalytic results for the novel ZrO2 based
photocatalysts (i.e. ZON and AZON) with very high bandgap
Fig. 8 (a) Photocatalytic degradation of methyl orange and (b) H2

generation on ZON and AZON samples sintered at 400–550 �C.

This journal is © The Royal Society of Chemistry 2018
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(5.0 eV) are of both fundamental and practical importance.
Among the various photocatalysts available, the low-cost and
facilely synthesized N-doped ZrO2 materials have high stability
against photocorrosion and high negative value of conduction
band potential (�1.0 eV) with strong oxidation power, which are
more suitable for the degradation of a wide variety of organic
pollutants and hydrogen production through solar-driven
catalytic process.

4. Conclusions

Two types of N-doped zirconium oxynitride (ZrOxNy) have been
prepared using ethylenediamine as the N source by a facile sol–
gel method, and show enhanced photocatalytic activity for the
degradation of methylene orange and hydrogen production
under visible light irradiation. The XRD analysis shows that the
crystallinity of ZON samples calcined at 400–600 �C can be
indexed to monoclinic ZrO2, and for AZON samples calcined at
400–550 �C, only amorphous diffraction patterns are detected.
The UV-Vis response of ZON and AZON samples calcined at
400–600 �C is extended to visible light regime. The high reso-
lution XPS spectra of samples calcined at 450 �C indicate that N
element has been doped in the lattice of ZrO2. An appropriate
high temperature (450 �C) heat treatment removes most of the
organic residues and keeps the N-dopant, which endows the N-
doped zirconium oxynitride photocatalysts the highest
hydrogen production rate and methylene orange degradation
performance among all the samples calcined under varying
temperature. The novel N-doped ZrO2 materials have been
demonstrated to be very promising photocatalysts with
enhanced visible-light photocatalytic activity. Our results
provide useful insights into the development of novel photo-
catalytic materials for hydrogen production and degradation of
organic wastes by narrowing wide bandgap of semiconductors
with high photocatalytic activity under UV-Vis light.
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