
Green Chemistry Dynamic Article Links

Cite this: Green Chem., 2012, 14, 2790

www.rsc.org/greenchem PAPER

An eco-friendly, highly stable and efficient nanostructured p-type N-doped
ZnO photocatalyst for environmentally benign solar hydrogen production†
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We have investigated an economical green route for the synthesis of a p-type N-doped ZnO photocatalyst
by a wet chemical method. Significantly, hazardous H2S waste was converted into eco-friendly hydrogen
energy using the p-type N-doped ZnO photocatalyst under solar light, which has previously been
unattempted. The as-synthesized p-type N-doped ZnO shows a hexagonal wurtzite structure. The optical
study shows a drastic shift in the band gap of the doped ZnO in the visible region (3.19–2.3 eV). The
doping of nitrogen into the ZnO lattice is conclusively proved from X-ray photoelectron spectroscopy
analysis and Raman scattering. The morphological features of the N-doped ZnO are studied from
FESEM, TEM and reveal particle sizes to be in the range of ∼4–5 nm. The N-doped ZnO exhibits
enhanced photocatalytic hydrogen generation (∼3957 μmol h−1) by photodecomposition of hydrogen
sulfide under visible light irradiation, which is much higher as compared to semiconductor metal oxides
reported so far. It is noteworthy that a green catalyst is investigated to curtail H2S pollution along with
production of hydrogen (green fuel) using solar light, i.e., a renewable energy source. The green process
investigated will have the potential to synthesize other N-doped metal oxides.

1. Introduction

Major natural energy sources, namely oil, are depleting fast.
Therefore, researchers across the world are focusing their efforts
on renewable alternative sources of energy. Simultaneously,
environmental problems are becoming more and more serious
with the development of industry and economy. Therefore, the
emphasis of using conventional physics and chemistry has
shifted to the use of unconventional green routes in the processes
of tapping various energy sources. Direct splitting of H2O, H2S
or an organic waste using a particulate photocatalyst remains a
promising route to producing H2 that is environmentally clean
and a recyclable form of energy. Water is an ideal hydrogen
source and therefore, photocatalysts that could produce hydrogen
from water splitting under sunlight have been actively sought.1–3

Apart from water, H2S could become an alternative source of
hydrogen as H2S splitting requires less energy compared with
the photocatalytic decomposition of water. H2S is cheaply avail-
able in large quantities as a byproduct in coal and petroleum
industries, natural gas, oil wells and geothermal plants.4,5 In
most cases, the toxic H2S has to be converted into an environ-
mentally friendly end product. Thus, simultaneous hydrogen

production and H2S decomposition is a highly desirable process.
H2S can be effectively decomposed by photocatalytic processes,
preferably under visible light irradiation to produce hydrogen,
the clean fuel. This will not only effectively harness the abun-
dant solar energy, but also clean up the environment. The Claus
process is currently used for the decomposition of H2S.

6 The
conventional Claus process comprises the reaction between H2S
and SO2, yielding elemental sulphur and water vapour. Thus, the
Claus process is not a solution to generate H2 from H2S. Also,
the direct thermal decomposition of H2S for the production of
hydrogen and elemental sulphur is energy intensive and econ-
omically more unviable. As a result, there has currently been an
immense emphasis on the development of photocatalysts, which
are active in the visible range for the production of hydrogen.
Unfortunately, the photocatalysts investigated under the visible
region are still limited in number.7 Recently, a CdS–TiO2 nano-
composite film,8 CdIn2S4 bipyramids/flowers/nanotubes,9,10 a
CdS photocatalyst,11 a β-In2S3 dandelion flower,12 Cu-doped
ZnO nanoparticles,13 and metal oxides,14,15 have been used for
the photodecomposition of H2S. It is also noticed that the photo-
decomposition of H2S by sulfide semiconductor photocatalysts,
especially CdS, is not workable due to photocorrosion of the cat-
alyst during the process. Therefore, there is a need to develop a
stable semiconductor photocatalyst for hydrogen production,
which would be efficient, economical and sustain against photo-
corrosion. ‘Metal oxides’ is the most obvious and popular choice
for consideration, which fulfil the desired properties mentioned
above. Most of the studies have been focused on large band
gaps and stable semiconductor oxides, such as TiO2 and ZnO,
wherein electron–hole pairs are generated under photoexcitation
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by UV light only. In many respects, ZnO is more suited in dye
sensitised solar cell devices than TiO2 due to its excellent elec-
tron mobility and its processability into many shapes and forms
as well as adjusting its band-gap to suit its applications in the
solar spectrum region.

A step forward to extend the spectral response of ZnO to the
visible spectral region is due to impurity doping. An initial
approach to shift the optical response of ZnO from the UV
(3.2 eV) to the visible spectral range has been the doping of tran-
sition metal elements into ZnO.16 However, metal-doping has
several drawbacks. The doped materials have been shown to
suffer from thermal instability and metal centres formed as a
consequence of doping metals, act as electron traps, which is
reducing the photocatalytic efficiency. Recently, it was shown
that the desired photo-response of ZnO can be better achieved by
using anionic dopants rather than metal ions. Suitable group V
elements, such as N, P and As, are used as anionic dopants in
ZnO.17,18 The doping of ZnO has limitations and hence n-type
doping is easily obtained, while it is difficult achieve p-type
materials.19,20 Nitrogen has been considered as the best candidate
for synthesizing p-type ZnO because it has a similar ionic radius
as oxygen and also the smallest ionization energy among the
group V elements.21,22 N-doping into ZnO has been tried by
employing various nitrogen precursors such as NH3, N2O, NO,
N2, Zn3N2 and MMHy.23

Herein, we report the green synthesis of p-type N-doped ZnO
using a simple wet chemical method. Significantly, nanostruc-
tured p-type N-doped ZnO has been used for the decomposition
of H2S using sunlight for the production of hydrogen which has
previously been unattempted. We have synthesized the photo-
catalyst by a simple chemical method. Characterization of the as-
synthesized N-doped ZnO photocatalyst was done by XRD and
FESEM, revealing its crystal structure and surface morphology.
The incorporation of the ‘N’ impurity into ZnO was confirmed
by Raman spectra and X-ray photoelectron spectroscopy (XPS).

2. Results and discussion

In the present investigation, the zinc–urea intermediate complex
was obtained from molten urea and ZnCl2. To understand the
mechanism of formation of ZnO by this route, the intermediate,
most likely a Zn–urea complex, was characterized using
TG-DTA for its thermal decomposition behaviour.

Fig. 1 shows the TG-DTA curves obtained for the Zn–urea
intermediate complex with a dynamic heating program. Its
thermal decomposition occurs in four stages as indicated by the
weight loss in TG (Table 1). The DTA curve shows correspond-
ing heat changes during the course of the reaction.

The TG curve shows that the 3% weight loss is observed at
the first stage of the decomposition of the product, at 160 °C,
which is higher than expected, which is due to the loss of
adsorbed water molecules. This stage is followed by the 13%
weight loss in the 160–260 °C range, which can be attributed to
the loss of two NH3 and one NO2 molecules. The broad
endotherm in the DTA curve shown at these stages also confirm
the removal of H2O, NH3 and NO2. At this stage, the product
would be a Zn–urea complex consisting of Zn–urea decompo-
sition products, wherein Zn and nitrogen from the urea products

would be in close proximity. A further weight loss of 29% is
observed in the range 260–350 °C. This may be attributed to the
loss of two HCl and two NO2 molecules. The corresponding
endothermic DTA curve obtained also confirms the removal of
HCl and NO2. Similarly, the weight loss observed in the range
350–520 °C is around 34%, which is due to the loss of four CO2

and one NO2 molecules. The loss of CO2 and NO2 is due to
complete combustion of the Zn–urea complex and excess biuret.
Accordingly, the exothermic peak is observed at corresponding
temperatures. The total weight loss was observed around 79%,
which is matching with the extent of ZnO formed from
the complex and excess biuret. The weight losses observed
at respective stages is in fairly good agreement with those
predicted. Considering the stepwise weight loss, the following
reaction has been proposed.

ð1Þ

No further loss is observed in thermal studies, indicating the
formation of a stable phase of ZnO, as subsequently revealed in
XRD studies.

Fig. 2 shows the XRD patterns of the as-synthesized products
(S1–S5), prepared under different conditions. It is clear from

Table 1 Weight loss stages of the intermediate (Zn–urea complex)

Weight loss stages (°C) Loss of molecules % Weight lossa

0–160 Adsorbed H2O 3 (1)
160–260 2NH3 + 2NO2 13 (14)
260–350 2HCl + 2NO2 29 (30)
350–520 4CO2 + NO2 34 (32)

a Figures in parenthesis are predicted values.

Fig. 1 TG-DTA curve of the Zn–urea intermediate.

This journal is © The Royal Society of Chemistry 2012 Green Chem., 2012, 14, 2790–2798 | 2791
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Fig. 2 that the products (S1–S5) show identical XRD pattens.
All the peaks are assigned to the standard hexagonal wurtzite
ZnO crystal structure (JCPDS 36-1451) and no additional peaks
are observed, which infers the formation of phase pure ZnO.
Also, this suggests the possibility of induction of nitrogen into
the ZnO lattice which has not affected the ZnO crystal structure.
The absence of phases such as ZnN, Zn (OH)2, etc., are note-
worthy.24

The type of conductivity of all the end products (S1–S5) is
determined by using a well known ‘hot probe’ method.25,26 The
type of electrical conduction properties of samples S1, S2, S3,
S4 and S5 are indicated in Table 2.

The sample S1 shows n-type conduction and the other
samples, S2, S3 and S4, were changed from n-type conduction
to p-type conduction by annealing at 500, 600 and 700 °C,
respectively. Surprisingly, this p-type conductivity is transformed
to n-type for sample S5 formed by annealing at 800 °C.

Thus, the result of finding the type of conductivity by the hot
probe method shows that ZnO gets converted to ‘p-type material’
when heated in the temperature range 500–700 °C for 3 h in a
partly nitrogenous atmosphere derived by urea products under
the present experimental conditions. This is obviously due to the
replacement of oxygen by nitrogen in the ZnO lattice.18,27 The
absence of a ‘p-type’ nature in sample S5 can be explained as
follows.

Zn–N → Zn–O transformation would be facilitated with the
increase in temperature of reaction. Also, it is known that
undoped ZnO is always ‘n-type’. At the temperature of 800 °C,
even though the Zn–N → Zn–O transformation takes place, it
may not go to completion within the limited period of heating
(3 h). S5 may have some nitrogen left in the lattice but its effect
is overtaken by the ‘defects’ of undoped ZnO formed at high
temperature, which is an ‘n-type’ material.

We observed that there is a one to one correspondence in
these observations, namely, when there is a dominant presence
of nitrogen in the lattice of ZnO, the sample assumes P-type con-
duction as shown by the ‘hot probe’ method. This p-type to
n-type conversion is further supported by the results on the
studies of Raman spectroscopy and XPS results.

The ultraviolet-visible diffuse reflectance spectra (UV-DRS)
of ZnO (S1) and N-doped ZnO (S2–S5) are shown in Fig. 3.
The nature of absorption band with a sharp ‘cut off’ at 388 nm
(band gap = 3.19) of sample S1, is assigned to the phase pure
ZnO formation. The band gap of samples S2–S5 were observed
to be 2.3, 2.4, 2.5 and 2.5 eV, respectively. The samples S2–S5
show drastic red shifts in band gaps, which is due to N-doping.
The N-doped ZnO lattice shall have defects formed in the lattice.
The location of such defects in the band diagram would be
above the valance band. The amount of doped nitrogen shall
determine the width of the defect band. Such a band picture can
explain all the optical absorption observations of the present
study.

Thus, sample S2 shows more absorption in the visible region
than the other samples, indicating maximum doping of nitrogen.
It is well known that the Zn–O bond is more stable than Zn–N.
Therefore, transformation of Zn–N → Zn–O is thermodynami-
cally favoured. As the temperature of the reaction is increased,
this transformation results in lowering of the amount of nitrogen
in the ZnO lattice and consequently lowering of absorption in
visible region.

The PL study (ESI† (SI-1)) shows emission peaks at 380, 393
and 389 nm for the sample S1, S2 and S5, respectively. There is

Table 2 Type of conduction of ZnO samples

Sample S1 S2 S3 S4 S5

Type of conduction n p p p n

Fig. 2 XRD spectrum of samples (a) undoped ZnO (S1) treated at
800 °C for 3 h and N-doped ZnO treated at different reaction temp-
eratures for 3 h at (b) 500 °C (S2), (c) 600 °C (S3), (d) 700 °C (S4) and
(e) 800 °C (S5).

Fig. 3 UV-DRS spectra of samples (a) undoped ZnO (S1) treated at
800 °C for 3 h and N-doped ZnO treated at different reaction temp-
eratures for 3 h at (b) 500 °C (S2), (c) 600 °C (S3), (d) 700 °C (S4)
(e) 800 °C (S5).

2792 | Green Chem., 2012, 14, 2790–2798 This journal is © The Royal Society of Chemistry 2012
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a red shift observed due to the replacement of oxygen by nitro-
gen in ZnO. Apparently, the red shift has been influenced by the
N-doping as well as the creation of defects during the thermal
process.28

Raman scattering was performed for the undoped and
N-doped ZnO, as illustrated in Fig. 4. In all the spectra, a
common Raman line is located at 437 cm−1 (Fig. 4a–c), which
corresponds to the E2 (high) vibrational mode which implies
the existence of the wurtzite structure for both undoped and the
N-doped ZnO. The peak located at 333 cm−1 corresponds to the
second order (E2 (high) − E2 (low)).29 The other modes at A1

(275–277 cm−1), A3 (509 cm−1) and A1 (LO) (580 cm−1) can be
assigned to local vibration modes (LVMs) of nitrogen in ZnO.30

Raman modes at 275 cm−1 was attributed to the localized
vibration of Zn atoms, where parts of their first nearest neighbour
O atoms are replaced by N atoms in the ZnO lattice.31 Also, the
Raman peaks observed at 509 and 580 cm−1 is related to the
presence of nitrogen.32,33 It may be noted that the nitrogen
related peaks, namely (275–277 cm−1), (509 cm−1) and (LO)
(580 cm−1) are absent in samples S1 and S5. The Raman
spectroscopic observations, thus, confirms N-doping in the
lattice and concomitantly shows that sample S1 and S5 do not
have an effective presence of nitrogen.

The presence of nitrogen and its concentration in N-doped
ZnO was analyzed by XPS. During the thermal treatment, the
complex decomposes into ZnO but traces of ‘Cl’ get adsorbed
on the surface during cooling of the sample. The traces of ‘Cl’
were removed by washing with copious amounts of hot water
and its complete removal is confirmed by XPS (Fig. 5a). The
full XPS spectrum of the N-doped ZnO (Fig. 5a) showed only

peaks that were assignable to Zn, O, C and N. High resolution
XPS spectra of the Zn2p and O1s lines are shown in Fig. 5b and c.
The core lines of Zn2p3/2 and 2p1/2 are located at 1021.8 eV and
1044.7 eV, respectively. In Fig. 5 the high resolution scanning XPS
spectra of O1s after deconvolution shows that oxygen exists at
least in three forms with the following binding energies: 530.5,
532.0, 533.5 eV. The peak at 530.5 eV is mainly assigned to the
oxygen atoms coordinated with Zn atoms.34 The peak at 532 eV
corresponds to oxygen adsorbed on sample surface probably as (–
OH).35 The peak at 533.5 eV is likely to be due to water molecules
on the surface.36 Fig. 5d show that N1S peaks appeared at 395.7,
397.9, 400 eV which indicate nitrogen incorporation. Three peaks
are assigned to N–Zn, N–C and N–H bonds respectively.37,38

Oxygen to nitrogen atomic ratio of 1 : 0.38 is estimated by XPS.
The XPS results are consistent with the Raman results, which
demonstrate successful N-doping into the ZnO. The XPS of
sample S3, S4 and S5 are given in ESI† (SI-2).

Oxygen to nitrogen atomic ratios for the samples S3 and S4
are 1 : 0.32 and 1 : 0.41, and for the S5 sample there is no nitro-
gen. It is interesting to note that more nitrogen is shown to be
present in sample S4 than in sample S3. This is understandable
as the reaction temperature of S4 is higher than that of S3 and
therefore more nitrogen is present on the surface of the sample
due to the nitrogen out-diffusion process. Such removal of nitro-
gen from N-doped ZnO is reported in the literature.39 XPS is a
surface sensitive technique which efficiently detects these subtle
variations of concentration.

The morphology and particle size of the nanostructured com-
pounds were investigated by FESEM and TEM. Fig. 6 shows the
FESEM images of samples S1–S5, indicating the morphologies
of undoped and all N-doped ZnO samples. The FESEM of
sample S1 (Fig. 6a, b) shows the agglomerated hexagons of
sizes ∼3–6 μm. The FESEM of the N-doped ZnO sample S2
(Fig. 6c, d) shows a spongy structure, whereas samples S3
(Fig. 6e, f ) and S4 (Fig. 6g, h) show agglomerated nanoparticles
with sizes of ∼50–60 nm and ∼50–100 nm, respectively.
However, sample S5 (Fig. 6i, j) reveals distorted hexagons of
sizes ∼4–5 μm.

Fig. 4 Raman spectrum of samples (a) undoped ZnO (S1) treated at
800 °C for 3 h and N-doped ZnO treated at different reaction tempera-
ture for 3 h at (b) 500 °C (S2), (c) 600 °C (S3), (d) 700 °C (S4),
(e) 800 °C (S5).

Fig. 5 XPS patterns of N-doped ZnO synthesized at 500 °C for 3 h
(S2) (a) Survey spectrum and high-resolution spectra for (b) Zn2p,
(c) O1s, (d) N1s.

This journal is © The Royal Society of Chemistry 2012 Green Chem., 2012, 14, 2790–2798 | 2793
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Since the morphology of sample S2 was not clear in FESEM
(spongy structure), we have characterized the sample with TEM
(Fig. 7a–d). In the TEM images (Fig. 7a, b) we observed
∼50–100 nm sized nanocubes as the primary growth. Interest-
ingly, growth of secondary nanoparticles of size ∼4–5 nm over
the nanocubes was observed. The secondary growth is perhaps
seen as a spongy structure in the FESEM. Such a spongy struc-
ture with highly crystalline nanoparticles (Fig. 7b) is likely to
have a high surface area.

The electron diffraction (Fig. 7c) dots can be indexed as the
(100), (101), (102) and (201) planes of the hexagonal wurtzite

phase of the N-doped ZnO, which is consistent with the XRD
results. Fig. 7d shows a high-resolution TEM (HRTEM) image
of the nanocubes. The lattice fringes show that the nanocubes
are well crystalline and the observed d-spacing corresponds to
the (101) plane of N-doped ZnO.

After careful evaluation of the above results, the over-all
mechanism of N-doped ZnO formation by the ‘urea route’ can
be visualized as below.

The formation mechanism of undoped and N-doped ZnO is
represented in Scheme 1. When ZnCl2 and urea are mixed in
alcoholic medium and heated at 150 °C, a ZnCl2 based Zn–urea
complex is formed (Scheme 1). However, the product remains

Fig. 6 FESEM of samples (a, b) undoped ZnO (S1) treated at 800 °C
and N-doped ZnO treated at different reaction temperature for 3 h at
(c, d) 500 °C (S2), (e, f ) 600 °C (S3), (g, h) 700 °C (S4), (i, j) 800 °C
(S5).

Fig. 7 TEM of N-doped ZnO treated at 500 °C for 3 h (S2).

Scheme 1 Schematic representation of formation mechanism of
undoped and N-doped ZnO.

2794 | Green Chem., 2012, 14, 2790–2798 This journal is © The Royal Society of Chemistry 2012
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hygroscopic when exposed to the atmosphere. We have per-
formed the reaction using excess urea so as to have a larger
number of nitrogen species available for doping. Hence, along
with the complex some unreacted biuret is also formed.40

Further, the complex along with biuret (as per eqn (1)) is
annealed at 500, 600, 700 and 800 °C on the basis of the precise
thermal study by TG-DTA. The thermal study shows a four-stage
weight loss to obtain ZnO. Our main aim is to dope nitrogen
through urea, of which we have achieved at 500 °C.

On the basis of the critical assignment of weight loss and cor-
responding exo/endothermal changes in DTA observed during
thermal decomposition of the Zn–urea complex we have pro-
posed the reaction, eqn (1). According to the TG-DTA, further
thermal treatment from 160–260 °C shows gradual decompo-
sition of the complex and biuret in the form of NO2 and NH3, as
explained in the TG-DTA section. After 260 °C the gradual
weight loss of the complex and biuret is continuous and there
may be formation of ZnO1−xNx at 500 °C along with HCl, NO2

and CO2.
Urea and its decomposed products, such as a biuret, are in

intimate contact with the complex and hence the species contain-
ing nitrogen in these decomposed products can act as a nitrogen
source for doping in ZnO, which is being formed at high temp-
eratures in an air atmosphere.41 Ammonia that is evolved at the
second stage (160–260 °C) is partially adsorbed by means of
dissociative chemisorption on the surface of the intermediate
(Zn–urea complex) formed at that stage. During chemisorption,
the lone pair of electrons of the nitrogen atom is condensed on
the surface, due to which an equal number of hydroxyl groups
and amide ions are formed on the surface.26 At high temperature
(500 °C) N-doping takes place during the formation of ZnO. The
formation of ZnO1−xNx at 500 °C is already confirmed by
Raman and XPS. The decomposition of ZnO1−xNx starts after
500 °C and at 800 °C pure phase ZnO has been formed
(Scheme 1), which is also confirmed by Raman and XPS. The
schematic representation (Scheme 1) also shows the morphologi-
cal transformation of N-doped ZnO at different temperatures.

The FESEM image of sample S1 shows well developed hexa-
gons. It is not surprising because it does not contain intentionally
added impurities in the matrix. The addition of impurities/
dopants hampers the growth of the basic structures of the crys-
tals. Sample S2 shows the secondary growth of tiny nanoparti-
cles of size ∼4–5 nm on ∼50–100 nm size nanocubes (Fig. 7) of
the N-doped ZnO, as presented in Scheme 1. Sample S3 shows
the disappearance of tiny nanoparticles (spongy structure demon-
strated by FESEM Fig. 6c, d) and the formation of bigger nano-
particles as compared to sample S2. This is consistent with the
earlier proposed mechanism, that as the temperature increases
the ZnN → ZnO transformation occurs leading to a decrease in
N-doping. Consequently, the numbers of defects are also
lowered and thus the bigger particles are formed due to high
temperature. At high temperatures, the formation of bigger par-
ticles via aggregation of smaller particles due to sintering is
quite obvious. The same trend continues for S4 and S5 samples.
FESEM and Raman of sample S5 is similar to sample S1, and
implies minimization of N-doping. The S5 sample is expected to
have a negligible nitrogen content, as suggested earlier because
of its out-diffusion process, and therefore is likely to have fewer
defects, compared to the defects in samples S2–S4.

In the case of sample S5, it was expected to achieve the same
morphology, i.e., basic hexagons as obtained for sample S1.
However, due to the small number of defects, their influence in
the distorted hexagons obtained in sample S5 is well understood.
The band gap of N-doped ZnO is red shifted drastically as com-
pared to ZnO, which is due to N-doping, as N-doping produces
external strain as well as lattice strain.42,43 This strain also affects
the total morphology of the N–ZnO. Hence, different mor-
phologies are obtained for the N-doped samples.

Photocatalytic activity

The photocatalytic activity of the undoped and N-doped ZnO
samples for hydrogen generation via photodecomposition of H2S
was performed. The freshly prepared undoped and N-doped ZnO
powders were employed for examining the photocatalytic
hydrogen generation activities.

Table 3 shows the hydrogen evolution rate from the photode-
composition of H2S using undoped and N-doped samples, i.e.,
S1–S5, respectively. The photocatalytic activity of sample S1
(undoped ZnO) showed a moderate hydrogen evolution rate, i.e.,
around 1874 μmol h−1, while the N-doped ZnO samples S2, S3,
S4 and S5 showed 3957, 3480, 2875 and 2448 μmol h−1,
respectively. The maximum H2 evolution, i.e., 3957 μmol h−1,
was obtained for sample S2. The hydrogen evolution versus
irradiation time plots for catalysts S1–S5 are shown in Fig. 8.
The linearity of the graphs clearly show the steady evolution rate
of the undoped and N-doped ZnO samples. However, overall the

Table 3 Photocatalytic activity of undoped and N-doped ZnO samples
for hydrogen evolutiona

Sample S1 S2 S3 S4 S5

H2 (μmol h−1) 1874 3957 3480 2875 2448

aCatalyst, 0.2 g; 200 ml (0.25 M aqueous KOH solution); 300 W Xe
lamp (oriel).

Fig. 8 Time versus volume of H2 (μmol) evolution of the as-syn-
thesized (a) undoped ZnO (S1) and (b–e) N-doped ZnO (S5–S2)
samples.

This journal is © The Royal Society of Chemistry 2012 Green Chem., 2012, 14, 2790–2798 | 2795
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N-doped ZnO sample S2 shows higher activity as compared to
undoped ZnO (S1) and the other metal oxides.14,15 Significantly,
the photocatalytic activity of N-doped ZnO was observed to be
much higher as compared to sulfide semiconductors, such as
CdS, CdIn2S4, In2S3, etc.,

9–12 reported so far.
The higher hydrogen evolution rate for sample S2 is observed,

which is due to the higher doping concentration of nitrogen than
the other samples and also due to the secondary growth of nano-
particles (∼4–5 nm) over the primary growth of nanocubes. Due
to N-doping, the band gap of the N-doped ZnO has been shifted
completely in the visible region and hence, maximum visible
light absorption is favoured. Thus, the maximum evolution rate
obtained is justified. Accordingly, it is observed that the evol-
ution rate decreases in the case of samples S3–S5, which is due
to lowered levels of N-doping.

During the photodecomposition reaction, in 0.25 M KOH
solution (pH of 12–13), the weak diprotic acid H2S (two pKa

values are 7.0 and 11.96) dissociates and maintains equilibrium
with hydrosulphide HS− ions. The oxide semiconductor absorbs
light and generates electron–hole pairs. The photogenerated
valence band hole (h+VB) upon band gap excitation of the
powder samples of N-doped ZnO oxidizes the HS− ions to
sulphur (2S), liberating protons. The conduction band electron
(e−CB) from the N-doped ZnO photocatalyst reduces protons to
produce molecular hydrogen.

H2Sþ OH� $ HS� þ H2O ð2Þ

Semiconductor N–ZnO ! hþVB þ e�CB ð3Þ

Oxidation reaction : 2HS� þ 2hþVB ! 2Sþ 2Hþ ð4Þ

Reduction reaction : 2Hþ þ 2e�CB ! H2 ð5Þ
The p-type N-doped ZnO shows higher photocatalytic activity,

which may be because of the availability of a larger number of
holes (due to p-type doping), that ultimately accelerates the pro-
duction of protons and increases molecular hydrogen generation
(eqn (4) and (5)). However, the detailed mechanism requires
more experimentation which is in progress.

It is noteworthy that this is the first time that we have reported
enhanced hydrogen generation from waste H2S using an eco-
friendly, stable N-doped ZnO as a photocatalyst under solar
light. The stability of the photocatalyst has also been examined
by reusing the photocatalyst samples (S2) and we obtained the
same results (SI-3†). The XRD of the reused catalyst did not
show any changes in the phase purity of the N-doped ZnO
(SI-4†), which implies good stability of the catalyst.

3. Experimental section

3.1 Synthesis of N-doped ZnO

The synthesis of the N-doped ZnO was performed by using a
wet chemistry technique. Analytical grade zinc chloride (ZnCl2),
urea and absolute ethanol were purchased from the local chemi-
cal manufacturer (Qauligene chemicals) and were used as
received. In a typical synthesis, to 0.5 M ZnCl2 solution in absol-
ute ethanol, urea (1 : 2 w/w) was added slowly with constant

stirring until a homogeneous solution was achieved. This solu-
tion was then kept in oven at 150 °C to obtain a white product,
which was found to be hygroscopic. The hygroscopic product
was preserved in a desiccator, and then further subdivided for
heat treatment at 500 °C, 600 °C, 700 °C and 800 °C for 3 h to
obtain brown products, which are no longer hygroscopic. For
comparison, we also synthesized the undoped (S1) sample. It
was synthesized by heat treating a 0.5 M ZnCl2·3H2O solution
(without any additives like urea) at 150 °C to obtain the product,
which was further annealed at 800 °C for 3 h. The other products
with dopants were annealed at 500 °C, 600 °C; 700 °C and
800 °C for 3 h. After annealing at the different temperatures, all
samples (including S1) were washed with copious amounts of
hot distilled water until all chlorine is removed, and were labeled
as S2, S3, S4 and S5 respectively. These products were then sub-
jected to UV-DRS, XRD, Raman, XPS, FESEM, TEM analysis
for their characterization.

3.2. Characterization

Thermogravimetric (TG) and differential thermal analysis
(DTA) of the intermediate was carried out at a heating rate of
10 °C min−1 in air (SETARAM-16/18). The optical properties of
the powder samples were studied using an UV-visible-near infra-
red spectrometer (UV-VIS-NIR, Perkin Elmer Lambda-950).
The crystalline phases and the crystallite size of the photocatalyst
was identified using an X-ray powder diffraction (XRD) tech-
nique (XRD-D8, Advance, Bruker-AXS) with Cu Kα radiation.
Room temperature micro Raman scattering (RS) was performed
using a HR 800-Raman Spectroscopy, Horiba Jobin Yvon,
France, with an excitation at 632.81 nm by a coherent He–Ne
ion laser and a liquid nitrogen cooled CCD camera to collect and
process the scattered data. The chemical bonds of these N-doped
ZnO samples were examined using X-ray photoelectron
spectroscopy (XPS, ESCA-3000, VG Scientific Ltd, England)
with a base pressure greater than 1.0 × 10−9 Pa and Mg Kα radi-
ation (1253.6 eV) was used as an X-ray source operated at
150 W. The morphologies of the N-doped ZnO nanostructures
were characterized by field emission scanning electron
microscopy (FESEM, Hitachi, S-4800) and high resolution trans-
mission electron microscopy (HRTEM, JEOL, 2010F). For
HRTEM studies, samples were prepared by dispersing the
powder in acetone, followed by sonication in an ultrasonic bath
for 2 min and then drop-casting the dispersion on a carbon-
coated copper grid and by subsequent drying in a vacuum.

3.3. Photodecomposition of H2S

The cylindrical quartz photochemical reactor was filled with
200 ml 0.25 M aqueous KOH and purged with argon for 1 h.
Hydrogen sulphide (H2S) was bubbled through the solution for
about 1 h at the rate of 2.5 ml min−1 at 299 K. N-doped ZnO
(0.2 g) was introduced into the reactor and irradiated with a
visible light source Xe-lamp (300 W, LOT ORIEL GRUPPE,
EUROPA, LSH302, see ESI† SI-5 for Xe lamp spectrum) with
constant stirring. The escaped hydrogen sulfide was trapped in
a NaOH solution. The amount of hydrogen gas evolved was
collected in a graduated cylinder and measured. The evolved

2796 | Green Chem., 2012, 14, 2790–2798 This journal is © The Royal Society of Chemistry 2012
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hydrogen was then analyzed for its purity using a gas chromato-
graph (Model Shimadzu GC-14B, MS-5 Å column, TCD, Ar
carrier). All the samples (S1–S5) were tested for their catalytic
activity under identical conditions.

4. Conclusions

In nutshell, the synthesis of a p-type N-doped ZnO catalyst was
demonstrated by a simple wet chemical method. Significantly,
the efficient and stable production of eco-friendly hydrogen
using hazardous H2S waste with the help of abundantly available
solar light was demonstrated for the first time using the p-type
N-doped ZnO catalyst. The optical study clearly shows a shift in
the band gap to the visible region (3.19–2.3 eV) due to
N-doping, which is in good agreement with the Raman and XPS
studies. XPS confirms the bond formation of nitrogen with zinc
in the ZnO lattice with an oxygen-to-nitrogen atomic ratio of
1 : 0.38. The lowering of the amount of N-doping with increas-
ing temperature agrees well with the XPS results. In the case of
the N-doped ZnO catalyst obtained at 500 °C (S2), nanocubes of
the size ∼50–100 nm were obtained as the primary growth,
while the secondary growth was nanoparticles of size ∼4–5 nm
over the nanocubes. The naked N-doped ZnO sample prepared at
500 °C showed excellent photocatalytic activity (3957 μmol h−1)
for the hydrogen production under visible light irradiation,
which is much higher as compared to the oxide semiconductor
catalysts reported so far. Significantly, the catalyst is highly
stable and can be used repeatedly. The green route investigated
herewith, will have potential applications in the production of
other N-doped metal oxides.
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