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–N/Nb2O5 nanonet synthesis
based on 2-methylimidazole for visible-light driven
photocatalytic degradation of Rhodamine B†

Fahim A. Qaraah, a Samah A. Mahyoub, a Mahmoud Elsayed Hafez *b

and Guangli Xiu*a

Herein, we fabricated a C and N co-modified Nb2O5 nanonet structure (C–N/Nb2O5NNs) from niobium

oxalate using 2-methylimidazole (Hmim) as a source for C and N via a simple hydrothermal route. The

obtained nanonets are robust and cost-effective with excellent recycling stability. Compared with N-

doped TiO2 (N-TiO2) and a Nb2O5 control sample (Nb2O5-CS), the resulting nanonets exhibited the

highest performance toward the photocatalytic degradation of Rhodamine B (RhB) upon visible light

irradiation (l > 420 nm). Through this study, we revealed that the synergetic effects of C and N on the

nanonet surface, which were effectively incorporated into the surface of the Nb2O5 nanonet structure,

not only remarkably enhanced the visible light response by decreasing the bandgap to 2.9 eV but also

improved the light utilization efficiency and photo-induced electron–hole pair separation efficiency of

our nanonet structure. We also proposed that the presence of carbonate species (COx) and nitrogen

species (NOx) increased the population of generated holes (h+) that had the key role in the

photodegradation mechanism of RhB, suggesting reasonable importance for the modification of Nb2O5

with C and N. This synergism offers a new view to reveal the origin of photodegradation processes,

introducing h+ as a key intermediate. Our approach provides a new insight to design 2D nanostructures

with potential applications in catalysis, solar energy conversion, and environmental protection.
1. Introduction

Solar energy utilization is one of the most rapidly developing
elds in the past several decades. In this regard, semiconductor
nanostructures have been revealed as one of the main materials
that participate efficiently in converting solar energy to elec-
trical or chemical energy.1 Despite the progress on the synthesis
of two-dimensional (2D) nanomaterials, the design of low-cost,
well-ordered, nanonet catalysts for photocatalytic applications
with efficient catalytic activity remains one of the great chal-
lenges in this eld. Moreover, fabricating a novel, low-cost
nanophotocatalyst with a bandgap in the visible light region
is another potential challenge. On the other hand, the existence
of organic pollutants such as pharmaceuticals, pesticides, and
dyes in rivers and lakes, even at low concentrations, can seri-
ously affect human health and the environment. Rhodamine B
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(RhB) which is the most used dye in the textile industry, is
classied as an organic pollutant and is more likely to be found
in wastewater, threatening the human health and environment
due to its potential carcinogenicity and its resistance to
biodegradation.2–4 Accordingly, developing an efficient treat-
ment technology for the removal of such pollutants from
wastewater is urgent.

For instance, the heterogeneous photocatalysis have attrac-
ted a great interest for the photocatalytic degradation, particu-
larly the use of semiconductors that can be active under visible
irradiation due to their excellent characteristics such as low
toxicity, high photocatalytic activity, and relatively high
stability.5,6 Moreover, modication of the semiconductor
surfaces either by introducing some molecules to the surface or
changing the surface molecules critically enhances the elec-
trons transfer from the valence band (VB) to the conduction
band (CB) through shortening the bandgap of the targeted
semiconductor.7 Notably, many efforts have been paid to opti-
mize the structure and morphology of the semiconductor
photocatalysts to upgrade their visible–visible light absorption
and charge separation efficiency.8

As an n-type semiconductor based transition metal, Nb2O5

has been widely studied in sensors, electrochromic, and bio-
electrochemistry.9–11 Accordingly, Nb2O5 has been found to be
a promising material for photocatalytic reactions.12–14
RSC Adv., 2019, 9, 39561–39571 | 39561
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Nevertheless, the actual application of Nb2O5 as a photocatalyst
is limited due to its wide band gap (3.4 eV) which lies in UV
region. Therefore, developing a novel visible light-responded
Nb2O5 photocatalyst with suitable electron–hole pair lifetimes
via simple synthesis methods is necessary for wide use appli-
cations and sunlight utilization. Interestingly, the modication
of Nb2O5 with non-metal elements is one of the most effective
methods to shi its spectrum to the visible light region.15 Based
on the fact that doping the nanostructured semiconductor
catalysts with non-metal elements can effectively harvest visible
light due to N doping that narrows the bandgap by mixing the N
2p and O 2p, inducing visible light absorption.16 In this regard,
Sato reported the photocatalytic activity of N-doped TiO2.17 In
that work, doping the photocatalyst with nitrogen led to
a visible-light response and contributed to the formation of
NOx. In addition, Wang et al. prepared N-doped Nb2O5 sensi-
tized by carbon nitride polymer which showed a relatively
higher visible light photocatalytic activity.18 On the other hand,
we assume that using carbon as a support can develop different
interactions with the photocatalyst that lead to enhancing the
electron transfer since its signicant rule has been widely
established in catalytic-based materials.19,20 Furthermore, Ge
et al.modied Nb2O5 nanostructured catalysts with carbon that
showed a powerful absorption in the visible light area ascribed
to the presence of COx that acts as a sensitizer on the catalysts
surface, improving the photocatalytic activity of the as-prepared
catalysts toward the degradation of RhB and photoinduced
hydrogen creation.21 In this regards we suppose that the two-
dimensional (2D) structure of the Nb2O5 nanonets can facili-
tate the diffusion of reactant molecules and allow them to
access the effective surfaces more easily, shorten the transit
time of charge carriers, and reduce the rate of e�–h+ recombi-
nation which is benecial to the enhancement of the photo-
catalytic activity.22,23 To date, the synthesis of 2D C and N co-
modied Nb2O5 nanonets has not been reported.

Therefore, in this work C–N/Nb2O5NNs photocatalysts were
prepared via a simple hydrothermal synthesis method in the
presence of 2-methylimidazole (Hmim) to obtain nano-
netstructures, followed by calcination to modify the nanonets
with C and N species. It is noteworthy that Hmim can interact
with nanomaterials through physical adsorption meanwhile the
lone pair electron on the nitrogen can form a coordination bond
with niobium to be used as C and N source for C and N co-
modication. C and N were effectively modied into the
surface of Nb2O5 nanonets without disturbing the nanonet
structure, which signicantly improved the visible light photo-
catalytic activity. The photocatalyst structure and its relation-
ship with the photocatalytic activity and reaction mechanism
were also discussed intensively, revealing the synergetic effects
of C and N co-modication.

2. Experimental section
2.1. Materials

All chemicals were of analytical grade and used without any
further purication. Niobium oxalate was purchased from
Shanghai D&B Biological Science and Technology Co., Ltd.
39562 | RSC Adv., 2019, 9, 39561–39571
(Shanghai, China). Hmim was purchased from Shanghai Yua-
nye Biotechnology Co., Ltd. (Shanghai, China). Rhodamine B,
ammonium oxalate, benzoquinone, and tertiary butanol were
bought from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China).

2.2. Preparation of C–N/Nb2O5NNs

The Nb2O5 nanonets were synthesized by using a hydrothermal
method as described previously with some modications.24 In
a typical synthesis, a 2 mmol niobium oxalate was dissolved in
25 mL of a co-solvent containing 15 mL deionized water and
10 mL absolute ethanol at 60 �C under stirring for 10 min to
form solution A. To prepare solution B, a 1 mmol Hmim was
dissolved in 5 mL deionized water with continuously stirring for
5 min. Thereaer, solution B was dropwisely added into solu-
tion A with vigorous stirring for 10 min at room temperature.
The resultant mixture was taken to 50mL Teon-lined stainless-
steel autoclave and heated at 180 �C for 24 h. Aer the autoclave
was allowed to be cooled down to room temperature naturally,
the white precipitate was repeatedly collected by centrifugation
and re-dispersed in deionized water prior to be washed, and
then dried in vacuum at 60 �C for overnight. C–N/Nb2O5NNs
were synthesized by calcining the dried powder at 350 �C for 2 h.
The calcination process resulted in the decomposition of Hmim
to C and N while removing the other organic residuals. In order
to get the best photocatalysts, we aimed to optimize the Nb2O5

nanonets synthesis. Accordingly, we have investigated some
experimental parameters such as the concentrations of Hmim
(from 15 mmol L�1 to 150 mmol L�1), the volumetric ratios of
water to ethanol co-solvent (5 : 1, 2 : 1, 1 : 1, and 1 : 2), the
reaction time (1 h, 3 h, 6 h, 9 h, and 12 h), and the reaction
temperature (140 �C, 160 �C, 180 �C, and 200 �C) to investigate
the changes in the structural morphology at different reaction
conditions. Finally, the calcination temperature parameter was
investigated at 150, 250, 350 and 450 �C for 2 h to obtain a better
C and N modied nanonets catalysts. The calcined products at
different temperatures were denoted as C–N/Nb2O5NNs-x,
where x stands for calcination temperature. In comparison,
a Nb2O5 control sample (Nb2O5-CS) was prepared in the absence
of Hmim while other optimized conditions were kept the same.
Besides, N-doped TiO2 (N-TiO2) was prepared as a further
control sample by calcining a nely ground mixture of TiO2 (0.1
g) and urea (0.3 g) at 400 �C for 3 h.

2.3. Characterization

The X-ray diffraction (XRD) patterns were recorded in the scope
of 10 to 70� (2q) on a Rigaku Ultima IV diffractometer utilizing
Cu-Ka radiation. SEM images were acquired utilizing a Hitachi
S-4800 electron microscope. TEM and HRTEM images of the
samples were obtained on a JEOL JSM-3010 microscope. N2

adsorption–desorption isotherms were examined on a Quan-
tachrome Quadrasorb SI apparatus at 77 K. UV-vis diffuse
reectance spectra of the samples were recorded by a Shimadzu
UV-2550 spectrophotometer in the wavelength range of 200–
800 nm and BaSO4 was used as a reference. Fourier transform
infrared spectra (FT-IR) were recorded on a Nicolet-380 FT-IR
This journal is © The Royal Society of Chemistry 2019
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from 400 to 4000 cm�1. X-Ray photoelectron spectroscopy (XPS)
was performed on a Kratos Axis Ultra DLD spectrometer with
a monochromatic Al-Ka X-ray source (hn ¼ 1486.6 eV).

2.4. Photocatalytic activity testing

To investigate the catalyst photocatalytic activities, the degra-
dation of Rhodamine B (RhB) under visible light irradiation was
carried out using a photocatalytic reactor as can be seen in
Scheme 1. In a typical procedure, a 0.1 g photocatalyst was
dispersed in 100 mL aqueous solution of 10 mg L�1 RhB in
a quartz reactor with a water-cooling jacket. In complete dark-
ness, this slurry was stirred for 40 min to assure an adsorption–
desorption equilibrium between the RhB molecules and pho-
tocatalyst prior to irradiation. Then, Xe lamp with a UV cut-off
lter (420–700 nm) was turned on to illuminate the slurry
under magnetic stirring. During the irradiation process, about
3 mL of the working solution was sampled at 5 min intervals
and immediately centrifuged at 14 000 rpm for 5 min to remove
the photocatalyst particles. The concentrations of RhB were
monitored by the UV-vis spectrophotometer (UV-2550,
Shimadzu).

3. Results and discussion
3.1. Morphology and structure

The crystalline structures of C–N/Nb2O5NNs and Nb2O5-CS
photocatalysts were characterized by XRD which were shown in
Fig. 1(a). Both products showed four peaks at 22.9�, 26.6�, 46.6�,
and 55.4� that corresponded to (001), (100), (002), and (102),
respectively, revealing the presence of the pseudo-hexagonal
Nb2O5 structure in both catalysts (JCPDS, card no. 028-0317).
No other impurity peaks were observed, suggesting the catalyst
precursors maintained a uniform Nb2O5 without other phases
or obvious agglomeration. The intensity ratio I(001)/I(100) of (001)
peak to (100) peak was the criterion for the oriented degree of
Nb2O5 nanostructures. The higher I(001)/I(100) ratio for C–N/
Nb2O5NNs (19.2) compared with that of Nb2O5-CS (14.6)
implied a preferentially oriented growth of nanonets along the
Scheme 1 Schematic illustration for the photocatalytic reactor used in
the photodegradation of RhB under visible-light irradiation (l > 420
nm) (1. suction fan, 2. Xe lamp 400 W, 3. cut-of filter, 4. cooling jacket,
5. 200 mL quartz vessel, 6. photocatalyst, 7. magnet bar, and 8. low
temperature thermostat.).

This journal is © The Royal Society of Chemistry 2019
(001) direction. We assumed that presence of Hmim enhanced
the growth of the Nb2O5 nanostructures.

Fig. 2 displayed the typical SEM and TEM images that visu-
alized much better the hierarchical nanostructure of C–N/Nb2-
O5NNs catalyst. An expansive amount of nanonets were found
in the C–N/Nb2O5NNs as can be concluded from Fig. 2(a and b).
TEM image, as can be seen in Fig. 2(c), further conrmed that
the C–N/Nb2O5NNs were constructed using many disordered
Nb2O5 nanowires with small diameters forming our nano-
netstructures. Furthermore, it is reasonable to believe that the
hierarchical 2D structure of Nb2O5 nanonets facilitated the
diffusion of reactant molecules to be easily accessed into the
active surfaces, which were useful for the enhancement of the
photocatalytic performance. The SEM and TEM images
conrmed that C–N/Nb2O5NNs consisted of conjugated nano-
wires with a diameter range of 5 to 10 nm and an average length
of 100–200 nm. Moreover, the HRTEM image showed the hier-
archical nanowire as a single component for the nano-
netstructures with a diameter less than 10 nm at which the
lattice spacing of 0.382 nm appeared perpendicular to the
nanowire axis (Fig. 2(d)). This result corresponded with the
d value of 0.390 nm from the XRD results in Fig. 1. Therefore,
the crystal growth of C–N/Nb2O5NNs has likely followed the
(001) direction in the presence of Hmim during the hydro-
thermal treatment. Conversely, the Nb2O5-CS was composed of
irregular nanoparticles and had a rough surface compared to
that of C–N/Nb2O5NNs (as can be seen in Fig. S1(a)†). The TEM
image of Nb2O5-CS indicated that the irregular nanoparticles
were made of numerous aggregated short nanorods with
a diameter of about 10 nm (Fig. S1(b)†). Therefore, the presence
of Hmim is essential in the hydrothermal synthesis of C–N/
Nb2O5NNs which played an important role in the formation of
Nb2O5 nanonets as a structure-directing agent.

The presence of Hmim on Nb2O5 surface was a key param-
eter in our synthesis method prior to applying the calcination
process to provide a source of C and N species. Therefore, C–N/
Nb2O5NNs and Nb2O5–Hmim were investigated using FT-IR
spectra Fig. 3. As presented, the typical absorption bands of
imidazole were found at 1088 and 1261 cm�1 (Fig. 3 black).25 For
C and N stretching vibrations, the observed peaks at 1690 cm�1

and 1715 cm�1 were ascribed to C–C stretching and oxalate
precursor adhering to the Nb2O5 surface, respectively; while the
observed peaks at 3138 and 3027 cm�1 occurred due to the N–H
stretching vibrations. The absorption peak at 717 cm�1 was
assigned to Nb–O–Nb angular vibrations and Nb]O stretch-
ing.26 In addition, the strong peak at 3400 cm�1 was due to the
adsorbed H2O molecules on the sample surface. Another strong
peak appearing at 1633 cm�1 was attributed to the bending
vibrations of hydroxyl groups in H2O molecules.24 These nd-
ings indicated that imidazole molecules were present on the
surface of the Nb2O5–Hmim (black, Fig. 3). Interestingly, the
characteristic peaks for imidazole were not observed for C–N/
Nb2O5NNs spectra (red, Fig. 3), showing the adsorbed imidazole
molecules were completely decomposed upon catalyst calcina-
tion at 350 �C for 2 h. Furthermore, the peak at 1402 cm�1

suggested the existence of COx.27
RSC Adv., 2019, 9, 39561–39571 | 39563
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Fig. 1 (a) XRD patterns of catalyst precursors C–N/Nb2O5NNs (red) and Nb2O5-CS (black). (b) Full-scale XPS spectrum survey of C–N/Nb2-
O5NNs. High-resolution XPS spectrum of Nb 3d (c), C 1s (d), O 1s (e), and N 1s (f).
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The BET surface areas and porous structures of C–N/Nb2-
O5NNs samples were also studied using nitrogen adsorption–
desorption isotherms. The N2 adsorption–desorption isotherms
curve conrmed the presence of mesoporous structure in our
catalysts which exhibited a type IV isotherm characteristic as
can be seen in Fig. 4, suggesting the modication with C and N
did not disturb the mesoporous-nanonet-structure. This
Fig. 2 Typical SEM and TEM images of C–N/Nb2O5NNs nano-
structures with low resolution (a and c) and with high resolution (b and
d), respectively.

39564 | RSC Adv., 2019, 9, 39561–39571
observation was consistent with the XRD results, proposing that
C and N were uniformly dispersed on the surface of the nanonet
structure without obvious agglomeration. A distinct hysteresis
loop in the P/P0 range above 0.1 (Fig. 4) indicated a wide pore
size distribution in the C–N/Nb2O5NNs which can be attributed
to the weave of a large amount of nanonets. Accordingly, our
results showed that the pore size distributions were in the range
of 0–10 nm with a mean pore size of 4.5 nm (inset, Fig. 4). This
nding was in accordance with SEM and TEM observations.
Fig. 3 FT-IR spectra of the C–N/Nb2O5NNs (red) and Nb2O5–Hmim
(black).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 N2 adsorption–desorption isotherms of C–N/Nb2O5NNs. The
inset is the catalyst pore size distribution curves.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
51

:2
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Furthermore, the specic surface area was estimated to be 229
m2 g�1 (Table 1), which was almost three times higher than
those of one-dimensional Nb2O5 nanowires obtained by other
preparation methods.28–31 The ultra-ne nanonets and uffy
hierarchical nanostructures contributed to the high specic
surface area, which provided high sensitivity for light illumi-
nation and supplied many active surfaces for the adsorption of
both reactants and surface hydroxyl groups to capture the
photogenerated h+ and prevent e�–h+ from recombination.32
3.2. XPS analysis

XPS analysis was further employed to determine the composi-
tion and surface electronic state of C–N/Nb2O5NNs. The
samples were composed of 16.84 at% Nb, 31.5 at% C, 50.64 at%
O, and 1.01 at% N (Fig. 1(b)). The two distinct peaks at 207.4 eV
and 209.9 eV (see Fig. 1(c)) were attributed to Nb 3d5/2 and Nb
3d3/2, respectively, which correspond to the characteristic peaks
of Nb5+ ions in Nb2O5.33 The high-resolution XPS spectra of C 1s
in the as-prepared C–N/Nb2O5NNs were separated into three
peaks; those found at 284.7 and 286.03 eV were assigned to
adventitious carbon, which was formed due to the insufficient
burning of organic component and contamination from the
air.26 The other peak at around 288.9 eV (Fig. 1(d)) suggested the
existence of COx

34 which were in agreement with our results
obtained by FT-IR spectrum (Fig. 3). Using the Lorentzian–
Gaussian tting method, we divided the O 1s spectrum into
three peaks at 530.4, 531.1, and 532.6 eV (Fig. 1(e)). These
characteristic peaks ascribed to the Nb–O bond in Nb2O5 and,
Table 1 Summary of the physicochemical properties, the photocatalytic
CS under visible light irradiation

Sample Surface area (m2 g�1) Total pore volume cm

C–N/Nb2O5NNs 229 0.26
Nb2O5-CS 166 0.37

This journal is © The Royal Society of Chemistry 2019
the oxygen in COx and NOx, respectively.35 The binding energy
peaks of N 1s (Fig. 1(f)) that centered at 400, 400.7, 401.2, and
402 eV were attributed to NOx (the oxidized state of N) existing
on the surface of the as-prepared catalyst36 because NOx

appeared above 400 eV.37 On the basis of the above XPS analysis,
the carbon and nitrogen elements did not dope the lattice of the
Nb2O5 nanonets but these species more likely attached to the
surface of Nb2O5 as NOx and COx. These elements can also be
eliminated through post-calcination at high temperatures,
which coincided with the results of UV-vis analysis (as can be
seen in the following section).

3.3. Optimization of synthesis parameters

The reaction medium conditions played a crucial role in the
structure and surface morphology of our photocatalysts that
directly affected on their catalytic activity performance towards
RhB photodegradation processes. To obtain a better nanonet
structure with a low bandgap for visible light irradiation, we
investigated each parameter individually while others were
xed to unveil the optimum reaction conditions. Fig. S2† dis-
played the SEM images of the C–N/Nb2O5NNs synthesized using
different concentrations of Hmim ranging from 15 mmol L�1 to
150mmol L�1. At very low concentration, typically 15 mmol L�1,
the catalyst nanostructure exhibited urchin-like morphology
(Fig. S2(a)†), suggesting higher concentration was required for
needle growing to form the nanonet structure. Interestingly,
a hierarchically interconnected nanonetstructures was observed
in the samples upon rising the concentration of Hmim to
30 mmol L�1 (Fig. S2(b)†). However, as Hmim concentration
increased in the range of 60 mmol L�1 to 90 mmol L�1, the
lengths and sizes of nanowires increased gradually and
agglomerated together to form irregular nanonetstructures
(Fig. S2(c and d)†). At high Hmim concentration, the nano-
netstructures were completely destroyed and agglomerated
(Fig. S2(e and f)†), proving that the presence of Hmim was
essential in the synthesis of C–N/Nb2O5NNs as a structure-
directing agent. Based on increasing the solution pH within
the increasing in Hmim concentration, we argued that niobium
oxalate decomposed and consequently affected the nanonets
formation.24

Our results further illustrated that the increase in hydro-
thermal temperature and reaction time had a similar effect on
the catalyst nanonetstructures. For the former, at 140 �C irreg-
ular Nb2O5 structures were obtained (Fig. 5(a)). By increasing
the temperature to 160 �C, Nb2O5 exhibited needle-like struc-
tures as a sign for the beginning of nanonets formation
(Fig. 5(b)). The Nb2O5 nanostructures were not observed clearly
activities, and the reaction rate constant, k, of C–N/Nb2O5 and Nb2O5-

3 g�1 Band gap (eV)
RhB degradation in
30 min (%) k (min�1)

2.90 99 0.136
3.25 20 0.006

RSC Adv., 2019, 9, 39561–39571 | 39565

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07505d


Fig. 5 SEM images of Nb2O5 nanonetstructures synthesized at
different hydrothermal temperatures: (a) 140 �C, (b) 160 �C, (c) 180 �C,
and (d) 200 �C.
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until the temperature was increased to 180 �C (Fig. 5(c)). In
addition, increasing the hydrothermal temperature to 200 �C
resulted in a glomeration of nanonets into compact nano-
structures (Fig. 5(d)), which is possibly due to the Hmim
decomposition at high temperature.38 Similarly, a signicant
enhancement in the structure of the Nb2O5 nanonets was found
by increasing the reaction time from 1 h to 24 h (Fig. S3†). As the
reaction time increased the needle-like Nb2O5 structures tended
to form a hierarchical Nb2O5 nanonetstructures which perfect
nanonetstructures were obtained at reaction time 24 h
throughout a comprehensive series of experimental observa-
tions for the reaction time (Fig. S3(a–f)†). These observations
revealed that the hydrothermal temperature and reaction time
had a major effect on the synthesis of Nb2O5 nanonets in order
to obtain a uniform structure.

The possible formation mechanism of the hierarchical
Nb2O5 nanostructures was proposed on the basis of the above
results and discussions. First, the introduction of 2-methyl-
imidazole as a Lewis base39 providing a weak alkaline environ-
ment, resulting in the hydrolysis of niobium oxalate in the
presence of Hmim to niobium ionic species [NbO(OH)2(C2O4)]

�

that further tended to form the dimeric ionic species of [Nb2-
O4(OH)2(C2O4)2]

2�.40 The formation of the dimeric ionic species
led to the creation of Nb2O5 crystal nucleus in this weak alkaline
environment, suggesting a driving force for the crystal growth of
nanoparticles. Thereaer, these small particles aggregated
together to reduce the total surface energy through the elimi-
nation of higher surface energy faces.41–46 Finally, Nb2O5 nano-
wires were grown on the surface of the seeds and then
interconnected together to achieve the nal Nb2O5 nanonet-like
structures, leading to a decrease in their surface energy.24

According to the results of FT-IR (Fig. 3), Hmim can be adsorbed
39566 | RSC Adv., 2019, 9, 39561–39571
on the surfaces of Nb2O5 seeds, thereby leading to the faster
growth rate along the (001) direction than along the (100)
orientation. With the increasing in the hydrothermal reaction
time, Nb2O5 nanonets were continuously grown along the (001)
orientation with higher surface energy and then progressed into
nets-like Nb2O5 via “Ostwald ripening”, leading to the forma-
tion of large Nb2O5 nanonetstructures.

Inspired by the co-solvent (water/ethanol) volumetric ratios
could be used to control the reduction of all-metal precursors
which formed stable intermediate metal complexes to enhance
the nanoparticle morphology.47,48 As displayed in Fig. S4,† the
SEM images of C–N/Nb2O5NNs at different co-solvent ratio
introduced amajor effect of the co-solvent ratio. Typically, at the
ratio of 5 : 1 (Fig. S4(a)†) irregular nanoparticles with a rough
surface were observed meanwhile the hierarchical inter-
connected nanonetstructures were found to be formed at ratio
of 2 : 1 (Fig. S4(b)†). The further increase in ethanol percentage
at ratio of 1 : 1 led to distorting the nanostructures (Fig. S4(c)†)
while completely distortion and agglomeration were observed at
ratio of 1 : 2 (Fig. S4(d)†). Therefore, the co-solvent volumetric
ratio was one of the effective parameters inuencing nanonets
formation.

For narrowing the catalyst bandgap and enhanced the visible
light absorption, the calcination temperature was investigated
which directly affected the amount of C and N species on the
surface of the nanostructure. Several studies showed that the
calcination treatment enhanced the crystallization of nano-
particles by eliminating the organic residues from the photo-
catalyst surfaces.49 However, high calcination temperature can
eliminate all C and N species, and lead to nanonetstructures
agglomeration, providing a potential challenge to optimize the
calcination temperature. At low calcination temperature of
150 �C, the organic residuals were not removed from the catalyst
surface (Fig. S5(a)†) that suggested increasing the calcination
temperature was necessary. As expected, at 250 �C, the process
produced high N residuals on the catalyst surface (Fig. S5(b)†).
Although high N residuals resulted in the lowest bandgap
(Fig. 5(b)), the photocatalyst was not favourable because the
high N residuals likely act as recombination centers, leading to
reducing the photocurrent density.50 At 350 �C calcination
temperature, further removal of N residuals from the surface
was achieved, and the nanonets morphology was enhanced
(Fig. S5(c)†). When the calcination temperature was increased
to 450 �C, the C and N species were completely eliminated from
the photocatalyst surface, and the nanonets agglomerated
(Fig. S5(d)†). It is worthy of note that the amount of C and N on
the surface of the as-prepared catalyst was reduced with the
increasing calcination temperature, and the band gap was
widened accordingly. Thus, we select the most appropriate
calcination temperature of 350 �C as an optimum temperature.
3.4. Optical and photo-electrochemical properties of C–N/
Nb2O5NNs

UV-vis diffusion reectance spectra were utilized to study the
optical characteristics of C–N/Nb2O5NNs-x that obtained at
different calcination temperatures and of Nb2O5-CS-350 �C that
This journal is © The Royal Society of Chemistry 2019
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obtained at 350 �C as well. The absorbance of the C–N/Nb2O5-
NNs-250 �C and C–N/Nb2O5NNs-350 �C samples increased in
the range of 400–550 nm compared with that of C–N/Nb2O5NNs-
150 �C, C–N/Nb2O5NNs-450 �C, and Nb2O5-CS (Fig. 6(a)),
proving that the new absorption peak at 400–550 nm ascribed to
the presence of C and N at the surface. This observation sug-
gested that the C–N/Nb2O5NNs-250 �C and C–N/Nb2O5NNs-
350 �C photocatalysts could efficiently harvest the visible light.
This nding could be attributed to the synergetic effect of C
and N that enhances the electron transition from an energy level
of COx and NOx to the CB of the Nb2O5 nanonets.51 However, C–
N/Nb2O5NNs-250 �C was excluded due to the presence of large
amount of N residual on the catalyst surface (inset ii, Fig. 6(a))
which likely act as recombination centers, leading to reducing
the photocurrent density.50 In addition, the corresponding
energy gap (Eg) was obtained according to the plot of the
transformed Kubelka–Munk function versus the energy of the
exciting light [hn¼ A(hn – Eg)

2].52 The Eg values were estimated to
be 3.18, 2.57, 2.9, 3.23, and 3.25 eV for C–N/Nb2O5NNs-150 �C,
C–N/Nb2O5NNs-250 �C, C–N/Nb2O5NNs-350 �C, C–N/Nb2O5-
NNs-450 �C, and Nb2O5-CS at 350 �C, respectively (Fig. 6(b)).
These observations illustrated a wide difference in the bandg-
aps of C–N/Nb2O5NNs-250–450 �C which likely based on the
elimination of C and N by increasing the calcination tempera-
ture, resulting in broadening the catalyst band gap. Taking
together, we select the most suitable calcination temperature at
350 �C.
3.5. Photocatalytic performance

3.5.1. Photocatalytic degradation of RhB under visible
light. Degradation of RhB under the visible light irradiation in
aqueous solution was chosen as a photocatalytic reaction model
to explore the photocatalytic activity and performance of C–N/
Nb2O5NNs; meanwhile, the photocatalytic activities of N-TiO2
Fig. 6 (a) UV-vis diffuse reflectance spectra of the as-prepared C–N/Nb2
and Nb2O5-CS at 350 �C. The inset is Nb2O5 nanonetstructures powder a
(iv) 450 �C. (b) Plots of (ahn)2 versus (hn).

This journal is © The Royal Society of Chemistry 2019
and Nb2O5-CS were also investigated in order to compare the
performances at same conditions. The ratio of RhB residual
concentration (C) and initial concentration (C0) was used to
describe the degradation efficiency. Negligible photocatalytic
degradation of RhB was observed which about 1.5% aer
30 min under visible light irradiation without photocatalyst
(red, Fig. 7(a)). It is noteworthy that the dark adsorption of C–N/
Nb2O5NNs is almost 38% of RhB content, which is signicantly
higher than that for N-TiO2 (4.2%) and Nb2O5-CS (3.1%)
(Fig. 7(a)). We assume that the high dark adsorption capacity
could be attributed to the carbon modication on the surface of
the catalyst53 and the relatively high specic surface area for the
net-like aggregates which exhibit a high adsorption capacity
towards RhB in water. These results suggest a favourable pho-
tocatalytic reaction.54 As expected, a signicant photocatalytic
activity was observed for C–N/Nb2O5NNs aer switching on the
visible light which displayed a better performance than that for
N-TiO2 and Nb2O5-CS. Interestingly, RhB was about to degrade
completely within 20 min by C–N/Nb2O5NNs. Conversely, N-
TiO2 prepared by the urea method exhibited an extremely low
photocatalytic activity; meanwhile, Nb2O5-CS showed only
about 20.9% photodegradation activity, suggesting the modi-
cation with C and N species is crucial to enhance the photo-
catalytic performance and activity of our proposed
photocatalyst. Moreover, Fig. S6(a and b)† displayed the UV-vis
absorption spectra of RhB in aqueous solution for C–N/Nb2-
O5NNs, and Nb2O5-CS. With the increase in illumination time,
the maximum absorption peaks of RhB at 554 nm were signif-
icantly decreased and shied to a lower wavelength in case of C–
N/Nb2O5NNs (Fig. S6(a)†). This result indicated that RhB solu-
tion was almost completely degraded aer illumination for
30 min, and the chromophores and aromatic rings of RhB were
destroyed by the C–N/Nb2O5NNs under visible light irradiation
at which the RhB molecules were degraded instead of being
simply decolorized.6,55
O5NNs at different calcination temperature (150, 250, 350 and 450 �C)
t different calcination temperature: (i) 150 �C, (ii) 250 �C, (iii) 350 �C and
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Fig. 7 Photodegradation curves of RhB in water over N-TiO2, Nb2O5-CS, and C–N/Nb2O5NNs under visible-light irradiation (l > 420 nm) (a) and
the fitting curves assuming a pseudo-first-order reaction (b). Photocatalytic degradation curves of RhB over C–N/Nb2O5NNs after calcination at
different temperatures (150–450 �C) (c) and the fitting curves assuming a pseudo-first-order reaction (d). Data were recorded in 10 mg L�1 RhB
dye solution in the presence of 1 g L�1 catalyst.
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All the reaction kinetics could be tted assuming a pseudo-
rst-order reaction,56,57 where the concentration of RhB mole-
cules just aer the dark adsorption–desorption equilibrium was
taken as C0 while aer a reaction time, t, was taken as C.
Fig. 7(b) displayed the corresponding tting results which
indicated that all the degradation kinetics followed roughly the
pseudo-rst-order reaction. The photocatalytic activity of C–N/
Nb2O5NNs was almost 25 times than that of Nb2O5-CS, and
about 17 times than that of N-TiO2. These observations further
suggested that COx and NOx largely played a signicant role in
enhancing the photocatalytic activity.

Our results further showed the importance for calcination
temperature which could control the amount of organic residues
in the catalyst surface within the increase in calcination
39568 | RSC Adv., 2019, 9, 39561–39571
temperature, leading to signicant changes in our photocatalyst.
Fig. 7(c) illustrated the different performances over RhB photo-
catalytic degradation for C–N/Nb2O5NNs within changing the
calcination temperature. The outcomes generally showed that all
samples had a visible light photocatalytic activity with the lowest
performance for C–N/Nb2O5NNs-450 �C, corresponded to almost
total elimination of C and N, and a best performance for the C–N/
Nb2O5NNs-350 �C, further elucidating that the optimum calci-
nation temperature was 350 �C. These results were consistent
with the reaction rate constants investigations for C–N/Nb2O5-
NNs at different calcination temperatures in which the photo-
catalytic activity of C–N/Nb2O5NNs 350 �C was 7, 5, and 3 times
than that of C–N/Nb2O5NNs 450 �C, C–N/Nb2O5NNs 150 �C, and
C–N/Nb2O5NNs 250 �C, respectively (Fig. 7(d)).
This journal is © The Royal Society of Chemistry 2019
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3.5.2. Stability of the catalyst. Photostability, an essential
characteristic in many applications towards the corresponding
recycling catalysts, can conrm the stability of C–N/Nb2O5NNs
for reasonable practical applications. As given in Fig. S7,†
almost no change was observed in the degradation efficiency
even aer ve cycles of RhB photodegradation in aqueous
solution. These observations conrmed that the as-synthesized
Nb2O5 nanonets catalysts were stable, recyclable, and an
appropriate candidate for RhB photocatalytic degradation
under visible light irradiation.

3.5.3. Photocatalysis mechanism of C–N/Nb2O5NNs. To
better understand the photocatalytic mechanism for RhB
degradation over the C–N/Nb2O5NNs, we designed some trap-
ping experiments to investigate the intrinsic photocatalytic
activity of our as prepared catalyst and further clarify synergetic
effects of C and N, and the origin of degradation processes
through trap several active intermediates, such as h+, hydroxyl
radicals ($OH), and superoxide radical anion (O2c

�). The pho-
tocatalytic activities of C–N/Nb2O5NNs toward RhB degradation
with different active species scavengers were shown in Fig. 8.
One can see that the photocatalytic activity of C–N/Nb2O5NNs
was mostly affected by adding ammonium oxalate (AO) to the
working solution as it is well known that AO is h+ scavenger.58

Adding 100 mg of AO into the system led to trapping h+,
resulting in a sharp decrease in the degradation activity of the
catalyst which is almost 9 times lower within 10 min (red, Fig. 8)
compared to the original activity of C–N/Nb2O5NNs. This
observation indicated that h+ played a signicant key role in the
mechanism of RhB photodegradation during the photocatalysis
process, illustrating the synergism between C and N, and
Nb2O5N that produced large number of h+. To further investi-
gate the role of O2c

� radicals in the mechanism of RhB photo-
degradation, we used Benzoquinone (BQ) as a scavenger for
trapping O2c

� radicals.59 Our results showed that introducing
1 mg of BQ to the system can reduce the catalyst
Fig. 8 Photocatalytic degradation curves of RhB over C–N/Nb2O5-
NNs under different trapping experiments conditions.

This journal is © The Royal Society of Chemistry 2019
photodegradation activity towards RhB by almost 6 times lower
within 10 min (blue, Fig. 8) compared to the original activity of
C–N/Nb2O5NNs, suggesting that O2c

� radicals played
a secondary role in the mechanism of RhB photodegradation.
Furthermore, the catalyst photocatalytic activity slightly
decreased when 2 mL of tert-butyl alcohol, a scavenger for $OH
radicals, was added into the suspension. This nding proved
that the $OH radicals have a minimal effect on the RhB pho-
todegradation mechanism.

We assumed that the remarkable photocatalytic degrada-
tion of our catalyst could be attributed to some possible
pathways through the RhB photodegradation mechanism. We
speculated that upon visible light irradiation the optically
excited electron could transfer from the COx and NOx species
to the conduction band of C–N/Nb2O5NNs that further
generated h+ at COx and NOx by exiting their electrons to the
CB of the Nb2O5 nanonets, suggesting much more h+ as an
active center for RhB degradation which were consistent with
our ndings that introduced h+ as a signicant key role in the
RhB photodegradation mechanism in Section 4.3.21,26,53,60 On
the other hand, the adsorbed oxygen molecules (O2) on the
surface of the catalyst can capture the CB electrons to possible
formation of both O2c

� and $OH (Scheme 2). Since $OH and
O2c

� are considered as strong oxidizing agents, they can
interact with the RhB dye upon generation to form the
degradation products (DP). Likewise, as RhB dye can be
excited by the visible light, its excited electrons tended to jump
into the CB of Nb2O5, suggesting more electrons population in
the CB of the catalyst. Interestingly, NOx species as h

+ trapping
centers anticipated to increase the lifetime of electrons in the
CB which inhibited the recombination of charge carriers and
prolonged their lifetime,51,61 granting the electrons a plenty of
time to efficiently interact with the adsorbed oxygen on the
Scheme 2 Mechanism diagram of liquid-phase photocatalytic
degradation of RhB over C–N/Nb2O5NNs under visible light
irradiation.
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catalyst surface for more effective RhB degradation. One more
possible active center could be attributed to the interaction of
the VB's h+ with H2O in the solution to form $OH, one of the
strongest known oxidants, leading to further RhB degradation.
We proposed that the generation of the active centers on the
surface of C–N/Nb2O5NNs could be as follows:

C–N/Nb2O5 + visible light / e(Nb2O5)
� + h(Nb2O5,COx,NOx)

+ (1)

O2(ads) + e(Nb2O5)
� / O2c

� (2)

O2c
� + 2H+ / H2O2 (3)

H2O2 + O2c
� / OHc + OH� + O2 (4)

h(Nb2O5, COx, NOx)
+ + H2O / H+ + OHc (5)

OHc, h(Nb2O5, COx, NOx)
+, O2c

� or H2O2 + dye / degradation

product (DP) (6)
4. Conclusions

In summary, the Nb2O5 nanonetstructures was synthesized for
the rst time by using a facile hydrothermal method based on
Hmim as a structure-directing agent that controlled the crystal
growth of Nb2O5 to form the nanonets and provided nitrogen
and carbon sources for the successful fabrication of C–N/Nb2-
O5NNs. The synergetic effects of C and N on the surface of
Nb2O5 nanonets not only led to substantially reducing the
bandgap from 3.25 to 2.9 eV but also increased the population
of h+, resulting in a signicant enhancement in the visible light
response and intensive photodegradation process. On the other
hand, the signicant photocatalytic activity of these nanonets in
the RhB degradation under visible light irradiation could be
attributed to the mutual contributions of C and N in extending
the light absorption of Nb2O5 to the visible region as well,
enhancing the photo-induced electron–hole pair separation
efficiency, producing many oxygen vacancies, and offering
a wide surface area containing accessible active sites. The
outcome of active species trapping experiments proved that h+

was the most important intermediate among O2c
� and $OH

radicals during RhB photodegradation. This study proposes
a synthesis method that opens a new route for a feasible and
simple approach to design 2D mesoporous nanonetstructures
with potential applications in catalysis, solar energy conversion,
and environmental purication.
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