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ion–photocatalytic activities and
potential lithium intercalation applications of
layered potassium hexaniobate nano-family†
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Zhigao Hu * and Junhao Chu

Two-dimensional layered K4Nb6O17 (KN) possesses two different types of interlayer regions, which is of

great interest for applications in energy conversion, environmental purification, etc. Although the

photocatalytic properties of KN have been extensively studied, there still remain some pivotal problems

that need to be clarified for future applications. Here we demonstrate that the KN nano-family (including

KN nanolaminas and nano hollow spheres) can be derived from the same Nb2O5-based hydrothermal

reaction. Different morphologies of KN show unique microstructures and optoelectronic properties.

Remarkably, the initial pH of a dye solution has been proven to play a vital role in affecting the

adsorption and photocatalytic performances of KN. Due to the effects of dye sensitization, KN shows

superior photodegradation performance under both ultraviolet and visible light. Based on these crucial

results, a highly-efficient and feasible scheme has been proposed to deal with dye wastewater. In

addition, KN as a potential anode material for lithium ion batteries has been investigated for the first

time. The present work could be helpful in broadening the multifunctional applications of KN and other

layered niobate materials.
1 Introduction

Interest in expanding the practical applications of low dimen-
sional semiconductor materials has surged in order to meet the
needs of integrated systems, which can simultaneously realize
various functions in different elds.1–4 As a typical case, layered
K4Nb6O17 (abbreviated as KN) has attracted considerable
attention and has been recognized as one of themost promising
multifunctional materials owing to its charming features and
widespread applications in energy conversion, environmental
purication, catalysis, chemical intermediates, non-linear
optics, etc.5–8 KN is composed of octahedral units of NbO6 and
possesses a typical two-dimensional (2D) layered structure via
bridging oxygen atoms. There are two different types of inter-
layer regions, which have different properties in hydration and
ion exchange.9–12

Most of the current research on KN is focused on its
photochemical and ion exchange properties.6,9,13,14 At present,
as an environmental issue, disposal of dye-based toxic effluents
is considered to be one of the most challenging missions in
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making them environmentally friendly.4,15–18 Therefore, highly-
efficient and multifunctional materials for dye degradation are
urgently desired.19 As an effective and typical photocatalytic
material,20–22 KN can be synthesized by several methods, such as
by conventional solid-state reaction, ux growth, sol–gel and
hydrothermal methods.23–26 Among them, hydrothermal and
sol–gel methods are well-accepted methods due to their evident
advantages.24,27 On one hand, some researchers have prepared
KN by hydrothermal methods, however, the niobium raw
materials were incompletely used, which does not conform to
the concept of green chemistry. So, it is signicant to propose
an approach for making full use of the raw materials. On the
other hand, many studies have suggested that nano-materials
with different morphologies would show distinctive perfor-
mances. Therefore, preparing and investigating the photo/
electro-chemical properties of the KN nano-family could be an
interesting issue. At this stage, although there are some reports
on the good photodegradation properties of KN,7,28,29 its ability
to adsorb dyes and the inuence derived from the pH of the dye
solution have been obviously ignored. Thus, these relevant
kinetics mechanisms should be investigated in detail to further
elucidate the photocatalytic performances of the KN-based
family and other similar layered semiconductor materials. As
we know, like most other layered semiconductors, KN has
a relatively large band gap (3.74 eV for KN nanolaminas in our
work), with photocatalytic activities limited to ultraviolet (UV)
light irradiation. Based on this, combining KN with
RSC Adv., 2017, 7, 28105–28113 | 28105
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Fig. 1 (a) XRD patterns of powder samples including KN-NL, KN-
NL@PbS, KN-NS and PbS and (b) the charge density difference of KN.
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a semiconductor which has a narrow band gap has frequently
been employed to improve the efficient absorption of energy
from sunlight.30–33 Fortunately, among them, lead sulde (PbS)
is a good modier owing to its small band gap (�0.41 eV) and
large exciton Bohr radius (18 nm).31,34 In addition, it was
believed that PbS quantum dots (PbS QDs) could further
improve the photocatalytic activity of KN. Additionally, to aid
the global energy crisis, lithium ion batteries (LIBs) have been
widely adopted as promising power sources for electric
devices.35,36 Although there are numerous reports on anode
materials for LIBs, novel materials with high energy and power
densities have always been desired.37–39 As we know, just like
titanium-based LIB anode materials, nanostructured niobium-
based oxides have emerged as one of the most promising
materials for LIBs due to the rich redox chemistry of Nb.40–43 It is
believed that layered KN should be considered as a potential
anode active material due to its layered structure and because
the redox of Nb5+/Nb4+ has the possibility to realize the revers-
ible reaction with lithium. However, to the best of our knowl-
edge, using KN for LIBs has not yet been reported.

In this work, much effort has been devoted to exploring the
methodologies for preparing the KN nano-family (nanolaminas
and nano hollow spheres) and investigating their relevant
photo/electro-chemical properties. Remarkably, a novel and
effective method based on a hydrothermal reaction is proposed
to make full use of the raw materials. Moreover, systematic
research of KN has shed light on the crucial effects of the initial
pH of a dye solution on adsorption and photodegradation.
These relevant kinetics mechanisms have been investigated in
detail. In addition, we also researched its application in energy
storage for LIBs. It is believed that the present work could be
helpful in deeply understanding the intrinsic features of KN
and developing potential multifunctional KN-based
applications.

2 Experimental section

All of the chemical reagents and solvents used in the experi-
ments were purchased from commercial sources and did not
undergo further purication. The KN nanolaminas (KN-NL) and
KN nano hollow spheres (KN-NS) were prepared by a mild
hydrothermal process. The addition of appropriate amounts of
urea plays a key role in the control of the morphology. KN-NL
modied with PbS QDs (KN-NL@PbS) was prepared using 2-
mercaptopropionic acid as the surface-functionalized linker.
The detailed synthesis processes and characterization methods
are described in the ESI†.

3 Results and discussion
3.1 Crystal structure

The X-ray diffraction (XRD) patterns of the powder samples are
shown in Fig. 1(a) and S1 (ESI†). It was found that the diffrac-
tion peaks of KN-NL and KN-NS can be assigned to the ortho-
rhombic phase of K4Nb6O17 (JPCDS no. 76-0977). Note that KN
has two different types of interlayer spaces alternately between
the (Nb6O17)

4� layers, which exhibit different intercalating
28106 | RSC Adv., 2017, 7, 28105–28113
capabilities, and that KN-xH2O is easily formed by adsorbing
moisture in air.10 The (040) diffraction peaks especially are
always slightly different from the standard card. The d040
spacing is the interlayer spacing of KN, so it can be understood
that the (040) diffraction peaks of hydrothermally-derived KN-
NL and KN-NS show a shi. The weak and broadening diffrac-
tion peaks for the KN powder samples suggest that the obtained
products might be composed of nanoscale-sized crystal grains.
Pristine PbS exhibits a strong and sharp characteristic reec-
tion, which matches the PbS standard card (JPCDS no. 05-0592)
well. As we can see, the diffraction peaks of the KN-NL@PbS
composite were similar to those of pure KN-NL except for the
peaks of PbS, which indicated that the modication of PbS
cannot destroy the KN structure. Moreover, Fig. S1 (ESI†) reveals
that pure KNbO3 and KN nanocrystalline lms were also ob-
tained. In addition, as shown in Fig. 1(b), the charge density
difference of KN clearly depicts the strong interaction of Nb and
O atoms due to the overlap of atomic orbitals.
3.2 Surface morphologies and synthesis mechanisms

The morphologies of the powder samples were characterized by
scanning electronmicroscopy (SEM). As shown in Fig. 2(a)–(c) at
different magnications, the synthesized KN-NL exhibited
aggregated lamina morphology. Correspondingly, the synthesis
mechanism of KN-NL can be depicted as shown in Fig. 2(d).
Firstly, the KN nanocrystals were generated aer hydrothermal
treatment, then they self-assembled to form nanolamina, and
nally a certain amount of nanolamina aggregated together to
reduce the potential energy of the surface. Diversely, it was
found that KN-NS is spherical and that the average diameter of
the hollow spheres is about 4 mm (Fig. 2(e)-(g)). A closer obser-
vation indicates that the hollow spheres are composed of thin
nanosheets, which pack densely and show a porous structure.
The possible synthesis mechanism of KN-NS can be generalized
in three steps, as depicted in Fig. 2(h): formation of ne
nanocrystals and gas bubbles, attachment of the ne nano-
crystals on the gas–liquid interface, and further aggregation of
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of (a)–(c) KN-NL and (e)–(g) KN-NS under different magnifications. The synthesis mechanisms of (d) KN-NL and (h) KN-NS.
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the nanocrystals forming compact shells around the gas
bubbles.44 Moreover, as shown in Fig. S2 (ESI†), it can be found
that only adequate urea and reaction time can synthesize the
ne KN-NS.

Microstructural information of KN-NL@PbS was further
characterized by transmission electron microscopy (TEM) and
selected area electron diffraction (SAED). As we can see, the PbS
QDs (about 2 nm) were uniformly distributed on the surface of
KN-NL, as shown in Fig. 3(a) and (b). The SAED patterns (shown
Fig. 3 TEM images of (a) and (b) KN-NL@PbS under different magni-
fications. Note that the inset in (a) shows the SAED patterns of KN-
NL@PbS and PbS, respectively. (c) TEM images of the bright and dark
contrast of different elements. (d) The EDS spectrum of PbS and the
inset showing the proportion of Pb and S elements. (e) The synthesis
mechanism of KN-NL@PbS.

This journal is © The Royal Society of Chemistry 2017
in the inset of Fig. 3(a)) further prove the mixed-phase nature of
single crystal KN (bright diffraction spots) and the massive
accumulation of PbS (diffraction rings). To prove the existence
of PbS (black dots), Fig. 3(c) and its inset provide the bright and
dark contrast. The phenomenon can be ascribed to the fact that
Pb has a larger atomic number than others. In the energy
dispersive X-ray spectroscopy (EDS) spectrum shown in
Fig. 3(d), peaks attributed to S and Pb were observed, and the
atomic ratio is about 13 : 12, which is approximate to an ideal
stoichiometric value. This conrmed that the obtained product
was composed of KN loaded with PbS QDs. The synthesis
process of KN-NL@PbS is shown in Fig. 3(e). The surface-
functionalized thiolactic acid linker was used to generate the
PbS QDs. The carboxylic group of thiolactic acid reacts with the
surface of KN-NL and leaves the thiol group to combine with
Pb2+. The growth of PbS nanocrystals occurs aer adding the
Na2S solution.
3.3 BET, DSC, CV and EIS analysis

As an effective photocatalytic material, the specic surface area
and pore-size distribution of KN are two key factors that affect
its catalytic abilities. As shown in Fig. 4(a) and (c) and S3 (ESI†),
the BET specic surface areas of KN-NL, KN-NS, and P25 TiO2

are about 33.6, 94.9 and 53.4 m2 g�1, respectively, and all
samples exhibit a characteristic isotherm of type IV with H3-
type hysteresis loops, suggesting the existence of a mesoporous
structure. As expected, KN-NS with a hollow sphere structure
provides a relatively larger BET surface area. The mean pore
diameter of both KN-NL and KN-NS is approximately 4 nm with
a narrow pore size distribution, as shown in the inset of Fig. 4(a)
and (c). It has been extensively reported that materials with
a high BET surface area would be excellent photocatalysts.6,24

Therefore, KN-NL and KN-NS were expected to exhibit high
photocatalytic activity.

The stability was further conrmed by the TGA–DSC data of
KN-NL and KN-NS, as shown in Fig. 4(b) and (d). It can be seen
RSC Adv., 2017, 7, 28105–28113 | 28107
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Fig. 4 The nitrogen adsorption–desorption isotherm and pore-size
distribution (inset) for (a) KN-NL and (c) KN-NS. TGA–DSCcurves of (b) KN-
NL and (d) KN-NS. (e) CV curves and (f) EIS Nyquist plots of KN-NL and KN-
NS in an aqueous solution of 0.1 mol L�1 HCl based three-electrode test.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

2:
02

:4
0 

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
that the TGA–DSC curves of KN-NS are similar to those of KN-
NL. Both samples exhibit one distinctive weight loss stage with
an endothermic peak, which takes place in the temperature
range of 30–400 �C due to the evaporation of adsorbed water.
The total mass losses of KN-NL and KN-NS were 9.8% and
13.7%, respectively. Compared with KN-NL, there is more
weight loss in KN-NS. This can be attributed to the hollow
sphere structure of KN-NS and its larger BET surface area, which
can bring about more molecules to adsorb on its surface. There
are no distinct exothermal or endothermic peaks found in the
corresponding DSC curves over the temperature range of 400–
1000 �C, which implies no phase transition for either of the two
samples below 1000 �C. As a result, it can be concluded that KN-
NL and KN-NS are quite thermo-stable under high temperatures
lower than 1000 �C, which extends the range of their
applications.

Generally, the cyclic voltammetry (CV) and electrochemical
impedance spectra (EIS) technique based three-electrode test
has been frequently adopted to investigate the charge transfer
process.45 As shown in Fig. 4(e), it can be found that KN-NL
shows enhanced current density compared with KN-NS, which
indicates an improved electron transfer rate and separation
efficiency of the photoinduced carriers. In addition, both KN-NL
and KN-NS show two semicircles and a slash according to EIS
Nyquist plots (shown in Fig. 4(f)). The arc radius of the EIS
Nyquist plot of KN-NL is smaller than that of KN-NS, suggesting
that KN-NL has a decrease in the solid-state interface layer
resistance, adsorption resistance and the charge-transfer resis-
tance on the surface. The CV and EIS results indicate that KN-
NL might show better photocatalytic performance than KN-NS.
28108 | RSC Adv., 2017, 7, 28105–28113
3.4 Adsorption and photodegradation activities for dyes

Dye adsorption and degradation is an interesting topic for
efficient treatment of dye effluents.46–50 In this work, rhodamine
B (RhB) and methylene blue (MB) dyes were adopted as repre-
sentative organic pollutants to evaluate the adsorption and
photodegradation performances of KN. Before light irradiation,
the mixed dye suspensions were stirred in the dark for 1 h to
establish an adsorption–desorption equilibrium in order to
investigate the adsorption effects. The adsorption and photo-
degradation efficiency of the samples is dened as (C0 � C)/C0,
where C0 and C denote the initial concentration and the real-
time concentration of the RhB or MB aqueous solutions,
respectively. It is believed that pH is an important factor that
inuences the adsorption and photocatalytic performance of
catalysts. As evident in Fig. 5(a) and (c), both the adsorption and
degradation efficiency of KN-NL and KN-NS dramatically
increased with the decreasing pH values. At the pH values of 5,
7, 9 and 11, the average adsorption efficiency of KN-NL was only
about 1% aer 60 min. However, when the pH value was
decreased to 3, the efficiency was about 60%. A similar
phenomenon was found with KN-NS. Dramatically, the
adsorption efficiency of KN-NS is approximately 96% when the
pH ¼ 3. Blank experiments without a catalyst show negligible
adsorption and photocatalytic activities, which indicates that
the degradation reactions are truly driven by a photocatalytic
process. Generally, the photodegradation rate of pollutants is
oen expressed by the Langmuir–Hinshelwood (L–H) equation,
which can be expressed as ln(C0/C)¼ kt + A, where k denotes the
photodegradation rate and t is the reaction time. The k values
can be obtained from the slope of the linear plots of ln(C0/C)
versus t. As shown in Fig. 5(b) and (d), the photodegradation
process can be well tted into a pseudo-rst order reaction. As
an example, the k value of KN-NL is 0.193 min�1 when the pH¼
3. In consideration of the preeminent adsorption ability, we
simultaneously present the color contrast of KN-NL and KN-NS
before and aer centrifugation of the RhB dye solution in
Fig. S4(b) and (d) (ESI†). As an example, when the value of the
pH was 3, the color of the KN-NL suspension changed with
increasing irradiation time and the catalyst could return to its
initial color, indicating the successful removal of RhB by pho-
todegradation with the aid of adsorption. Although the KN-NS
displays preeminent adsorption ability when pH ¼ 3, it needs
more time to completely photodegrade RhB compared to KN-
NL. So it can be concluded that KN-NL shows more excellent
adsorption and photodegradation features in the pH range of 3–
11, compared to KN-NS. In addition, the adsorption and pho-
tocatalysis experiments for KN have been carried out at a lower
temperature. The results (not shown) indicate that the
temperature of the dye solution can affect the photocatalytic
activity of KN. When the temperature is �2 �C, KN-NL also
shows good photocatalytic performance.

In the following study, more experiments were designed to
further evaluate the adsorption and photodegradation perfor-
mances of KN-NL. As shown in Fig. 5(e) and (f), commercial
catalyst (TiO2, Degussa P25) and H+ ion exchanged KN (KN-NL-
H+) prepared in this work were used as photocatalytic reference
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03499g


Fig. 5 The adsorption (in dark) and photodegradation (under UV-light irradiation) effects (C/C0) of (a) KN-NL and (c) KN-NS in the RhB aqueous
solution (10mg L�1) with different pH values. The plots of ln(C0/C) versus irradiation time t for (b) KN-NL and (d) KN-NS. (e) The adsorption (in dark)
and photodegradation (under UV-light irradiation) effects (C/C0) of KN-NL, P25, KN-NL-H+ and KN-NL-H+ (pH ¼ 7) in the RhB aqueous solution
(20 mg L�1) when pH ¼ 3, with (f) the plots of ln(C0/C) versus t. (g) The adsorption (in dark) and photodegradation (under VIS-light irradiation)
effects (C/C0) of KN-NL, P25, KN-NL@PbS, PbS in the RhB aqueous solution (10mg L�1) when pH¼ 3. (h) The corresponding adsorption spectra of
an aqueous solution of RhB at an irradiation time of 0–90min. Note that the solid lines denote the data fitting curves. The adsorption effects (C/C0)
of (i) KN-NL and (k) KN-NS for the MB aqueous solution (50mg L�1) with different pH values. The adsorption capacity of (j) KN-NL and (l) KN-NS for
the MB solution (50 mg L�1, 50–100 mL) when pH ¼ 7. The insets show the color contrast of the relevant MB dye solution.
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materials to qualitatively compare the photocatalytic ability and
account for the catalytic mechanisms. A double concentration
of RhB solution (20 mg L�1) was used to implement the UV-light
photocatalysis experiments, and the pH values of all of the
suspensions were adjusted to 3. As we can see, P25 shows
negligible adsorption activities although it has a relatively larger
BET surface area. KN-NL-H+ did not show the same adsorption
ability as KN-NL. Abnormally, when the concentration of the
RhB solution is increased by two times, the adsorption effi-
ciency of KN-NL is about 80%, which is higher than that of KN-
NL at a concentration of 10 mg L�1. A similar phenomenon can
be found in other concentrations, as shown in Fig. S5 (ESI†). A
rational mechanism is described as follows. The RhB molecule
will be ionized under low pH conditions. Due to the electrostatic
attraction and hydrogen bonds, KN-NL will adsorb the RhB
molecule onto/into KN-NL until the charge balances. Thus, the
mixed solution of KN-NL and RhB has an adsorption equilib-
rium under a specic concentration. For the adsorption effi-
ciency of KN-NL, which is dened as (C0 � C)/C0, when C0 is
increased by two times, C slightly increases. So the adsorption
efficiency is larger than that of the one with the lower concen-
tration. Evidently, KN-NL has the best catalytic activity
compared with others in high concentrations of RhB solution.
As an example, the k value of KN-NL is 0.088 min�1, which is
approximately half of that of KN-NL at a concentration of 10 mg
This journal is © The Royal Society of Chemistry 2017
L�1. In addition, Fig. S6 (ESI†) shows photocatalytic minerali-
zation rates of the RhB solution. KN-NL exhibits a maximum
value. Due to the existence of an organic intermediate aer the
photocatalytic process, the mineralization rates are lower than
the corresponding photodegradation rates, and they may be
underestimated due to introduction of carbon dioxide or other
dissociative carbon during the experimental process.

KN-NL shows superior adsorption and photodegradation
performances under the low pH value for RhB solution,
however, these photocatalysis experiments were carried out
under UV-light irradiation. It is of great signicance to investi-
gate the VIS-light driven photocatalytic activity in order to widen
the practical applications of KN nano-materials. As shown in
Fig. 5(g), the pure PbS with weak adsorption properties shows
negligible photodegradation performance under VIS-light irra-
diation. The adsorption activities of KN-NL@PbS were
enhanced with the aid of PbS QDs. However, the composite did
not show the expected photocatalysis performance under VIS-
light irradiation. This might be attributed to the fast recombi-
nation of photo-induced carriers.34 The photo-induced carriers
cannot effectively transfer into KN-NL. Moreover, KN-NL@PbS
has limited ability to absorb visible light due to the amount of
anchored PbS QDs being limited. Thus, it did not show good
photocatalytic performance. Our work indicates that PbS QDs
might not be a good modier to improve the photocatalytic
RSC Adv., 2017, 7, 28105–28113 | 28109
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Fig. 6 (a) UV-VIS DRS of KN-NL, KN-NS and KN-NL-H+ with the inset
curve of (Ahn)2 vs. hn. Themolecular structure of (b) RhB and (c) MB. (d)
The relevant kinetics mechanisms of adsorption and photocatalysis for
KN-NL in RhB solution.
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performance of KN-NL. Noticeably, KN-NL displays the best
photocatalytic activity in spite of the wide band gap. Fig. 5(h)
shows the adsorption spectra of RhB solution in the presence of
KN-NL. It was found that the main absorbance of the degraded
solution (�553 nm) has a signicant reduction and a blue shi,
which could be attributed to the gradual formation of a series of
N-de-ethylated intermediates. Note that due to the different
experimental conditions, such as the kind of dye, the concen-
tration of dye and the mass of catalyst, it is hard to tell which is
the better one when comparing with previous reports. However,
most of the previous reports have obviously ignored the ability
of adsorbing dyes and the inuence derived from the pH of the
dye solution. Remarkably, the KN-NL prepared in our work
shows good photocatalytic activity.

As we know, both RhB and MB dyes are classic organic dye
pollutants. In this work, the KN nano-materials show superior
adsorption performance for RhB dye. It was believed that they
would present a better adsorption ability for MB dye which has
a smaller molecular size. Fig. 5(i) and (k) show the adsorption
effects (C/C0) of KN-NL and KN-NS, respectively, for the MB
aqueous solution (50 mg L�1) with different pH values. It was
found that the initial pH of the suspension solution plays
a key role in the adsorption of MB dye. At the pH values of 3, 5,
7 and 9, the adsorption efficiencies of both KN-NL and KN-NS
were approximately 100% aer 60 min. When increasing the
pH value to 11, the adsorption efficiency of both of the
samples dramatically decreased by 2–3%, accompanied by
a color deepening. Fig. 5(j) and (l) show the adsorption
capacity of KN-NL (20 mg) and KN-NS (20 mg), respectively, for
the MB solution (50 mg L�1, 50–100 mL) when the pH value
was 7. It can be seen that the maximum adsorption capacities
of KN-NL and KN-NS were 70 mL and 60 mL, respectively,
which is equal to 175 mg g�1 (dye/sample) and 150 mg g�1,
respectively. The inset color contrast in Fig. S7(a) (ESI†) indi-
cates that P25 shows negligible adsorption activity for MB in
the pH range of 3–11.
3.5 Relevant kinetics mechanisms

It is of great signicance to investigate the relevant kinetics
mechanisms in order to further guide the photocatalytic
performance of these semiconductors and their further appli-
cation as photocatalysts. The band gap structure of the semi-
conductor plays a key role in the enhancement of photocatalytic
activity. UV-VIS diffuse reectance spectra (DRS) of KN-NL, KN-
NS and KN-NL-H+ are illustrated in Fig. 6(a). All spectra clearly
show the characteristic absorption edge. The band gaps (Eg) of
KN-NL, KN-NS and KN-NL-H+ are estimated to be 3.74, 3.81 and
3.47 eV, respectively, from (Ahn)2 vs. hn plots (inset in Fig. 6(a)).
Although the Eg of KN-NL is larger than that of KN-NL-H+, KN-
NL-H+ shows poorer adsorption and photocatalytic activities.
This indicates that the reason for the superior adsorption and
photodegradation performances of KN-NL does not originate
from the production of KN-NL-H+ in dye solution with a low pH.
In addition, the above CV and EIS analysis results conrmed the
improved electron transfer rate and decreased charge transfer
resistance for KN-NL, as compared with KN-NS.
28110 | RSC Adv., 2017, 7, 28105–28113
It is imperative to understand the mechanisms of adsorption
and photocatalysis. Fig. 6(b) and (c) show the molecular structure
of RhB andMB, respectively. It was found that themolecular size of
RhB is larger thanMB. The adsorption effects of the as-synthesized
samples for MB dye can be attributed to the interspace of the
layered KN and the electrostatic attraction. Moreover, both of the
two dyes have a p-bond, which can excite electrons by light irra-
diation due to the gap between the HOMO and LUMO orbitals.
Therefore, more photo-induced electrons can be injected into the
conduction bands of KN. It is believed that the relationship
between KN-NL and dyes involves electrostatic attraction and
hydrogen bonds, which can make the dye molecule absorb onto/
into the KN-NL. Moreover, the dyes absorbed onto/into the KN-NL
can be in situ degraded rapidly under light irradiation. Due to the
high adsorption ability of the KN-NL towards dyes and the
concentration difference between these two interface layers, the
decomposed dyes could be replenished continuously with dyes
until complete degradation. Note that under low pH condition, the
KN-NL also shows good photodegradation performance under VIS-
light irradiation, which may be due to the effects of dye sensitiza-
tion, just like TiO2. The mechanism is vividly depicted in Fig. 6(d).
Meaningfully, the mechanism by which the adsorption and pho-
todegradation performances of KN are strongly affected by the
initial pH of dye solution can be helpful in exploring the photo-
catalytic activities of other similar layeredmaterials. In addition, in
consideration of the superior adsorption and photodegradation
performances of KN-NS and KN-NL, as shown in Fig. S8 (ESI†), we
designed a highly-efficient path to deal with dye wastewater.
3.6 Energy storage applications

To investigate the potential energy storage applications of KN,
we assembled a two-electrode coin-cell using KN-NL as the
This journal is © The Royal Society of Chemistry 2017
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anode material for the LIBs. Fig. 7(a) shows the typical cyclic
voltammetry (CV) curves of KN-NL for the initial six cycles in the
voltage range of 0.02–3.0 V at a scan rate of 0.5 mV s�1. As we
can see, the reduction peaks are observed at around 0.52, 0.95
and 1.41 V vs. Li+/Li during the rst reduction process (Li
insertion), and the oxidation peaks are observed at about 0.77 V
vs. Li+/Li during the rst oxidation process (Li extraction). The
subsequent curves show quite good reproducibility. Rate
performance is one of the most important characteristics for
evaluating LIBs. As shown in Fig. 7(b), aer undergoing a high
current density of 1600 mA g�1, a specic capacity of 109 mA h
g�1 can be maintained when the current density comes back
again to 50 mA g�1, which suggests excellent reversibility and
cyclic stability of the KN-NL electrode. Correspondingly,
Fig. 7(c) presents a typical galvanostatic charge–discharge
(GCD) prole of the KN-NL electrode at different current
densities within the range of 50–800 mA g�1. Obviously, with
increasing charge–discharge current densities, the specic
capacity of KN-NL decreases gradually. Moreover, the cycling
performance was further evaluated at a current density of 200
mA g�1, as shown in Fig. 7(d). Although some capacity loss
occurred aer 200 cycles, the KN-NL electrode still maintained
a discharge capacity of about 72 mA h g�1, corresponding to
about 86% of that at the 10th cycle (about 84 mA h g�1), and the
coulombic efficiency was very high (around 99.5%). Fig. 7(e)
displays the GCD curves in the 1st, 2nd, 100th and 200th cycles
of the KN-NL electrode, which were measured at a current
density of 200 mA g�1 in the voltage range of 0.02–3.0 V. As can
be seen, in the rst cycle, the KN-NL reveals a considerable
Fig. 7 (a) Cyclic voltammetry (CV) curves of KN-NL measured at a scan r
rate performance of KN-NL at different current densities. (c) Galvanostat
(d) The cycling stability and coulombic efficiency of KN-NL at a current d
and 200th cycles measured at a current density of 200 mA g�1. (f) Nyqu
density of 200 mA g�1, in the frequency range of 100 kHz to 0.01 Hz. N
a two-electrode coin-cell based on the KN-NL electrode.

This journal is © The Royal Society of Chemistry 2017
discharge specic capacity of about 513 mA h g�1. Three
inconspicuous plateaus at around 1.41, 0.95 and 0.52 V are
observed in the rst discharge process, but in subsequent GCD
curves, the plateaus disappeared gradually, which agrees well
with the above CV study. While the nature of the initial irre-
versible capacity is still unclear, the electrolyte decomposition,
destructive structure or irreversible reaction might lead to the
phenomenon. In addition, the electrochemical impedance
spectra (EIS) of the KN-NL electrodes aer CVmeasurement and
200 cycles (at a current density of 200 mA g�1) are compared in
Fig. 7(f). In the Nyquist plots, obviously, the diameter of the
semicircle decreases aer 200 cycles, compared with that aer
CV measurement, which demonstrates that KN-NL possesses
the higher contact and charge transfer resistances at the orig-
inal state. In order to demonstrate its application, as shown in
the inset of Fig. 7(d), using a two-electrode coin-cell based on
the KN-NL electrode can still lighten a white LED (about 2.9 V,
20 mA), aer being cycled 200 times at a current density of 200
mA g�1. In addition, KN-NS as an anodematerial for lithium ion
batteries has been also investigated. It shows a similar
phenomenon to KN-NL, as shown in Fig. S9 and S10† (ESI†).

KN shows the interesting and complicated Li insertion/
extraction reactions, however, to the best of our knowledge,
there is almost no report on proposing the relevant mecha-
nisms of lithium ion insertion into KN. In order to further
understand the LIB performance of KN, as shown in Fig. 8, we
have proposed possible mechanisms. As we know, KN is
composed of octahedral units of NbO6 and possesses a typical
2D layered structure. During the rst Li insertion process, the
ate of 0.5 mV s�1 in the voltage range of 0.02–3.0 V (vs. Li+/Li). (b) The
ic charge–discharge (GCD) profiles of KN-NL at different current rates.
ensity of 200 mA g�1. (e) GCD profiles of KN-NL in the 1st, 2nd, 100th
ist plots of KN-NL after CV measurement and 200 cycles at a current
ote that the inset in (d) is the photograph of a white LED powered by
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Fig. 8 The possible mechanisms of lithium ion intercalation (ignoring
the actual atomic size and intercalation capacity).
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reduction peak at around 1.41 V vs. Li+/Li might be ascribed to
the valence variation of Nb5+ to Nb4+. It disappears in the
subsequent cycles, which indicates that the process is irre-
versible. The reduction peaks at around 0.52 and 0.95 V vs. Li+/
Li might be ascribed to the complicated solid-solution reac-
tion of Li and KN. As a result, it obtains a relatively high
discharge specic capacity at the rst Li insertion process, but
this then decreases rapidly due to the irreversible valence
variation of the Nb element. Relevant kinetics mechanisms
were depicted in Fig. 8. In addition, we speculate that the
reason for the low reversible capacity might be the lack of Li+

insertion sites in the KN crystal structure and low electrical
conductivity.
4 Conclusion

In conclusion, we have successfully synthesized the KN nano-
family by making full use of raw materials. Due to the different
morphology states, the KN nano-family shows unique micro-
structures and optoelectronic properties amongst each other.
Both KN-NL and KN-NS display superior adsorption and pho-
todegradation performances, which are strongly affected by the
initial pH of the dye solution. Based on these, we propose an
effective strategy to treat dye wastewater by using KN-NL and
KN-NS. In addition, KN has been proved to be a potential anode
material for lithium ion batteries. Further studies are in prog-
ress to achieve higher capacities and better rate performances
for KN by improving its electrical conductivity. Therefore, we
conclude that our present work on the KN nano-family not only
proposes a highly-efficient photocatalyst and strategy for dye
degradation, which can be helpful in exploring the photo-
catalytic activities of other similar layered materials, but also
might open up a novel avenue for potential multifunctional KN-
based energy storage applications.
28112 | RSC Adv., 2017, 7, 28105–28113
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