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The laminar lanthanum niobate KLaNb2O7 with perovskite structure was intercalated with cationic cobalt (III) tetrakis-5, 10, 15, and
20-(N-methyl-4-pyridyl) porphyrin using the exfoliation/restacking method. The as-prepared material was characterised by several analytic
methods including X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and infrared microscopy. The
exfoliation/restacking process was monitored and proved by the change of zeta potential, and the cyclic voltammetry measurements of
LaNb2O7/Co

IIITMPyP nanocomposite demonstrated excellent electrocatalytic activity towards oxygen reduction reaction.
1. Introduction: With the increasing environmental concern
caused by the fossil fuel combustion, alternative clean energy
solutions such as fuel cells and metal-air batteries are investigated
intensively [1]. The oxygen reduction reaction (ORR) in these
systems needs efficient electrocatalysts. Noble metal and noble
metal oxides, which exhibit excellent electrocatalytic activity
for ORR, have limited applications in the field of renewable
energy sources because of the storage and cost issues [2, 3]. The
state-of-the-art catalyst Pt/C for ORR has reduced the cost of
Pt and enhanced the activity of Pt nanoparticles, but it is quite
difficult to gain both high surface area and the desired highly
active facets on their surfaces [4, 5]. Hence, stable and efficient
non-metal catalysts for ORR have attracted great interests in the
field [6–10]. Metalloporphyrins, especially cobalt porphyrin,
possess eminent catalytic properties towards ORR in the electro-
chemical system [11–14]. The cationic cobalt (III) tetrakis-5, 10,
15, 20-(N-methyl-4-pyridyl) porphyrin (CoIIITMPyP) has good
electrocatalytic activity towards ORR [15]. However, metallopor-
phyrins are unstable in organic media and sensitive to the tempera-
ture and the pH of reaction environment. One strategy to improve the
stability is to immobilise metalloporphyrins into the interlayer of
host materials [16–20].
Several two-dimensional layered nanocomposites with pero-

vskite structure have been reported extensively due to their
unique structural properties and wide applications in the field
of electronics, optics, catalysts, and electrochemistry [21–24].
The exfoliated nanosheets derived from the perovskites
(Ca2Nb3O10

– , TiNbO5
–, Nb3O8

–) have gained increased attention
in recent reports [25–28]. These nanosheets have unique func-
tionalities with atomic or molecular thickness. In addition, they
can be used as building blocks in electrostatic layer-by-layer
(LBL) assembly [29]. As a typical D-J phase perovskite, the lan-
thanum potassium niobate KLaNb2O7 has been investigated consid-
erably because of its good ion-exchange capability and intercalation
properties [30–33]. However, to the best of our knowledge, there
are few reports on the exfoliation of KLaNb2O7 in the field of inter-
calation [34].
Herein, the lamellar nanocomposite of LaNb2O7/Co

IIITMPyP
was prepared via the exfoliation/restacking method and the electro-
catalytic activity of the LaNb2O7/Co

IIITMPyP thin film was inves-
tigated in our work. The as-prepared material exhibits excellent
electrocatalytic activity towards ORR.
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2. Experiment: KLaNb2O7 was synthesised by sintering a stoichio-
metric mixture of K2CO3, La2O3, and Nb2O5 at 1423 K for 24 h
[35]. The corresponding layered acidic material HLaNb2O7 was pro-
duced by three times of treating KLaNb2O7 in 6 M nitrate acid for
24 h at room temperature and then drying at 50°C for 24 h. For
exfoliation procedure, HLaNb2O7 (0.3 g) was added into 10 wt%
aqueous solution of TBA+OH– and 110 ml of deionised water
under uniform stirring for 5 days at room temperature. Colloidal
suspension of exfoliated LaNb2O7

– nanosheets was obtained by
centrifuge. LaNb2O7/Co

IIITMPyP intercalation composite was fabri-
cated by adding 1 mM cobalt porphyrin aqueous solution into
the stable LaNb2O7

– colloidal suspension (shown in Fig. 1). The
solid deposit of LaNb2O7/Co

IIITMPyP was then separated by centri-
fuging the mixture at 8000 rpm and washing with deionised water
for three times. The final precipitate was dried in a vacuum oven
at 50°C for 24 h.

X-ray diffraction (XRD) patterns were obtained via a RINT 2000
diffractometer (Rigaku) with the monochromatised Cu Kα radiation
(λ = 1.5406 Å) and a scan ranges from 2° to 70° 2θ at 40 mA and
40 kV. A JSM-5600 apparatus (JEOL) and a JEM-2010 instrument
(JEOL) were employed to collect images of scanning electron
microscopy (SEM) for the Au-coated samples and high-resolution
transmission electron microscopy, respectively. Fourier transform
infrared (FTIR) spectroscopies were recorded on a Shimazu
FTIR-8400S spectrometer with KBr pellets. The zeta potentials of
the mixture of LaNb2O7

– nanosheets colloidal dispersion and
cobalt porphyrin aqueous solution were tested via the Malvern
Zetasizer Nano Instrument.

The electrochemical measurements were performed on a
CHI660C electrochemical workstation at room temperature in a
three-electrode test cell with a saturated calomel electrode as the ref-
erence electrode and a platinum wire as the counter electrode. The
working electrode was prepared by dropping 7 μl LaNb2O7/
CoIIITMPyP homogeneous-dispersed aqueous suspension (mass
concentration, 2 mg/ml) on a bare glass carbon electrode (GCE)
and dried for 24 h. The electrochemical measurement of cyclic vol-
tammetry (CV) is used to test the electro-catalysis towards ORR of
the as-prepared nanocomposite.

3. Result and discussion: The XRD patterns of KLaNb2O7,
HLaNb2O7, and LaNb2O7/Co

IIITMPyP are shown in Fig. 2. The
interlayer space of lanthanum niobate expands from 1.070
731
& The Institution of Engineering and Technology 2017

mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Fig. 2 X-ray diffraction patterns of
a KLaNb2O7

b HLaNb2O7

c LaNb2O7/Co
IIITMPyP

Fig. 3 TEM and SEM images
a TEM image of LaNb2O7

– nanosheets
b SEM image of KLaNb2O7

c SEM image of HLaNb2O7

d SEM image of LaNb2O7/Co
IIITMPyP composite

Fig. 1 Self-assembly of LaNb2O7
– sheets and cobalt porphyrin

Fig. 4 Relationship of the zeta potential and the ratio volume of
CoIIITMPyP/LaNb2O7. Inset: the Tyndall phenomenon of the colloidal sus-
pension (ratio = 0)

Fig. 5 FTIR spectra of
a KLaNb2O7

b CoIIITMPyP
c CoIIITMPyP/LaNb2O7
to 1.207 nm after protonation. The interlayer space of the
composite increases to 2.143 nm due to the much larger molecular
dimension of CoIIITMPyP (1.8 × 1.8 nm2) [36] than that of the
H3O

+ ion. In consideration of the layer thickness of LaNb2O7
–

sheets (0.75 nm) [37], the calculated angle of the CoIIITMPyP
molecular surface towards the LaNb2O7

– layer is around 50°. The
transmission electron microscopy (TEM) image in Fig. 3a
demonstrates the appearance of LaNb2O7

– nanosheets and the suc-
cessful exfoliation of HLaNb2O7. The SEM images of KLaNb2O7,
HLaNb2O7, and LaNb2O7/Co

IIITMPyP nanocomposite are shown
in Figs. 3b–d, respectively. It is apparent that the resulting product
732
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LaNb2O7/Co
IIITMPyP still maintains the layered structure of the

parent material KLaNb2O7.
The relationship curve between the zeta potential and the

CoIIITMPyP/LaNb2O7 volume ratio is shown in Fig. 4. The zeta
potential of exfoliated LaNb2O7

– nanosheets colloidal dispersion
was –51.9 mV, the inset shows the Tyndall phenomenon in the
colloidal solution of LaNb2O7

– nanosheets. The zeta potential of
the mixture with different CoIIITMPyP/LaNb2O7 volume ratio has
been measured and the zeta potential value increases with the
amount of CoIIITMPyP aqueous solution added into LaNb2O7

– col-
loidal suspension increases. Moreover, the zeta potential is ∼0 mV
when the CoIIITMPyP/LaNb2O7 volume ratio is 0.2.

The FTIR spectra of KLaNb2O7, Co
IIITMPyP, and CoIIITMPyP/

LaNb2O7 are shown in Fig. 5. Absorption peaks at 911 and 610 cm
–1

are assigned to the Nb–O stretching vibration of KLaNb2O7 in
Fig. 5a, while the peaks at 1640, 1468, 1400 cm–1 are ascribed to
the C=N and C=C stretching vibrations of the porphyrin rings
in Fig. 5b. It is clearly observed in Fig. 5c that the characteristic
absorption peaks of KLaNb2O7 host compound and CoIIITMPyP
guest molecules appear in the infrared absorption spectra of
CoIIITMPyP/LaNb2O7 composite, which proves the successful inter-
calation of CoIIITMPyP molecules into the interlayer of the compos-
ite material.

Fig. 6 shows the CV results of the ORR on bare GCE, KLaNb2O7

modified GCE, LaNb2O7/Co
IIITMPyP modified GCE, and

the CoIIITMPyP aqueous solution in a 0.2 M O2-saturated neutral
phosphate buffer solution (PBS) with a scan rate of 100 mV s–1.
Apparently, the reduction peak potential of the LaNb2O7/
CoIIITMPyP nanocomposite modified GCE (–0.199 V) is 475 mV
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Fig. 6 CV curves of KLaNb2O7 modified GCE (dotted line), CoIIITMPyP
aqueous solution (dash dot line), LaNb2O7/Co

IIITMPyP modified GCE
(solid line), and bare GCE (dash line) in O2-saturated 0.2 M PBS solution
(pH = 7.0) at a scan rate of 100 mV s–1

Fig. 7 CV curves of LaNb2O7/Co
IIITMPyP modified GCE in O2-saturated

0.2 M PBS solution (pH = 7.0) at scan rates of 20, 30, 40, 50, 60, 70, 80,
90, 100, 150, 200, 300, 400, 500 mV s–1 from inner to outer. Inset: relation-
ship of Ipa and the square root of v
higher than that of the bare GCE (–0.674 V), indicating that the
LaNb2O7/Co

IIITMPyP intercalated composite exhibits excellent
electrocatalytic activity towards ORR. The reduction peak potential
of the CoIIITMPyP aqueous solution is –0.233 V and that of
KLaNb2O7 modified GCE is similar to bare GCE, suggesting that
the CoIIITMPyP molecule is the main active site. Furthermore,
this film-modified GCE shows higher ORR current than the com-
mercially available Pt/C electrode, indicating better electrocatalytic
activity towards ORR [38].
As shown in Fig. 7, with the increase of scan rate, the reduction

peak current increases gradually and the reduction peak potential
shifts towards negative potentials accordingly. This can be attribu-
ted to the irreversibility of the ORR. The inset diagram in Fig. 7
exhibits a good linear relationship between the reduction peak
current and the square root of v, and the linear equation is:
I (μA) = –1.15 + 66.61v1/2 (V1/2 s–1/2) (r = 0.9971), indicating that
the irreversible progress of ORR on the surface of LaNb2O7/
CoIIITMPyP modified GCE is controlled by the O2 diffusion
process. The relationship between the peak current and the scan
rate can be demonstrated as the following equations [39]:

Ip = 0.4958nFAC0
anaF

RT

( )1/2

v1/2D1/2
0 (1)

DEp =
1.15RT

anaF
(2)

Where the known parameters are: A is the surface area of the
electrode, F is the Faraday constant (F = 96485.33 C mol–1), C0 is
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the bulk concentration (C0 = 1.2 mM, O2-saturated), D0 is the O2

diffusion coefficient (D0 = 1.7 × 10–5 cm2 s–1), v is the scan rate
(v = 50 mV s–1), and ΔEp is the peak separation when the scan
rate increases ten-fold (ΔEp = 88 mV, from 50 mV s–1 to 500 mV
s–1). Therefore, the number of transferred electrons here is cal-
culated as 1.92, implying that oxygen is reduced to H2O2 with a 2-
electron process on the surface of the electrode.

4. Conclusion: LaNb2O7/Co
IIITMPyP intercalation nanocomposite

was successfully fabricated via the exfoliation/restacking method.
The final product is characterised by various analytic techniques.
The value of zeta potential approaches to zero when the volume
ratio of the LaNb2O7 colloidal dispersion and the CoIIITMPyP
aqueous solution was around 0.2. The CV measurements indicated
that the LaNb2O7/Co

IIITMPyP nanocomposite exhibits excellent
electrocatalytic activity towards oxygen reduction and oxygen is
reduced to H2O2 with a 2-electron process on the surface of the
electrode. The promising application of the LaNb2O7/Co

IIITMPyP
nanocomposite in the field of electrocatalytic materials is proposed.
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