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a  b  s  t  r  a  c  t

The  (WO3)NCs/Nafion  film  electrode  was  prepared  by  immobilizing  the  synthesized  WO3 NCs  on  the
surface  of  a glassy  carbon  electrode  (GCE)  with  the  help  of  Nafion.  The  ECL  emission  of  the  electrode  in
aqueous  solution  was  affected  by  the  buffer  solution  with  respect  to the  pH and  composition.  And  the
strongest  ECL  was  observed  in  an  NH3–NH4Cl buffer  with  pH  being  8.2.  Only  a  weak  ECL  peak  at  1.14  V
eywords:
anostructured materials
xide materials
ptical properties
uminescence

which  was  originated  from  the  annihilation  process  between  oxidized  and  reduced  species  of WO3 NCs
was found.  By  adding  coreactant  triproplamine  (TPrA)  in buffer  solution,  an additional  ECL  peak  at  1.13  V
which  was  attributed  to the electron-transfer  reaction  between  the  oxidized  WO3 NCs  and  reduced
intermediate  of TPrA  was  observed.  The  (WO3)NCs/Nafion  film  electrode  exhibits  excellent  ECL  property
and  good  stability,  which  would  promote  the  potential  application  of  WO3 NCs  as  a  luminescence  material
for  solid-state  ECL  detection.
. Introduction

Electrogenerated chemiluminescence (ECL) is originated from
he electron-transfer reaction of an excited redox species on the
lectrode surface. Owing to its inherent features, such as low detec-
ion limit, simplified optical setup and very low background signal,
CL has become an important and valuable detection method in
nalytical chemistry over the past several decades [1].  Among the
opular ECL reagents like Luminol, lucigenin, aryl oxalates, acri-
inium esters, dioxetanes and Ru(bpy)3

2+[2],  Ru(bpy)3
2+ has been

xtensively studied and exploited because of its excellent char-
cteristics of strong luminescence and high solubility in aqueous
nd nonaqueous solvents, good chemical stability and high ECL
fficiency, and employed as the labels of biological molecules in
mmunoassays and DNA analyses [3,4]. As Ru(bpy)3

2+ is regen-
rated during the ECL process, solid-state ECL sensors can be
abricated by immobilizing Ru(bpy)3

2+ on an electrode surface.
ompared with solution-state ECL system, solid-state ECL can
educe the consumption of expensive ECL reagent Ru(bpy)3

2+,
nhance the ECL signal and simplify experimental design [5]. How-
ver, Ru(bpy)3

2+ ECL sensors has some limitations, for example,

u(bpy)3

2+ labeling at multiple sites of the biomolecule may  result
n the loss of biological activity of targets [6].

∗ Corresponding authors. Tel.: +86 20 87112906; fax: +86 20 87112906.
E-mail addresses: wanglsh@scut.edu.cn (L. Wang), jmnan@scnu.edu.cn (J. Nan).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.082
© 2011 Elsevier B.V. All rights reserved.

The ECL behavior of semiconductor NCs, including compound
semiconductor NCs such as CdSe and CdTe and elemental semicon-
ductor NCs such as Si and Ge, has attracted tremendous attention
because semiconductor NCs can be electrically excited in both
aqueous and nonaqueous media [7–11]. While the low solubility
and instability of the redox species of semiconductor NCs in solu-
tion phase limit the development of semiconductor NCs sensors
on the basis of ECL of semiconductor NCs [7,9], the thin-film tech-
nique of semiconductor NCs provide an effective alternative way
for constructing novel ECL sensors owing to the excellent stability
and high ECL intensity of semiconductor NCs thin film [12].

The transition metal-oxide semiconductor NCs have been
demonstrated their potential application in solar cells, catalysts,
and etc. [13–18].  Among the numerous transition metal-
oxide semiconductors, tungsten trioxide (WO3) has outstanding
electrochromic, gaschromic, thermochromic and optochromic
properties, and has been widely used in smart windows [19],
electrochemical sensors [20], semiconductor gas sensors [21], pho-
todetectors [22], electrocatalysts [23] and photocatalysts [24] in
recent years. In addition, considerable efforts have been made to
investigate the coloration efficiency [25], photon–electron con-
version efficiency [26], photoelectrochemical properties [27] and
photoluminescence (PL) behavior [28] of WO3. However, it is noted
that the ECL behavior of WO3 has rarely been reported. Given that

the cost of WO3 is lower than that of Ru(bpy)3

2+, it is meaningful
to study the ECL behavior of WO3. In this paper, the WO3 NCs were
prepared by a facile hydrothermal method and characterized by
XRD, XPS, SEM, PL and UV–vis spectra. The as-synthesized WO3 NCs

dx.doi.org/10.1016/j.jallcom.2011.07.082
http://www.sciencedirect.com/science/journal/09258388
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between neighboring WO3 NCs drastically lowered the conductiv-
ity of interstitial regions [32]. Therefore, the buffer solution was
bubbled with highly pure N2 for 30 min  to remove dissolved oxygen
in the ECL experiments.
Fig. 1. X-ray diffraction patterns of WO3 NCs.

ere further immobilized on the surface of a glassy carbon elec-
rode (GCE) with the help of Nafion to obtain the (WO3)NCs/Nafion
lm electrode. The ECL behavior of (WO3)NCs/Nafion film electrode

n aqueous solution with and without the presence of coreactant
ripropylamine (TPrA) was investigated and the possible ECL mech-
nism was proposed.

. Experimental

Ammonium tungstate hydrate (H40N10O41W12·xH2O) and cetyltrimethylammo-
ium bromide (C19H49BrN) were purchased from Sinopharm Chemical Reagent Co.
td.  and Shanghai Bio Life Science and Technology Co. Ltd., respectively. The 5 wt%
afion (purchased from Sigma) was diluted with ethanol to 0.05 wt%. All chemicals
ere of analytical grade and used without further purification. Twice-distilled water
as  used throughout all experiments. High-purity nitrogen was  used for air-free

ondition.
The  WO3 NCs were synthesized by a hydrothermal reaction and post calci-

ations according to the literature procedure [29]. In a typical synthesis, 1.478 g
40N10O41W12·xH2O and 6.56 g C19H49BrN were suspended in 50 mL  of water and
H  was adjusted to 8–9 using NH3·H2O solution with stirring. After achieving com-
lete dissolution of the precursor, the solution was transferred to five Teflon-lined
utoclaves with 10 mL  of internal volume and kept in an oven for 24 h at 140 ◦C.
he  precipitate was  collected through centrifugation and thoroughly washed with
ater, and then dried at 100 ◦C followed by calcinations in air atmosphere at 600 ◦C

or 10 h. The as-synthesized WO3 NCs were dispersed in water under ultrasonication
or 30 min  to obtain the 0.5 mg  mL−1 WO3 suspension. The bare GCE with 2 mm in
iameter was  polished with �-alumina powders and rinsed with ethanol, acetone
nd water orderly. 3.0 �L of 0.5 mg  mL−1 WO3 suspension (∼3.8 × 10−8 mol) was
ropped onto the surface of GCE and dried at room temperature, and then 1.0 �L of
.05% Nafion was  coated on the WO3 modified electrode. The (WO3)NCs/Nafion film
lectrode was  finally prepared after evaporating the solvent at room temperature.

The phase composition of the as-prepared WO3 NCs was identified by X-ray
iffractometer (XRD, Bruker, Germany) at 40 kV, 40 mA with an Cu K� radiation
�  = 0.154 nm). X-ray photoelectron spectroscopy (XPS) measurements were per-
ormed with Axis UltraDLD (Kratos, Japan). Scanning electron microscopy (SEM)
nalysis was  conducted using a LEO-1530VP (Hitachi, Japan). The UV–vis absorbance
nd PL spectrum were checked by using a UV 3010 (Hitachi, Japan) and F-4500 spec-
rophotometer (Hitachi, Japan). ECL signals were recorded with a homemade ECL
ystem containing a three-electrode system consisted of a (WO3)NCs/Nafion film
lectrode, a platinum counter electrode, and a saturated calomel reference elec-
rode. During the measurement, the potential was applied to the working electrode
ia  a CHI660B electrochemical workstation (Shanghai Chenhua, China) and the ECL
mission was  detected with a photomultiplier tube (PMT) biased at −850 V.

. Results and discussion

.1. Characterization of WO3 NCs

The XRD pattern of the as-synthesized WO3 NCs is shown in
ig. 1. The sharp diffraction peaks appearing at 23.11◦, 23.59◦,
4.35◦, 33.25◦, 34.16◦ could be indexed to (0 0 2), (0 2 0), (2 0 0),
0 2 2) and (2 0 2) crystal planes, respectively. The peak location

nd intensity are in agreement with the standard diffraction data
f monoclinic WO3 form (JCPDS No.43–1035) [29], showing that
he WO3 NCs have monoclinic phase structure with high surface
ctivity. The mean crystallite size (D) could be estimated from the
mpounds 509 (2011) 9901– 9905

full width at half-maximum (FWHM) of the diffraction peaks, using
the Scherrer formula as follows:

D = K�

 ̌ cos �
(1)

where � is the X-ray wavelength, � is the diffraction angle,  ̌ is the
FWHM,  and K = 0.89 is a constant. The mean crystallite size of WO3
NCs was estimated to be about 25 nm according to this formula.

In order to understand the components of the prepared WO3
NCs, XPS was  performed to investigate the valence distribution of
the WO3 NCs. Fig. 2 shows the XPS survey spectra of WO3 NCs with
corresponding high resolution spectrum of W 4f (W 4f5/2 and W
4f7/2) inserted. The three highest peaks in the XPS survey spectra
were attributed to W 4f, O 1s and C 1s, respectively. In the high-
resolution spectrum of W 4f (inset), the binding energy peaks of
W 4f located at 35.8 eV and 37.9 eV were ascribed to the spin-orbit
energy splitting of W 4f components (W 4f7/2 and W 4f5/2) [30]. The
parameters EpW4f7/2 = 35.7 eV and �Ep (4f5/2 − 4f7/2) = 2.1 eV indi-
cated the as-prepared WO3 NCs were typical W6+-states of oxide
[31].

Fig. 3 shows SEM images of WO3 NCs powders (a) and
0.1 mg  mL−1 WO3 NCs dispersion in methanol (b). The particle
size of WO3 NCs powders was about 30 nm and increased to
about 60 nm after dispersion in methanol under ultrasonication
for 30 min. It was observed that the WO3 NCs powders could be
considerably dispersed into fine and nearly spherical nanoparticles.

Fig. 4 displays PL and UV–vis (inset) spectrum of the WO3 NCs
powders. A strong PL emission peak at 467 nm under the excita-
tion at 350 nm was  observed at room temperature. Compared with
UV–vis spectrum that shows the maximum adsorption at 350 nm,
the PL emission wavelength was about 100 nm red-shifted which
could be ascribed to the presence of oxygen vacancies in the WO3
NCs.

3.2. ECL behavior of (WO3)NCs/Nafion film electrode

It was  observed that the ECL intensity of (WO3)NCs/Nafion film
electrode in the air-saturated buffer solution was lower than that in
the air-free buffer solution. Furthermore, when the air-free buffer
solution was  then exposed to air, which led to gradually increas-
ing dissolved oxygen, the ECL intensity decreased gradually with
increasing exposure time. It indicated that dissolved oxygen would
weaken the ECL intensity of (WO3)NCs/Nafion film electrode as the
oxygen molecules preferentially adsorbed in the interstitial spaces
Fig. 2. XPS survey spectra of WO3 NCs and high resolution spectrum in the (W 4f5/2

and W 4f7/2) Binding energy region (inset).
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(WO3)NCs − e → (WO3)NCs
+• (2)

(WO3)NCs + e → (WO3)NCs
−• (3)
ig. 3. SEM images of WO3 NCs powders (a) and 0.1 mg  mL−1 WO3 NCs dispersion
n  methanol under ultrasonication for 30 min  (b).

The ECL behavior of (WO3)NCs/Nafion film electrode was
reatly affected by the buffer solution with respect to the pH
nd composition. Fig. 5 shows the pH-dependent ECL intensity
f the (WO3)NCs/Nafion film electrode in 0.1 mol  L−1 HAc–NaAc,
aH2PO4–Na2HPO4 and NH3–NH4Cl buffer solutions, respectively.
he cyclic potential was scanned between 0 and 1.4 V with a scan
ate of 100 mV  s−1. It is clearly shown that the ECL intensity of
WO3)NCs/Nafion film electrode reached the highest value when
he pH of solution was around 8. And no obvious ECL signal was

bserved when the pH of buffer solution was less than 5.5. It could
e resulted from the electrochromic reaction of (WO3)NCs/Nafion
lm under the strong acid condition. Furthermore, the ECL inten-
ity differed when using three different buffer solutions even with

ig. 4. PL and UV–vis (inset) spectrum of WO3 NCs powders. Excitation wavelength:
50 nm.
Fig. 5. The ECL of (WO3)NCs/Nafion film electrode in 0.1 mol L−1 HAc–NaAc (�),
NaH2PO4–Na2HPO4 (�) and NH3–NH4Cl (�) buffer solution.

the same pH value. The strongest ECL signal was observed when
using NH3–NH4Cl as the buffer solution. Therefore, 0.1 mol L−1

NH3–NH4Cl air-free solution at pH 8.2 was used in the latter ECL
experiments.Fig. 6 shows the cyclic voltammograms (CVs) (a) and
ECL curves (b) of (WO3)NCs/Nafion film electrode with (solid) and
without (dash) the presence of 1 mmol  L−1 TPrA in 0.1 mol  L−1

NH3–NH4Cl solution (pH 8.2). The cyclic potential was scanned for-
wardly from 0 to 1.4 V and reversely from 1.4 to 0 V with a scan rate
of 100 mV  s−1. Only a weak ECL peak was observed from Fig. 6b
(dash) when the potential was  reversely scanned to 1.14 V. No ECL
peak was  observed on both bare GCE and Nafion modified GCE  in the
same condition, suggesting that the ECL was due to the existence
of WO3 NCs.

Therefore, it is indicated that WO3 NCs immobilized on GCE  with
the help of Nafion could be oxidized or reduced by charge injection
during potential cycling and that WO3 NCs participated in relevant
ECL processes. The overall mechanisms are proposed as the follow-
ing Eqs. (2)–(5).  WO3 NCs could be oxidized to (WO3)NCs

+• when
the potential was swept forwardly (Eq. (2)) and then reduced to
(WO3)NCs

−• when the potential was swept reversely (Eq. (3)). The
oxidized species (WO3)NCs

+• could collide with the reduced species
(WO3)NCs

−• in an annihilation process to produce the excited state
(WO3)NCs

* which emits photon (Eqs. (4) and (5)).
Fig. 6. CVs (A) and ECL (B) curves of (WO3)NCs/Nafion film electrode in 0.1 mol  L−1

NH3–NH4Cl solution (pH 8.2) with (solid) and without (dash) the presence of
1  mmol  L−1 TPrA.
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WO3)NCs
+• + (WO3)NCs

−• → (WO3)NCs
∗ + (WO3)NCs (4)

WO3)NCs
∗ → (WO3)NCs + hv (5)

However, the ECL signal from the annihilation reaction was
eak and unstable, which could be ascribed to the poor stabil-

ty of electrogenerated species of reaction (4).  The poor stability
f electrogenerated species, which could be concerned with the
ggregation morphology of the WO3 NCs, was improved by adding
he coreactant TPrA to the buffer solution. The corresponding ECL
urve is shown in Fig. 6b (solid). In addition to the ECL peak
ocated at 1.14 V (ECL-2), an ECL peak located at 1.13 V (ECL-1) was
bserved. Moreover, as shown in Fig. 6a, an irreversible peak around
.8 V was observed in the solid curve but not observed in the dash
urve, which implies that ECL-1 involves with the redox of TPrA.
hus, ECL-1 was probably originated from the electron-transfer
eaction between the reductant TPrA and the oxidized species
WO3)NCs

+•. The corresponding ECL processes are proposed as the
ollowing Eqs. (6)–(9).  WO3 NCs can be oxidized to (WO3)NCs

+•

hen the potential was swept from 0 to 1.13 V (Eq. (6)). According
o previous reports [4],  the TPrA can be oxidized to the short-lived
TPrA•]+ at 0.8 V and then loses a proton from �-carbon to form
he strongly reduced intermediate TPrA• (Eq. (7)). The intermedi-
te TPrA• could react with the oxidized species (WO3)NCs

+• to form
he excited state (WO3)NCs

* which produces light emission (Eqs. (8)
nd (9)).

WO3)NCs − e → (WO3)NCs
+• (6)

PrA − e → [TPrA•]+ → TPrA• + H+ (7)

PrA• + (WO3)NCs
+• → (WO3)NCs

∗ + TPrA (8)

WO3)NCs
∗ → (WO3)NCs + hv (9)

Apart from processes described above, the WO3 NCs can con-
inue to be oxidized when the potential was swept from 1.13 to
.4 V and then reduced when the potential was swept back from
.4 to 0 V. It is demonstrated by the ECL-2 peak occurred at 1.14 V
hich was generated from the annihilation reaction between the

xidized species (WO3)NCs
+• and the reduced species (WO3)NCs

−•.
he mechanisms of ECL-2 are the same with the above proposed
qs. (2)–(5).  Although ECL-2 showed lower intensity than ECL-1,
he intensity of ECL-2 in 0.1 mol  L−1 NH3–NH4Cl solution contain-

−1
ng 1 mmol  L TPrA was enhanced by eight times compared with
hat in 0.1 mol  L−1 NH3–NH4Cl solution without TPrA.

The proposed mechanisms of ECL-1 and ECL-2 can also be
roved by the ECL of WO3 NCs solution phase. Fig. 7 displays

ig. 7. The DPV curves (A) from 0 to 1.4 V (a) and 1.4 to 0 V (b) and ECL curve (B)
f  0.5 mg  mL−1 WO3 NCs dispersion in 0.1 mol  L−1 NH3–NH4Cl (pH 8.2) containing
.25 mmol L−1 polyethylene glycol surfactant and 0.01 mol  L−1 TPrA coreactant.
Fig. 8. ECL–time curves of (WO3)NCs/Nafion film electrode in 0.1 mol  L−1 NH3–NH4Cl
solution (pH 8.2) containing 1 �mol L−1 TPrA under continuous CV scans.

DPV curves (A) and ECL curve (B) of 0.5 mg  mL−1 WO3 NCs disper-
sion in 0.1 mol  L−1 NH3–NH4Cl (pH 8.2) containing 0.25 mmol L−1

polyethylene glycol surfactant and 0.01 mol L−1 TPrA coreactant.
In Fig. 7A, an oxidation peak at 1.13 V (a) and a reduction peak at
1.14 V (b) were ascribed to the oxidation and reduction of WO3
NCs because these two  peaks were not observed in the blank solu-
tion without WO3 NCs. In Fig. 7B, there are two ECL peaks at 1.13 V
(ECL-1) and 1.14 V (ECL-2) corresponding to the oxidation (a) and
the reduction peak (b) in Fig. 7A. The proposed mechanisms (Eqs.
(2)–(9))  are reasonable and consistent with these data.

In order to evaluate the application aspect of this electrode, the
stability of the (WO3)NCs/Nafion film electrode was  investigated.
Fig. 8 displays the ECL emission from the electrode under continu-
ous potential scanning for 10 cycles with a scan rate of 100 mV  s−1

in 0.1 mol  L−1 NH3–NH4Cl (pH 8.2) containing 1 �mol  L−1 TPrA. No
obvious change of the ECL signal was  observed, indicating that the
(WO3)NCs/Nafion film electrode exhibits an excellent ECL property
and good stability in 0.1 mol L−1 NH3–NH4Cl (pH 8.2) containing
1 �mol  L−1 TPrA.

4. Conclusions

In conclusion, the WO3 NCs and the (WO3)NCs/Nafion film elec-
trode were prepared and the ECL behavior of (WO3)NCs/Nafion
film electrode was investigated. The ECL intensity of the
(WO3)NCs/Nafion film electrode was significantly influenced by
the pH and composition of the buffer solution, and the strongest
ECL signal was observed when using the NH3–NH4Cl (pH 8.2) as
the buffer solution. One ECL peak at 1.14 V and two ECL peaks
(1.13 V and 1.14 V) were observed in aqueous solution with the
absence and presence of the coreactant TPrA, respectively. The ECL
peak at 1.13 V was generated via the electron-transfer process of
(WO3)NCs

+• and TPrA and the ECL peak at 1.14 V was the product
of the annihilation reaction between (WO3)NCs

+• and (WO3)NCs
−•.

The (WO3)NCs/Nafion film electrode exhibits excellent ECL property
and good stability in 0.1 mol  L−1 NH3–NH4Cl solution containing
1 �mol  L−1 TPrA (pH 8.2), suggesting that the WO3 NCs firmly fixed
in the Nafion film and not consumed during the potential scan.
Therefore, WO3 NCs could be a good candidate material in fabricat-
ing novel ECL sensors for chemical and biochemical analysis.
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