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a  b  s  t  r  a  c  t

The  importance  of  sensing  hydrogen  peroxide  (H2O2) is  due  to  its  ubiquity,  being  extensively  used in
industry  and  also being  a biologically  relevant  side-product  of  several  enzymatic  processes.  Electrochem-
ical sensing  is one  of  the most  robust  and simple  methods  for  sensing  H2O2 and  the discovery  of  new
electroactive  materials,  particularly  at the  nanoscale,  represents  a very  hot  topic  of  research.  Here,  we
prove  that  upon  appropriate  integration  of  oxidized  single-walled  carbon  nanohorns  (ox-SWCNHs)  into
a per  se  moderate  H2O2 sensor  such  as cerium  dioxide  (CeO2),  the  sensitivity  toward  H2O2 is  enhanced
by  almost  two  orders  of magnitude  (from  0.4  to 160  �A  cm−2 mM−1),  on par  with  that  of  state-of-the-art
metal or metal  oxide-based  sensors.  The  modified  electrode  is  also  very  stable  (82%  response  after  2  weeks
of continuous  use)  and  the  results  highly  reproducible.  The  developed  nanohybrid  ox-SWCNHs@CeO2,
lectro-catalysis
ensor

characterized  fully  and  whose  average  size  is  about  70 nm  as  measured  by both  TEM and  AFM, was  also
tested  in  real  case  studies  such  as  washing  liquids  and  milk  and  was  confirmed  to be a  robust  and  highly
selective  material,  being  not  affected  neither  by  the  presence  of  complex  matrices,  nor  by  interferents
in  several  organic  substrates.  The  high  recovery  confirmed  the  excellent  specificity  and  flexibility  of  this
new electrocatalytic  material.

©  2016  Published  by  Elsevier  B.V.
. Introduction

Hydrogen peroxide (H2O2) is produced annually in 2.2 × 106

ons worldwide and is a ubiquitous compound, mainly used as
trong oxidant, bleaching agent in the paper and textile industries
nd as a component or a reagent in detergents [1–3]. Moreover,
n bio-organisms, H2O2 is an important side product of several
nzymes and functions as a signalling molecule to regulate various
io-processes, such as immune cell activation, apoptosis, stoma-
al closure and root growth [4]. H2O2 is also worldwide sold as

n antiseptic at concentrations of 3–10% wt in H2O. The European
ommission database for information on cosmetic substances and

ngredients (CosIng) delimited the acceptable concentration of per-

∗ Corresponding authors at: Department of Chemical and Pharmaceutical Sci-
nces, INSTM. University of Trieste, Via L. Giorgieri 1, 34127 Trieste, Italy.

E-mail addresses: prato@units.it (M.  Prato), pfornasiero@units.it (P. Fornasiero).

ttp://dx.doi.org/10.1016/j.snb.2016.08.112
925-4005/© 2016 Published by Elsevier B.V.
oxide in cosmetic products between 0.1 and 12% wt depending on
the particular end product (i.e. hair-care, skin-care, nail-hardening
or oral hygiene) [5]. Hence, simple and sensitive detection of H2O2
in commercial samples has a high practical significance from a
number of perspectives [3]. Some methods based on titration, flu-
orescence [6], chemiluminescence [7] and spectrophotometry [8]
have been employed for H2O2 determination, with variable lin-
ear ranges of H2O2 concentration (from 10−2 to 10−10 M),  and
detection limits that have been reported to be as low as 10−11 M
[9]. Nevertheless, each of these methods suffers from important
drawbacks. For instance, the most common reactants for titration
(KMnO4 and CeSO4) can oxidize the organic matter present in the
sample matrix, leading to an overestimation of the H2O2 concentra-
tion. On the other hand, spectrophotometric methods often exhibit
incompatibility with samples containing dispersed particulate or

dissolved species which can absorb light in a broad wavelength
range. Among the various available analytical techniques, electro-
chemical methods provide a rapid, sensitive, and cost effective

dx.doi.org/10.1016/j.snb.2016.08.112
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.08.112&domain=pdf
mailto:prato@units.it
mailto:pfornasiero@units.it
dx.doi.org/10.1016/j.snb.2016.08.112
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ethodology [10]. Metal electrode materials, such as platinum and
old or glassy carbon electrodes have been proposed as sensors, but
hey are not devoid of disadvantages, such as high overpotentials
0.6 V and −0.1 V vs Ag/AgCl for oxidation and reduction of H2O2,
espectively), slow kinetic and irreversible poisoning [11]. Noble

etal-based nanoparticles certainly represent a definite advance,
lthough negatively associated to high cost and low availability of
he precious metal [12], as well as a tendency to aggregate during
peration, thus diminishing their activity. These aspects highlight
he necessity of modifying the electrode with alternative materials
ith improved catalytic performances, able to efficiently accelerate

he H2O2 oxidation or reduction rates lowering also the required
verpotentials. In this respect, a powerful approach, which can be
onsidered as a state-of-the-art model, relies on electrochemical
echniques based on enzyme-modified electrodes [13]. Enzymes
uch as horseradish peroxidase (HRP), catalase, cytochrome c,
emoglobin, microperoxidase and myoglobin [9] have been suc-
essfully employed and exhibited excellent sensitivity. From a
ractical point of view, however, the use of enzyme-modified elec-
rodes is hampered by costly enzyme purification protocols [14],
imited lifetime due to the denaturation of the enzyme [15], inher-
nt instability, and complicated immobilization procedures [16].
or this reason, replacement of enzymes with all inorganic-based
lectrodes for hydrogen peroxide sensing represents a very attrac-
ive alternative. A new emerging concept holding great promise
s the development of non-enzymatic H2O2 sensors based on
ybrid nanomaterials, which feature high sensitivity, simple immo-
ilization protocols and improved stability. Modern trends are
oving toward the utilization of cheaper and more available met-

ls or metal oxides, combined at the nanoscale level in hybrid
norganic-organic materials. In particular, the combination with
anostructured carbon materials such as carbon nanotubes (CNTs)
r graphene (G) is setting new frontiers in many fields, including
ensors [17,18]. This is due to their outstanding set of properties
nd the synergistic effect arising when appropriately combined
ith inorganic phases [19]. In this context, single-walled carbon

anohorns (SWCNHs) have gained in very recent years an exponen-
ial surge of interest, in particular for electrocatalytic applications
20], and they are expected to soon replace the more classic CNTs
or a variety of applications. Such high expectations evolve from
he SWCNHs fascinating structure, which results in unprecedented
roperties and reactivity. SWCNHs in their pristine state present

 high surface area of approximately 300 m2 g−1 [21]. Moreover,
his value can be significantly increased to 1006–1464 m2 g−1,
ogether with its pore volume (0.47–1.05 mL  g−1) upon oxidizing
reatments [22], which remove the tips of the SWCNHs making
he internal space available [23]. In addition, SWCNHs display
igh electric conductivity, ability to accumulate analyte, alleviation
f surface fouling, capability to undergo surface functionalization
ith a gradient of reactivity (tips vs sidewalls) and electrocat-

lytic activity [24]. SWCNHs have also been used as electrolyte
25,26] as a substitute for TiCl4, [27] and as a counter electrode in
ye-sensitized solar cells [28,29]. Recent studies have shown that
WCNHs can electrocatalyze both the oxidation and reduction of
2O2 [30]. It is envisioned that engineering of electroactive mate-

ials for H2O2 detection through synthetic protocols that suitably
erge their properties with those of SWCNHs may  lead to con-

iderable increase of sensing ability. This concept is proved here,
here an inorganic moderate catalyst for H2O2 electroreduction is

ombined with ox-SWCNHs, resulting in a boost of performance.
rom the perspective of the inorganic component, largely avail-
ble and robust metal oxides represent the most appealing choice,

s confirmed by the increasing recent efforts in developing metal
xide-based electrocatalysts [31]. Over recent years, cerium diox-

de (ceria, CeO2) has emerged as a leading catalytic material for
ts free radical scavenging properties, which make it attractive
ctuators B 239 (2017) 923–932

for multiple applications in biology, medicine, environmental and
energy related topics [32,33]. The many useful catalytic properties
of ceria have been attributed to the presence of highly mobile lat-
tice oxygen which facilitates the interconversion Ce3+/Ce4+ [34].
H2O2 has a great affinity for ceria, and it is used for etching the
surface of preformed nanoparticles [35] or as templating agent dur-
ing hydrothermal synthesis [36]. The use of ceria as component in
H2O2 sensors is well documented, particularly in combination with
enzymes. Recently, Ujjain et al. [10] reported the use of fructose or
hexamethylene-tetra-amine stabilized CeO2 nanoparticles for the
development of a simple and inexpensive enzyme-free H2O2 sensor
in cell cultures to remedy the oxidation processes caused by H2O2.
The proposed non-enzymatic sensor exhibits a maximum sensitiv-
ity of 21.13 �A cm−2 mM−1 around one order of magnitude lower
than those reported for state-of-the-art metal/metal oxide based
sensors, such as Au–MnO2 (101.6 �A cm−2 mM−1) [37], Pt–MnO2
(122.99 �A cm−2 mM−1) [38] and Fe2O3 (181 �A cm−2 mM−1) [39].
We selected CeO2 as the catalytically active phase for our case
study. The CeO2 was  downsized to the nanoscale with simultaneous
improvement of its catalytically relevant electronic characteristics,
by a well-suited interface of CeO2 with ox-SWCNHs, through an
optimized sol-gel method that allows a uniform covering and inti-
mate contact of the two phases. This approach has the advantage
to make most of the oxide shell available for an efficient interac-
tion with H2O2 and therefore to allow a sustainable use of rather
small ceria loadings (below 20 wt%). In particular, the resulting
hybrid material becomes a very efficient electrocatalyst for the
electroreduction of H2O2, with an enhancement of almost two
orders of magnitude (from 0.4 to 160 �A cm−2 mM−1) of the sensi-
tivity, setting the stage for a revolutionary strategy to considerably
improve the performances of existing metal oxide based H2O2 sen-
sors. The ox-SWCNHs@CeO2-modified electrode also exhibits high
reproducibility, robustness and selectivity, able to detect H2O2 in
complex matrices such as those of milk and cleaning liquid, while
retaining a very good sensitivity after two weeks of continuous
use. Moreover, such features are combined with a very easy pro-
tocol for the assembly of the working electrode. We  believe that
the effective performance is related to the electronic interaction
between the two  phases, with the SWCNHs scaffold allowing a
more favourable electron transfer onto the ceria with consequent
formation of Ce3+ ions, responsible for the H2O2 reduction. The
present work highlights a very promising path for the establish-
ment of a new cost-effective family of H2O2 sensors, borne from an
engineered integration of SWCNHs into metal oxides.

2. Materials and methods

2.1. Chemicals and reagents

Potassium ferricyanide was purchased from Fluka. Ascorbic acid
(AA) was  purchased from Merck. Urea was  provided from Baker.
Hydroquinone, acetaminophen (AP), alpha-d-Glucose, Nafion® 117
solution, cerium(IV) tetrakis(decyloxide) and hydrogen peroxide
(H2O2, 30%) were purchased from Sigma Aldrich. The phosphate
salts (NaH2PO4 and Na2HPO4) were purchased from Carlo Erba.
Single-walled carbon nanohorns (SWCNHs) were provided by Car-
bonium S.R.L. All reagents were of analytical grade and used
without further purification. All solutions were prepared with
ultra-pure water, purified by a Millipore System (18.2 M� cm).

For the real sample analysis Italian UHT Milk (3.5% of fat con-
tent) and a commercial clean liquid for clothes containing alcohol,

dimethyl adipate, dimethyl glutarate, dimethyl succinate, C12-
14 pareth-X, MEK, Poly(oxy-1,2-ethanediyl), alpha-isotridecyl-
omega-hydroxy, alcohols, C16-18 and C18 unsaturedethoxylated
and water, were used.
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.2. Apparatus and measurements

Thermogravimetric analyses (TGA) of approximately 1 mg  of
ach compound was recorded on a TGA Q500 (TA Instruments)
nder air, by equilibrating at 100 ◦C, and following a ramp of
0 ◦C min−1 up to 800 ◦C. Raman spectra were recorded with an

nvia Renishaw microspectrometer (50) equipped with He–Ne
aser at 532 nm.  To avoid sample damage or laser-induced heat-
ng/crystallization of the materials, the incident power was kept
t 1%. Powders were dispersed in EtOH, drop-cast onto a quartz
lide and the solvent evaporated; at least 5 spectra per sample were
ecorded on different areas of the sample in order to check the uni-
ormity of the materials. Fourier Transform Infrared Spectroscopy
FTIR) was measured in a System 2000–Perkin Elmer spectrome-
er in an optical range of 370–4000 cm−1 at a resolution of 4 cm−1.
ransmission Electron Microscopy (TEM) measurements were per-
ormed on a TEM Philips EM208, using an acceleration voltage of
00 kV. Samples were prepared by drop casting from the dispersion
nto a TEM grid (200 mesh, copper, carbon only). High resolu-
ion TEM (HRTEM) were acquired on a JEOL 2200FS microscope
perating at 200 kV, equipped with an Energy Dispersive Spec-
rometer (EDX), in-column energy (Omega) filter, and High-Angle
nnular Dark-Field (HAADF) detector. Atomic Force Microscopy

AFM) measurements were performed using a Nanoscope V micro-
cope (Digital Instruments Metrology Group, model MMAFMLN)
n tapping mode in air at room temperature, using standard
masch® SPM probe (HQ:NSC15/AIBS) with tip height 12–18 �m,

one anglen <40◦ (Resonant frequency 325 kHz, force constant
f ∼40 N m−1). Image analysis has been performed with Gwid-
ion software. N2 physisorption at the liquid nitrogen temperature
as collected using a Micromeritics ASAP 2020 analyzer. Before

nalysis, the samples were degassed at 150 ◦C for at least 12 h
t a pressure lower than 10 mHg. The specific surface area of the
amples was calculated applying the BET method. Pore size distri-
utions were calculated applying the BJH method to the adsorption
ranch of the isotherms.

All electrochemical measurements were performed on a
utolab 302 N electrochemical workstation (Metrohm, The
etherlands) at room temperature, using a conventional three-
lectrode system composed of a modified glassy carbon electrode
GCE; CH Instrument, CH 104) as a working electrode, a platinum
ire as an auxiliary electrode and a Ag/AgCl (3 M NaCl) (CH

nstrument, CH 111) as a reference electrode. TRIS buffer (0.1 M,
H 7.4) was employed as the supporting electrolyte solution for
he electrochemical experiments. The buffer solution was  purged
ith high purity nitrogen for 15 min  prior to experiments and

eft under the same gas atmosphere during the measurements.
mperometric experiments were conducted in a stirred TRIS buffer
olution by applying the desired working potential and allowing
he transient currents to decay to a steady-state value prior to the
ddition of the analyte.

EIS experiments were performed in the frequency range
etween 100,000 to 0.01 Hz, with a potential perturbation of 0.01 V
nd a working potential of −0.20 V using 25.0 × 10−3 M hydrogen
eroxide. All presented results are averaged upon three indepen-
ent measurements.

.3. Synthesis of oxidized SWCNHs

Pristine single-walled carbon nanohorns (SWCNHs) were dis-
olved in a 4 M nitric acid solution in order to get a suspension

.0 mg  mL−1. The suspensions were sonicated for 15 min  to dissolve
he present bundles and then stirred for three hours. Such time is
he optimum to obtain a sufficient degree of oxygenic groups with
ow damage on the honeycomb structure surface. The solid was
ctuators B 239 (2017) 923–932 925

then filtered and washed with distilled water until neutral pH of
the washing water.

2.4. Preparation of the ox-SWCNHs@CeO2

The ox-SWCNHs@CeO2 structures were prepared by a sol-gel
method. The appropriate amount of the Ce4+ tetrakis(decyloxide)
was dissolved in 25 mL  of Tetrahydrofuran (THF). The solution was
then transferred to a sonicator and a THF/N,N-Dimethylformamide
(DMF) dispersion of ox-SWCNHs was  added. The mixture was kept
under sonication for 30 min. A mixture of H2O (1 mL)  and THF
(10 mL)  was  added to ensure the complete hydrolysis of the alkox-
ide precursor, and the mixture was sonicated for an additional
15 min. The solids were then recovered by filtration and washed
with THF three times. The final materials were then dried at 120 ◦C
overnight prior to being used.

2.5. Electrode modification

Glassy carbon electrode was first polished with sand paper
and then with 1.0 �m and 0.3 �m alumina powders (micropolish
Buehler). After rinsing thoroughly with deionized water, it was
sonicated in deionized water to remove any alumina residues,
and was  then cycled 3 times in 0.10 M phosphate buffer solution
(PBS) between 0.9 and −0.3 V at 0.10 V s−1 to perform the electro-
chemical polishing. The surface state reproducibility was controlled
for each electrode measuring one cyclic voltammogram in 1 mM
potassium ferricyanide. Electrodes presenting a difference between
redox peak potentials higher than 0.08 V were discarded. After the
electrochemical polishing, the electrodes were allowed to dry in
a stream of nitrogen. 10 �L of the ink-like suspension of corre-
sponding materials (ox-SWCNHs, ox-SWCNHs@CeO2) were then
casted on the surface of clean GCE and dried in the oven at 50 ◦C
for 30 min. Such prepared modified electrodes were defined as ox-
SWCNHs/GCE and ox-SWCNHs@CeO2/GCE, respectively.

The nanohorns’ inks were prepared at a concentration of
2.5 mg  mL−1 using Nafion® 1% in ethanolic:water (50:50) medium
and treated in an ultrasonic bath for 30 min.

3. Results and discussion

3.1. Synthesis

The assembly of the final hybrid was achieved through a sol-gel
method, combining mildly oxidized SWCNHs (ox-SWCNHs) with
the precursor Ce(ODe)4 (ODe = decyloxide) under sonication prior
to hydrolysis. The mild oxidation of SWCNHs with diluted HNO3
has the double function of equipping the carbon scaffold with COOH
groups for anchoring the Ce precursor and of enhancing the surface
area by tips removal of the carbon scaffold.

3.2. Characterization

Two  distinct weight losses are observed in the TGA profile of
ox-SWCNHs@CeO2, Fig. 1.

The peak at ∼200 ◦C is ascribed to the removal of water or com-
bustion of the organic residues of the Ce precursor (decanol) and the
oxy-groups on the SWCNHs surface. The second weight loss at tem-
peratures between 300 and 400 ◦C is assigned to the combustion
of the carbon nanostructure. Such a combustion temperature for
the ox-SWCNHs component is considerably lower than that of free
ox-SWCNHs, indicating that the carbon scaffold is in tight contact

with CeO2, thus fully exploiting its well-known oxidation ability,
resulting in lowering of the combustion temperature [40]. The TGA
profile of ox-SWCNHs confirms the absence of inorganic impuri-
ties in the material. From the TGA profile, we can also note that the
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The comparison of the faradic currents of the bare CeO2,
Fig. 1. TGA plots of the ( ) ox-SWCNHs and ( ) ox-SWCNHs@CeO2 in air.

eO2 content amounts to ∼18% wt. The presence of hydroxylated
eO2 is also confirmed by FTIR, Fig. 2.

The broad band at 3450 cm−1 corresponds to the O H stretching
f adsorbed water molecules. A small band at 494 cm−1 is present in
he ox-SWCNHs@CeO2 spectrum attributed to the Ce-O stretching
41], indicating the formation of CeO2 around the nanostructure.
he band observed at 1637 cm−1 can be ascribed to O H bending
f adsorbed water as well as to C O stretching of the as-oxidized
WCNHs. The successful mild oxidation of the SWCNHs is also
upported by the small band at 1170 cm−1, attributed to the C O
tretching [7]. Interestingly, upon a thermal treatment of the sam-
le at 250 ◦C, the band at 1637 cm−1 almost disappears, possibly
onfirming the removal of carboxylic acid functionalities from the
WCNHs surface or the removal of adsorbed water, while a more
ntense band is visible at ∼1100 cm−1. This latter band could be
ue to the creation of new C O C bonding [42] with the ceria
xygen atoms, which ensue the tight contact between the car-
on and ceria phases after thermal treatment. Moreover, the Ce O
tretching band becomes more intense. Overall, the thermal treat-
ent reduces the number of polar groups and increases the contact

eO2-SWCNHs, and this could have an impact in disfavouring the
dsorption of polar H2O2 molecules.

The analysis of the structures by Raman spectroscopy is pre-
ented in Fig. 3.

The spectrum shows the typical D and G bands pattern for
anocarbons: the D band at ∼1330 cm−1, the G band at ∼1580 cm−1

nd the 2D band ∼2665 cm−1 [43]. The ID/IG ratio (∼1.27) is not
ignificantly affected with respect to the free ox-SWCNHs material
ndicating a minimal perturbation of the carbon scaffold properties
y the addition of the metal oxide. No peaks associated to the CeO2
odes are observed in the Raman spectra of ox-SWCNHs@CeO2

ue to its amorphous phase. However, irradiation with higher
aman laser powers (>5 mW)  induces local crystallization, produc-

ng the appearance of the F2g Raman peak characteristic of CeO2 at
61 cm−1 (Fig. 3B) [44].

The intimate contact between the CNHs scaffold and the CeO2,
nd the uniform covering, are confirmed by Scanning Transmis-
ion Electron Microscopy with a High-Angle Annular Dark-Field
etector (HAADF-STEM) and Energy-Dispersive X-ray spectroscopy
EDX) (Fig. 4). Almost a perfect co-location of ox-SWCNHs and
eO2 is observed. No isolated aggregates of CeO2 were found upon
horough analysis of the sample. As expected, calcination induces

 crystallization of the CeO2 shell, as confirmed by High Resolu-
ion TEM (HRTEM) and Fast Fourier Transform (FFT) analysis of the

aterial (Fig. S1).

Atomic Force Microscopy (AFM) confirms that upon drop casting

f the material suspension onto a solid support, the nanohybrids
isperse very uniformly, Fig. 5.
Fig. 2. FT-IR spectra of ( ) ox-SWCNHs, ( ) ox-SWCNHs@CeO2 and (
) calcined ox-SWCNHs@CeO2.

As can be seen on the several height profiles, single ox-
SWCNHs@CeO2 of very similar sizes (in the range 50–80 nm) are
repeatedly observed, together with only minor aggregates. This has
important consequences on the homogeneous covering and the
improved efficiency of the catalyst-modified electrode. Thus, the
as-prepared nanomaterial dispersions are suitable candidates for
more advanced electrode surface modification techniques able to
generate single layers of catalyst, thus maximising efficiency.

The electrochemical characterization of ox-SWCNHs@CeO2 was
carried out by first modifying a glassy carbon electrodes (GCE)
with a nanohybrid ink dispersion by drop casting and measuring
their response by Cyclic Voltammetry (CV) experiments in N2-
saturated 0.10 M TRIS-HCl buffer solution pH 7.4, with a scan rate
of 0.10 V s−1. Fig. 6 shows the obtained response. For the GCE and
ox-SWCNHs/GCE no faradaic signal is observed, confirming the
inertness of these materials within the explored potential window,
while the redox signatures arising at −0.02 V and −0.14 V for ox-
SWCNHs@CeO2/GCE can be readily ascribed to Ce4+/Ce3+ sites of
the metal-oxide shell [7,45].

3.3. Electrocatalytic response toward H2O2 by ox-SWCNHs@CeO2
modified glassy carbon electrodes

The electrocatalytic response toward H2O2 was first evaluated
by cyclic voltammetry (CV). Since the detection of hydrogen per-
oxide at neutral pH is the most relevant and challenging case
[11], the experiments were performed in N2-saturated TRIS-HCl
buffer solution at pH 7.4 in absence and presence of 5.00 × 10−3 M
H2O2. Initially, the response of a bare CeO2-modified glassy car-
bon electrode, using CeO2 prepared by the same method used for
the synthesis of the nanohybrid but in absence of ox-SWCNHs, was
evaluated. No obvious current for H2O2 reduction was observed in
the case of CeO2/GCE indicating the poor electron transfer occur-
ring at the oxide/GCE interphase (Fig. 7A). An appreciable increase
in the cathodic current for the H2O2 reduction was observed in the
presence of ox-SWCNHs (Fig. 7B) with an onset potential of −0.24 V
(vs Ag/AgCl) with respect to that of the bare CeO2 electrode. This
response can be ascribed to the reduction of hydrogen peroxide by
the carbon nanostructures [46]. When CeO2 was incorporated to
form the nanohybrid material, a remarkable enhancement in the
faradaic response for H2O2 was noticed (Fig. 7C). In particular, the
catalytic response increased in terms of current with a character-
istic onset potential of −0.11 V.
ox-SWCNHs and ox-SWCNHs@CeO2 at −0.30 V, clearly indicates
that the formation of the nanohybrid produces a remarkable
enhancement of the current density with respect to the individ-
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Fig. 3. A) Raman spectra of the ( ) ox-SWCNHs and ( ) ox-SWCNHs@CeO2. B) Raman spectrum of ox-SWCNHs@CeO2 at different laser powers 1, 5 and 10 mW.
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Fig. 4. A) Representative HAADF-STEM of ox-SWCNHs@CeO2; B

al components CeO2 and ox-SWCNHs, highlighting the synergy of
he two phases in the electrocatalytic reduction of H2O2. The boost
f the catalytic activity on ox-SWCNHs@CeO2 can be attributed to i)
he fast transition between Ce3+ and Ce4+, changing the amount of
xygen vacancies in the CeO2 and forming n-type hybrids [47] and

i) their synergistic combination with the nanocarbon component
hich increments the active area and reduces the energy barrier

or the electron transfer. The electronic communication between
he two phases, achieved with a highly successful synthetic pro-
ocol, is therefore an essential feature of the modified electrode,
nd can be used as a powerful strategy to improve the electronic
haracteristics of the metal oxide at the electrode interface.

For better understanding the electrochemical behaviour of
CE modified with ox-SWCNHs@CeO2, Electrochemical Impedance
pectroscopy (EIS) was performed. Fig. 8 shows the Nyquist plots
btained in 2.50 × 10−2 M H2O2 at −0.20 V for ox-SWCNHs/GCE
nd ox-SWCNHs@CeO2/GCE. The equivalent circuit used to fit the
x-SWCNHs/GC electrode’s impedimetric response is (Rs(RctCdl))

here the solution resistance (Rs) is in series with the charge trans-

er resistance (Rct) which is in parallel with the constant phase
lement that represents the double layer capacitance (Cdl). When
he GCE is modified with ox-SWCNHs@CeO2, the equivalent cir-
 mapping of C and Ce atoms; C) EDX mapping of C and O atoms.

cuit includes two additional elements: a second capacitance (CII)
and a charge transfer resistance (RctII) associated with the elec-
trocatalytic activity of the CeO2 sites. When CeO2 is incorporated,
the charge transfer resistance decreases from 922 ± 3 � cm2 to
188 ± 4 � cm2 (Rtc and Rtc + RtcII, respectively). In other words, the
presence of CeO2 in conjugation with the ox-SWCNHs favours the
catalytic activity of the hybrid material towards hydrogen perox-
ide reduction by facilitating the charge transfer between the redox
probe and the electrode surface.

The analytical performance of the three modified electrode
(CeO2, ox-SWCNHs and ox-SWCNHs@CeO2) for the electrochem-
ical reduction of H2O2 was  also evaluated amperometrically.
Fig. 9A shows the current-time recordings obtained at −0.20 V
for successive additions of 20 �L of a 5.00 × 10−2 M H2O2 solution
(corresponding to 1.0 × 10−4 M H2O2 final concentration) using
an ox-SWCNHs@CeO2 modified GC electrode. The corresponding
calibration plot, as well as the calibration plots of the bare CeO2
and ox-SWCNHs are depicted in Fig. 9B. For all materials a linear

relationship between the density current and hydrogen peroxide
concentration is obtained in the studied concentration range. Due
to the poor electron transfer occurring at the oxide surface, the
bare CeO2 material exhibits a very low, although detectable, aver-
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F le. B) Corresponding heights profile measured on 11 particles (indicated in A). C) AFM
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ig. 5. A) Representative AFM image of a typical window of the drop casted samp
xpansion of a typical small aggregate where single SWCNHs@CeO2 can be recogni

ge sensitivity of 0.4 ± 0.1 �A cm−2 mM−1 measured at −0.20 V.
t is worth noting that the sensitivity is considerably lower than
hat of the other “only ceria” modified electrode for H2O2 sensing
eported by Ujjain, where protected ceria nanoparticles exhib-
ted a sensitivity of ∼20 �A cm−2 mM−1 [10]. However, in the
atter case, the loading of ceria was much higher and the mate-
ial was also optimized from a synthetic point of view, with

 formation of well-defined CeO2 nanoparticles and the pres-
nce of protecting groups, that avoid aggregation. This difference
n sensitivity is also an indication of the intrinsic benefits of
onfining the metal oxide to the nanoscale level. The average
ensitivities measured at −0.20 V for the other two modified elec-
rodes were 20 ± 3 �A cm−2 mM−1 and 160 ± 20 �A cm−2 mM−1

or ox-SWCNHs/GCE and ox-SWCNHs@CeO2/GCE, respectively. It
s interesting to note a moderate sensitivity for the electrode

odified with ox-SWCNHs alone, which exceeds that of other
eported systems based on metal oxides (Table S1). Most likely
his arises from the improved electron transfer at the interface
ith the conductive nanodomains and highlights the promising

se of ox-SWCNHs as component in H2O2 electrochemical sensors.
inally, the remarkably higher sensitivity of the nanohybrid ox-
WCNHs@CeO2 confirms the synergy between the both materials,
eO2 and ox-SWCNHs, and the critical maximization of the contact
etween the two phases, as previously concluded by CV and EIS
xperiments.

The stability over time of the electrode modified with ox-
WCNHs@CeO2/GCE was analyzed by measuring the sensitivity
f calibrations plots obtained from amperometric experiments at

0.20 V in the course of 14 days. As far as the stability is concerned,

t is generally very variable across the systems developed for H2O2
etection. Based on literature data, we can rank the stability of our
Fig. 6. CVs obtained on bare ( ) and modified GCE with ox-SWCNHs (
) and ox-SWCNHs@CeO2 ( ) in 0.10 M TRIS-HCl buffer solution pH 7.40 under
N2. Scan rate: 0.10 V s−1 between −0.50 V and 0.90 V vs Ag/AgCl.

system as very good in comparison with sensors using metal oxides
[48,58], with a 82% sensitivity retained after two  weeks of contin-
uous use (Fig. S3). The drop of performance is considerable after
the first electrocatalytic cycle, mostly because of the detachment,
during operation, of the loosely anchored part of the material from
the electrode. The performance then gradually decreases in the next
days probably due to additional small leaching of the material from
the electrode. However, the obtained stability highlights the great
potential held by the material.
Another important aspect in the development of a hydrogen
peroxide sensor is the evaluation of the interference of easily
oxidizable compounds present in commercial samples such as
ascorbic acid, glucose and paracetamol. Fig. 10 displays ampero-
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Fig. 8. Nyquist plots obtained for ox-SWCNHs/GCE ( ) and ox-

SWCNHs@CeO2/GCE ( ). Points indicate the experimental data, lines the
corresponding fit with the equivalent circuits presented as an inset.

Table 1
Summary of the textural properties of the investigated materials.

Sample Specific Surface
Areaa (m2/g)

CPVb (mL/g) Dmax
c (nm)

Ox-SWCNHs@CeO2-fresh 212 1.002 98
Ox-SWCNHs@CeO2-calc 570 1.008 100

a Calculated from BET analysis.
b

ig. 7. CVs at GCE modified with bare CeO2 (A), ox-SWCNHs (B) and ox-
WCNHs@CeO2 (C) in 0.10 M Tris-HCl buffer solution without (dash line) and with
solid line) 5.00 × 10−3 M H2O2. Scan rate: 0.10 V s−1.

etric recordings at −0.20 V obtained after addition of H2O2 in
rder to reach a final concentration of 2.00 × 10−4 M,  followed by
he same additions of ascorbic acid, glucose and acetaminophen.

While there is a definite sudden drop of current upon addition
f H2O2, there is no obvious current response observed with the
ddition of these interfering substances, demonstrating the high
electivity of the sensor.

.4. Effect of thermal treatment of CeO2 on the electrochemical
esponse

In order to further understand the mechanism and considering
hat the electrochemical performances of ceria based materials are
trongly dependent on its structure (particle size, morphology and
e3+/Ce4+ content), the samples were thermally treated to lead to
rystallization of the CeO2. Therefore, the effect of calcination of
x-SWCNHs@CeO2 samples, at 250 ◦C for 5 h, on the electrochemi-
al performance was investigated. Fig. 11 shows comparatively the
ensitivity of the fresh and calcined sample.

An important decrease in the sensitivity is observed after

he calcination of the materials, with values dropping to
55 ± 30 �A cm−2 mM−1. Consistently, Chen et al. reported that the

oncentration of O Ce3+ and of the hydroxyl groups decreased at
alcination temperatures higher than 400 ◦C [49]. In addition, tak-
CPV = Cumulative pore volume.
c Relative maxima of the pore size distributions obtained by the BJH analysis of

the adsorption branch of the isotherms.

ing into account the results of Karakoti et al. [50] on the peroxide’s
decomposition catalyzed by CeO2 (Eqs. (1) and (2)):

Ce4+ + H2O2 → Ce3+ +HOO• + H+ (1)

Ce4+ + HOO• → Ce3+ +O2 + H+ (2)

We can relate the decrease in sensitivity to the increment in the
Ce4+ content after the calcination, which favours the decomposition
of the hydrogen peroxide prior to its electrochemical reduction. We
also investigated whether the change in sensitivity may be at least
partially ascribed to a variation of the textural properties of the
material following calcination. To this purpose, N2 physisorption
isotherms were recorded at liquid nitrogen temperature over the
fresh and calcined. Both materials exhibit Type IV isotherms accord-
ing to IUPAC recommendations [51], with such type being typical of
mesoporous materials (Fig. S4). The pore diameter ranges around
100 nm (Fig. S5), a value that does not significantly change with
the thermal treatment, and the cumulative pore volume is high
(Table 1). However, the surface area considerably increases after
the calcination, passing from 212 to 570 m2 g−1. This is expected as
the calcination removes all the organics, and clearly indicates that
the difference in sensitivity cannot be attributed to a decrease of
surface area or change of pore volume.

On the other hand, such decrease in activity might be related to
the removal of polar functionalities (COOH and OH groups on SWC-
NHs and, more importantly, of part of the OH groups on CeO2) from
the surface of the material caused by the thermal treatment, as also
indicated by FTIR analysis (see above) which therefore disfavours
adsorption of polar H2O2 molecules.

3.5. Detection of H2O2 in relevant commercial case studies
Selectivity, matrix effects and interference are the common
problems of application of sensors in real samples analysis. With
the aim to study these effects, we investigated the applicability
of the hybrid ox-SWCNHs@CeO2 system for detecting H2O2 in a
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Fig. 9. A) Amperometric plot for additions of 5.00 × 10−2 M H2O2 solution using ox-SWCN
amperometric response presented in A with ox-SWCNHs@CeO2 ( ) and from ox-SWCNH
density scale) obtained with CeO2/GCE. ( ) are the linear fit to the data and ( ) ind

Fig. 10. Current-time profile at ox-SWCNHs@CeO2/GCE for one addition of H2O2 in
order to reach a final concentration of 2.00 × 10−4 M,  followed by the same additions
of  ascorbic acid (AA), glucose (Glu) and acetaminophen (AP).

Fig. 11. Sensitivity to H2O2 obtained from amperometric experiment at −0.20 V
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toward the sensing of H2O2. The ox-SWCNHs@CeO2 nanohybrid
sing glassy carbon electrodes modified with calcined and fresh ox-SWCNHs@CeO2

ispersions.

ilk sample and a cleaning liquid, where the co-presence of many
dditive may  render very problematic H2O2 accurate sensing.

Hydrogen peroxide is widely used as a preservative in milk and
ilk products because of its potential to inhibit microbial prolifera-

ion and milk spoilage. In United States [52], Brazil [53] and others
ountries, the addition of H2O2 to milk is not allowed, with the
xception of certain applications prior to cheese-making and dur-
ng the preparation of modified whey. However, due to the matrix

nterference on the H2O2 detection, building a specific and highly
erforming sensor is not an easy task. Thus, samples made of com-
ercial Italian UHT milk (3.5% fat content) as matrix were assayed
Hs@CeO2/GCE. Arrows indicate the addition. B) Calibration plots obtained from the
s/GCE ( ). For clarity, the inset present the calibration plot (on a different current
icate the 95% confidence bands.

in order to demonstrate the application of the nanohybrid based
sensor to commercial products.

In the experimental setup, 10 �L of milk were diluted in 10 mL
of 0.1 M TRIS-HCl (pH 7.4). Subsequently, known amounts of H2O2
were added, and their recoveries were determined using ampero-
metric measurements. The analysis shows a recovery percentage
of 110% with 8% of relative standard deviation (RSD).

To further probe the applicability of the sensor in real samples,
its electrochemical response to H2O2 was also verified in commer-
cial cleaning liquid, where H2O2 is often added as bleaching agent
and disinfectant. However, H2O2 tends to rapidly decompose to
water and oxygen, decreasing the quality of the product. For this
reason, quality checks are conducted by detecting the concentra-
tion of H2O2. A method to determine the peroxide content in this
category of products is made challenging by the co-presence of
various and complex organic molecules, such as dimethyl adipate,
dimethyl glutarate, dimethyl succinate, C12-14 Pareth-X, MEK,
poly(oxy-1,2-ethanediyl), alpha-isotridecyl-omega-hydroxy, C16-
18 alcohols and C18 unsaturated alcohol which can interfere with
the analysis. In the current experiment, the cleaning liquid sample
was diluted 625 times with a 0.1 M TRIS-HCl (pH 7.4) and known
amounts of H2O2 were added. In this case, the analysis shows a
recovery percentage of 109 with a 5% of RSD. Since the recovery
percentage is the sensor’s response obtained from an amount of
the analyte added to the matrix, compared to the sensor response
for the true concentration of the pure analyte, the obtained results
in both milk and cleaning liquid matrices demonstrate the versatil-
ity and applicability of our new ox-SWCNHs @CeO2-based sensor
for H2O2 detection in commercial products.

4. Conclusions

In this study, we designed a strategy to considerably improve
the sensing ability of a moderate H2O2 sensor made of CeO2. Such
strategy is based on the integration of SWCNHs into the metal oxide
through a simple but powerful synthetic protocol that allows the
critical intimacy between the two  phases. The functional hierar-
chical nano-catalyst was  characterized by TGA, FTIR, Raman, TEM,
EDX, AFM and electrochemistry. These analyses indicated the pres-
ence of CeO2 covering uniformly the ox-SWCNHs and forming
spherical particles with an average size of ∼70 nm.  The mate-
rial is very homogenous, and the tight contact between the two
phases is paramount to guarantee an efficient electronic commu-
nication, which ultimately leads to an outstanding performance
was used to assemble a working electrode and electro-catalyze the
reduction of H2O2 with high sensitivity (160 ± 20 �A cm−2 mM−1),
two orders of magnitude bigger than the corresponding SWCNH-
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ree electrode, and up to level with the sensitivity reported for
tate-of-the art metal oxide-based sensors. The nanohybrid also
isplayed good stability (82% response after 2 weeks of continuous
se) and reproducibility. The testing of the performance in com-
ercial samples (commercial milk and cleaning liquid) confirmed

hat the as-modified electrode is capable of sustaining a remark-
ble selectivity toward hydrogen peroxide even in very complex
atrix environments. The simplicity of assembly, the reduced cost,

he outstanding performance and the flexibility of the newly devel-
ped nanohybrid, combined with future proper engineering of the
lectrode, project the material as a future reference sensor. From a
ider perspective, the strategy employed could be extended, upon

uitable setting of synthetic conditions, to other metal oxides and
ay  lead to the establishment of a new class of commercial sensors

or H2O2, able to compete with the enzyme-based sensors.
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