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ABSTRACT: A facile approach was developed for preparing the multilayer hybrid films
of mixed (phthalocyaninato) (porphyrinato) europium(IIl) triple-decker compound
(Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] (1) and graphene oxide (GO) using the
solution-processing QLS method. The combination of the nature of relatively high
conductivity and great surface area for GO with the electroactive and semiconductive
triple-decker compound in ITO electrode renders the hybrid film excellent sensing
property for H,O,, due to the optimized triple-decker molecular packing in the uniform-
sized nanoparticles (ca. 70 nm) formed on the GO surface. The amperometric responses
are linearly proportional to the concentration of H,O, in the range of 0.05—1800 uM
with a fast response time of 0.03 s uM ™', a low detection limit of 0.017 #M, and good
sensitivity of 7.4 uA mM™". The present work represents the best result of tetrapyrrole-
based nonenzymatic electrochemical sensor for H,O,. Nevertheless, the triple-decker/

GO/ITO also shows excellent stability, reproducibility, and selectivity, indicating the
great potential of electroactive tetrapyrrole rare earth sandwich compounds in combination with GO in the field of nonenzymatic

electrochemical sensors.
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B INTRODUCTION

Detection of hydrogen peroxide (H,0,) has aroused a
significant research interest for both academic purpose and
practical applications in the fields of clinic, pharmaceutical,
biosensing, and so forth."”” Many analytical strategies including
titrimetry,” spectrometry,” chromatography,” and fluorometry®
have therefore been developed for the determination of H,O,
in the past decades. Practical applications of these methods
however were retarded by their time-consuming and apparatus-
specific nature. Therefore, much effort had been spent toward
developing electrochemical method for detecting H,O, that
was simple, sensitive, and cost-effective.” Trials, however,
revealed that either oxidation or reduction of H,O, occurring
at ordinary solid electrodes showed the slow electrode
dynamics and large overpotential, which not only has a
negative effect on the sensing performance but also results in
great interference from other electroactive substances in
practical electrochemical analysis for H,0O,. Consequently,
enzyme-involved biosensors were employed for the electro-
chemical analysis of H,0,. This method shows advantages of
fast operation, good selectivity, and high sensitivity.”>’
Unfortunately, the inherent instability of enzymes hinders
their practical applications." Developing nonenzymatic H,0,
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electrochemical sensors with good stability and high perform-
ance is therefore of great importance.

Actually, as early as 1984, Prussian blue (PB) was employed
as an electrochemical sensor for H,0,.'" Despite the high
catalytic activity of the PB-modified electrode, further
investigation toward H,O, electrochemical analysis was not
continued due to its operational instability in the solution of
pH > 7 because Prussian white, the reduced form of PB, was
gradually disintegrated by hydroxyl ions."" Thereafter, various
materials such as noble metals, metal oxides, metallophthalo-
cyanines, metalloporphyrins, redox polymers, and carbon
nanotubes with enhanced electrochemical stability have been
fabricated into corresponding electrodes for electrocatalytic
H,0, detection.'” Due probably to the similar electrocatalytic
active center employed by one well-known enzyme, heme
protein, the tetrapyrrole (porphyrins/phthalocyanine)-modified
electrodes toward the electrochemical analysis of H,O, have
been extensively studied."*~"? Investigations revealed that both
tetrapyrrole materials possessing improved electrocatalytic
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activity and controllable aggregation nature and electrodes with
optimized charge migration between the electroactive centers
of porphyrin/phthalocyanine and electrode are simultaneously
necessary for the H,O, electrochemical sensor with good
performance.””**~*® Quite recently, a novel zinc porphyrin—
fullerene derivative (ZnPor—Cg;) was composed by covalently
connecting ZnPor and Cg, together and used to modify the
electrode, resulting in the nice electrochemical sensing
performance for H,O, with the linear detection range of
0.035—3.40 mM, detection limit (LOD) of 0.81 uM, and
sensitivity of 215.6 A mM™'** In addition, the iron-
tetrasulfophthalocyanine-graphene-Nafion nanocomposite
film-based electrode was found to exhibit an extraordinary
electrochemical sensing performance toward detection of H,O,
in Bioclean water with the lowest LOD of 0.08 #M among the
tetrapyrrole-modified H,O, sensors reported thus far.”

For most applications, the structures of solid films have a
crucial effect on the performances of the molecular devices.”®
Thus far, toward their future practical applications a variety of
porphyrin and phthalocyanine thin films have been fabricated
using vacuum deposition technique and in particular the
solution-based processes such as solution casting (e.g., drop-
casting and spin-coating) and layer-by-layer assembly including
LB (Langmuir—Blodgett), LS (Langmuir—Shifer), and QLS
(quasi-Langmuir—Shifer) methods. Among the solution-based
methods, the solution casting technique is surely appealing for
large-scale and low-cost processing, in which however it is
difficult to accurately control film thickness due to the uneven
distribution of nanostructures on a solid substrate. In contrast,
both LB and LS methods can afford multilayer structured
membranes with precise thickness control for amphiphilic
phthalocyanine/porphyrin compounds.”® However, the irrel-
atively complicated operation procedure requiring the neces-
sary help of corresponding apparatus rendered the recent
relatively wide application of newly developed QLS technique
without using any sophisticated apparatus toward the
fabrication of well-organized molecular films at air—water
interface."*

Inspired by various excellent functional properties revealed
for the well-known two-dimensional (2D) carbon material,
graphene,”~** and the rich electrochemical and semiconduc-
tive properties of sandwich })orphyrinato and/or phthalocyani-
nato rare earth compounds,”’ > we developed a facile method
for fabricating the multilayer hybrid films of a mixed
(phthalocyaninato) (porphyrinato) europium(III) triple-decker
compound (Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] (1) and
graphene oxide (GO) (Scheme 1), using the solution-based
QLS technique. The combined features offered by nano-

Scheme 1. Schematic Molecular Structures of
(Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] (1) and Graphene
Oxide (GO)

composite of GO and triple-decker components are expected to
provide nonenzymatic H,0, electrochemical sensors with
excellent stability, reproducibility, and selectivity.

B RESULTS AND DISCUSSION

Synthesis and Electrochemistry of 1. In order to get the
targeted electroactive triple-decker with proper HOMO and
LUMO energies, good solubility, and good film-forming ability
at the air/water interface, two di(4-methoxylcarbonylphenyl)
groups and two di(4-tert-butylphenyl) substituents were
introduced onto the opposite meso-positions of the porphyrin
chromophore, respectively, resulting in a novel semiconducting
triple-decker (Pc)Eu(Pc)Eu[trans-T(COOCH,),PP] (1) [Pc =
dianion of phthalocyanine; trans-T(COOCH;),PP = dianion of
5,15-di(4-methoxylcarbonylphenyl)-10,20-di(4-tert-
butylphenyl)porphyrin, Scheme 1].** It is worth noting that
introduction of the methoxylcarbonyl substituents onto the
periphery of porphyrin ring in the triple-decker compound also
provides sufficient active sites to interact with the oxygenous
(such as carboxylic, hydroxyl, and epoxy) groups on the surface
of GO in a noncovalent manner. This new triple-decker was
confirmed by MALDI-TOF and "H NMR as detailed in Figures
S1 and S2.

The electrochemical characteristic of triple-decker 1 was
assessed by differential pulse voltammetry (DPV) analysis. As
shown in Figure 1, complex 1 in CH,Cl, shows six reversible

1.5
.10V LUMO = -3.78 eV
1.0
E HOMO = -4.94 eV
~ 0.5
1.41V
E 0.51v 0-98V1.41V1.65
£ 0.0
3
%)
054 [ -067V 0.48V 0.94Y, 5.V
37V4 61
4.0kto7v

10 -05 00 05 10 15
Potential (V vs SCE)

Figure 1. Differential pulse voltammetry (DPV) of 1.

single-electron redox processes with the first oxidation
occurring at +0.50 V (vs SCE), and first reduction at —0.66
V (vs SCE) (Figure 1 and Table S1). Its HOMO and LUMO
energies are calculated to be —4.94 and —3.78 eV, respectively,
according to Epoyo = —El/z‘”‘dl — 444 eV and E o =
—E, )Y — 4.44 eV, ensuring its good ambipolar (p- and n-
type) organic semiconducting nature.”> Obviously, the narrow
band gap (AE) of 1.16 €V in combination with the wide redox
potential range suggests good electrochemical catalytic proper-
ties of this triple-decker compound with application potential in
electrochemical sensors.”**

Morphologies and Internal Structures of Triple-
Decker/GO and Triple-Decker QLS Nanostructured
Films. Figure 2 compares the morphologies of the GO film,
triple-decker QLS film, and triple-decker/GO hybrid film
deposited on SiO, substrates. As shown in Figure 2A, the GO
film exhibited the sheetlike structure, and a root-mean-square
(Ryms) roughness of 0.6 nm was obtained, which agrees with a
typical one-atom-thick graphene oxide thickness (ca. 0.9
nm).***” The surface of the triple-decker QLS film exhibits a
randomly dispersed aggregate domains (ca. 100—500 nm in
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Figure 2. AFM images of GO (A), triple-decker QLS film (B), and triple-decker/GO hybrid film (C). The line scans in A and C show the apparent

height of GO sheet (0.9 nm) and hybrid film (2.5 nm), respectively.
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Figure 3. (A) Electronic absorption spectra of triple-decker 1 in CHCI, solution (a), pure triple-decker QLS film (b), hybrid triple-decker/GO QLS
film (c), and GO film (d). (B) Out-of-plane (OOP) X-ray diffraction (XRD) patterns for pure GO film (a), triple-decker QLS film (b), and triple-
decker/GO hybrid film (c) deposited on bare SiO,/Si substrate together with (C) the schematic packing mode of the triple-decker molecules in pure

triple-decker QLS film (a) and hybrid film (b).

diameter) with somewhat large gaps and cracks between
domains and a R, value as high as 2.8 nm (Figure 2B).
However, after being fabricated onto the GO surface, uniform
granular crystallites (ca. 70 nm in diameter) significantly
diminished grain boundaries were observed for the triple-
decker aggregates (Figure 2C), revealing the highly optimized
film structure and morphology in the triple-decker/GO hybrid
film. The thickness of ca. 2.5 nm for the triple-decker/GO film
confirms its hybrid film nature with triple-decker aggregate
being formed on the GO surface.’”® It is believed that the
oxygenous groups such as carboxylic, hydroxyl, and epoxy
groups distributed over GO surface play a key role for the
formation of uniformly sized nanostructures of triple-decker in
the hybrid film: GO binds the first layer of triple-decker
molecules via hydrogen bonding interaction between the
porphyrin-COOCH; groups and GO carboxylic/hydroxyl
groups, which as the active centers induce further self-
orgnization of triple-decker molecules depending on effective
7—r interaction between triple-decker molecules and resulting
in uniform granular crystallites (Figure 2C) rather than the
randomly dispersed aggregate domains in pure triple-decker
QLS film. In addition, the significantly diminished grain
boundaries among the uniformly sized aggregates in the hybrid
film will be surely helpful in improving the charge transport
capacity, electrocatalytic activity, supramolecular recognition,
and enrichment ability of the triple-decker aggregates for
electrochemical sensing applications.*® It is noteworthy that the
surface morphology of the GO film, triple-decker QLS film, and
triple-decker/GO hybrid film were also examined by SEM
technique (Figure S3), and the results agree well with those
procured by AFM observation.

In order to understand the molecular packing mode of triple-
decker molecules and the internal film structure, electronic

absorption, and polarized UV—vis spectroscopic and thin-film
XRD measurements have been conducted for both pure and
hybrid QLS films, Figure 3. As shown in Figure 3A,
(Pc)Eu(Pc)Eu[trans-T(COOCH,;),PP] in CHCI; solution
displays intense Soret bands at 342 and 415 nm, respectively,
and Q absorptions at 616 and 726 nm with one weak
vibrational shoulder at 523 nm’®>*? in addition to a weak L
band at 244 nm arising from a forbidden 7—z* transition of the
benzene moieties.”” After being fabricated into the QLS film
(Figure 3A), the two Soret bands red-shift from 342 to 346 nm
and from 415 to 420 nm, respectively, while one Q absorption
red-shifts from 616 to 626 nm and the other at 726 blue-shifts
to 678 nm. These imply that the molecules of 1 take a slipped
“face-to-face” stack and “edge-on” orientation in the QLS film
of 1.~ The similar “slipped cofacial” molecular packing of
1 was also observed in the triple-decker/GO hybrid film
(Figure 3A). Further evidence was derived from the orientation
angle (dihedral angle) of the tetrapyrrole rings with respect to
the surface of substrate, 43 and 47° for the pure and hybrid
film, respectively, on the basis of the polarized UV—vis
spectroscopic measurement result'* (Figure S4 and Table
S2). It is noteworthy in the electronic absorption spectrum of
GO film shown in Figure 3A that two characteristic absorption
bands at ca. 300 and 237 nm emanating from n—7z* and 7—n*
transitions of the C=0 and C=C band, respectively, were
clearly observed.*** Similar absorptions were also found in the
hybrid film but not in the pure triple-decker QLS film.
Nevertheless, along with the increase in the energy from 800 to
200 nm, the absorption intensity for the hybrid film gets
increased in a way similar to that of the GO film, confirming the
hybrid nature of the triple-decker/GO film.

Figure 3B shows the out-of-plane (OOP) X-ray diffraction
(XRD) patterns of the three kinds of membranes deposited on
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SiO,/Si substrate. In the XRD diagram of the GO film shown
in Figure 3B, two well-defined diffraction peaks at 20 = 9.95
and 28.7° attributed to the diffractions from the (001) and
(003) planes, respectively, corresponding to a mean interlayer
spacing of 0.9 nm typical for GO,"”*® were observed. This
result is consistent with that derived from the AFM observation
as detailed above. The pure triple-decker QLS film displays a
typical (001) diffraction peak at 1.45 nm (26 = 6.24°), which
corresponds to a periodic spacing distance between two
neighbor molecules of 1 along the direction of the substrate
surface normal (Figure 3B). On the basis of the energy-
optimized molecular structure,””**° the diagonal dimension of
the triple-decker 1 is ca. 2.1 nm (Figure SS). Consequently, the
orientation angle between the tetrapyrrole ring of 1 and
substrate surface was estimated to be ca. 43.7° (Figures 3C),
corresponding well with the UV—vis and polarized UV—vis
spectroscopic results and confirming the formation of |
aggregates with an “edge-on” conformation of the molecules
of 1 in the QLS film.*”*>*" In addition, a higher-order
diffraction observed at 26 = 28.72° (d = 0.31 nm) for the pure
triple-decker QLS film is assigned to the stacking distance
among tetrapyrrole rings of triple-decker molecules with face-
on orientation (Figure 3C).”>" In the XRD pattern of the
triple-decker/GO hybrid film shown in Figure 3B, observation
of two peaks at 260 = 6.22° (d = 1.45 nm) and 26 = 10.06° (d =
0.89 nm) corresponding to the (001) lattice planes of the
triple-decker and GO layers, respectively, suggests the regular
layered structure and the same molecular stacking structure
employed by the triple-decker molecules and GO in the hybrid
film as in corresponding single-component films. The fact that
only the (001) diffraction peak of triple-decker is observed, in
combination with the lack of the stacking peak in the OOP
XRD diagram of the hybrid film, suggests the identical edge-on
orientation employed by the triple-decker molecules on the
substrate (Figure 3C).>**>*° Actually, the hybrid film XRD
pattern also shows an additional diffraction at 0.25 nm, which is
attributed to the intermolecular hydrogen bonding formed
between the carbonyl groups of the molecules of 1 and
hydroxyl/carboxyl groups of GO.* Obviously, as a result of the
self-assembly of the molecules of 1 over the GO surface
depending on the noncovalent hydrogen bonding interactions,
the molecular packing mode for the triple-decker changes from
both the edge-on and face-on configurations in pure QLS film
to the identical edge-on one in the hybrid film (Figure 3C),
indicating the template role of GO for the aggregation of triple-
decker molecules. This, together with the great surface area of
conductive GO, is responsible for the excellent electrocatalytic
activity of the triple-decker/GO hybrid film-based electro-
chemical sensors (vide infra).

Electrochemical Characterization of the Triple-Deck-
er/GO Hybrid Film and Triple-Decker QLS Film. To
investigate the electrochemical response of the newly developed
hybrid film, cyclic voltammograms (CVs) were registered in
phosphate buffer (PBS, pH 7.3) for the bare ITO electrode,
ITO covered with the GO film (GO/ITO), pure triple-decker
QLS film (triple-decker/ITO), and hybrid film (triple-decker/
GO/ITO), respectively. As shown in Figure 4, the bare ITO
electrode does not exhibit any notable response, while the GO-
covered ITO electrode displays a couple of small redox peaks
appearing at 0.35 and 0.65 V assigned to the oxygenous groups
on the surface of GO,*” and the triple-decker QLS film-covered
ITO electrode exhibits two redox couples with the cathodic
peaks at 0.10 and 0.61 V due to the {triple-decker}/{triple-

20
d
c
% 0 f# a
'Té" 6
S Vo c
5 2
o -20
0
s B4 00 o4 os
Potential (V)
-40 T

40 05 00 05 10
Potential (V)
Figure 4. CVs of bare ITO (a), GO/ITO (b), triple-decker/ITO (c),

and triple-decker/GO/ITO (d) in PBS solution (pH 7.3) at a scan
rate of 0.02 Vs7\.

decker}™ and {triple-decker}/{triple-decker}* redox process,
respectively.”®>” In addition, GO/ITO shows a higher
background current than triple-decker/ITO, disclosing a better
electron transfer nature of the former electrode than the latter
one. Furthermore, the background current for the ITO
electrode covered by triple-decker/GO hybrid film was
significantly enhanced due to the enhanced electron transport
associated with the improved semiconducting triple-decker
molecular ordering on the GO sheet with intrinsic good
conductivity. The result in the observation of an additional
cathodic peak at —0.45 V should be assigned to the {triple-
decker}/{triple-decker}>~ process.””®" These results clearly
indicate the better performance of the triple-decker/GO/ITO
electrode in affording a high signal-to-background ratio peak
current than the single-component (either GO or triple-decker)
film-modified ITO electrodes. Additionally, the I-V measure-
ments for the GO film, triple-decker QLS film, and triple-
decker/GO hybrid film were also carried out (Figure S6). The
conductivity is therefore calculated to amount to 2.04 X 107* S
cm™! for the GO film, 2.63 X 107° S cm™ for the QLS film, and
3.61 X 107" S cm™ for the triple-decker/GO hybrid film,
respectively."* Compared with the triple-decker QLS film, the
conductivity of the triple-decker/GO hybrid film was
significantly improved due to the relatively high intrinsic
conductivity of GO together with the more effective 7—n
stacking among adjacent triple-decker molecules within the
uniform nanosized aggregates formed in the hybrid film
associated with the induced effect of GO template as revealed
by XRD and AFM analysis.

Direct Detection of H,0, at the Triple-Decker/GO/ITO
Electrode. For revealing the electrochemical activity of the
triple-decker/GO hybrid film to H,0,, the CVs of the bare
ITO electrode, GO/ITO electrode, and triple-decker/GO/ITO
electrode (covered with 3S-layer of hybrid film) were
comparatively studied in 0.1 mM H,0O, solution. As can been
seen in Figure S, no significant change in the current of the
peaks could be revealed for both bare ITO and GO/ITO
electrodes in comparison with those in the absence of H,O,
shown in Figure 4, indicating the lack of any electrochemical
reduction of these two electrodes over H,0O,. Interestingly,
despite the lack of any change in the current for the peaks at
—0.02 and —0.1 V, the current for the peak at ca. —0.45 Vin 0.1
mM H,O, for the triple-decker/GO/ITO electrode gets
significantly increased in comparison with that in the absence
of H,0,, as shown in the inset of Figure S, indicating the
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Figure 5. CVs of bare ITO (a), GO/ITO (b), triple-decker/ITO (c),
and triple-decker/GO/ITO (d) electrode recorded in PBS (pH 7.3)
with 0.1 mM H,0, at the scan rate of 0.02 V s™.. The inset is the CVs
of triple-decker/GO/ITO electrode before (dashed line) and after
(solid line) addition of 0.1 mM H,O,.

effective reduction of the hybrid film-modified electrode toward
H,O0, at this reduction potential. Increase in the active sites and
improvement in the triple-decker semiconductivity associated
with the well-distributed small and uniformed-sized triple-
decker nanodomains on the GO surface as mentioned above, in
combination with the intrinsic good conductivity of the GO
itself, should be responsible for the enhanced electrochemical
activity of the hybrid film over the pure triple-decker film.

To unravel the charge-transporting characteristics of the
hybrid film, the CVs of triple-decker/GO/ITO electrode were
studied under various scan rates from 0.01 to 0.1 V s™' with
0.01 interval in PBS (pH 7.3) with the concentration of H,0,
being kept at 0.1 mM. As shown in Figure 6, the reduction peak
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Figure 6. Change in CV of 0.1 mM H,0, in PBS solution (pH 7.3) at
triple-decker/GO/ITO electrode in the scan rates ranged from 0.01 to
0.02, 0.03, 0.04, 0.06, 0.07, 0.08, 0.09, and 0.1 V s™*. Inset: plot of the
reduction peak currents at —0.45 V vs the scan rates.

currents at —0.45 V exhibited a linear dependence on scan rates
(correlation coefficient = 0.991), clearly revealing the surface-
confined process of this reduction process.2 In addition, the
position for the reduction peak at —0.45 V remained
unchanged with the scan rates ranging from 0.01 to 0.1 V
s7!, suggesting the excellent redox ability and fast charge
transfer dynamics of the triple-decker molecules at the hybrid
film-modified electrode.” This is also true for the redox couple
with E,, and E, at —0.02, and —0.10 V, respectively, due to the
{triple-decker}/{triple-decker}~ process.

To achieve the best performance for the detection of H,0,,
CVs of triple-decker/GO/ITO electrode with different layers of
hybrid film were recorded in the applied potential from —0.8 to
0.8 V in PBS solution (pH 7.3) with 0.1 mM of H,0, at the
scan rate of 0.02 V s™'. The current of the reduction peak at
—0.45 V changes, obviously depending on the number of the

hybrid film layer modified onto the ITO electrode (Figures 7A
and S7), with the highest response being achieved at a 35-layer
hybrid film modified ITO electrode. In addition, amperometric
measurement over the 3S5-layer hybrid film modified ITO
electrode was carried out under different applied potential,
Figure 7B, confirming the optimum applied potential of —0.45
V for H,0, detection.

On the basis of the above-described result, the sensing
property of the 35-layer hybrid film-modified ITO electrode
(triple-decker/GO/ITO) toward H,O, was then determined by
means of the chronoamperometry method at —0.45 V. Figure
7C exhibits the response curve of steady-state current—time
(I-t) for the triple-decker/GO/ITO electrode to the successive
addition of H,0,. Obviously, the hybrid film-modified
electrode responded quite quickly to the addition of H,O,,
and the catalytic current achieved ca. 95% of the maximum
steady-state current within 2.5 s upon every injection of H,O,,
indicating the high electron transfer efficiency and fast diffusion
of H,0, onto the electrode surface.”” In particular, the catalytic
current (I) increases in a linear manner depending on the
concentration (c) of H,0, with the calibration plot (I vs ¢) of I
(uA) = —0.173—0.0074c (uM) (R* = 0.996) in the range of
0.05-8.5 uM and I (uA) = —0.231-0.00039¢ (uM) (R* =
0.992) in the range of 8.5—1800 uM shown in Figure 7D,
representing the widest range with linear current—concen-
tration relationship reported thus far for the H,O, detection
using nonenzymatic electrochemical sensors (Table S3). In
addition, the limit of detection (LOD) of the present H,O,
sensor was calculated to be 17 nM (3 X SB/slope),”” again
representing the best result reported thus far for tetrapyrrole-
modified nonenzymatic H,0, sensors (Table S3). It is
noteworthy that the large slope of the calibration curve
revealed for the hybrid film-based electrode toward H,O,
detection at the concentration lower than 8.5 uM seems to
indicate that the adsorption of H,O, onto the hybrid film
dominates the H,O,-detecting procedure in the system at low
H,0, concentration range. Along with the enhancement of
H,0, concentration, the diffusion of H,O, at the surface of
electrode changes to be the dominant step of the whole
procedure, which in turn results in a decreased linear
relationship slope in the H,0, concentration range higher
than 8.5 uM.%>

Interference Study, Stability, and Reproducibility. The
influence of potential interferents on the determination of
H,0, was assessed by the chronoamperometry method at
—0.45 V for a 35-layer hybrid film-modified ITO electrode.**
As shown in Figure 8A, the current gets obviously increased
along with the injection of 0.01 mM H,0, into PBS solution
(pH 7.3). However, addition of 0.01 mM L-tryptophan (L-
Try), L-arginine (L-Arg), glucose (Glu), ascorbic acid (AA), and
dopamine (DA) does not induce any change in the current,
while adding 0.01 mM v-histidine (L-His), citric acid (CA), and
saturated oxygen (O,) only leads to a negligible current
increase, indicating the noninterference nature of these
substances and the high selectivity of triple-decker/GO/ITO
electrode for H,0, detection.

For assessing stability of the triple-decker/GO/ITO
electrode, its current response to 0.1 mM H,O, in PBS
solution (pH 7.3) was recorded every 2 days by CV. As
revealed in Figure 8B, the peak current at —0.45 V was lowered
to ca. 90.3% of its primary value after 8 days, implying the
relatively high stability of the electrodes in air. Nevertheless, the
operational stability of the newly developed triple-decker/GO/
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Figure 7. (A) Plot of the current for the cathodic peak at —0.45 V vs the number of hybrid film layer at the ITO surface recorded by CVs at 0.02 V
s™' in PBS solution (pH 7.3) with 0.1 mM H,0,. (B) Current—time (I—t) curves of triple-decker/GO/ITO electrode at applied potential of —0.45
V (a), — 0.1 V (b), — 0.01 V (c), and 0.65 V (d) with successive injection of a series of concentration of H,0, into PBS solution (pH 7.3). (C)
Amperometric response of the triple-decker/GO/ITO electrode to successive injection of H,O, at —0.45 V and (D) corresponding calibration plots
for the triple-decker/GO/ITO electrode. Inset: Plot for the H,O, concentration range of 0.05—8.5 uM.
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Figure 8. (A) Amperometric response recorded for the triple-decker/
GO/ITO electrode on successive addition of 0.01 mM H,O, followed
by addition of 0.01 mM L-tryptophan (L-Try), L-arginine (L-Arg), L-
histidine (L-His), citric acid (CA), glucose (Glu), ascorbic acid (AA),
dopamine (DA), and saturated oxygen (O,) in PBS solution of pH 7.3.
(B) Variation of the current of the peak at —0.45 V from CVs for the
triple-decker/GO/ITO electrode in PBS solution (pH 7.3) with 0.1
mM H,0, along with the storage time.

ITO electrode was further investigated by the amperometric
current—time technique at the optimized potential of —0.45 V.
Successive determination of 0.01 mM H,O, for 30 min induces
only ca. 5.8% decrease in the peak current, which is still

sensitive toward 0.01 mM H,0, (Figure S8), indicating the
good operational stability of this hybrid film electrode. In
addition, AFM measurement was also conducted for the 35-
layer hybrid film after detection (Figure S9). As can be seen,
the 3S-layer hybrid film still shows the uniform granular
crystallites with a diameter of ca. 50—70 nm at the surface of
GO sheets, almost the same as that before detection (Figure
2C), giving further evidence for electrode stability after
detection. In addition, to evaluate the reproducibility of the
triple-decker/GO/ITO electrode, amperometric current—time
measurement was repeated five times for one electrode,
achieving a RSD (relative standard deviation) value for the
current response of less than 6.3%. In a similar manner,
corresponding measurement over five triple-decker/GO/ITO
electrodes leads to the RSD value of less than 5.0%, confirming
the excellent reproducibility of the electrode toward H,O,
sensing.

Practicality of the Triple-Decker/GO/ITO Electrode. To
evaluate the application potential of the triple-decker/GO/ITO
electrode in practical food monitoring and clinical diagnosis,
measurement of H,O, in a series of natural samples including
milk, beer, fetal calf serum, and human urine using the newly
developed hybrid film electrode was studied by the current—
time (I—t) method at the optimized voltage of —0.45 V. It is
worth noting that the milk and beer samples were purchased
from the market, fetal calf serum obtained from Tianjin
Haoyang biotechnology Co, Ltd., and human urine collected
from volunteers of two males and two females aged 23—27
years without any pretreatment. To get the medium for
electrochemical measurement, each sample was diluted by PBS
solution (pH 7.3) with a volume ratio of 1:9 (sample/PBS
solution), and the determination of H,0, in real samples was
performed with the help of a standard addition method
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Table 1. Determination of H,0, in Real Samples”

samples  added (uM) found (uM) recovery (%) RSD (%)
0 0.16 3.7
1.0 1.12 6.0 4.2
milk o
5.0 S.11 99.0 5.3
10.0 10.22 100.6 4.3
0 0.49 79
1.0 1.48 99.0 54
beer
5.0 5.60 102.2 7.1
10.0 10.13 96.4 8.7
“n = 4.

samples added (uM) found (M) recovery (%) RSD (%)
0 0.33 4.7
1.0 1.21 .0 .6
fetal calf serum 95 3
5.0 5.29 99.2 5.2
10.0 1041 100.8 4.2
0 0.28 6.0
. 1.0 1.27 99.0 39
urine
5.0 5.49 104.2 4.0
10.0 10.71 104.4 4.1

(actually by adding the standard concentrations of H,O, into
the previously N,-saturated real samples).é" As shown in Table
1, the recoveries are ranging from 95 to 104%, demonstrating
the good practicability of the newly developed electrochemical
sensor.

B CONCLUSIONS

An eflicient nonenzymatic H,O, electrochemical sensor has
been developed based on the hybrid film of (Pc)Eu(Pc)Eu-
[trans-T(COOCH,;),PP] triple-decker semiconductor with GO
using a simple QLS method for the first time. The triple-
decker/GO/ITO sensor exhibited the best performance among
the tetrapyrrole-modified nonenzymatic electrochemical sen-
sors for H,O, in terms of low LOD, a larger linear
concentration range, fast response, high stability, and good
selectivity and reproducibility. The present result provides a
promising strategy toward developing nonenzymatic electro-
chemical sensors with a wide range of application potentials.

B EXPERIMENTAL SECTION

Graphite powder and H,0, (30%) were purchased from Aladdin Co,
Ltd. KCl, Na,HPO,12H,0, and KH,PO, were obtained from
Sinopharm Chemical Reagent Company, Ltd. (Shanghai, China). All
reagents and solvents are at least analytical-grade and used as received.
Phosphate-buffered solution (PBS, pH 7.3), as the solvent of analytes,
was made from 0.1 M KCI mixed with 0.01 M KH,PO, and 0.04 M
Na,HPO,12H,0 aqueous solution prepared in deionized water
(resistivity of 18.2 MQ cm™). Graphene oxide (GO) is prepared as
descripted in the literature.®”®” Details are included in the Supporting
Information on the preparation procedure, powder XRD pattern
(Figure S10), and film SEM images of GO (Figure S11).

The UV-—vis spectra were recorded on a Hitachi U3900
spectrophotometer. XRD patterns were recorded on a Bruker D8
FOCUS X-ray diffractometer. AFM images were obtained under
ambient conditions using the tapping mode with a Nanoscopelll/
Bioscope scanning probe microscope from digital instruments.
Electrochemical experimental measurements for the sensors were
studied on a CHI760D electrochemical workstation. Platinum plate
and Hg/Hg,Cl, electrodes (saturated solution of KCl) were used as
counter and reference electrodes, respectively. The newly modified
ITO electrode was employed as the working electrode with a
geometric working of 1.4 cm’. CVs were performed in PBS solution
(pH 7.3). Before all electrochemical experiments, PBS solution was
purified by high-purity N, gas for 15 min to remove the dissolved
oxygen, and the nitrogen atmosphere was maintained throughout the
measurement procedure at room temperature. Current—time (I—t)
curves were recorded in PBS solution (pH 7.3). Current—voltage (I—
V) curves were measured in the applied voltage range from —10 to 10
V with steps of 0.05 V. The detail parameters of interdigitated
electrode (IDE) array used were as the same as those in our previous
report."*

Preparation of (Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] (1). The
triple-decker complex (Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] (1) was

synthesized as descripted in our previous published proce-
dures.””?%*%% The detailed procedures were presented in the
Supporting Information. "H NMR (400 MHz, CDCl, &) 12.64 (d,
2H, Por-t-butyl-Ph-H, %), 11.84 (s,16H, Pc,,—H), 10.07 (d, 2H, Por-
t-carbomethoxy-Ph-H,*°), 9.81 (d, 2H, Por-t-carbomethoxy-Ph-
H,%), 9.13 (d, 2H, Por-t-butyl-Ph-H,*°), 7.52 (s, 16H, Pc,,—H),
6.67 (d, 2H, Por-t-butyl-Ph-H, "), 524 (d, 2H, Por-t-butyl-Ph-
H,,*°), 479 (d, 2H, Por-t-carbomethoxy-Ph-H,,*°), 447 (s, 6H,
—COOCH;), 443 (d, 2H, Por-t-carbomethoxy-Ph-H, *"*), 2.64 (s,
8H, Por-H/,), 1.93 (s, 18H, t-butyl); MALDI-TOF MS: an isotopic
cluster peaking at m/z 2171, Caled for C ,0HgoEu,N,,0,, [M]*, 2170.

Preparation of Triple-Decker/GO and Triple-Decker QLS
Nanostructured Films. Prior to deposition, substrates were
successively washed by deionized water, alcohol, and CH,Cl, in
ultrasound bath. Films were deposited on Si/SiO,, quartz, and ITO
substrates by using the quasi-Langmuir—Shifer (QLS) self-assembly
method.'®%’ Briefly, the solution of (Pc)Eu(Pc)Eu[trans-T-
(COOCH;),PP] (1) in CH,Cl, (~1 X 107> M, 5.0 mL) was put
into a glass culture dish (with diameter of 9.5 cm, height of 1.5 cm, and
volume of 106 mL); then, the yellow-brown solution of GO in
ultrapure water (0.1 mg/mL, 65 mL)* was dropwise added onto the
surface of the triple-decker solution until 95% of the surface of organic
solution had been covered by GO aqueous solution. Along with the
evaporation of solvent, the self-assembled nanostructures of the triple-
decker molecules gradually formed on the surface of GO solution and
thus formed a densely packed film. The resulting film can be easily
transferred to a substrate by horizontal lifting method. This procedure
was repeated to get the multilayer film. For comparative study, QLS
film of (Pc)Eu(Pc)Eu[trans-T(COOCH;),PP] itself was also
fabricated with ultrapure water instead of the GO solution as subphase.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acsami.6b08760.
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vis spectra of the films; energy-optimized molecular
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CVs of different hybrid film layers; operational stability
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