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The mechanism of electrochemiluminescence (ECL) of an N-(aminobutyl)-N-(ethylisoluminol)
-functionalized gold nanoparticle (ABEI-AuNP) hybrid with graphene oxide nanoribbons (GONRs) as
a functional supporting matrix on a modified screen-printed electrode (SPE) was studied under alkaline
conditions. In our catalytic system, ABEI-AuNPs supported by GONRs were profoundly superior to the
unsupported ABEI-AuNP/SPE, and exhibited greatly enhanced ECL intensity (~30.0%). This difference is
attributed not only to an 80.2% increase in the total surface area of the ABEI-AuNP-GONR/SPE, but also to

Keywords: o enhancements of the ABEI-AuNP catalytic activity resulting from metal-oxygen bonding between the
electrochemiluminescence . . . T . . .
isoluminol functional groups on the GONRs and the Au active sites. This improved catalytic activity of ABEI-AuNP

facilitates both oxidative radical generation and fast reaction kinetics of the ABEI oxidation process. To
further elucidate the mechanism of the counter-peak phenomenon in the ABEI ECL under cyclic
voltammetry (CV) conditions, the effects of various factors, including pH of buffer solution, existence of
dissolved oxygen, and concentration of hydrogen peroxide, on the ECL of ABEI were investigated. The
mechanisms of liquid-phase ABEI on bare SPE and GONR/SPE were also compared to that of solid-phase

graphene oxide nanoribbon
gold nanoparticle
screen-printed electrode

ABEI-AuNP to validate the proposed mechanism for ABEI-AuNP-GONR/SPE.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochemiluminescence or electrogenerated luminescence
(ECL) has become an important detection method in analytical
chemistry because of its simplicity, rapidity and high sensitivity
[1,2]. Luminol (3-amino-phthalhydrazide) is the most widely used
ECL reagent, and the decomposition of luminol results in the
production of excited states (3-amino-phthalate, 3-AP*) and the
emission of blue light through an annihilation process [3]. Many
studies have been devoted to understand the mechanism of
luminol ECL in the luminol-hydrogen peroxide (H,0;) system [4-
6]. Because H,0, plays an important role in generating oxygen-
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related radicals for that interact with the luminol radical, two main
issues were chiefly focused upon when identifying the appropriate
catalyst. First, a peroxidase- or oxidase-based enzyme was utilized
to catalyze the production of H,0, [7,8], and second, a noble metal
was used to accelerate the generation of oxygen-related radicals to
achieve rapid and enhanced ECL intensity [9,10]. Previous research
has revealed that the behavior of luminol ECL is highly dependent
on the pH of the buffer solution, and is facilitated by alkaline
conditions, although enzyme activity is present only under neutral
conditions [11]. Moreover, the enzyme has several major draw-
backs, including its high cost, sensitivity to temperature, and
complex requirements for binding on the electrode surface [12]. In
contrast, noble metal catalysts, especially gold (Au), are very
reactive under alkaline conditions because hydroxide anions
promote non-covalent interactions on metal active sites [13]. This
phenomenon significantly enhances Au reactivity, making it
compatible with luminol ECL. Furthermore, Au has been shown
to enhance chemiluminescence (CL) and ECL activity, particularly
in the nanoparticle form. However, the catalytic performance of
gold nanoparticles (AuNPs) in luminol ECL was dependent on the
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particle size [14], nature of the support matrix [15], and the
preparation method [16,17].

Recently, we reported that the catalytic activity of AuNPs was
enhanced by using graphene oxide nanoribbons (GONRs) as a
functional supporting matrix for a non-enzymatic glucose sensor
[18]. Graphene is a single-atom-layer honeycomb lattice of carbon
atoms in an sp? hexagonal bonding configuration, which is the
basic building block of carbon materials [19]. An improved
technique in chemically derived graphene is the longitudinal
unzipping of CNTs to form GONR precursors using oxidizing agents
in strongly acidic conditions [20]. Because of the strong oxidative
reaction that occurs during the unzipping process, the resulting
GONRs are highly soluble in water and polar solvents, and exhibit
an attractive surface and edges containing oxygen functional
groups [20,21]. The utilization of GONRs increased the total surface
area of the AuNPs and resulted in three-dimensional specific
interactions between the GONR functional groups and AuNP active
sites containing the reactant and intermediates, thereby promot-
ing the reaction kinetics [18]. However, the burst nucleation
method used for producing AuNPs required the employment of
hexane as a surfactant to avoid particle aggregation, which
required a thermal treatment at 400 °C after electrode fabrication
for removal. The thermal treatment step was necessary not only to
activate the AuNP catalytic surface by removing the stabilizing
agents but also to bind AuNPs on the GONRs to increase their
stability [18]. However, our ECL setup makes use of a screen-
printed electrode (SPE) comprising a glass epoxy substrate that
cannot withstand high-temperature treatment [22]. Therefore, the
synthesis of surfactant-free AuNPs is required.

Cui’s group has reported the synthesis of AuNPs by using the
luminol derivative N-(aminobutyl)-N-(ethylisoluminol) (ABEI) as a
reducing agent through the seed growth method at room
temperature [23]. This simple method is capable of coating ABEI
on the surface of AuNPs without using a surfactant. As a result, this
particle can emit light by itself in the absence of supplementary
luminol in the solution, which makes it an attractive label,
especially for immunosensors [24]. To the best of our knowledge,
the catalytic performance of this particle has not been studied on
any supporting matrix except the cysteine linker [25]. Herein, for
the first time, we investigate the performance of ABEI-function-
alized AuNPs hybridized with GONRs on a carbon SPE (ABEI-AuNP-
GONR/SPE) for the ECL of ABEI under alkaline conditions. The
catalytic performance of the ABEI-AuNP without the GONR
supporting matrix on SPE was also studied. In addition, the ECL
of ABEI in aqueous alkaline conditions on bare SPE and GONR-
modified SPE was investigated to further elucidate the ECL
mechanism of ABEI-AuNP-GONR/SPE. These interesting results
obtained may provide an insight into the ECL mechanism of ABEI
on a solid-liquid interface and facilitate further improvements of
ECL sensors through the use of noble metals and GONRs as a
functional supporting matrix. Furthermore, SPE has great potential
for the development of portable, rapid, and sensitive biosensing
devices.

2. Experimental
2.1. Materials and reagents

Multi-walled carbon nanotubes (MWCNTs), hydrogen tetra-
chloroaurate (IlI) tetrahydrate (HAuCl;-4H;0), 0.1M sodium
hydroxide (NaOH), concentrated sulfuric acid (H>SO4), potassium
permanganate (KMnOg4), 30% hydrogen peroxide (H,0,), ethanol
and ether were obtained from Wako Co. (Japan). N-(4-Amino-
butyl)-N-ethylisoluminol was purchased from Tokyo Chemical
Industry Co. Ltd. (Japan). Carbonate buffer solution (CBS, 0.1 mol
L~!, pH 9.02-10.72) was prepared from Na,CO; and NaHCOs;.

Ultrapure water was obtained from Barnstead Nanopure Water
Purification System (18 M{), Thermo Scientific, USA) and used
throughout the experiments.

2.2. Electrode fabrication and characterization

2.2.1. Synthesis of GONRs

GONRs were synthesized through the longitudinal unzipping of
MWCNTs [18,20]. Briefly, MWCNTSs were suspended in concentrat-
ed H,SO,4 for 12 h, and then treated with KMnO4. The mixture was
stirred at room temperature for 1h, and then heated at 55-70°C
for a further 1 h. After all KMnO4 had been consumed, the reaction
was quenched by pouring the mixture into ice containing 1.25%
H,0,. The solution was filtered through a polytetrafluoroethylene
(PTFE) membrane. The remaining solid was washed with HCl and
ethanol/ether alternately between filtrations. The final product
was dried in vacuo.

2.2.2. Synthesis of ABEI-AuNP

AuNPs were synthesized through a seed-growth method using
ABEI as the reducing agent [23]. First, stock solutions of
HAuCl4-4H,0 in water (5.9 mM) and ABEI in 0.1 M NaOH (4 mM)
were prepared. Then, HAuCly stock solution (9 mL) was mixed with
water (45 mL). The ABEI stock solution (6 mL) was added rapidly
while stirring. The reaction mixture was stirred at room tempera-
ture for 2 h. Subsequently, the HAuCl, stock solution (6 mL) was
added, and the reaction mixture was continuously stirred for
another 2 h. Finally, the mixture was dialyzed for 3 days, during
which the water was changed frequently to remove the unreacted
reagent. The produced ABEI-AuNPs were kept at 4°C when not in
use.

2.2.3. Fabrication of ABEI-AuNP and ABEI-AuNP-GONR-modified SPE
electrodes

An SPE was used for all electrochemical measurements. The
carbon-based SPE consist of a three-electrode system: a working
electrode, counter electrode, and Ag/AgCl reference electrode. The
working electrode area is 2.64 mm? and the total size including the
connection part and the carbon barrier to prevent the solution
from flowing into the connector is 12.5 mm x 4 mm x 0.3 mm [26].
A small volume of solution (20 L) was applied directly onto the
electrode surface and the SPE was discarded after a single use.

Surface modification of the SPE working electrode was achieved
by the drop casting method. First, GONRs (1 mg) were sonicated
and dispersed in 1 mL of water. Then, the mixture of as-prepared
ABEI-AuNP and GONR was sonicated for 30min. Finally, the
mixture of ABEI-AuNP-GONR (2 L) was cast on the SPE working
electrode and dried at room temperature overnight. For compari-
son, ABEI-AuNP-modified SPE was prepared by the direct casting of
as-prepared ABEI-AuNP (2 L) onto the working electrode.

2.2.4. Characterization of ABEI-AuNP-GONR material and ECL
measurement

The formation of AuNPs by reducing HAuCl, with ABEI was
confirmed by UV-vis spectrophotometry (Shimadzu UV-2550,
Japan). The functional groups on the ABEI-AuNPs and GONRs were
confirmed by attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy (Horiba FT-720, Japan). The
morphologies of the catalytic materials were acquired by scanning
electron microscopy (SEM) using a DB 235 microscope (FEI Co.). All
electrochemical measurements were performed with a USB-
powered handheld potentiostat (BDTminiSTAT100; Biodevice
Technology Co. Ltd., Japan) [27]. The ECL of ABEI was observed
with an EM-CCD digital camera and recorded with AquaCosmos
software, whereas the ECL intensity was measured by a photon
detector unit (Hamamatsu Photonics, Japan).
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3. Results and Discussions

3.1. Characterization and morphological inspection of ABEI-AuNP-
GONR/SPE

The formation of ABEI-AuNP was confirmed by the UV-vis
absorption spectra of ABEI and HAuCl, precursor before and after
the reduction process as demonstrated in Fig. S1 (in Supporting
Information). The characteristic absorption peak of pure ABEI
appeared at 290nm with a shoulder at 320nm [23], and the
HAuCl, absorption peak was observed at 290.5 nm. After stirring
for 4 h, the mixture of ABEI and HAuCl, exhibited a peak shift to
298 nm and a shoulder shift to 350 nm with the appearance of a
small peak at 525 nm indicating the formation of AuNPs. After 3d
of dialysis, the mixture showed a decrease in ABEI absorption
peaks and an increase the characteristic Au spectrum. This result
suggests that the concentration of ABEI was decreased after
reaction with HAuCl, to form AuNPs. Moreover, the existence of
both ABEI and AuNP peaks might indicate that the resultant AuNPs
were coated with ABEI molecules because the dialysed superna-
tant removed other contaminant. The size of the as-prepared ABEI-
AuNPs were confirmed to be ~38 nm (Fig. S2).

After confirming the formation of ABEI-AuNPs, the as-prepared
ABEI-AuNPs and ABEI-AuNP-GONR composite were drop cast
(2 L) on the working electrode of the SPE. Fig. 1A presents an
illustration of the ABEI-AuNP-GONR composite on the SPE working
electrode. Additionally, Fig. 1B displays SEM images of the ABEI-
AuNPs on the SPE (Fig. S3) with and without the GONR supporting
matrix. The ABEI-AuNP-modified SPE (ABEI-AuNP/SPE) shows the
aggregation of ABEI-AuNPs, forming a Au layer (Fig. 1B(i)). In
contrast, the mixture of ABEI-AuNPs and GONRs produced a
homogenous layer of ABEI-AUNP-GONR on the SPE (ABEI-AuNP-
GONR/SPE), as depicted in Fig. 1B(ii). This result suggests that the
oxygen functional groups on the GONRs might engage in

(A) SPE

electrostatic bonding with ABEI-AuNPs, thus hindering the
aggregation process [28]. These functional groups in the GONR
matrix are expected to play an important role in enhancing the
catalytic activity of ABEI-AuNPs at the solid-liquid interface.
Further characterizations of each catalytic material for the ECL of
ABEI under alkaline conditions are presented in the following
sections.

3.2. ECL of ABEI-AuNP-GONR-modified SPE

The general scheme of the ECL of the luminol-H,0, system
under alkaline conditions can be seen in Fig. 2 [1]. Luminol and
H,0, dissociate to form luminol monoanion (LH™) and hydrogen
peroxide anion (HOO™), respectively. Then, HOO™ is oxidized to
oxygen via the hydroperoxy radical HOO®~, while LH™ is oxidized
to 3-amino-phthalate (3-AP) via the diazasemiquinone radical
(LH*") during the forward scan [29]. Subsequently, LH*~ reacts
with the superoxide radical (0,°~), which is produced through the
dissociation of HOO®~ intermediates, to yield the hydroperoxy
intermediate (LOO™), which causes the excited state of 3-amino-
phthalate (3-AP*) by releasing nitrogen. Then, 3-AP* returns to the
ground state by emitting fluorescence [1,4,5,29]. To understand the
ECL mechanism of ABEI on ABEI-AuNP-GONR/SPE, we performed
cyclic voltammetry (CV) on each catalytic material separately, as
depicted in Fig. 3. Initially, SPE and GONR-modified SPE (GONR/
SPE) were tested in a 0.364 mM ABEI solution. The concentration of
ABEI used to test the SPE and GONR/SPE was calculated to be equal
to the total concentration of ABEI molecules on the AuNPs cast on
the working electrode based on the starting stock solution used in
the synthesis process. Then, ABEI-AuNP/SPE and ABEI-AuNP-
GONR/SPE were analyzed in plain CBS buffer without additional
ABEI solution. This step was necessary to determine the role of
GONR in ECL and demonstrate that ABEI molecules were coated on
the AuNPs.

Fig. 1. (A) Illustration of ABEI-AuNP-GONR modified SPE. (B) SEM images of (i) ABEI-AuNP/SPE and (ii) ABEI-AuNP-GONR/SPE electrodes.
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Fig. 2. Basic mechanism of the ECL of luminol under alkaline conditions.

Fig. 3A shows the CV of SPE in ABEI solution, with three
oxidation peaks during the forward scan at +0.135, +0.475, and
+0.78V, and one reduction peak at -0.907V during the reverse
scan. The corresponding ECL intensity spectrum in Fig. 3B reveals
only two ECL peaks appearing at +0.210 and +0.505V during the
forward scan, while the reverse scan shows two ECL peaks at
—0.645 and —0.710V. To distinguish the mechanism underlying
each peak in the CV and ECL intensity spectrum, each component
of the solutions used to test the SPE was compared, as depicted in
Fig. S4. Based on the previous research on the ECL of luminol on a
paraffin-impregnated graphite electrode, the first anodic ECL peak
was ascribed to the direct electro-oxidation of luminol to LH*™,
which consequently produced 3-AP*, thus resulting in the
emission of light with or without the presence of dissolved
oxygen (0,) [30]. The second anodic ECL peak was dependent on
the first oxidation peak (Fig. S5), which indicated that the LH*~
intermediate produced in the first oxidation process was involved
in the second oxidation process. The conversion of LH*~ to 3-AP* in
the second anodic ECL peak may occur by (i) interaction with O,
(ii) electrochemical oxidation [30], or (iii) oxidation of HOO™~ to
0,°~, which can subsequently interact with LH*~ if H,0, exists in
the solution [29]. The CVs in Fig. S4C show an increase in current
density in the presence of H,0,, corresponding to an increase in

the second anodic ECL intensity (Fig. S4D). By comparing to the CVs
of the SPE in CBS with and without H,0, in Fig. S4A, we can confirm
that the third oxidation peak at +0.78 V was due to the oxidation of
H,0, to produce O,. These results suggest that the oxidation of
H,0, to O, involves the generation of a HOO®~ intermediate that
dissociates to O,*~, which subsequently reacts with LH*~ and leads
to the generation of 3-AP* [29]. We thus conclude that, the second
anodic ECL of ABEI on SPE might be due to the simultaneous
occurrence reactions (i)-(iii). Finally, the high ECL intensity
observed during the reverse scan in the oxygen-reduction region
suggested that the O, produced during the third oxidation peak
was reduced to HOO™ and reacted with the remaining LH*~ in the
solution to produce 3-AP* [10,15,16,30].

Similar CV and ECL intensity characteristic were observed using
GONR/SPE under the same conditions as depicted in Fig. S6.
However, the first anodic ECL peak exhibited a positive shift of
35 mV, which could be attributed to the oxygen functional groups
on the GONRs limiting the adsorption of ABEI on the electrode
surface, thus reducing the ECL intensity (Fig. 3B). In contrast, the
oxygen-reduction peak of GONR/SPE shifted negatively by 100 mV
relative to SPE; this difference was expectedly because of the
contribution of the oxygen functional groups that originally existed
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Fig. 3. (A) CVs and (B) ECL intensities of SPE and GONR/SPE in 0.364 mM ABEI solution. (C) CVs and (D) ECL intensities of ABEI-AuNP/SPE and ABEI-AuNP-GONR/SPE. The
supporting electrolyte was 1 mM H,0, in 0.02M CBS (pH 9.85) and the CV scan rate was 50 mV/s.

on GONR to speeding up the reduction process and producing ECL
emission.

To confirm the presence of ABEI molecules on the as-prepared
ABEI-AuNPs and characterized its ECL activity, the ABEI-AuNP/SPE
was tested in blank CBS. Fig. 3C shows that the CV of ABEI-AuNP/
SPE only exhibits one oxidation peak at +0.655 V and one reduction
peak at —0.824V. Similar to the CV, the ECL intensity spectrum
revealed one anodic ECL peak at +0.470V, although no cathodic ECL
was observed (Fig. 3D). This result confirmed that ABEI molecules
exist together with AuNPs and are capable of producing ECL
activity. Previous reports on the ECL of luminol solution on Au
electrodes under alkaline conditions stated that the oxidation of
LH*~ by Au hydroxide (Au(OH);) can yield anodic ECL at 0.5V
[10,15,16]. However, ABEI-AuNP/SPE at the solid-liquid interface
cannot generate anodic ECL through the oxidation of LH*~ by Au
(OH); because of the unlikely contact between the Au surface and
ABEI molecules. Although we believe that the CV oxidation peak
can be ascribed to the formation of gold oxide (Au,03), the anodic
ECL might be generated by the interaction of LH*~ and O,*~ and the
slow subsequent electrochemical oxidation of LH™ and HOO™. The
positive shift in the anodic ECL peak of ABEI-AuNP/SPE relative to
that of the SPE in ABEI solution suggested that ABEI-AuNP at the
solid-liquid interface has low catalytic activity for the ECL of ABEL
Because luminol oxidation is a rate-determining step in ECL [14],
low rates of ABEI oxidation reaction led to poor ECL emission.
Moreover, due to the low catalytic activity of ABEI-AuNPs, we
believe that the direct electro-oxidation of LH*~ to 3-AP* is not
possible, unlike in solution-phase ABEI on SPE and GONR/SPE. In
the absence of H,0, in the solution, the CV (Fig. S7A) and ECL
spectrum (Fig. S7B) showed identical characteristics, but both the
oxidation and anodic ECL peaks shifted negatively and exhibited
reduced current density and ECL intensity, respectively. The weak

anodic ECL might result from the reaction of LH*~ with dissolved
0, [16].

Interestingly, after the integration of the as-prepared ABEI-
AuNPs with GONRs to form ABEI-AuNP-GONR/SPE, the CV revealed
two oxidation peaks at +0.235 and +0.641V with one reduction
peak at —0.746V, as shown in Fig. 3C. Similar to the CV, the ECL
intensity spectrum also showed two anodic ECL peaks at
+0.305 and +0.570V, although no cathodic ECL peak was observed
(Fig. 3D). The CVs of ABEI-AuNP-GONR/SPE in CBS with and
without the addition of H,0, (Fig. S7C) exhibit similar character-
istic; however, in the presence of H,0,, they show positively
shifted oxidation potentials and increased current densities. The
corresponding ECL spectra demonstrate that the first anodic ECL
peak decreased significantly and that the second anodic ECL peak
diminished in the absence of H,0O, (Fig. S7D). Based on these
results, we believed that the first oxidation peak is due to the
reaction of LH™ to LH*~ that react with O,°~ to form 3-AP*. O,°*~
might be generated from the hydroxyl radical (OH®) produced
when the 0-0 bond of H,0, was broken by the reaction with HOO™
[14] or from the reaction of LH*~ with dissolved O, [ 16]. In contrast,
the small shoulder of the second anodic ECL peak might be
attributed to the electrochemical oxidation of HOO™ to produce
0,°~, which could interact with the remaining LH*~ to emit light.
The oxidation peak potential of H,O, on ABEI-AuNPs between
those of bare Au (0.15V) and GONR/SPE (0.88V) electrodes, as
shown in Fig. S8(i) and (ii), respectively, appears reasonable.
Similar to ABEI-AuNP/SPE, we believe the second oxidation peak of
ABEI-AuNP-GONR/SPE was due to the oxidation of Au to Au,0s.
Compared with ABEI-AuNP/SPE, ABEI-AuNPs supported by GONRs
produced a 30.0% improvement in ECL intensity at a much lower
potential, suggesting an enhancement in catalytic activity. This
catalytic enhancement might attributable to the increase in the
AuNP active surface area, which would facilitate oxidative radical
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generation and faster reaction kinetics of the ABEI oxidation
process. Furthermore, GONRs have been shown to act as a
backbone for ABEI-AuNPs and thus prevent aggregation, as
observed in Fig. 1B. Moreover, the hybrid of ABEI-AuNPs and
GONRs might form a three-dimensional specific non-covalent
interaction between the oxygenated functional groups of GONRs
and the AuNP active sites, thereby enhancing the catalytic
performance of the whole system.

The ECL spectra of solution-phase ABEI on SPE demonstrate
high cathodic ECL intensity (Fig. 3B), while the ABEI-AuNP-
modified SPE shows no ECL activity during the reverse scan
(Fig. 3D). To understand this phenomenon, we used a CCD camera
to record the ECL activity on each electrode separately. As shown in
Fig. 4A, the SPE in ABEI solution produces high ECL emission at the
working electrode during the forward scan while the counter
electrode produces ECL emission during the reverse scan. In
contrast, ABEI-AuNP/SPE (Fig. 4B) only produces ECL emission at
the working electrode during the forward scan. In an electro-
chemical system, the working electrode behaves as the anode,
while the counter electrode behaves as the cathode during the
forward scan; the opposite is true during the reverse scan. Thus,
the fact that ECL emission only occurred on the anode was
demonstrated by the results obtained using solution-phase ABEI
on SPE. Because ABEI-AuNPs were only cast on the working
electrode of the SPE, no ECL emission was observed during the
reverse scan. Up to now, we have predicted a possible ECL
mechanism of ABEI-AuNP-GONR/SPE and demonstrated the role of
GONRs as a functional supporting matrix in enhancing the catalytic
activity and active surface area of ABEI-AuNPs. To achieve better
performance of the ABEI-AuNP-GONR/SPE and further confirm the
role of GONRs, we optimized the loading ratio between GONRs and
ABEI-AuNPs as described in the following section.

3.3. Effect of the loading ratio on ECL of ABEI-AuNP-GONR/SPE

In the previous section, GONRs were shown to be a good
supporting matrix for ABEI-AuNPs with regard to catalytic activity
enhancement and the prevention of particle aggregation. However,
the loading ratio between ABEI-AuNPs and GONRs must be
controlled to avoid the aggregation of ABEI-AuNPs at high
concentrations and the thick oxygen barrier resulting from the
high concentrations of GONR. Therefore, we optimized the ratio of
GONR and ABEI-AuNP loadings to achieve the optimal binding
between ABEI-AuNPs and the GONR supporting matrix while
controlling the size of the AuNPs in the ABEI-AuNP-GONR/SPE. The
optimized loading ratio was determined from the maximum
measured ECL intensity of the anodic ECL peak in 0.02 M CBS with
the addition of 1 mM H,0,. Previous studies have shown that high
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+0.5V

-0.8V

luminol ECL intensity on AuNPs was observed because of the
increase AuNP surface area and the greater number of active sites
[14]. To demonstrate this relationship, we examined the surface
area of each catalytic material coated on SPEs based on the
optimum loading ratio of ABEI-AuNP-GONR/SPE in 10mM
ferricyanide at various scan rates. Subsequently, the active surface
area was calculated using the Randles-Sevcik equation [18].
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Fig. 5. (A) ECL intensity with various loading ratios of ABEI-AuNPs and GONRs (B)
Comparison of anodic ECL peak and calculated active surface area with each tested
ratio of catalytic materials. The supporting electrolytes were 1 mM H,0, in 0.02 M
CBS (pH 9.85) and 10 mM Kj[Fe(CN)s] in 1M KCl for the measurement of ECL
intensity and active surface area, respectively.
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Fig. 4. CCD images of ECL intensity at different potentials on (A) SPE in 0.364 mM ABEI solution and (B) ABEI-AuNP/SPE. The supporting electrolyte was 1 mM H,0, in 0.02 M

CBS (pH 9.85) and the CV scan rate was 50 mV/s.
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Fig. 5A shows the loading ratio between the as-prepared ABEI-
AuNPs and GONRs (1 mg/mL in DI water). The ECL intensity was
significantly enhanced by increasing the GONR ratio from 0% to
25% and reducing the proportion of ABEI-AuNPs from 100% to 75%.
A further decrease in the ABEI-AuNP loading to 50% with 50%
GONRSs resulted in strong inhibition of the ECL intensity. The high
ECL intensity obtained by using a low loading of GONRs might be
due to a smaller extent of ABEI-AuNP aggregation on SPE and the
expected increase in the active surface area of the electrode. When
a high loading of GONRs and a low loading of ABEI-AuNPs was
analyzed, the reduction in the ECL intensity was found to result
primarily from the small amounts of ABEI on the electrode.
Additionally, a high loading of GONR led to a large quantity of
oxygen functional groups being present on the electrode. These
functional groups form an oxide layer that acts as a barrier in the
electron-transfer process, and thus lowers the oxidation rates of
ABEI [6]. Based on these experiments, a loading ratio of 75% ABEI-
AuNPs to 25% GONRs was chosen as the optimum loading ratio for
further experiments.

Based on the optimum loading ratio of ABEI-AuNP-GONR/SPE,
the contributions of each catalytic material toward the active
surface area and ECL intensity were compared. Fig. 5B shows the
increase in the active surface area resulting from the modification
of the SPE electrode with GONRs. The four-fold dilution of a
solution corresponding to 100% GONR loading (2 L of 1 mg/mL) in
water before casting led to a 21.7% increase in the active surface
area. This phenomenon might be related to improvements in
electron transfer by decreasing the number of oxide ions insulating
the electrode surface. In the case of ABEI-AuNPs, a 25% loading
reduction in the as-prepared ABEI-AuNPs used to modify the SPE
led to a 48.8% increase in the active surface area but a 53.7%
decrease in the ECL intensity. This result suggests that a higher
loading of ABEI-AuNPs promotes large amounts of aggregation on
the electrode surface. Lowering the loading of ABEI-AuNPs is thus
expected to reduce the ECL intensity by decreasing the amount of
ABEI molecules on the electrode. Interestingly, using 25% GONRs
and 75% ABEI-AuNPs led to increases of 34.9% and 97.8% in the total
active surface area and ECL intensity, respectively. Therefore, we
confirmed that GONRs play a very important role as a functional
supporting matrix in enhancing the catalytic activity of ABEI-
AuNPs in the ECL reaction, and also act as a backbone to prevent the
aggregation of AuNPs. The high catalytic activity of ABEI-AuNPs
might have led to the active generation of oxidative radicals, which
subsequently enhanced the ECL intensity. The following section
will discuss the influences of buffer pH and the existence of H,0,
and dissolved O, on the ECL reaction to further clarify the
mechanism of ABEI-AuNP at the solid-liquid interface.

3.4. Effect of pH, H,0, concentration and dissolved O, on the ECL of
ABEI-AuNP-GONR/SPE

The effect of pH on the ECL of ABEI-AuNP-GONR/SPE was
determined using CBS with pH values ranging from 9.02 to 10.72,
as shown in Fig. 6. The ECL intensity increased significantly as the
pH value increased and was maximized at pH 10.02. The enormous
increase in the ECL intensity achieved with the addition of 1 mM
H,0, as the pH value increased might suggest enhancements in the
generation of oxidative species, such as OH® and O,°*~, which are
necessary in the conversion of LH*~ to 3-AP* [10]. Furthermore, the
presence of the ABEI-AuNP catalyst facilitated the epoxidation of
H,0, reaction via O-O bond on the Au surface. AuNP catalysis
might break the O-O bond to form OH®, which subsequently
interacts with HOO™ to form O,°~ [14]. In addition, a basic solution
is also important in preparing the LH™ and HOO™ precursors for
further electrochemical oxidization to produce LH®*~ and O,°~
radicals. However, at very high pH values, a decrease in the ECL

18000
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Fig. 6. ECL intensity of ABEI-AuNP-GONR/SPE in relation to the pH of the buffer
solution in the presence and absence of 1 mM H,0,.

intensity was observed, which might be due to the formation of
substantial amount of hydroxide ions (OH") on the electrode
surface, which could interfere with H,0, dissociation on the AuNP
surface, and thereby hinder the generation of O,°". In the case of
ABEI-AuNP-GONR/SPE tested in CBS with various pH values of in
the absence of H,0O,, the ECL intensity exhibits only a small
increase because ECL is mainly generated through the interaction
between LH*™ and dissolved O, to produce 3-AP*. Similarly, CV of
ABEI-AuNP-GONR/SPE under neutral conditions (Fig. S9) shows
that the ABEI oxidation reaction begins at 0.48 V and produces very
low ECL intensity and that the peak shifts positively by 150 mV
relative to that of ABEI-AuNP-GONR/SPE tested under alkaline
conditions. These results indicate that neutral pH provides an
insufficient amount of oxidative radicals to produce appreciable
amounts of O,°~, thus slowing the ABEI oxidation reaction to form
LH*~ and consequently leading to a low rate of 3-AP* [5]. Thus, we
have demonstrated that the generation of O,°~ in the presence of
H,0, is important for the production of intense ECL emission.
H,0, plays an important role in the ECL of luminol by
facilitating the formation of the oxidative radicals needed to
produce the 3-AP* excited state, as discussed in the previous
section. Fig. 7A shows that the ECL intensity increases significantly
as the concentration of H,0, increases, and the second ECL peak
thus becomes more obvious. Moreover, the ECL peak intensity
shifts positively with increasing H,0, concentration. The results
presented above suggest that H,0, facilitates the generation of
0,°" radicals through the oxidation of HOO™ and also simulta-
neously contributes to OH*® formation on the ABEI-AuNP surface by
epoxidation. However, this process creates competition between
radicals to absorb on the electrode surface, resulting in positively
shifted anodic ECL peaks. When low concentrations of H,0, were
used, most of the HOO™ formed O,°~ radicals by reacting with OH®,
which was consumed to generate the first ECL peak with LH*~. We
can assume that the HOO™~ concentration involved in the second
ECL peak increases as the H,O, concentration increases through
the electrochemical oxidization of the remaining HOO~ to O,*~ and
its subsequent reaction with LH*~ to generate 3-AP* for the second
anodic ECL peak. However, we also can observe high ECL intensity
without the addition of H,0,. This phenomenon might suggest that
the ECL of ABEI can result from the reaction of LH*~ with dissolved
0, under basic conditions. Therefore, ABEI-AuNP-GONR/SPE was
thoroughly investigated in deaerated CBS, which was purged with
nitrogen gas (N;) for 30 min before the experiment. Fig. 7B shows
that the ECL intensity increases as the H,0, concentration
increases in deaerated CBS. However, the recorded ECL intensity
was lower than that in normal CBS containing dissolved O,. This
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Fig. 7. ECL intensity of ABEI-AuNP-GONR/SPE in (A) CBS and (B) deaerated CBS (pH
9.85) with various concentrations of H,0,. The scan rate was 100 mV/s.

result further confirms that dissolved O, makes a minor
contribution to the generation of 0,°~ through LH®*~ for ECL
emission. Moreover, ECL intensity can be detected on ABEI-AuNP-
GONR/SPE in deaerated CBS without the addition of H,0,. This
result indicates that LH*~ can be converted into 3-AP* through
direct electro-oxidation in the absence of O, and HOO™ [10]. In the
absence of dissolved O,, the second ECL peak was not observed at
low concentrations of H,0,. Thus, we conclude that the pH of the

buffer and the concentrations of H,0O, and dissolved O, contribute
to the formation of oxidative radicals, mainly O,°~, which is a
strong co-oxidant of LH*~ for ECL. In addition, the generation of
radicals also depends on the ABEI-AuNP catalysis, which was
significantly enhanced by the use of GONRs as a supporting matrix.
The possible mechanism of ABEI-AuNP-GONR/SPE in generating
ECL on ABEI-AuNP-GONR/SPE is described in the next section.

3.5. Proposed ECL mechanism of ABEI-AuNP-GONR/SPE

The ECL of ABEI-AuNP-GONR/SPE exhibited two anodic ECL
peaks. The experimental results demonstrate that the first anodic
ECL peak is highly dependent on pH, H,O, concentration, and ABEI-
AuNP catalysis. Analyzing ABEI-AuNP-GONR/SPE ECL under a
nitrogen atmosphere without the addition H,0O, revealed weak
ECL, demonstrating that LH*~ can undergo direct electro-oxidation
to 3-AP* in the absence of 0,°, as shown in Eq. (1). Otherwise,
LH*~ is expected to interact with O,°~ to produce 3-AP*, as shown
in Eq. (4)-(6). The generation of O,°" may occur via either the
interaction of HOO~ with OH® resulting from H,0, epoxidation
with ABEI-AuNP catalysis, as shown in Eq. (2), or the direct reaction
of LH*~ with the dissolved O, that naturally exists in the solution,
as shown in Eq. (3).

LH —e —LH ™ +H' (1)
HOO™ +OH" — 05 +H,0 2)
LH~ 40, -0, +L 3)
LH™ +0, —L00~ (4)
LOO” -3 - AP  +N, (3)
3-AP" -3 —-AP+hv (6)

In contrast, the second anodic ECL is mainly dependent on high
concentration of H,0,, as was confirmed in both deaerated and
non-deaerated CBS. The emission of light was predicted to be the

Fig. 8. Illustration of the proposed ECL mechanism of ABEI-AuNP-GONR/SPE.
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result of the interaction between LH®*~ and O,°~, which was
produced through the electrochemical oxidation of HOO™. The
overall ECL mechanism of ABEI-AuNP-GONR/SPE under alkaline
conditions with the addition of H,O, can be illustrated as in Fig. 8.

HOO —e — HOO <0, (7)
LH™ +0, —L0O" (4)
LOO” — 3 - AP  +N, 3)
3—AP* -3 —AP+hv (6)

3.6. Characterization of the interaction between ABEI-AuNPs and
GONRs

To further clarify the interaction between ABEI-AuNPs and
GONRs, ATR-FTIR spectra of each catalytic material were obtained.
We prepared 1 mL solutions of GONRs and ABEI-AuNPs in DI water
based on the ratio used for the ABEI-AuNP-GONR mixture. These
solutions were centrifuged to remove the DI water. Then, 0.5 mL of
ethanol was added, and the mixture was sonicated to produce a
well-dispersed catalyst solution. Immediately after that, a small
amount of catalyst was casted onto the ATR diamond surface to
form a thin layer. The FTIR spectra in Fig. 9 show common peaks at
2300cm~!, which are attributed to the asymmetric stretching
vibration of CO,, while the noise signals in the 3400-4000 cm™!
and 1300-1900cm™! regions are ascribed to water vapor [31].
Apart from those signals, the GONR spectrum showed a strong
hydroxyl band at approximately 3200cm™~! (i) of COO-H/O-H
stretching, in addition to four carbonyl bands at around 1700 cm™!
(iii), which corresponded to C=0 stretching; around 1564 cm™!
(iv), attributed to -COO- asymmetric stretching; around
1030cm™! (vii), corresponding to C-O stretching; and around
1209 cm™! (viii), resulting from O-H deformation [18,31].

The appearance of hydroxyl and carbonyl bands indicates that
the GONRs had successfully undergone the oxidative unzipping
process. In comparison, the ABEI-AuNP spectrum revealed a broad
peak at 3400 cm™, signifying a weak covalent interaction between
the amino group in ABEI and the AuNPs [24]. Moreover, the ABEI-
AuNP spectrum shows strong aromatic C=C bending at 1500 cm ™!
(v) with two alkane bands at around 2900 cm™" (ii), attributed to
C-H stretching, and around 1390 cm™"' (vi), corresponding to C-H
deformation. Interestingly, the ABEI-AuUNP-GONR mixture showed
a decrease in the absorbance intensities of the hydroxyl and
carbonyl bands of the GONRs, indicating that the ABEI-AuNPs

——GONR
—— ABEI-AuNP (i) (vi) o1

— ABEI-AUNP-GONR : i" i)}
() Y\
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Fig. 9. ATR-FTIR spectra of the ABEI-AuNP and GONR precursors used to form the
ABEI-AuNP-GONR mixture.

exhibited metal-oxygen bonding with GONRs that enhanced the
catalytic performance [28,31]. In addition, the disappearance of the
aromatic band of ABEI-AuNPs after mixing with GONRs might
suggest non-covalent interactions between the benzene ring of
ABEI and the benzene domain of the GONRs.

4. Conclusions

In summary, we have synthesized and optimized a hybrid of
ABEI-AuNPs with GONRs through simple mixing and deposition on
a carbon SPE. The catalytic activity of ABEI-AuNP-GONR/SPE for the
ECL of ABEI has been studied and compared to that of ABEI-AuNP/
SPE under alkaline conditions. The intercalation of ABEI-AuNPs
with GONRs resulted in a 30.0% increase in the ECL intensity
resulting from an 80.2% increase in the active surface area
compared with ABEI-AuNP/SPE. In addition, CVs revealed that
ABEI-AuNPs without the support of GONRs show slow reaction
kinetics towards ABEI oxidation but produce 50.1% higher peak
current density. These results suggest that the high ECL emission
from ABEI-AuNP-GONR/SPE might be due to the interaction
between electrochemically generated luminol radicals and oxida-
tive radicals, which were independently generated through ABEI-
AuNP catalysis. Consequently, GONRs have been identified to act as
a backbone with ABEI-AuNPs to prevent aggregation through non-
covalent interactions and metal-oxygen bonding between the
oxygen functional groups of GONR with the ABEI-AuNP active sites,
thereby enhancing the catalytic performance of the whole system.
Further work to utilize ABEI-AUNP-GONR/SPE in an enzyme-based
ECL sensor is being undertaken in our laboratory, which will pave
the way for future developments of rapid and portable point-of-
care device.
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