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ABSTRACT: A seamless three-dimensional hybrid film
consisting of carbon nanotubes grown at the graphene surface
(CNTs/G) is a promising material for the application to highly
sensitive enzyme-based electrochemical biosensors. The
CNTs/G film was used as a conductive nanoscaffold for
enzymes. The heme peptide (HP) was immobilized on the
surface of the CNTs/G film for amperometric sensing of
H,0,. Compared with flat graphene electrodes modified with
HP, the catalytic current for H,O, reduction at the HP-
modified CNTs/G electrode increased due to the increase in
the surface coverage of HP. In addition, microvoids in the
CNTs/G film contributed to diffusion of H,0, to modified
HP, resulting in the enhancement of the catalytic cathodic
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currents. The kinetics of the direct electron transfer from the CNTs/G electrode to compound I and II of modified HP was also

analyzed.
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B INTRODUCTION

Nanomaterials based on sp® carbon, such as graphene and
carbon nanotubes (CNTs), are one of the promising materials
for the development of batteries, fuel cells, capacitors,
electronics, and sensors, because of their high electrical
conductivity, high specific surface area, and good chemical
stability.' ™ In particular, graphene and CNTs have attracted
attention for the development of enzyme-based electrochemical
biosensors, because of their ability to achieve direct electro-
chemical communication with redox enzymes,*”” which is
otherwise difficult, because of the thick insulating polypeptide
layer covering the active site. However, such superior properties
emerge only in the planar direction for graphene or one
direction for CNTs, because of their two- or one-dimensional
structures, respectively. In addition, graphene and CNTs are
widely used after their coating on a substrate, such as
electrodes, but contact resistance among those sp® carbon-
based materials is significant.

To overcome this limitation, seamless three-dimensional
(3D) sp®> carbon-based nanomaterials, such as foam-like
graphene® and carbon nanotubes-grown graphene (CNTs/
G) hybrid materials,'”'" have recently been synthesized.
Because of the seamless structure, these 3D carbon nanoma-
terials enable charge carriers to move in all three dimensions,
without significant contact resistance. Furthermore, the 3D
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carbon nanomaterials also enable the enhancement of the total
surface area per unit planar/footprint area on the substrate.
Hence, it is expected to improve the sensitivity and/or expand
the dynamic range, because of the increase in the amount of
enzymes per unit area. For the development of biosensors,
compared with the foamlike graphene, the CNTs/G film is
particularly a preferred structure to attach on the substrate,
because its backside is a flat surface. For instance, the CNTs/G
film is expected to develop flexible and wearable biosensors for
physiological monitoring. However, the electron transfer
reaction at the interface of the CNTs/G film is not yet well
elucidated.

Toward the development of highly sensitive enzyme-based
electrochemical biosensors, there is a need for the elucidation
of the electron transfer between the CNTs/G film and
enzymes. In addition, the 3D structure-based microvoid effects
on the sensitivity and/or dynamic range for an analyte also
must be assessed. In the present work, we constructed a heme
undecapeptide (HP)-modified CNTs/G film-coated (HP/
CNTs/G) glassy carbon electrode and studied the kinetics of
electron transfer from the CNTs/G film to HP, which has a
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similar structure to the active center of peroxidase and has been
used for H,0, sensing.'””'* By comparing with catalytic
reduction currents of H,O, at HP-modified graphene-coated
(HP/G) electrodes, we showed advantages of the HP/CNTs/
G electrode in the sensitive detection of H,0,. Furthermore,
since the active center of HP is not fully covered with the
insulating polypeptide and electrochemical responses for H,O,
at HP multilayer-modified electrode enhanced through the
electron self-exchange among HP molecules. The microvoid
effect at the HP multilayer-modified CNTs/G (HP-ML/
CNTs/G) electrode on diffusion of H,0, was also examined
from the catalytic currents of H,O, reduction in comparison
with the case in the HP multilayer-modified graphene (HP-
ML/G) electrode.

B EXPERIMENTAL SECTION

Preparation of CNTs/G Hybrid Films. CNTs/G hybrid
films were prepared by a two-step process (see Figure 1). First,
graphene film was grown on the surface of a copper (Cu) foil
(~6.5 cm? and 25 um thick) via chemical vapor deposition
(CVD). The Cu foil, which is a catalyst and substrate for
graphene growth, was placed inside a quartz tube (ca. 3 cm in
inner diameter and ca. 75 cm long) and annealed at 1030 °C
under flowing Ar (190 sccm) and H, (10 sccm) at atmospheric
pressure in an electric furnace (Lindberg/Blue M Mini-Mite
Tube Furnace, Thermo Scientific). At this time, CH, (5 sccm)
was introduced in the tube for 9 min to grow graphene,
followed by cooling of the furnace to room temperature in a
flowing Ar/H, atmosphere. Next, CNTs were grown on the
surface of the graphene-formed Cu foil by a second CVD. To
achieve this, the graphene-formed Cu foil was decorated with
an Fe film 1.5 nm thick, which acts a catalyst for CNT's growth,
using an e-beam evaporator (Model Temescal BJD-1800,
Technical Engineering Services). The graphene/Cu foil with
the Fe film was placed back in the quartz tube and heated to
750 °C in flowing Ar (100 sccm) and H, (50 sccm)
atmosphere. After the temperature was stabilized at 750 °C, a
1S scem flow of C,H, was supplied in the tube for S min,
followed by cooling of the furnace to room temperature in a
flowing Ar/H, atmosphere. The CNTs/G film formed on the
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backside of Cu foil was removed by O, plasma, followed by
etching of the Cu foil in a 1 M FeCl; aqueous solution to
obtain the CNTs/G film. The CNTs/G film was cleaned with
5% HCI solution to completely remove the Cu foil and the Fe
nanoparticles. Note that we also obtained the graphene film
using the same procedure. The morphology of the CNTs/G
film was observed using field-emission scanning electron
microscopy (FE-SEM) (Philips, Model XL30 FEG system).
The CNTs/G film was also characterized using Raman
spectrometer (LabRAM HR Evolution, Horiba, Ltd.) and
XPS (PHI Quantera SXM, Ulvac-Phi, Inc.).

Preparation of HP-Modified CNTs/G Hybrid Electro-
des. A glassy carbon (GC) electrode (3 mm in diameter, ALS
Co., Ltd.) was polished with 1 and 0.05 ym alumina slurries on
a polishing cloth and then thoroughly rinsed with distilled
water. The GC electrode was sonicated in 2-propanol and
distilled water, respectively, and then dried with a high-purity
nitrogen stream. The CNTs/G or graphene film was
transferred to the GC electrode surface, followed by drying at
50 °C in an electric oven for 1 h to obtain CNTs/G and
graphene electrodes (Figure 1). The CNTs/G and graphene
electrodes were subsequently immersed in N,N-dimethylforma-
mide (DMF) containing 6.0 mM 1-pyrenebutyric acid N-
hydroxysuccinimide ester (PBASE) for 30 min. After
thoroughly rinsing with DMF and 67 mM phosphate buffer
(pH 7.4), the electrodes were immersed in the 67 mM
phosphate buffer (pH 7.4) containing 1.0 mM HP (Sigma—
Aldrich) for 12 h at 4 °C to obtain HP/CNTs/G and HP/G
electrodes.

To fabricate HP-ML/CNTs/G and HP-ML/G electrodes, 12
uL of 0.1 M 2-morpholinoethanesulfonic (MES) aqueous
solution (pH 4.6) containing 1 mM HP and 0.3 M 1-ethyl-3-
(3-(dimethylamino)propyl) carbodiimide (EDC) was cast on
the surfaces of HP/CNTs/G and HP/G electrodes. Afterward,
these electrodes were stored at 4 °C for 12 h and thoroughly
rinsed with distilled water to remove excess casting solution.

Electrochemical Measurements. Electrochemical meas-
urements were performed in 67 mM phosphate buffer (pH 7.4)
in a batch system. A AglAgCIlIKCl (sat.) and a coiled platinum
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wire were used as reference and counter electrodes,
respectively.

The CNTs/G electrode was evaluated in a 0.1 M KCI
aqueous solution containing 1.0 mM [Ru(NH,)¢]Cl; by cyclic
voltammetry (CV) using a potentiostat (Model CHI7S0c, CH
Instruments Inc, USA). Direct electron transfer reaction
between HP and the electrode through CNTs/G or graphene
film was evaluated by CV using a potentiostat (Model HSV-
110, Hokuto Denko). The catalytic activity of HP/CNTs/G,
HP/G, HP-ML/CNTs/G, and HP-ML/G electrodes toward
H,0, reduction was evaluated by amperometry with the
potentiostat (Model LC-4C, BAS). After the working electrode
was polarized at +150 mV and a steady-state current was
obtained, a H,0, solution was added into the electrolyte
solution. From the steady-state current obtained, the catalytic
activity of HP at the CNTs/G and graphene electrodes was
determined.

B RESULTS AND DISCUSSION

Characterization of CNTs/G Hybrid Films. Figure 2A
shows a photograph of CNTs/G hybrid films floating on water

Figure 2. (A) Photograph of CNTs/G films floating on distilled water.
FE-SEM images of the (B) surface and (C) cross-section of the
CNTs/G film.

after chemical etching of Cu foil, indicating the formation of a
large area film on Cu foil. Therefore, the CNTs/G hybrid film
can be transferred to flat substrates, because CNT's basically
grow at the flat graphene surface. Figures 2B and 2C show FE-
SEM images of the surface and cross-section of the CNTs/G
hybrid film, respectively. We presume that the CNTs grew
perpendicularly at the graphene surface during the early stage
and then the tip of CNT fell down on neighboring CNTs
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during the later stage, resulting in the formation of a chain
conformation and/or a network-like structure. This indicates
that Fe nanoparticles formed on the graphene surface for CNTs
growth were randomly distributed on the graphene surface.
Such a structure will allow one to increase the surface coverage
of chemicals, such as enzymes, because of the suppression of
carbon nanotube bundle effects.

Figure 3A shows Raman spectra before and after growth of
CNTs on graphene. sp> carbon atoms, such as graphene,
generally give a G band signal at ~1580 cm™' and a G’ band
signal at ~2700 cm™.'* Meanwhile, C atoms adjacent to a
defect or a graphene edge give a D band signal at ~1350
cm ™' As shown (spectrum a in Figure 3A), the G and G’
bands clearly appeared at 1584 and 2678 cm™', respectively.
The G/G’ band intensity ratio was ~0.25. It is known that the
G band and the G/G’ ratio for monolayer graphene are ~1584
cm™! and 0.25, respectively,'” which confirms the formation of
a monolayer graphene. After growth of CNT's on the graphene
surface, the D band also appeared at ~1350 cm ™, in addition to
the G band (spectrum b in Figure 3A). The D/G band intensity
ratio was calculated to be ~0.86. Unlike in the case of graphene,
the G band intensity was much larger than that of the G" band.
The G’ band for the CNTs/G film was shifted 22 cm™ higher
than that for graphene. The G/G’ band intensity ratio was
estimated to be ~2.72. These results fitted the characteristics of
few-layer graphene'” and is attributed to the 3D structure
consisting of multiwalled carbon nanotubes (MWCNTS)
grown on the monolayer graphene.

We further characterized the CNTs/G film by XPS. In the
deconvoluted C1 spectrum (Figure 3B), a main peak of the
graphitic structure appeared at ~284.3 eV. Moreover, five peaks
attributed to defects on the nanotube structure (ca. 285.3 eV),
oxygen-containing functional groups (ca. 286.7, 288.6, and
290.3 €V), and 7—x* transition (ca. 291.6 eV) were obtained.'®
In the deconvoluted Ol spectrum (Figure 3C), two peaks
attributed to oxygen-containing functional groups (ca. 531.7
and 533.3 eV) were also observed.'® Based on these spectra, the
atomic oxygen/carbon (O/C) ratio of the CNTs/G film was
determined to be ~12.3%. The reason that the oxygen-
containing functional groups existed at the CNTs/G film might
be due to the acid treatment for the removal of Cu foil and Fe
nanoparticles (see the Experimental Section). In addition, the
CNTs/G film might be oxidized by atmospheric oxygen.
Although the peaks for defects on the nanotube structure was
obtained here, there was no obvious D’ band (ca. 1620 cm™),
which is an index of the presence of graphene edges, in the
Raman spectrum (see Figure 3A)."” We supposed that the
CNTs/G film was not heavily oxidized by the acid treatment.

Next, we examined electrochemical behavior of [Ru(NHj;),]-
Cl;, the electron transfer kinetics of which is generally known
to be an outer-sphere process and independent of surface sites
and/or functional groups,” at the CNTs/G electrode. Figure
3D shows CVs recorded in a 0.1 M KCI aqueous solution
containing 1 mM [Ru(NH;)s]Cl;, where the scan rate was 25
mV s~ The reversible redox peak current at the CNTs/G
electrode was ~2.5 times larger than that at the graphene
electrode, indicating an increased apparent electroactive surface
area (A,,,), because of CNTs grown at the graphene surface.
The A,,, value for the CNTs/G film was compared with that

app
for the graphene film, using the Randles—Sevcik equation:>!

Sy, 3/2 124 1/2
I = (2.69 X 10°)n”""A,,,D""Cv (1)
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Figure 3. (A) Raman spectra of (a) graphene and (b) the CNTs/G
film. XPS (B) C1 and (C) O1 spectra of the CNTs/G film. (D) CVs
of 1.0 mM [Ru(NH;)]Cl; in a 0.1 M KCl aqueous solution at the
CNTs/G and graphene electrodes at a scan rate of 25 mV s
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where # is the number of electrons transferred (n = 1), D the
diffusion coefficient of [Ru(NH,)¢]**** (D = 9.1 X 107° cm?
s71),%* C the concentration of [Ru(NH,)4]CI, and v the scan
rate. The AaPP values for the CNTs/G and graphene films were
~0.141 and 0.059 cm?, respectively. We further examined the
stability of the CNTs/G film on the GC surface using the
multiple scan CV measurement. If fragile, the CNTs/G film
would be detached from the GC surface and, as a result, the
redox peak current of [Ru(NH;)4]**/3* would decrease.
However, the redox peak current was approximately constant
for at least 20 repeated cyclic potential sweeps, from —0.5 V to
0.1 V, at a scan rate of 100 mV s~ (see Figure S1 in the
Supporting Information), confirming that the CNTs/G film
was tightly attached at the GC surface, because of 7—7 and/or
hydrophobic interactions.

Electrochemical Characterization of HP-Modified
CNTs/G Hybrid Electrodes. CV measurements were carried
out with the HP/G and HP/CNTs/G electrodes in 67 mM
phosphate buffer (pH 7.4). As shown in Figure 4A, reversible
redox peaks appeared at approximately —370 mV (vs AglAgCl)
in HP/G and HP/CNTs/G electrodes, corresponding to
(P)Fe*/** (P = porphyrin ring),**** whereas no redox peak
was observed without HP (Figure 4B). The redox peak currents
per the GC surface area (ca. 7.1 X 1072 cmz) at the HP/CNTs/
G electrode were about 1 order of magnitude larger than those
at the HP/G. Since the peak currents for both electrodes were
proportional to the scan rate below at least 100 mV s™" (Figure
4C), the redox peak currents were used to estimate the surface
coverage I' of electroactive HP at the CNTs/G film and
graphene, using the equation

n’FTv
i =
P 4RT )

where 1 is the number of electrons transferred (n = 1), F the
Faraday constant, R the gas constant, and T the temperature.
Based on the equation, the I" values were estimated to be 1.3 X
107" and 1.1 X 107'° mol cm™ for the graphene (ip/v = 1.2 X
1075 A cm™ V™ !s) and CNTs/G electrodes (ip/v = 1.0 X 107*
A cm™ V! s), respectively. The one-order-of-magnitude-
higher value of the coverage for the CNTs/G is attributed to
the larger electroactive surface area, as a result of the 3D
structure. Furthermore, based on the reported I" value for the
HP monolayer-modified gold electrode (3.5 X 107! mol
cm™2), we hypothesize that there was a monolazer coverage of
HP at both graphene and CNTs/G electrodes.”

Catalytic Reduction of H,0,. Cathodic current responses
of the HP/CNTs/G electrode to H,0, were measured at +150
mV (vs AglAgCl) in an air-saturated 67 mM phosphate buffer
solution (pH 7.4). After the background current stabilized,
aliquots of H,0, were added to the electrolyte solution and a
steady-state cathodic current was observed after each addition.
This current is attributed to electron transfer from the electrode
to HP via the CNTs/G hybrid film. The possible reaction
mechanisms are

terric HP + H,0, — compoundI + H,0 (3)
compound I + e~ + H" — compound II (4)
compound II + e~ + H* — ferric HP + H,0 (5)

where compound I and II are oxidized complexes of HP, in
which the Fe(IV) of heme is coordinated to oxygen.u’13 As
shown in Figure 5A, the steady-state cathodic current densities
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e). (B) Chronoamperometric response of the HP-ML/CNTs/G
electrode to H,0, in an air-saturated 67 mM phosphate buffer solution
(pH 7.4) at +150 mV vs AglAgCl

for H,0, reduction at the HP/CNTs/G electrode were clearly
much larger than those at the bare CNTs/G electrodes. In
addition, the cathodic currents at the HP/CNTs/G electrode
were larger than those at the HP/G electrode. The cathodic
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current at the HP/CNTs/G and HP/G electrodes linearly
increased for H,0O, concentration between 0.1 X 107 and 3.0
X 107 M, indicating that eq 3 was the rate-determining step of
the reaction. However, for H,O, concentrations of 3.0 X 10™*
M or higher, the cathodic current was independent of the H,O,
concentration, indicating that eq 4 and/or S were the rate-
determining steps. In addition, the catalytic cathodic currents
obtained at both HP/CNTs/G and HP/G electrodes were
found to be kinetically controlled, because the current response
was not influenced when the electrolyte solution was stirred.

The kinetics of the reactions were analyzed on the basis of
the observed currents (Figure SA) and the HP coverage. As
mentioned above, since the catalytic cathodic current for H,O,
reduction was kinetically controlled, all the HP molecules
should contribute to the current and the current should be
proportional to the surface coverage of HP. Therefore, the
cathodic current i is given by eq 6."'¥2%%7

_ 2FT
Tl ktk
kiCs kyksCyy (6)

where kj, k,, and kj are the rate constant of eqs 3-S5, and Cg
and Cy are the H,0, and proton concentration in the bulk
solution, respectively. According to eq 6, based on the I" the
catalytic current at the HP/CNTs/G electrode should be
approximately an order of magnitude larger than at the HP/G
electrode. This was indeed observed experimentally (Figure
SA).

Using eq 6, we calculated the rate constants for the three
reactions. In the linear response region ([H,0,] < 3.0 X 107°
M), the current response is determined by the rate of eq 3.
Since eq 3 is kinetically controlled, the current is given by the
equation

i, = 2FT'k,C (7)

The k, values were estimated from eq 7 to be ~120 M~' s™*
for the HP/CNTs/G electrode (i/Cg=2.5X 102 Acm™> M™!
at 0.1 X 107 to 1.0 X 107® M H,0,) and 40 M~ s7! for the
HP/G electrode (i/Cg= 1.0 X 107* A cm™ M~ at 1.0 X 107
to 1.0 X 1075 M H,0,), respectively. It is known that the k;
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value at a heme nonapeptide-modified SnO,-coated glass plate
was 220 M™! 5712 and was much smaller than those obtained
for HRP-adsorbed graphite electrode by Ruzgas et al. (3.9 X
10* M~! s71)*® and Tatsuma et al. (3.1 x 10* M~! s71)*
because of the difference in molecular complexity. We believe
that the same tendency was observed in our present work. In
the constant region (>3.0 X 107* M), the current response is
determined by the rates of eqs 4 and 5. If those equations are
not controlled by the diffusion of protons but instead by the
enzymatic reactions, including electron transfer from CNTs/G
or graphene to compound I and II, the current is given by the
equation

_ 2FTk,k,Cy

b= T
ky + ky (8)
Substituting the i3 values of 2.6 X 1077 or 4.9 X 107 A cm ™ at

3.0 X 107> M H,0, for the HP/CNTs/G or HP/G electrodes
(see Figure SA), respectively, the Cyy value (~4.0 X 107° M), F,
and ' (' = 1.1 X 107 mol cm™ for the HP/CNTs/G
electrode or 1.3 X 107" mol cm™ for the HP/G electrode)
into eq 8, the k,k;/(k, + k;) value was calculated to be ~3.0 X
10° and 4.9 X 10° M™' 57! at the HP/CNTs/G and HP/G
electrodes, respectively. The kyk;/(k, + k;) value at the HP/
CNTs/G electrode is slightly smaller than that at the HP/G
one. This might be comparably reasonable, because the CNTs/
G film consisted of the multilayered graphene. The kk;/(k, +
k;) values obtained here were one order of magnitude smaller
than that obtained at pH 7.0 for the HRP-adsorbed graphite
electrode by Ruzgas et al. (6.6 X 10° M™! s, although the
molecular weight of HP is 1 order of magnitude smaller than
that of HRP. This is presumably affected by the difference in
the plane site of carbon nanotmaterials. It has been known that
the heterogeneous electron transfer rate constant at the edge
plane site of graphite was ~6 orders of magnitude larger than
that at the basal plane.*® Therefore, such a decline in the k,k;/
(ky + k) value was likely due to the fact that HRP was
adsorbed at the edge plane site of graphite, whereas HP was
immobilized at the basal plane of CNTs.

We initially expected to obtain the same k,; value at the HP/
CNTs/G and HP/G electrodes, because HP molecules were
just immobilized on the basal plane of the sp* bonded C atoms
via PBASE. However, the k; value at the HP/CNTs/G
electrode was ~3 times larger than that at the HP/G electrode.
The reason for this is unclear; however, it is presumable that
the chain conformation and/or network-like structure of
CNTs/G at the graphene surface is involved in the acceleration
of eq 3. Compared with the 2D graphene surface, CNTs
modified with HP molecules might easily sway back and forth
and around. In addition, 7—7 interaction among CNTs might
stabilize HP molecules. Therefore, based on these, the k, value
at the HP/CNTs/G electrode might increase, in comparison
with that at the HP/G electrode. On the other hand, we also
suspect the involvement of defects in CNTs for such
enhancement of the k, value, because the D band appeared
at the CNTs/G film but not graphene (Figure 3A). If the
defects of CNTs are involved in the stabilization of HP, the
kyky/ (ky + k3) value at the HP/CNTs/G electrode should be
much larger than that at the HP/G electrode, because the
defects of CNTs work as the edge plane sites. However, as
mentioned above, the kk;/(k, + k;) value at the HP/CNTs/G
electrode was slightly smaller than that at the HP/G electrode.
In the present work, the defects of CNTs had little effect on k;.
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We also calculated the apparent Michaelis—Menten constant
(K3%P). From eq 6 and the Michaelis—Menten kinetics equation
(i = i)3Cs/ (K¥P + Cg)), K¥P is given by the following equation:

koksCy

KPP — _ 273%H
ki(k, + k3)

M

)

As a result, the Kj? values at the HP/CNTs/G and HP/G
electrodes were determined to be ~1.0 X 10~* and ~3.0 x 10™*
M, respectively. These values were at least 1 order of magnitude
lower than that obtained at a polymerized carbon electrode
containing HP by Razumas et al. (6.4 x 107> M, pH 7.0).>!
Since the K,,**? value at the HP/CNTs/G electrode was lower
than that at the HP/G electrode, the CNTs/G film could be
therefore useful as a conductive nanoscaffold for enzymes to
develop highly sensitive enzyme-based electrochemical bio-
sensors.

Effect of Microvoids in CNTs/G Hybrid Films. We
further examined diffusion benefits of the microvoid within
CNTs/G hybrid films (see Figures 2B and 2C) for H,0, and/
or H" on electrochemical responses. If the CNTs/G film and
graphene are excessively immobilized with the same amounts of
HP molecules and diffusion of H,O, and/or H* is not
influenced by the microvoid in the CNTs/G film, the cathodic
current should show roughly the same values, because of the
self-mediation among HP molecules."® In order to demonstrate
the issue, we used the HP-ML/CNTs/G and HP-ML/G
electrodes, the I" values of which were determined to be ~5.5 X
107" mol cm™ from the integration of CV peaks (charge) at
the scan rate of 10 mV s~ (see Figure S2 in the Supporting
Information). As shown in Figure 4, the cathodic currents at
the HP-ML/CNTs/G and HP-ML/G electrodes were larger
than those at the HP/CNTs/G and HP/G electrodes,
respectively, because of the increase in the I" value. However,
the cathodic current at the HP-ML/CNTs/G electrode was 5—
7 times larger than that at the HP-ML/G electrode. This
difference is likely due to the contribution of microvoids in the
CNTs/G film.

In the HP-ML/G electrode, the I" value increased by a factor
of ~26, compared to that at the HP/G electrode, but the
cathodic current increased by a factor of only ~10. This is
because the rate-determining step for the HP-ML/G electrode
is the diffusion of H,0, (<3.0 X 10> M) or proton and/or e~
of the electron self-exchange (>3.0 X 107> M), as previously
reported.® In fact, the catalytic current for H,O, reduction at
the HP-ML/G electrode significantly increased when the
electrolyte solution was stirred. The HP molecules at only
the interface of the HP-ML/G electrode might partially
contribute to the H,0, reduction, because of their dense and
tight immobilization on the flat surface of graphene. This
means that the cathodic current does not increase, even if the I"
value increases. In contrast, the cathodic current at the HP-
ML/CNTs/G electrode was 5—7 times larger than that at the
HP/CNTs/G electrode. Also, the catalytic current for the
H,0, reduction at the HP-ML/CNTs/G electrode slightly
increased when the electrolyte solution was stirred, which
indicates that the rate-determining step for the HP-ML/CNTs/
G electrode might also be the diffusion of H,O, or proton and/
or e~ of the electron self-exchange (Figure SB). However, the
cathodic current at the HP-ML/CNTs/G electrode was larger
than that at the HP-ML/G electrode, as described above. In
addition, the cathodic current at the HP-ML/CNTs/G
electrode was 15—17 times greater than that at the HP/G
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electrode. Thus, the microvoids in the CNTs/G film helps the
diftusion of H,O, and/or proton to HP molecules. We can
therefore conclude that, compared with the graphene electrode,
the sensitivity is significantly enhanced at the CNTs/G
electrode, because of the increase in the surface coverage of
enzymes and the effect of the microvoids for diffusion of
substrates. Further investigation of the selectivity to analytes
and interference with biological molecules will have to be
assessed for the development of a practical biosensor for H,O,
in a human body. In addition, this work would be expected to
lead to the development of not only enzyme-based highly
sensitive electrochemical biosensors but also enzyme-based
biofuel cells.

B CONCLUSION

The CNTs/G film was formed by two-step CVD process.
CNTs were randomly and loosely grown at the graphene
monolayer, resulting in the presence of microvoids. We
constructed the highly sensitive electrochemical biosensor for
H,0, using the CNTs/G film as the conductive nanoscaffolds
for HP molecules. Compared with the HP/G electrode, the
catalytic current for H,0, reduction at the HP-ML/CNTs/G
electrode increased by a factor of ~15. In addition, microvoids
in the CNTs/G film played a significant role in the diffusion of
H,0, into modified HP. The CNTs/G film would be useful
not only for electrochemical biosensors but also for enzyme-

based biofuel cells.
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Multiple CVs of [Ru(NH;)]**/** at the CNTs/G electrode;
CVs of HP-ML/CNTs/G and HP-ML/G electrodes. This
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