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Graphene hybrids comprised of diverse functional materials have shown exceptional performance.
However, only 2D composites were widely studied, the understanding of graphene hybridization
behavior with complex 3D nanostructures remains unclear. In this work, we investigate how the
graphene hybridization is affected by the presence of 3D nanovoids, and the corresponding influence on
the electrocatalysis of hydrogen peroxide reduction. The 3D nanovoids of the cobalt manganese oxide
(CMO) increase the amount of graphene captured in the composites for the higher surface areas, uniform

Kz/ Vﬁ:gz: porosity, and improved electrocatalytic activities. The formation of graphene/CMO interfaces contributes
ﬁanli)structures to the efficient H,O, reduction at the more positive onset potentials than graphene or CMO material

alone. Controls of the inhomogeneous distribution and void-filling behavior of graphene on CMO surface
are critical to achieve optimal, synergistic electrocatalysis. The graphene/CMO hybrids with full graphene
coverage exhibit the greatly enhanced H,0, sensitivity by 2900 and 48 times greater than commercial

hydrogen peroxide
sensors
synergistic electrocatalysis

products and bare CMO, respectively.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Hybridization of graphene with various functional materials
enables these nanocomposites to exhibit exceptional performance
[1-6]. The most common methods to produce graphene hybrids
are to react graphene colloids with material precursors directly to
yield two-dimensional (2D) composites [7-11]. However, 2D
nature of the resultants usually suffers from aggregation and
stacking issues, causing the difficulty of using these nano-
composites in applications that require highly efficient mass
transport and diffusion (e.g. heterogeneous catalysis, sensors, etc.).
Expanded internal spacing created by 3D complex nanostructures
is advantageous to address these issues [12-15]. Although 3D
graphene nanocomposites are desired, the dimensional difference
between 3D complex nanostructures and 2D graphene sheets may
arise the synthetic challenges to achieve their homogeneous
hybridization at the interfaces. Furthermore, the detailed hybrid-
ization behaviors of graphene with 3D complex nanostructures,
which could greatly influence the properties of the composites,
still remain unclear.

Owing to the strong oxidative activity of hydrogen peroxide,
catalytic reduction and detection of hydrogen peroxide are critical
to address issues of bimolecular damage (e.g. DNA) and surface
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corrosion of materials [16-19]. Imbalanced hydrogen peroxide in
physiological systems involves the onset of cancers, diabetes, and
other diseases [20,21]. Recently, release of H,0, through particular
enzymatic reaction becomes a general strategy to monitor biologic
mechanisms and pathways of specific metabolite or biomolecules
[22,23]. Low-cost, robust, and noble metal-free electrocatalysts are
required to fulfill the huge demand for electrochemical sensors of
hydrogen peroxide. In our previous study, cobalt manganese
oxides (CMO) with the tunable nanostructures serve as the proper
substrates to study how graphene interacts with 3D nanovoids, and
the corresponding changes of the electrocatalytic activities [24]. In
addition, CMO with the improved conductivity and mixed valency
is advantageous to perform highly sensitive H,O, detection as low-
cost and noble metal-free sensors. Successful hybridization of
graphene with the nanostructured CMO is expected to significantly
enhance the sensing performance.

In this work, we report the hybridization behavior of graphene
with the 3D nanovids in cobalt manganese oxide (CMO) for the
synergistic electrocatalysis of hydrogen peroxide reduction. The
presence of 3D nanovoids traps the greater amount of graphene in
the composites, leading to the increase of surface areas, uniform
porosity, and the enhanced H,0, sensitivity by 2900 and 48 times
higher than commercial cobalt oxides and bare CMO, respectively.
The effective interfaces between graphene and CMO are recog-
nized as the new, high-performance electrocatalytic sites. The
inhomogeneous distribution of graphene in 3D nanovoids


http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.09.041&domain=pdf
http://dx.doi.org/10.1016/j.electacta.2015.09.041
http://dx.doi.org/10.1016/j.electacta.2015.09.041
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta

W.-J. Lan, C.-H. Chen/Electrochimica Acta 180 (2015) 1014-1022 1015

emphasizes the essential role of continuous charge transport
routes to achieve the synergistic performance.

2. Experimental
2.1. Preparation of Cobalt Manganese Oxide (CMO)

To synthesize CMO, deionized (D.I.) water was mixed with
C0S04-7H,0 (8.08 mmol) and KMnO,4 (2.69 mmol) to form a purple
solution (71 mL) and then transferred to a Teflon-lined autoclave
for hydrothermal treatment at 100 °C. The products were calcined
in air at 500°C for 6 hours to yield CMO materials. The smooth
surface CMO was prepared hydrothermally at 60 °C.

2.2. Preparation of graphene oxide (GO) colloids

Thin graphene oxide sheets were synthesized from bulk
graphite crystals according to the modified Hummers method
[25]. Graphite powder (1.0 g), sodium nitrate (0.5 g), and sulfuric
acid (100 mL, 96%) were mixed first for 30 min, and then potassium
permanganate (6.0 g) was added into the mixture slowly under ice
bath. After the removal of ice bath, the reaction temperature was
brought to 50°C for 16 hours. D.I. water (200mL) and 23 mL of
hydrogen peroxide were added into the suspension to reduce the
residual permanganate and manganese oxide. The suspension was
filtered and washed with HCl (500 mL, 10%) and D.I. water to pH 6.
The GO colloidal solutions were further exfoliated by ultra-
sonication for 30 min, followed by a centrifugation at 14,000 rpm

\ v

for 10 min to collect the GO sheet suspension (0.2 mgmL™'). The
as-obtained GO samples carry negatively charged surface in the
range of pH 2-14 [26].

2.3. Preparation of graphene/CMO composites

CMO powder (0.4 g) was first dispersed in 200 mL ethanol by
sonication for 30 min, followed by an addition of 2mL of (3-
aminopropyl)-trimethoxysilane (APTMS) for a reflux at 80°C [27-
29]. The as-obtained powder was sufficiently rinsed with ethanol
to wash away any remaining APTMS moiety to obtain the APTMS-
treated CMO. Different amounts (10, 20, and 40 mg) of the as-
prepared GO sheets were added into the APTMS-CMO suspension
and refluxed at 100°C for 24 hours to yield the black powder of
GO-CMO hybrids. To reduce the GO into rGO, these GO-CMO
hybrids were hydrothermally treated at 180°C for one hour to
produce rGO-CMO hybrids. The rGO-CMO composites prepared
with 40, 20, and 10 mg of GO were denoted as G-CMO, G-0.5-CMO,
and G-0.25-CMO, respectively. For the preparation of graphene
hybrids by direct one-step method, cobalt sulfate (8.08 mmol),
potassium permanganate (2.69mmol), and GO (40mg) were
mixed together in D.I. water of 70 mL to yield a brownish-purple
solution and then hydrothermally treated at 100°C for 24 hours.
The precipitates were washed with D.I. water and then dried at
60°C for 12 hours. Following the suggestion of a reviewer, an
additional sample with 90 mg of GO hybridizing with CMO was
prepared and tested to understand the effect of thick graphene
coating on CMO.
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Scheme 1. The illustration of graphene hybridization with complex nanostructures. The APTMS treatment generates the positive charged surface on CMO. The fully
graphene-covered CMO composites (e.g. G-CMO) exhibits fast charge transportation for electrocatalysis (the right pathway), while the partially graphene-covered CMO with
the discontinuous graphene shell suffer from the retarded migration of charges (the left pathway).
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2.4. Preparation of G-CMO modified electrodes

A glassy carbon electrode (GCE) with a diameter of 3 mm was
polished by alumina slurry to clean the electrode surface first.
Various hybrids were ultrasonicated in ethanol (1 mL) for 30 min to
obtain a homogeneous suspension. Then 10 L of the suspension
was loaded on a glassy carbon electrode and dried at room
temperature. A drop of Nafion (0.1%, 10 L) was deposited on the
top of the dried samples to obtain the modified electrodes for
electrochemical measurements.

2.5. Material characterization and electrochemical measurement

The SEM images were acquired using a Zeiss Supra 55 Gemini
FE-SEM with a Schottky emitter operating at 5kV. Transmission
electron microscopy (TEM) images were obtained with a FEI Tecnai
F20 at 200 kV. Thermogravimetry analysis (TGA) was performed by
heating the samples in O, with a flow rate of 30mLmin~! on a
PerkinElmer TGA4000 thermal analyzer (heating rate: 10°C
min~!). The XRD patterns were acquired using a Bruker
diffractometer with a Cu-Ka X-ray source
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Fig.1. Graphene-cobalt manganese oxide hybrid materials. (a) The SEM images of bare CMO with the nanostructured voids (red arrows) on the surface. (b) SEM images of G-
CMO. (c) The TEM images of G-CMO with the graphene sheets wrapping on the surface. (d) The higher magnification images correspond to the red square in (c). (e) The marks
of nanoflakes (white dash-line) and voids corresponding to the image in (d), presenting the nanostructure voids filled up with graphene (blue arrows). (f) The HR-TEM images
of a single flake of G-CMO. (g) The XRD patterns of (i) CMO, (ii) APTMS-treated CMO, and (iii) G-CMO. (h) The EDXS analysis of CMO and G-CMO. (i) The Raman spectra of rGO
and G-CMO, (j) The XPS results of C 1 s in G-CMO before and after hydrothermal reduction. Four different carbon species with the corresponding binding energy (BE), including
C=C(284.7eV),C—0(285.9eV), C=0 (287.6eV), and 0—C=0 (289.1 eV) were applied to analyze the spectra. (k) The comparison of TGA profiles of CMO, G-CMO, and rGO.
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Table 1

1017

The summary of conductivity, surface areas, and graphene content of G-CMO samples.

Sample Conductivity (Scm™) Surface area (m?g~') Graphene content (%)
CMO 15x1072 57 -2

G-0.25-CMO 21x107! 83 3.60

G-0.5-CMO 45%x107! 104 713

G-CMO 73x107! 200 15.8

2 Not available

(A=1.5418 A). Raman spectra were collected on WITec Confocal
Raman Microscope Alpha300R with 532 nm laser. The BET surface
area and nitrogen adsorption-desorption isotherms were deter-
mined using a Micromeritics ASPS 2010 system. The XPS experi-
ments were carried out with a Kratos Axis Ultra DLD with Mg/Al
achromatic source. The resistance measurements were conducted
with Quatek 5601Y Sheet Resistivity Meter Four Point Probe.

Electrochemical measurement by cyclic voltammograms was
recorded at potentials ranged from —1.0V to 0V with a scan rate of
50mVs~!in a 1 mM H,0,. Chronoamperograms were carried out
with the injection of a certain volume of H,0, solution into a 0.1 M
phosphate buffer solution (PBS) at pH=7.2. Electrochemical
measurements were conducted with a conventional three-
electrode configuration using Ag/AgCl (saturate NaCl) as the
reference electrode and Pt as the counter electrode in a CHI614D
electrochemical analyzer.

3. Results and Discussion
3.1. G-CMO preparation and characterization

The hybridization of graphene sheets and nanostructured CMO
materials was accomplished by electrostatic attraction between

negatively charged colloidal graphene oxide (GO) nanosheets and
positively charged surface of CMO. We prepared CMO samples first

permanganate hydrothermally and followed by the calcination
at 500 °C subsequently. The as-obtained CMO was subjected to the
surface modification procedure with (3-aminopropyl)-trimethox-
ysilane (APTMS) to generate positively charged surface [27-29]. GO
colloids were refluxed with the APTMS-treated CMO for graphene
hybridization, and then hydrothermally treated at 180°C to
convert the hybridized GO into the reduced form, yielding the
reduced GO/CMO composites, denoted as G-CMO. Compared to
GO, the relatively high charge transport and conductivities of rGO
are desired to enable stronger electrochemical activity in G-CMO
[30]. The presence of hydroxyl and carboxyl groups in GO could
potentially interfere with the charge transport and thus inhibit
electrochemical activities. The synthetic procedure of graphene/
CMO hybrids is illustrated in Scheme 1.

Bare CMO shows the 3D hierarchical nanostructures, comprised
of nanoflake interconnection with voids surrounded by individual
nanoflakes (labeled by red arrows in Fig. 1a) [31]. After graphene
hybridization, G-CMO was fully wrapped by rGO sheets without a
significant change of the original 3D nanostructures in the bare
CMO (Fig. 1b). The transmission electron microscopy (TEM) results
of G-CMO show that the semi-transparent graphene sheets
continuously attached on the whole surface of CMO spheres
(Fig. 1c). In the higher magnification images of graphene/CMO
interface (Fig. 1d), the nanostructured voids located between the
nanoflakes (labeled by white dashed lines) were completely filled

by the redox reaction of cobalt sulfate and potassium with graphene, schematically presented in Fig. 1e with the aid of
-5
] rGO C)-50-
(a)- — (b)'lo 5uM 0.1 mM (A)
] -15 I 0.2mM s G-CMO
[20 pA 5
] H & 20 } :g
. CMO L 05 mM E 0. G-0.25-CMO
5] ] e g o E 6 *
3 s T 20
] G (,M()_ I 35 |
] e Z -40 E .10
] - =-=-—=_ s -45
il 50 0- Commercial Co;0,
L0 08 06 -04 -02 00 0 300 el 1500 0 10000 20000 30000 40000 50000
Potential (V v.s. Ag/AgCl) Timei) Concentration (M)
0
(d () 2 ® -]
100 1.8+ -4 Acetaminophenol
164 9 AA Hy0,
g 804 ] T -8 Glucose
g :: 2 0] Hy0; DA UA
& 60 2 .12 |
= =0 E
£ E"’: & -14d } l
5 40 o %% -16 "
'\‘3 0.6+ _18] \"""’
2044 0.4 - 220
0.2+ 224
04 . 0.0- 2244
1 2 3 4.5.6 7 150 fod — Noz Hes — Ned 100 200 30 400 S0 600
Time (day) Electrode Time ()

Fig. 2. Graphene-cobalt manganese oxide hybrid as hydrogen peroxide sensors. (a) CV curves of rGO, CMO, and G-CMO acquired in blank buffer solutions (solid line) and
1 mM H,0, buffer solutions (dashed line). (b) The amperometric response of G-CMO at —0.5 V with successive additions of H,0,. (c) The corresponding calibration curves of
G-CMO,G-0.25-CMO, CMO, and commercial Co304 for the comparison of sensitivities. (d) The continuous tests of H,O, sensing up to 150 days. (e) The comparison of
amperometric responses of four different electrodes modified with G-CMO. (f) The selectivity studies of G-CMO in the presence of interfering species of DA, UA, AA, glucose,

and acetaminophen.
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Fig. 3. (a) The SEM images of the product prepared without APTMS modification on CMO surface, showing no interfacial hybridization between graphene stacks and CMO. (b)
The CV comparison of the composite in (a), labeled by I, and G-CMO, labeled by II, in blank buffer solutions (solid line) and 1 mM H,0, buffer solutions (dashed line).

blue arrows. The high-resolution (HR) TEM images show a lattice
spacing of 0.243nm in CMO nanoflakes, corresponding to the
(311) plane of spinel Co304 structure (Fig. 1f). We observed a
complete hybridization of graphene sheets on CMO without the
presence of free graphene and nanostructured CMO under TEM.
The XRD patterns of CMO samples correspond to spinel Co304
phase (JCPDS 9-418) before graphene hybridization (Fig. 1g). After
APTMS functionalization and GO reduction at 180°C, the Co304
phase in CMO remained unchanged. Fig. 1Th shows the elemental
compositions of bare CMO and G-CMO. No significant variation of
Co/Mn ratios in G-CMO was observed, demonstrating the effective
preservation of the intrinsic morphologies/properties of CMO
during the hybridization process.

The Raman results of G-CMO demonstrate characteristic D and
G bands (at ~1355 and 1591 cm™~! respectively) that observed in
GO and rGO [32], confirming the presence of graphene in G-CMO
(Fig. 1i). We further acquired the XPS spectra of C1s to identify the
generation of rGO (Fig. 1j). The graphene hybrids before
hydrothermal treatment show relatively higher contents of
oxidized carbon species [33,34], while the significantly lowered
levels of that in G-CMO were observed after the reduction. CMO
samples exhibit the high thermal stability with a weight loss of
3.2% up to 600 °C, while rGO shows a full decomposition at ~300°C
(Fig. 1k). The TGA profiles of G-CMO demonstrate a weight loss of
15.8% at 300°C, identified as the graphene decomposition by
referencing the profile of rGO.
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Fig. 4. The XPS comparison of CMO and G-CMO. (a) The Co 2p spectra of G-CMO exhibit the peak shift to the higher binding energy values as shown in the zoom-in spectra of
2P, (blue square) and 2Py, (green square), respectively. No appreciable shift was observed for Mn 2p spectra in (b). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Graphene hybridized CMO with different graphene contents. (a) The SEM images of G-0.25-CMO and (b) G-0.5-CMO with the red arrows indicating the graphene
coverage boundary. (c) TEM images of G-0.25-CMO. (d) The higher magnification TEM images correspond to the red square area in (c). (e) The HR-TEM images correspond to
the blue square area in (d). The presence of interfacial graphene hybridization is indicated by the black arrows. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

We measured the conductivities and surface areas of graphene
hybridized CMO composites (Table 1). As compared to bare CMO,
the graphene hybridization significantly increases the surface
areas of these composites. G-CMO shows the greatest surface area
value around 3.5 times higher than CMO. The isotherms of N,
adsorption-desorption of rGO, CMO, and G-CMO are shown in
Fig. S-1. The uniform pore sizes (4-6 nm) observed in graphene-
based samples (rGO and G-CMO) are different from that of bare
CMO, demonstrating that the surface porosity features of the
hybrids are mainly contributed by graphene. The increase of
conductivity due to graphene hybridization was observed as well,
where that of G-CMO was around one order of magnitude higher
than bare CMO. Compared to the conductivity improvement
(~10%) caused by structural substitution in cobalt oxides [24], the
relatively small increase of conductivity (~10') is most likely due
to the surface wrapping of graphene.

3.2. Electrocatalytic H,0, reduction and sensing

G-CMO composites with superior conductivity and surface
areas were tested for electrochemical catalysis and sensing
applications. The cyclic voltammetry (CV) results of G-CMO show
the much stronger characteristic peak of H,O, reduction at —0.48 V
than these of rGO and CMO (Fig. 2a). G-CMO exhibits the enhanced
electrocatalytic activities with the onset potential at around
—0.15V, significantly more positive than these of rGO (-0.25V),
bare CMO (—0.35V), and the reported metal oxide sensors at
~0.77V in the literature [35]. In addition, the much stronger peak
currents of G-CMO are 2.2 and 2.4 times greater than rGO and bare
CMO, respectively. These results clearly indicate the synergistic
enhancement in electrocatalysis of G-CMO due to the effective
hybridization of graphene and nanostructured CMO.

The H,0, sensing performance of G-CMO was evaluated by
measuring the amperometric responses with the successive
changes of H,0, concentrations. Fig. 2b shows the typical
current-time plot with the systematic increase of H,O, concen-
trations over time. The rapid, stepwise current changes corre-
sponding to the increase of hydrogen peroxide concentrations
were observed (Fig. 2b), showing the H,0, sensing capability of G-
CMO in a biocompatible condition. The corresponding calibration
curves of G-CMO (Fig. 2c) show a sensitivity of 11.0 wA/mM
(R?=0.998), around 2900 and 48 times higher than commercial
C0304(0.0038 wA/mM) and bare CMO (0.23 wA/mM), respectively.
By the continuous sensing operation every day for a week and up to
150 days, G-CMO-modified electrodes exhibit the long-term
stability under an ambient storage. In this period of time, the
measured amperometric responses show a relative standard
deviation (RSD) less than 2.9% (Fig. 2d). In addition, the H,0,
sensing signals acquired from four different G-CMO electrodes
showed a RSD of 3.6% (Fig. 2e), indicating the high reproducibility
for sensor applications. Fig. 2f demonstrates the sensing selectivity
of G-CMO with the addition of common interfering species,
including dopamine (DA), glucose, ascorbic acid (AA), uric acid
(UA), and acetaminophen based on their physiological levels.
Negligible signal changes compared to that of H,O, were observed,
showing the exceptional anti-interference capability of G-CMO
than related graphene composites [36]. G-CMO clearly manifests
the excellent sensitivity, selectivity and stability for biocompatible
H,0, detection.

3.3. Graphene/CMO Interfaces

The effect of graphene/CMO interfaces on the synergistic
electrocatalysis was investigated by the hybridization
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homogeneity and XPS studies. The control samples following the
same preparation conditions of G-CMO without APTMS modifica-
tion were prepared and shown in Fig. 3a. These samples that lack
the graphene/CMO interface exhibit the more negative onset
potentials and weaker magnitude of reduction current as
compared to G-CMO, indicating no synergistic enhancement
between rGO and CMO (Fig. 3b). Thus the formation of
graphene/CMO interfaces is critical to achieve the enhanced
electrocatalytic activities.

In addition, we compared the XPS results of G-CMO with bare
CMO, and observed the difference of binding energy (BE) in Co
spectra but identical these for Mn species (Fig. 4). The cobalt
species hybridized with graphene show the peak shift toward high
binding energy region with 0.4 eV and 0.3 eV shifts for Co 2p4/; and
Co 2p32 respectively, suggesting the increased Co(III) in the mixed-
valence pair of Co(Il)/Co(IlI). The greater quantity of Co(Ill) in the
mixed-valence pairs favors the electrocatalytic reduction of H,O,
[37]. The higher valence states of Co at the graphene/CMO
interfaces may contribute to the greatly enhanced electrocatalysis.

3.4. Effect of 3D nanovoids

To further investigate the role of nanovoids for void-filling
behavior of graphene and the enhanced electrocatalysis, two
additional samples with decreased contents of graphene were
prepared. G-0.5-CMO and G-0.25-CMO, with one half and one
quarter the amount of graphene used in G-CMO respectively, show
the partial graphene coverage on the nanostructured CMO surface
(coverage boundary labeled by red arrows in Fig. 5a and b). With
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the insufficient amount of graphene, the hybridized graphene
tends to distribute locally rather than a homogenous coverage with
a relatively thinner thickness on the surface. The TEM results of G-
0.25-CMO confirm the absence of graphene filling in the nanovoids
(more than 80% area), but still show the thin graphene/CMO
interfaces (Fig. 5c-e). Such the inhomogeneous distribution may
imply that not all the nanovoids of CMO were modified by the
APTMS treatment. The initially anchored graphene may induce the
further accumulation by - stacking until the complete filling in
the nanovoids, leading to the local hybridization of graphene.

In the CV comparison of CMO, G-0.25-CMO, G-0.5-CMO, and G-
CMO (Fig. 6a), all the graphene hybridized samples exhibit
stronger activities of H,O, reduction than bare CMO. Although
G-0.5-CMO shows the higher reduction currents than G-0.25-CMO
by ~30%, these two samples display no characteristic reduction
peaks as observed in CMO and G-CMO, possibly attributed to the
different porosities and diffusion kinetics of the two different
electrocatalytic sites: bare CMO surface and graphene/CMO
interfaces. In addition, G-0.25-CMO exhibits the weaker sensitivity
(0.71 wA/mM) compared to G-CMO (Fig. 2¢). These results indicate
that the continuous graphene coverage with uniform porosity is
critical to achieve rapid mass transport and high electrocatalytic
actives.

Based on this observed hybridization behavior, samples that
lack the 3D nanovoids should not accumulate the same amount of
graphene as G-CMO does. To verify this point, we prepared
additional CMO that has much smoother surface (less void feature,
Fig. 6b), hybridized with the same amount of GO used for G-CMO.
In the TGA results, this smoother CMO captures the lowered

Fig. 6. (a) The comparison of CVs of CMO, G-0.25-CMO, G-0.5-CMO, and G-CMO in the presence of 1 mM H,0, in PBS. (b) The SEM images of the smooth CMO, and (c) its
graphene hybrid products. (d) The TEM images of the product in (c). The inset with the higher magnification shows the void-free feature of CMO with the blue arrows
indicating the hybridized graphene/CMO interface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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graphene contents decreased by ~25% than G-CMO. The electron
microscope images in Fig. 6¢ and d show the even coverage of
graphene sheets on the smooth CMO surface without graphene
filling observed in G-CMO, confirming the presence of nanovoids
capable of trapping more graphene for high surface areas.

In addition, the CV results of graphene/smooth CMO composites
show the onset potentials for H,O, reduction close to that of G-CMO
(around —0.15 V), but with a much weaker reduction current (Fig. S-
3). Their comparable onset potentials may support the similar
electrocatalytic sites formed at the graphene/CMO interfaces for
synergistic electrocatalysis. The weaker reduction currents of
graphene/smooth CMO may be attributed to the relatively small
graphene contents due to the smooth surface, leading to the smaller
surface areas and conductivity for electrocatalysis.

3.5. Graphene coverage and synergistic electrocatalysis

The potential mechanism of electrochemical enhancement in
graphene/CMO composites is proposed as illustrated in Scheme 1.
The weight percents of graphene content in the composites are
nearly proportional to the amounts of graphene used in the
preparation (Fig. S-2 and Table 1), yet the drastic enhancement of
electrocatalysis only observed in G-CMO. Due to the inhomogeneous
distribution and graphene on CMO surface, these results imply that
a certain amount of graphene is needed to stimulate the synergistic
performance. The full graphene coverage in G-CMO creates the
continuous, conductive charge-transport shells (Scheme 1, right
pathway) facilitating the charge-exchange processes at the electro-
catalytic interface. The sufficient graphene/CMO hybridization
enables G-CMO the largest surface areas, smallest onset potentials,
greatest reduction currents, as well as the strongest synergistic
sensitivity. For G-0.25-CMO and G-0.5-CMO, the lack of continuous
graphene coverage due to the relatively low graphene contents
retards the charge transport and hopping process for electro-
catalysis (Scheme 1, left pathway). Completed graphene filling in
nanovoids may maximize the quantity of graphene/CMO interfaces
and surface areas for the optimal graphene-enhanced electro-
catalysis. Samples prepared with the higher amount of graphene
than G-CMO do not exhibit greater electrocatalytic activities (Fig. S-
4). Thick graphene coating may block the electrocatalytic-active
sites at the interfaces. In addition, the thicker graphene coating
could induce a stronger capacity effect, inhibiting the electro-
catalytic sensing performance.

4. Conclusion

We demonstrated that G-CMO with interfacial combination of
pure 2D graphene sheets with 3D nanovoids results in the
synergistically enhanced electrocatalysis (2900 and 48 times
higher sensitivity than commercial products and bare CMO,
respectively). The complexity of nanostructures may govern the
trapping amount of graphene and also the composite performance.
Controls of the surface modification, graphene coverage, and
nanostructures are the effective approaches to manipulate the
active interfaces, surface areas, porosities, and conductivity of the
as-generated 3D graphene nanocomposites. Combinations be-
tween diverse nanostructures and graphene lead to new impacts
on the future designs of graphene-hybridized composites,
particularly important in upgrading well-developed materials
and catalysts.
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