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Technological progress is determined to a greater extent by developments of
novel materials or new combinations of known materials with different
dimensionality and diverse functionality. In this work, we report on the syn-
thesis and characterization of graphene-based hybrid nanomaterials coupled
with transition-metal oxide polymorphs (nano/micro-manganese oxides, i.e.,
p-MnO, [Mn(IV)] and Mn304 [Mn(II, IID)]). This lays the groundwork for high-
performance electrochemical electrodes for alternative energy devices owing
to their higher specific capacitance, wide operational potential window and
stability through charge—discharge cycling, environmentally benignity, cost-
effectiveness, easy processing, and reproducibility on a larger scale. To
accomplish this, we strategically designed these hybrids by direct anchoring or
physical adsorption of f-MnOy and Mn3O,4 on variants of graphene, namely
graphene oxide and its reduced form, via mixing dispersions of the constitu-
ents under mild ultrasonication and drop-casting, resulting in four different
combinations. This facile approach affords strong chemical/physical attach-
ment and is expected to result in coupling between the pseudocapacitive
transition-metal oxides and supercapacitive nanocarbons showing enhanced
activity/reactivity and reasonable areal density of tailored interfaces. We used
a range of complementary analytical characterization tools to determine the
structure and physical properties, such as scanning electron microscopy
combined with energy-dispersive x-ray spectroscopy, atomic force microscopy,
x-ray diffraction, resonance Raman spectroscopy combined with elemental
Raman mapping, and transmission electron microscopy in conjunction with
selected-area electron diffraction. All of these techniques reveal surface mor-
phology, local (lattice dynamical) and average structure, and local charge
transfer due to the physically (or chemically) adsorbed manganese oxide of
synthesized hybrids that helps to establish microscopic structure—property—
function correlations highlighting the surface structure and interfaces to
further investigate their electrochemical supercapacitor properties.

Key words: Graphene derivatives, manganese oxide polymorphs, charge
transfer, surface structure and tailored interface, Raman
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INTRODUCTION

Grapherée is a single atomic layer of sp®bonded
(Received August 14, 2014; accepted September 17, 2014; carbon (Sp‘ C) in which the CaI‘bOI} atoms are bpnded
published online October 10, 2014) together in a hexagonal lattice resembling a
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honeycomb.? It has several unique superlative
physical properties such as an ambipolar electric
ﬁeld effect hlgh mobility of charge carriers (~2O 000
em? V71 s71), anomalous quantum Hall effect,® and
massless relat1v1stlc carriers. All of these properties
make graphene appropriate for many potential
applications including graphene nanoribbon tran-
sistors, single-molecule gas detectors, and transpar-
ent conducting electrodes. Moreover, field-effect
transistors based on graphene are now considered a
candidate for post-silicon and radiofrequency (RF)
electronics. It also exhibits a hi§h theoretical specific
surface area (2630 m®>g 1)* and remarkable
mechanical strength and flexibility (Young’s modu-
lus ~1 TPa)® suitable for super(ultra)capacitors®’
and Li-ion battery anodes.®

In addition, graphene can be modified through a
variety of chemical interactions/moieties to form
numerous graphene derivatives with tailored and
desirable properties.” Graphene oxide (GO)'*!! and
reduced graphene oxide (rGO)'? are graphene
variants emerging as novel functional nanoscaffolds
for use in physical, chemical, and biological appli-
cations, 1nc1ud1ng semlconductor materlals in tran-
sistors,’® liquid- crystal dev1ces hydrogen-based
energy storage devices,'® electrochemical blologlcal
sensors, nanomedlclne 1 supercagamtors
batteries,?’ solar cells,?! and fuel cells.?>?? In fact,
GO recently emerged as a solution-processable
material for large-area electronics because it can be
readily and uniformly deposited on a range of sub-
strates and reduced by various means. While GO
can be considered as the 1nsu1at1ng (due to the
presence of saturated sp>-bonded carbon atoms
bound to oxygen) and disordered analog of the
highly conducting crystalline graphene with oxy-
genated functional groups (carboxyls or -COOH and
epoxides or —ROOH at the edges and hydroxyls
or —OH on the surface), its reduced form (rGO)
containing residual (~8 at.%) oxygen and possibly
amine groups from hydrazine monohydrate permits
semiconductor transition and offers tunable elec-
trical conductivity over several orders of magnitude
and a priori quasi-equivalent to graphene The
covalent oxygen functional gro ;)s give rise to
remarkable mechanical strength®* along with
molecular-level chemical-biological sensing capa-
bility.?6-2® The C—O bonds possess differing chemi-
cal reactivity based wupon their location and
hybridization, owing to the electron-withdrawing
effect of sp-hybridized oxy ygen (carbonyl groups) and
the donating effects of sp“-hybridized oxygen (alco-
hol groups). In addition, the presence of a few sp® C
sites disrupts the flow of charge carriers through sp”
clusters so that electrical transport in rGO occurs
prlmarlly by hopping rather than near ballisti-
cally,?® as is the case for traditional, mechanically
exfoliated graphene. Moreover, these chemical
modifications can further tailor the surface chem-
istry to specific applications, including hydrophilic
versus hydrophobic (GO) behavior, facilitating

feasible interactions and surface and interface
structure dependent electrocatalytic activity,
especially when combined with other nanoscale
materials. 83031

Also, due to the lack of detailed knowledge on the
bonding configuration, location of the residual oxy-
gen, density and type of defects generated during
oxygen evolution, and the hybridization states of
C—C and C=0 bonds and their spatial distribution,
understanding of the exact nature of the electronic
structure is limited. However, this limited knowl-
edge and information on rGO and GO does not
prevent their development with other materials to
form hybrids with facile surface structure and tai-
lored interfaces for electrochemical applications as
presented in this work. This is due to the wide
proliferation of portable consumer -electronics,
where much effort has been devoted to lightweight,
flexible, and even wearable electronics to meet
growing demands from modern society, being
applicable for wearable dlsplays artificial electronic
skin, and distributed sensors.?

Electrochemical systems represent some of the
most efficient and environmentally friendly energy
technologies exhibiting growing demand. Owing to
their unique power and energy density range, they
fill the gap between traditional capacitors and bat-
teries by enabling supercapacitors, which 4play avital
role in energy storage and conversion.?**® Typical
supercapacitive electrode materials include carbon-
based nanomaterials, conducting polymers, and
transition-metal oxides.?*~*® While supercapacitors
based on a gamut of nanocarbons including activated
carbon, porous carbon, carbon nanotubes, and now
graphene have been investigated, they by themselves
are performance limited (in terms of power and
energy density). As a result, novel functional mate-
rials with greater performance become indispensable
and breakthroughs happen when new types of
materials or new combinations of known materials
with different dimensionality and functionality are
created. To address these issues, pseudocapacitive
(alternatively, redox-active) materials such as
oxides, hydroxides, and polymers are being explored
for supercapacitors with increased specific capaci-
tance and high energy density. Metal oxides (MeO,)
represent an attractive type of material with high
specific capacitance, wide operational potential win-
dow (required for Faradaic redox reactions), and
stability through multiple cycling. Among several
redox-active materials (e.g., RuO,, T102, Co30y,
V505, Fes03, CoO, NiO, MoOs,, etc.),*> % recent
research has shown that manganese oxide poly-
morphs (i.e., MnO5 and Mn30,4) appear to be the most
promising materials. The latter offer advantages of
relative cost-effectiveness, simplicity, scalable syn-
thesis and processability, environmental benignity
(being harmful only by excessive inhalation), and rich
electrochemical properties [rapid chargmg—dls-
charging with various oxidation states (Mn?*/Mn?3*/

Mn**)1.* Mn30, is a unique mixed-valence oxide
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Fig. 1. (Color online). Schematic illustrations of four different types
of transition-metal oxide nanoparticle (TMeONP)—graphitic interface:
(a) pristine interface where TMeONP and pristine graphitic surfaces
are in direct contact, (b) TMeONP—defect interface where atoms of
TMeONP are bonded to defect sites of the graphitic surfaces,
(c) noncovalent interface or physisorption where functional moieties
of graphitic surfaces interact through noncovalent interactions with
TMeONP, and (d) covalent interface where covalent bonding or
chemisorption between graphitic surface and its functional moieties
and TMeONPs is formed.

which adopts a tetragonally distorted spinel struc-
ture at ambient conditions.*’ The other polymorph
p-MnQOg crystallizes in the rutile crystal structure
with three-coordinate oxide and octahedral metal
centers.*® f-MnO, is characteristically nonstoichio-
metric, being deficient in oxygen.

Graphene-based two-dimensional (2D) and three-
dimensional (3D) hybrid materials open up new
frontiers in science and technology and expand the
scope of graphene applications as synergistic effects
can result from the interaction between graphene
and nanomaterlals supported on/in the graph-
ene.?® 2 Figure 1 illustrates a range of possible
transition-metal oxide nanoparticle (TMeONP)-
graphitic interfaces that can be formed either sep-
arately or concurrently. Hybrid systems combine
materials of different natures, like composite
materials, but unlike the latter, the constituents are
usually bound by some interaction, be it strong, for
example, covalent-like,”® or weak, as in some lay-
ered materials intercalated with polymers.®* The
concept of the hybrid system extends to situations in
which, despite the absence of a bond between the
compounds, at least one of the compound’s proper-
ties influences those of the other compounds, lead-
ing to combmed or novel functions, which is the case
herein.?® This broad definition of a hybrid system
encompasses systems whose properties are gov-
erned by proximity effects, for example proximity-
induced superconductivity. In sp®-bonded graphite
and other nanocarbon systems, interface atoms are
an important, if not the main, constituent of the
hybrid system. This is a general characteristic of
hybrid materials based on sp? C resulting from the
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topography of these forms of carbon. This is an
attractive feature, since in many cases the extent to
which the hybrld system’s properties can be engi-
neered is related to the role of interfaces.’® Most
systems referred to as graphene-based hybrids are
prepared following chemical routes. It is widely
known that GO and rGO can serve as both a sup-
porter and a conduction path for shuttling electrons
involved in redox reactions during electrochemical
processes.

In this study, this is clearly the case and will
indiscriminately enhance the electrochemical
activity of the different graphene-based hybrids. In
spite of substantial research activity, keeping in
view the insights into surface and/or local charge
transfer and interfacial aspects, knowledge on the
microscopic structure and property relationships is
limited. p- and n-type doping of graphene achieved
through surface transfer doping or substitutional
doping and applications based on doping are of great
importance. This is because it is beneficial to design
high-performance electronic devices based on
chemically doped graphene. Recently, metal ada-
toms and clusters on graphene have been a topic of
great interest, and it is expected that they locally
dope or modify the band structure.

We aimed to develop 3D hybrid nanomaterials by
utilizing GO and rGO (supercapacitive) cou7pled
with p-MnO,; and Mn3;O, (pseudocapacitive)®” for
use in electrochemical applications. It is noteworthy
that, in practical supercapacitor electrodes, two
energy storage mechanisms often work rather con-
comitantly. There is a considerable impact of
nanotechnology on the electrochemical properties of
manganese oxide nanomaterials with desired and
uniform structures for energy storage applications.
We strongly believe that such interfaces can offer
additional electrolyte-transport paths for electron
transfer and proton/cation diffusion due to their 3D
interconnected tunnel crystal phase and unique
microspherical architecture constructed from small
nanoparticles. The strategic choice of MnOy and
Mn3O0y4 is due to their higher specific capacitance,
wide operational potential window and stability
through charge—discharge cycling, and environ-
mentally benignity, creating novel functional hybrid
nanomaterials that are cost-effective, easily pro-
cessable, and reproducible on a larger scale; they
are investigated in terms of structure and physical
properties, highlighting the surface structure and
interfaces.

EXPERIMENTAL PROCEDURES
Sample Preparation

To synthesize thin films of GO (Graphene
Supermarket, TX), rGO (Graphenea Inc., Spain),
and their hybrids with two polymorphs of manga-
nese oxide (f-MnQOs, Mn30,4) (US-nano, TX) nano-
powders, concentratlons of 0.085 mg mL, ! GO (and
rGO), 0.2 mg mL™' p-MnO,, and 0.09 mg mL™*
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Mn3O4 were used. GO was prepared in deionized
(DI) water. rGO was prepared via a modified
Hummer’s method followed by chemical reduction
using hydrazine monohydrate.’®**! We made sus-
pensions/dispersions of 10 mL each in Milli-pure
(Milli-Q) water by stirring each of these solutions
mildly for around 1 h at room temperature followed
by ultrasonication for around 40 min of the con-
stituents. Each dispersion of graphene-based mate-
rial was individually combined/mixed with each
manganese oxide in 1:1 ratio by volume to form
hybrid solutions used in this study to determine an
optimized configuration via mild ultrasonication for
30 min. Thin films of each of these samples were
made by allowing a few drops of the solution to air-
dry on commercial Si(001) substrates coated with
285 nm SiO,, forming thin films of approximately
1 cm?. This approach affords strong attachment and
is expected to provide coupling between the pseud-
ocapacitive transition-metal oxides and nano-
graphenes, leading to enhanced activity/reactivity.
A complete list of the materials in the reference
samples S1 to S8 is presented in Table 1.

Sample Characterization

Scanning electron microscopy (SEM) images were
taken on a JEOL (model 5400LV, MA) instrument
operating with a thermionic emission gun (tungsten
filament) at different primary electron acceleration
voltages (V) in secondary-electron imaging (SEI)
mode, providing a topographical image collected
with an in-lens detector, also equipped with an ISIS
x-ray energy-dispersive spectroscopy (EDS) system.
While it can be operated in both backscattered-
electron imaging (BEI) and SEI modes, we specifi-
cally used SEI for imaging and BEI for EDS ele-
mental composition contrast, both at V. = 10 kV
with constant current of 45 yA. Atomic force
microscopy (AFM) was performed in contact and
noncontact modes in ambient conditions using a
PicoPlus instrument (series 5500; Molecular Imag-
ing Inc., MI). The AFM tips were made of silicon
with nominal resonant frequency and spring con-
stant of 15 kHz and 0.4 N m™ !, respectively; we

used a scan speed ranging from 1ums™' to
10 um s~ ! depending on the image size, a lateral
optical sensitivity level <1 ¢V, and the manufac-
turer’s stated tip radius of curvature when first
used of <10 nm (ContAl; BudgetSensors, Bulgaria).
Friction force was also obtained by dividing the
friction signal difference between the forward and
reverse scans by two. Samples for high-resolution
transmission electron microscopy (HRTEM) and
selected-area electron diffraction (SAED) were pre-
pared by placing one to two drops of individual
component and of hybrids on commercial lacey-
carbon Cu grids (Ted Pella Inc., CA) and allowing to
dry in air, giving several regions and a sufficient
number of isolated flakes and particles. HRTEM
measurements provided the nanoscale structure
morphology and helped to determine the interpla-
nar spacing semiquantitatively. TEM images and
SAED patterns were taken using a FEI Tecnai™
(model G2 F20) instrument operating at 200 kV and
1 nA with a Titan Themis charge-coupled device
(CCD) camera. For SAED, two apertures (0.23 ym
and 1 um) were used, with a small spot size and
spread beam to increase the electron coherence
length at the sample. Raman spectra of all samples
were measured to determine the lattice vibration
characteristics at various areas of interest on the
nanostructure and hybrid coating surfaces. The
Raman spectra were recorded using a micro-Raman
spectrometer (model InVia; Renishaw plc., UK)
equipped with an excitation laser with wavelength
of 632.8 nm (or energy Er, = 1.92 eV) and maximum
power of 18 mW (~4 mW to 6 mW incident at the
sample), with edge filters cutting at ~100 cm ™ '. The
scattered light from the sample was collected in
backscattered geometry, transmitted by a beam
splitter, and detected by a CCD camera. A 50x
objective lens was used, providing a spot size of
2 um to 3 um. Extreme care was taken to avoid
sample damage or laser-induced thermal degrada-
tion. The reflected light was filtered using an edge
filter to remove the laser excitation and sent to a
spectrometer. The Raman shift ranged from
400 cm ! to 3200 cm ! for Mn-containing hybrids
whereas for GO and rGO it was kept between

Table I. Summary of GO and rGO and their hybrids with nano/micro-manganese oxides, i.e., f-MnO, [Mn(IV)]
and Mn3O04 [Mn(I, ITI)], prepared using mild ultrasonication followed by drop-casting and drying at room

temperature (RT)

Sample ID Sample Material Specification

S1 GO (oxidized form of graphene with functional groups attached at edge and basal plane)
S2 rGO (reduced form of graphene oxide, equivalent of graphene)

S3 S-MnO; [manganese(IV) oxide; pyrolusite]

S4 Mn30,4 [manganese(Il, III) oxide; hausmannite]

S5 S1 + S3 (drop-cast on SiOy/Si wafers and air-dried at RT)

S6 S1 + S4 (drop-cast on SiOy/Si wafers and air-dried at RT)

S7 S2 + S3 (drop-cast on SiOy/Si wafers and air-dried at RT)

S8 S2 + S4 (drop-cast on SiOy/Si wafers and air-dried at RT)
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Fig. 2. (Color online). SEM images of GO and rGO and their hybrids with nano/micro-manganese oxides, i.e., f-MnO, [Mn(IV)] and Mn3O,
[Mn(l1, 111)], with Vi of 10 kV in secondary-electron imaging (SEI) mode at constant current of ~45 pA. The corresponding BEI for GO/MnO, and
GO/Mn30, are shown for EDS studies, helping to corroborate the presence of elements such as C and Mn and to determine the elemental
composition at different spots on the sample (scale bars shown at bottom of images).

1150 cm ! and 3200 cm ™! with spectral resolution
of 1 em ™. The acquisition time per pixel was a few
minutes to slightly less than an hour in the case of
Raman mapping with spatial resolution of 0.2 ym
(or 0.12 ym) (or 200 nm or 120 nm) for an area of

20 ym x 20 um. To obtain more detail and greater
understanding of the interaction between nano-
tubes and polymer, we also measured the average
and local crystal structure. X-ray diffraction (XRD)
was carried out using a Siemens (now Thermo
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Fig. 3. (Color online). High-resolution transmission electron microscopy (HRTEM) images taken at 200 kV along with selected-area electron
diffraction (SAED) results for aperture size of 200 nm of representative samples of (a) GO/MnO,, (b) GO/Mnz04, and (c) rGO/Mn304. The
surface morphology exhibiting surface modulations and corrugated structures with small and large wrinkles is consistent with all kinds of
microscopy techniques, albeit at different spatial length scales. For SAED, a condensate aperture of 0.20 um in Kéhler condition was used with a
small spot size and spread beam to increase the electron coherence length at the sample. This allowed us to obtain a small, practically parallel
beam with illumination angle of 0.16 mrad and area of 200 nm in diameter only. The diffraction peaks were recorded using a CCD for further
quantitative analysis. The GO/rGO rings and diffraction spots of MnO, and Mn3;O, are apparent. The corresponding real space (dn;) intensity
pattern revealing the crystal structure of the hybrids is also provided. To find the intensity values, each of the Bragg reflections was fit using a
Gaussian distribution, yielding peak intensities, positions, and widths (scale bars shown at bottom of images).
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Fig. 4. (Color online). Atomic force microscopy (AFM) over 5 um x 5 um in contact mode showing (left panels) surface topography and (right
panels) friction images along with a three-dimensional representation of the surface topography obtained using Gwyddion software for repre-
sentative (a) GO and (b) rGO and their hybrids with nano/micro-manganese oxides, i.e., f-MnO, [Mn(IV)] and MnzO4 [Mn(ll, 1II)].
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Scientific, MA) model D2000 instrument, with x-ray
diffractograms acquired in Bragg—Brentano geom-
etry ranging from 260 of 8° to 70° using Cu K,
(42 = 1.5405 A) as an x-ray source operating at volt-
age of 45 kV and current of 40 mA. Samples were
analyzed at a scan rate of 0.04°/s, or for improved
signal-to-noise ratio at a scan rate of 0.02°s. For
measurement of room-temperature electrical prop-
erties, we made electrical contacts using colloidal
silver paste and attached a Cu wire for connection to
a Keithley 2400 source meter (Keithley, OH). We
measured the two-point contact resistance and

determined the room-temperature electrical con-
ductivity (g4.) of all of the samples studied.

RESULTS AND DISCUSSION

Effective characterization of metal oxide—gra-
phitic interfaces is rather challenging compared
with the straightforward overall hybrid morphol-
ogy. The interactions at metal oxide—graphitic
interfaces play essential roles in the synthesis
(morphology control), properties (material perfor-
mance), and applications of such nanohybrids.
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Fig. 4. continued.

Control and understanding of the interface will
greatly promote the development of advanced
metal—graphitic nanohybrid materials.®> Figure 2
shows SEM micrographs obtained in SEI mode at
various length scales of samples of constituents
(GO, rGO, MnO,, and Mn3O4) and of hybrids,
revealing distinct surface morphology evolution,
particle size and type variation (radiated spherulite
versus spherical), number of GO nanowalls through
thickness contrast and crumpled/wrinkled sheets,
rGO flake size distribution, and homogeneity/uni-
formity of thin films with dense packing. Numerous
aggregated nanoparticles with different shapes are
observed, and their diameter varies between 20 nm
and 80 nm. We also show BEI images and EDS
analysis of representative samples of MnOo/GO and
Mn304,/GO, revealing the elemental composition
distribution (grey being low-Z C and O and dark
being high-Z Mn), analysis of which confirms that

the crystals are made of C, Mn, and O with chemical
formula Mn3O4, including 85% MnsO, and 15%
MnO,, which is in agreement with a partially mixed
system as verified by the XRD pattern below.
Moreover, the red rectangles marked were used to
determine the Mn/C ratio, which turned out to be
0.88 at.% and 0.30 at.%, respectively. This implies
that, for each carbon atom, there is 0.0088 Mn and
0.003 Mn in these MnOs/GO and Mns0,/GO
hybrids, respectively. The corresponding morphol-
ogy was determined using TEM as shown in Fig. 3
at different magnifications along with SAED ring
and intensity patterns. The graphene ring intensity
pattern is included as a reference, and most of the
peaks of the hybrids show graphene and GO peaks
at 0.89 A, 1.22 A, 1.71 A, and 2.11 A. In the TEM
images, crystalline defects such as stacking faults
and dislocations are not found, and from the surface
morphology at the nanoscale it is apparent that the
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Fig. 5. (Color online). Variation of (a) grain size (d, nm) and (b) surface roughness (a,ms, Nm) deduced from AFM in Fig. 2 for all samples along

with individual components.

metal-oxide nanoparticles are laid upon nanowalls/
sheets of GO and rGO. The SAED pattern reveals
an almost single-crystalline nature of the Mn oxides
for which tetragonal and spinel structure can be
indexed, in agreement with the XRD results dis-
cussed below. Figure 3 also shows that the general
morphology of the as-prepared MnO, nanoparticles
consists of intertwined aggregates. Occasionally
Mn30, presents a nanoctahedron shape consisting
of two inverted pyramids attached at their square
base and bounded by eight triangular facets, unlike
MnOg, which is rather either spherically shaped or
nanorod- or needle-like. Moreover, these images
show well-dispersed nanoparticulates anchored on
graphene sheets/flakes/nanowalls. An enlarged
TEM image shows lattice fringes with interplanar
spacing d of 0.345 nm, corresponding to the (112)
planes of Mn3Oy4 crystals, and 0.273 nm, which is
equal to the lattice constant of the {200} plane of
Mn30y4. On the other hand, the well-resolved SAED
lattice fringes/rings give an interplanar spacing of
0.25 nm, in good agreement with the separation of
the (211) and (103) planes for MnOs.

Atomic force microscopy (AFM) images in two and
three dimensions for 5 um x 5 um areas, showing the
surface topography along with friction microscopy
images, are provided in Fig. 4a and b for rGO/(MnO,
and Mn30,), and GO/(MnO, and Mn3z0,), respec-
tively. The corresponding analyses in terms of grain
size (d) and root-mean-square surface roughness
(0rms) are summarized in Fig. 5. It is apparent that
there is an increase in g,,s and a marginal change ind
with the presence of manganese oxides on rGO and GO
sheets. The AFM results provide an estimate of the
size of the manganese oxide nanoparticles by them-
selves, with averages of 190 nm and 50 nm for MnO,,
and Mn3Oy, respectively. The thickness difference
determined through a line scan using Gwyddion soft-
ware between each layer was ~0.42 nm, being mar-
ginally higher than anticipated (0.34 nm).%®

X-ray diffraction (XRD) analysis was used to deter-
mine the crystallinity and phase of various forms by
determining the lattice spacing and crystallite size.
Figure 6a and b show XRD diffractograms of the con-
stituents and of the hybrids displayed in Fig. 6¢ and d.
The XRD pattern of GO is dominated by a single broad
peak at 16.6°, which corresponds to an interlayer dis-
tance of 0.74 nm (Fig. 6a). This shows larger inter-
planar spacing than that of graphite, which is
attributed to the expansion of galleries relative to the
parent graphite (0.34 nm), consistent with oxidation
of the graphene sheets and intercalation of water held
in the interlayer galleries of hydrophilic GO. On the
other hand, the pattern of the hydrazine-reduced rGO
contains very broad reflections at 24.5° (corresponding
to an interplanar spacing d of 0.36 nm), indicating
restacking to form a poorly ordered graphite-like
material, and a peak at ~12° which corresponds to a c-
axis spacing of 0.69 nm. This is in addition to the peak
at 16.6° similar to GO ascribed to residual carboxyls
and hydroxyls groups in rGO, presumably induced by
a bimodal or multimodal character of the interplanar
spacing of rGO. Although the reduction mechanism of
rGO is not known with certainty, it appears that the
reduction starts from the edges of GO particles and
proceeds into the basal planes. During the reduction,
parts of the basal planes near the edges become
reduced and subsequently snap together due to n—n
interactions, thus narrowing the interlayer distance.
Consequently, the reducing agent (hydrazine) cannot
penetrate further into the interior of the rGO parti-
cles, presumably leading to the lower degree of
reduction of rGO, corresponding to a c-axis spacing of
6.91 A. All of the XRD peaks [MnOy and Mn3O,
(Fig. 6b)] can be indexed to tetragonal-phase and spi-
nel-type hausmannite MnzO, [space group
I41amd(141), Joint Committee on Powder Diffraction
Standards (JCPDS) no. 44-0992] and pyrolusite MnOy
(JCPDS no. 24-0735 and JCPDS no. 18-0803) phase
including (110), (101), (112), (200), (211), (220), (310),
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Fig. 6. (Color online). XRD diffractograms for the full region for (a) GO and rGO, (b) nano/micro-manganese oxides, i.e., f-MnO, [Mn(IV)] and
Mn3O4 [Mn(ll, I11)], and (c, d) their hybrids, showing characteristic peaks in various regions. The peaks of interest for the hybrids are marked with
either a dashed rectangular box or their (hkl) index. All of the diffractograms were taken in 0—20 geometry with a Cu K, x-ray source, i.e., with

/.= 1.5405 A.

(211),(301),(400),(411), and (600). The inset in Fig. 6b
shows a schematic of the unit cell structure. No char-
acteristic peaks from other impurities were detected.
The Rietveld refinement procedure was performed to
investigate the crystalline structure of the as-pre-
pared nanocrystallite films of MnO, and Mn3O,. It can
be shown that some of the main peaks at 20 = 28.8°,
36.14°, and 65.09° can be correspondingly indexed to
(002), (311), and (440) reflections of pyrolusite MnO,
and of spinel-type Mn30,.The peaks are sharper,
indicative of better crystallinity with lattice constant
ofa=b=573Aandc=944Aanda=0=441A
and ¢ =2.87 A based on (110), (101), and (211)
planes.®* The crystallite size was obtained from the
XRD analysis using the Debye—Scherrer equation
following the relation, Lhkl = K}/ﬁhleOS Hhkb where
Ly, 1s the crystallite size in nm, 1 is the wavelength of
Cu K., B is the full-width at half-maximum, and
K = 0.94 is the shape constant. It can be seen that

there is a marginal change in crystal size. The dif-
fraction peaks of the hybrids are broad and of low
intensity, while preserving the phases of the constit-
uents (Fig. 5¢ and d), which implies the formation of
true composites. The peak at 20 = 28.8° was used to
determine the lattice spacing (dz;) and particle size
(Loo2) of the hybrids, as shown by the analyses in
Fig. 7a and b, respectively. A marginal increase in
lattice spacing and particle size of the hybrid com-
posites was apparent as compared with rGO and GO
alone.

Raman Spectra of Free MnO; and Mn3O,

Raman spectroscopy (RS) is a technique sensitive
to crystallization, local structural disorder, and
defects in materials, being used to obtain informa-
tion about the structure of the precursor phases and
the graphene sheets in the hybrid composites
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(Fig. 8a and b). RS is well documented for various
manganese oxides®”®® and graphene-based sys-
tems,®® but not for supported hybrids of manganese
oxides. In this work, we attempted to investigate
the possibilities to characterize these promising
graphene-supported manganese oxide nanomateri-
als as electrochemical electrodes in terms of the
local distribution of oxidic species on the graphene
support and its evolution with increasing amount
and different polymorphs of manganese oxide.
Under the Raman microscope, the laser beam was
focused on the surface of nanoparticulates and/or
thin nanoneedle-like crystallites, and it was noted
that there was minimal dependence of the spectra of
the free manganese oxide polymorphs on the

excitation laser wavelength applied (633 nm or
532 nm). The micro-Raman spectra of free Mn3O,
and MnO;y nanoparticles consisted of four charac-
teristic peaks at ~358.2 cm !, 480 cm !, 620 cm Y,
and 658 cm ™!, corresponding to skeletal vibrations,
along with two weak bands at 450 cm™' and
570 cm !, in good positional agreement with bulk
tetragonal MnO, and Mn30O,4 phases from the liter-
ature.®>

MnOs; was not found to be Raman-active b7y
Strohmeier and Hercules’' or Kapteijn et al.,’”
whereas Gosztola and Weaver’® and Bernard
et al.” reported well-defined spectra of this transi-
tion-metal oxide. In our spectra, MnO, has three
major features that can be recognized at 500 cm '
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Fig. 9. (Color online). Variation of prominent Raman spectral bands for GO and rGO hybrids with nano/micro-manganese oxides, namely
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determining the defect type, i.e., residual or neutral versus charged (p- or n-type).

t0 510 cm ™%, 575 cm ! to 580 em ™!, and 630 ecm ! to
640 cm™'. The band at ~580 cm ' was also
observed in Ref. 72, being attributed to Mn-O lat-
tice vibrations in MnOs or corresponding to distor-
tion vibration of Mn-O in an octahedral
environment in Mn304. Among the signals of the
MnO,; Raman spectrum in Ref. 73, the strongest
bands lay at 523 cm !, 576 cm !, 633 cm !, and
650 cm ™!, the latter being assigned to Mn formed
during the spectrum acquisition because of local
heating of the sample. The intensity recorded for
the band at 630 cm ™! to 640 cm™ ! was, however,
small compared with the same band in the Mn30,
film. The appearance of a 633 cm ™! band in the case
of MnOy excited with a 20-mW laser power was

explained in Ref. 16 based on the formation of a new
XM compound identified as y-Mny,O3 with distorted
hausmannite structure, an intermediate formed
during decomposition of MnOg to Mn30Oy4. Therefore,
the peaks at ca. 510 cm ' and 580 cm ™! can be
considered to be characteristic features of MnOQOs.
Mn30,4 gave a peak at 640 cm ! to 650 cm ! and a
pair of features at ca. 314 cm !, 360 cm ! to
390 cm !, and at ~480 cm ™. Knowing that, regard-
ing the oxidation state of the manganese ions,
Mn,0O3 is nearer to MnsO, than MnQO,, one can
understand why MnyO3 decomposed and the fea-
tures of Mn30O,4 are more pronounced in its Raman
spectrum. What we consider to be a characteristic
peak for Mn,Os5 is the peak at 654 cm ™!, which also
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Jl 2625699.4

725814.2

-

) MnO,/GO and (b) MnzO4/GO, in terms of intensity distribution of

D, G, and Mn bands and their ratio to the G band. Corresponding optical micrographs taken with white or broadband light are also shown. The
sharp and almost uniform maps of the D, G, and 2D bands contoured at the boundary are indicative of a higher degree of crystallinity/order.
The elemental distribution of carbon and manganese and possible surface charge transfer are apparent. The black regions represent either the
substrate (SiO,) or the lower bound of the corresponding maps, as shown by the scale bar adjacent to each map.

appeared in earlier work’® as the main feature of
this oxide. In Ref. 71 the MnyO3 spectrum, taken
macroscopically, showed three weak peaks at
313 em !, 653 cm !, and 697 cm . Curiously there
is no similarity between our Mn spectrum and that
of Ref. 70, except for some differences between the
relative peak heights and that Mn has the same
feature as MnOy. Due to symmetry considerations,
the scattering for all Raman modes was rather
strong, particularly for the 650 cm ! mode, which
can be assigned to the E;; mode and attributed to a
stretching mode of the Mn—O bond in MnOg octa-
hedra, because the structural framework of the
manganese oxides consists of MnOg octahedral

units sharing corners and/or edges.”®"® It is worth
mentioning that, in MnO,, Raman scattering re-
sults from a collective vibrational mode of the MnOg
octahedron. The peaks at lower wavenumber cor-
respond to the deformation modes of the metal—
oxygen chain of Mn—O-Mn in the MnOs octahedral
lattice. As the manganese atom is about five times
heavier than the oxygen atoms, the vibrations of the
Mn—-O groups are supposed to involve mainly the
oxygen atoms. The peak at 358 cm ™ is broad due to
the smaller crystallite size, whereas the peak at
654 cm ! is slightly asymmetric. This asymmetry
may be attributed to the possible secondary crys-
talline phase MnOy and/or MnyOs. The vibration
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band located at 410 cm ™! is attributed to vibration
of manganese species (Mn®'—0) at the octahedral
site of Mn304. The lower relative intensity for each
vibrational mode may also be due to confinement of
phonons by some crystal defects caused by Mn**
vacancies, resulting in phonon decay and destruc-
tion of conservation of phonon momentum. The
Raman peak intensity at 450 cm ' and 405 cm !
tends to disappear with smaller diameter, because
as the nanoparticle size decreases, the number of
surface atoms increases rapidly, having a large
number of dangling bonds, and the coordination is
incomplete, which can lead to crystal defects and
partial breakdown of the Raman selection rules.

Raman Spectra of Graphene-Supported MnO,
and Mn304

The optical appearance of the hybrids was highly
inhomogeneous, with a rough yellowish dust or
blackish surface spotted with dark-green islands.
Raman spectra were taken on different points of the
surface for relatively low loading of manganese
oxides as presented in Fig. 8. A difference in the
surface composition on going from one point to
another is apparent, albeit marginal. The MnO,
layer was thin enough that the GO and rGO sup-
ports could be recognized and measured. The first-
and second-order Raman spectra of the rGO and GO
systems show two characteristic intense peaks,
namely the G band at ~1580 cm ' and 2D band at
~2670 cm ™!, which are assigned to the in-plane
vibrational mode (Ey; phonon of the Cgpe atoms at
the Brillouin zone center) and the intervalley dou-
ble-resonance scattering of two TO phonons around

the K-point of the Brillouin zone, respectively.®
Another important peak at 1340 cm ™! is a defect-
induced peak assigned to the D band activated by
defects via an intervalley double-resonance Raman
process, the D band activated by defects via an
intravalley double-resonance process, and the com-
bination mode of D and G modes (D + G band) at
2920 cm !, respectively.®*>”® Commonly, the
frequency-integrated intensity ratio of the D to G
band (Ip/Ig) can serve as a convenient measure of
the amount of defects in graphitic materials, and
the size of the sp? domains increases during reduc-
tion of GO.%® The spectra were normalized with
respect to the G band intensity. All of the Raman
spectra were analyzed in terms of the D, G, and 2D
band positions (wp, wg, and wsp), the intensity
ratios of D to G (Ip/lg), G to 2D (Ug/Isp), and Mn to G
(Inn/Ig), as well as the 2D versus G band position
(wop versus wg), the latter to determine the nature
or type of defects (Fig.9). While for GO-based
hybrids, the D band varies between 1344 cm ! and
1340 cm ' and the G band is between 1596 cm ™!
and 1585 cm ™!, the D band for rGO-based systems
is between 1329 cm ! and 1332 cm™! and the G
band varies minimally and remains approximately
at 1596 cm !, which is within the spectral resolu-
tion. On the other hand, the 2D band changes
rather strongly between the manganese oxides on
GO (2694 cm ' to 2664 cm ') and rGO (2640 cm !
to 2625 cm™!) supports. The frequency-integrated
intensity ratios (Ip/Ig and Ig/Isp) of the D and 2D
bands show strong dependence for the manganese
oxides on GO (0.9 to 1.8 and 9 to 15) and rGO (0.9 to
1.3 and 7 to 9) supports. The Ip/Ig ratio follows an
Er* relation. This inverse relation of Ip/Ig to the

Table II. Summary of Raman vibrational frequencies of free and graphene-supported manganese oxides

Oxide Raman
Oxide (Free) (Supported) Shift (cm™)
S-MnOgy 392 w
410 m
GO
rGO 392 m
Mn30y4 319 w 374 w
316 w 368 w
310-315w 365 w
314 m 376 m
GO
rGO 376 m
oc-Mn203 311w
”/-Mn203
MnO

Ref.
523 m 585s 633 w 665 m 697 w  This work
510w 576s 633-640 w
580 m
580m 620 m 665 w This work
620 w 665 m This work
650 m 659 s 63
650 s 64
651 s 63
654 s This work
580 m 654 m This work
473 m 654 s This work
509 m 565w 653 w 672 s 697 w 63
581 s 650 w 680 m 64
650 s 63
633 s 650 m 63
544m 595w 645 w 63
537 s
521 s

Letter s, m, and w stand for strong, medium, and weak band intensity, respectively.
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fourth power of the laser energy was prev10usl3y
reported in a Raman study of nanographite.”
Based on Raman scattering theory calculations, the
matrix elements associated with the double-reso-
nance Raman processes of the D band show an Efj,
dependence of Er,* for nanographite.” The 2D band
is predicted to have an excitation energy depen-
dence of E;2.8! Here we refer to this as the 2D band
to signify that it is the second-order or first overtone
of the D band. Although the Iy, /I ratio was 0.2 for
most samples, Mn30,/GO exhibited a large value of
1.8 due to the thicker Mn area. We also made an
attempt to determine the nature of the defects by
plotting the 2D band position with the G band
(Fig. 9g). It is safe to say that the defects are of
residual or p-type for the GO-based hybrids, while
the rGO-based hybrids exhibited n-type defects (i.e. 2
the G band increased and the 2D band decreased).®
The sensitivity of the Raman analysis of these
samples is one of the reasons for the difference
between the Raman and XRD phase identifications.
The XRD diffractograms revealed the presence of
only bulk phases, whereas the Raman spectra allow
the identification of other surface manganese oxide
species. The Raman mapping of two of the hybrid
samples is shown as a representative example
indicative of the surface or spatial uniformity/inho-
mogeneity, thus indirectly measuring the elemental
composition similar to EDS (Fiig. 10). The sharpness
and almost uniform intensity maps of the D, G, and
Mn bands (corrected for baseline while generating
the maps) contoured at the boundary of GO domains
and layers are indicative of a higher degree of
crystallinity/order and thus the intrinsic nature of
the GO layers and manganese oxide nanoparticles
supported upon them. Our results regarding the
Raman frequencies of the manganese oxides
together with previous literature data are presented
in Table II. It is also worth noting that the map of
the intensity ratio of the Mn versus G peak (referred
to as sp®bonded carbon) provides an avenue to
analyze local charge transfer features that are primarily
a consequence of the strong electronic—structural
coupling of MnO, and Mn304 and GO functional
groups and its influence on the electrochemical
activity as discussed below in terms of the electro-
catalytic activity of Co30,.53

Mns;O, has the normal sp1nel structure
Mn%**Mn®*0,, in which the Mn?* ion in the formula
unit occupies the tetrahedral site, while the two Mn®*
ions occupy the octahedral sites. Experimental and
theoretical measurements have demonstrated that the
three low-Miller-index planes ({100}, {110}, and {111})
of such metallic oxide particles with face-centered cu-
bic (fec) structure differ not only in the surface atomic
density but also in the electronic structure, geometric
bondlng, and chemical and electrochem1cal reactiv-
ity.® As a result, those planes have different surface
energies, followmg the order y{111} < {100} < {110},
which closely parallels the catalytic activities for CO
and CH, oxidation.®®° In catalysis of CO oxidation,

Gupta, van Meveren, and Jasinski

the CO molecule interacts preferably with the surface
Mn?* cations, which is the only favorable site for CO
adsorption, as confirmed theoret1cally90 91 and shown
experimentally for Co50.,4.%% Oxidation of adsorbed CO
then occurs by abstraction of the surface oxygen that
was coordinated with these Mn3* cations. The partially
reduced manganese site, i.e., Mn®* cation with a
neighboring oxygen vacancy, 1s reoxidized by a gas-
phase oxygen molecule or oxygen from water molecules
in the aqueous electrolyte back to the active, Mn>*

form. Consequently, the surface Mn>* cations are re-
garded as the active sites for CO oxidation, whereas the
surface Mn?* cations are almost 1nact1ve It is known
that, in the Mn3O,4 crystal structure the {001} and
{111} planes contain only Mn?* cat10ns while the {110}
plane is composed mainly of Mn?®* cations. This
scenario has been proved by surface dlfferent1al dif-
fraction studies concluding that the Mn>* cations are
present solely on the {110} plane. Similarly, in our own
experiment with the Mn304rGO composite electrode,
while the electrochemical activity of the Mn304rGO
(and GO) composites for CO oxidation is by no means
optimized, we are tempted to say based on our findings
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Fig. 11. (Color online). Room-temperature electrical property mea-
surements: (a) -V (current—voltage) and (b) electrical conductivity
(04c), for all of the samples studied.
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that Mn3O, with predominantly {110} exposed sur-
faces may have higher electrochemical activity for CO
oxidation than the sole six {100} exposed surfaces. In
sharp contrast, the Mn3z0O,4 enclosed by the eight {111}
facets on the rGO and GO sheets is expected to exhibit
the highest electrochemical activity among the four
Mn;304/graphene hybrid electrodes. Theoretically, it is
predicted that the electron contributions of Mngz4 states
prevail, the others being contributions from Oy, oxy-
gen states. The contributions of occupied Cy, states at
the Fermi level turn out to be smaller by two orders of
magnitude than the oxygen contributions, having a
small value 0f 0.008, i.e., small, but nonzero. The latter
is consistent with the fact that the conductivity of
graphene is never smaller than the minimum value of
the quantum conductivity unit. Thus, it is possible to
suppose that graphene islands can retain their unique
properties in the MnO, (001)/graphene system, which
also forms the basis for carbon-containing electronic
and magnetic electronic devices.”® The other implica-
tions of this study are relevant to nanoelectronic and
spintronic devices, i.e., heterointerfaces of graphene/
(ferromagnetic metal or oxide), instead of a nanomag-
netic semiconductor or traditional metal. This is ideal
for spintronics due to the small spin—orbit interaction
as well as the vanishing nuclear magnetic moment of
the carbon atom.

Analogous to spectroscopic studies, electrical
measurements could provide complementary infor-
mation on metal oxide—graphitic interfaces besides
the dc electrical conductivity (o4.) of the hybrids.
Figure 11 provides the room-temperature I-V
measurements for a two-terminal device determin-
ing the resistance Ry, and the corresponding og.. A
few interesting and noteworthy features from
Fig. 11 are (a) the I-V curves show quasi-semicon-
ducting behavior, in contrast to the ohmic or linear
behavior for all of the films, (b) the o4, of rGO was
higher by almost one order of magnitude
(7 x 10° S em) compared with GO (0.1 x 10° S cm),
and finally (c) the o4, of both the rGO- and
GO-supported hybrids decreased by a similar mag-
nitude with their presence as anticipated.

CONCLUSIONS

We report the development of hybrid nanomateri-
als prepared by utilizing graphene derivatives cou-
pled with nano/micro-manganese oxide polymorphs,
i.e., f-MnO, [Mn(IV)] and Mn3O4 [Mn(II, III)], laying
the groundwork for high-performance electrochemi-
cal electrodes owing to their higher specific capaci-
tance, wide operational potential window and
stability through charge—-discharge cycling, envi-
ronmentally benignity, easy processing, and repro-
ducibility on a larger scale. We strategically designed
them by direct anchoring on GO and rGO, and this
facile approach afforded strong chemical/physical
attachment and is expected to provide coupling
between the pseudocapacitive transition-metal oxi-
des and supercapacitive nanocarbons and reasonable

areal density of tailored interfaces. Using a range of
complementary analytical tools, we determined the
surface morphology, local (lattice dynamical) and
average structure, and local charge transfer owing to
the physically (or chemically) adsorbed manganese
oxides, highlighting the surface structure, local
charge transfer, and properties of interfaces.
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