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ABSTRACT: Simple, green, and energy-efficient methods for
preparing electroactive materials used to generate and store
renewable energy are important for a sustainable future. In this
study, we showed that noble and certain non-noble metal
nanoparticles can be deposited on graphite without the aid of
any reducing agent. This method of reducing metal ions to
metal nanoparticles by graphite involves only one step (i.e.,
immersion into a solution) and one chemical (i.e., a metal
salt). Hence, the method is exceedingly simple, green, and
does not require any energy input. Large amounts of metal
nanoparticles are generated both on the surface and deep into the bulk of graphite (∼100 μm). Despite the simplicity of this
method, the metal deposited on graphite showed good electrocatalytic performance for ethanol oxidation and oxygen evolution
reactions and also functioned as electrodes for supercapacitors. This method is thus ideal for preparing electrocatalytic materials
and electrochemical energy storage devices due to its simplicity and environmental sustainability. The simplicity of the method
is due to the inherent reducing potential of graphite (i.e., a material that is generally perceived as inert). Results from analyses
showed that functionalization of the reactive edges in the regions of defects allowed the graphite to serve as a reducing agent.
Increasing the amount of defects (e.g., via chemical or simple mechanical treatments) is shown to be the fundamental principle
for increasing the reactivity of graphite.

KEYWORDS: graphite, energy conversion, supercapacitor, electrocatalysis, metal nanoparticles

■ INTRODUCTION

Graphite shows excellent heat resistance, mechanical proper-
ties, chemical stability, and electrical conductivity. These
properties make graphite an attractive candidate for
applications involving electrocatalytic electrodes (e.g., fuel
cells) and electrochemical energy storage devices (e.g.,
supercapacitors).1−3 In the context of such energy applications,
metal nanoparticles (MNPs) supported on graphite can be key
components and play increasingly central roles in promoting
the utilization of green and renewable energy for a sustainable
future.4−16 However, most current methods for depositing
MNPs on graphite are not very environmentally friendly
because they often require large amounts of chemicals and/or
energy with complicated procedures and equipment for
fabrication.17−19 Generally, various hazardous chemicals are
used to synthesize MNPs, including strong reducing agents
(e.g., hydrazine), stabilizing ligands (e.g., thiols), and organic
solvents.20−23 Additionally, in most cases, reactive chemicals
are needed to modify the surface of the graphite for the
deposition of MNPs.24−26 Alternatively, metal salts can be
reduced to directly form MNPs using the reducing gases (e.g.,
CO) generated by graphite. However, such carbothermal
reductions occur at high temperatures, typically 400−2000 °C,

and require large amounts of thermal energy for the reduction
of the metal salts.4 Consequently, exploring processes for the
deposition of MNPs on graphite is highly desirable in a way
that facilitates their production by reducing the cost, waste,
and the complexity associated with the manufacturing process
so that the deposited MNPs can exhibit the desired properties
for electrochemical applications.
Previous studies have demonstrated that even though noble

metals, such as Pt or Au, can be deposited on highly oriented
pyrolytic graphite (HOPG), they can be more effectively
deposited on acid-treated HOPG.19,25,27,28 In particular, the
modifications made by the acid generate incompletely oxidized
functional groups on the HOPG surfaces. These functional
groups can undergo further oxidation; thus, they can act as
reducing agents for certain metal ions. Such groups appear to
arise mostly at the edges or at the boundaries separating
graphite microcrystallites.2,29 However, the surface of HOPG is
covered with large microcrystalline domains of relatively stable
carbon bonded in sp2 hybridization. These large domains limit
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the amount of defects and the functional groups present at the
defects; hence, this limitation decreases the overall reductive
capability of HOPG.2,29

Herein, we showed that an untreated commercial graphite
(i.e., a material that is usually perceived as inert) has the ability
to reduce a wide variety of metal ions, from noble- to less-
noble-metal ions (from Au3+ and Pd2+ to Fe2+ and Ni2+), and
can generate a considerable amount of corresponding MNPs
or nanostructures solely by soaking the graphite in a metal salt
solution at room temperature. In addition, most previously
reported methods13,27,28 have resulted in the limited
deposition of MNPs onto the surfaces of HOPG only; in
contrast, large amounts of MNPs were formed both in the bulk
and on the surface of the graphite in our study. Due to the
generally large electroactive surface area of the MNPs inside
the bulk and on the surface of graphite, the materials prepared
using our method showed good electrocatalytic performance
for different types of reactions, including electro-oxidation of
ethanol and formic acid, and oxygen evolution reactions
(OER). Additionally, Fe nanostructures deposited on graphite
demonstrated good pseudocapacitive properties suitable for
use as the active materials of supercapacitors, with assistance
from the high electrical conductivity of the supporting
graphite.
Fundamentally, it was previously reported that the edges of

the layers of graphene within the graphite are more reactive
than the basal planes and can be chemically modified
easily.2,29−31 Commercial graphite foil usually has a greater
amount of surface defects than HOPG. In this study, we
determined that these defects gave rise to many edges that
were modified with reactive functional groups (e.g., hydroxyl
groups); these functional groups effectively reduced the metal
ions to MNPs. Furthermore, mechanical or chemical treat-
ments (e.g., scratching the surface or immersion in acid)
increased the amount of functionalized edges that generated
more MNPs on the graphite. The strong reducing nature of
commercial graphite also allowed the reduction of less-noble-
metal ions and enabled the direct deposition of MNPs to take
place in only one step and with only one chemical (i.e.,
immersion in a metal-salt solution; Figure 1a).

■ RESULTS AND DISCUSSION

Depositing Nanoparticles in Graphite. A typical
experiment for preparing the MNPs in graphite involved
simply immersing a piece of untreated graphite (15 × 15 × 0.5
mm3; purchased commercially from Alfa Aesar) in a salt
solution (20 mg/mL) overnight (Figure 1a and see Methods in
the Supporting Information for more details). We used five
types of salts for generating the different types of MNPs or
nanostructures: HAuCl4, (CH3COO)2Pd, AgNO3, FeSO4, and
NiSO4 for generating the metals Au, Pd, Ag, Fe, and Ni,
respectively. After immersion, the surface of the graphite
turned to the characteristic color of the metal as shown in
Figure 1b (i.e., the “Graphite/metal” composite). The surface
of the piece of graphite that was immersed in a salt solution
and dried was analyzed using scanning electron microscopy
(SEM). We observed that nanoparticles (∼10 to ∼100 nm)
were deposited on the surfaces of graphite for all of the five
types of salt solutions used (Figure 2, left column).
Subsequently, we analyzed a section of the bulk of the piece
of graphite that was immersed in a salt solution. For this
analysis, we removed a layer of graphite (∼100 μm) off its
surface by first sticking a piece of adhesive onto the surface and
peeling the adhesive off. Interestingly, nanoparticles were also
observed in the bulk of graphite for all of the five types of salt
solutions used (Figure 2, right column). Elemental mapping of
these sections of the bulk of graphite by energy-dispersive X-
ray spectroscopy (EDS) showed the presence of the metallic
element that corresponded to the metal ion of the salt solution
used (Figure S1, Supporting Information). For the piece of
graphite that was immersed in the FeSO4 solution, we verified
the presence of the metallic Fe(0) in addition to iron oxide by
X-ray photoelectron spectroscopy (XPS; Figure S2, Supporting
Information).

Quantifying the Amount of Nanoparticles. We
quantified the amount of MNPs deposited on the surface
and in the bulk of graphite by determining the electrochemi-
cally active surface area (ECSA; see Methods, Supporting
Information, for the calculation of ECSA). ECSA is the total
area of the MNPs that is accessible to the surrounding medium
when electrochemical reactions are performed at a specific rate
of scanning the potential.32 Experimentally, we used a piece of
the Graphite/Au (i.e., a piece of graphite immersed in a
solution containing Au salt) as the working electrode in an
electrolyte solution containing 0.5 M H2SO4 and determined
the ECSA at a scan rate of 10 mV/s. Subsequently, we peeled
off a layer of Graphite/Au using a piece of adhesive; we then
determined the ECSA and the thickness of the remaining piece
of Graphite/Au as the electrode after peeling (Figure 3a). The
process was repeated until a depth of ∼150 μm was peeled off
from the surface of the piece of Graphite/Au.
Figure 3b shows the plot of ECSA against the depth into the

bulk of graphite. The results indicated that there was a
significant amount of Au nanoparticles deposited on the
surface and in the bulk of the graphite. When the same
experiment was repeated for other pieces of Graphite/Au,
significant amounts of Au nanoparticles were also found to be
deposited; however, different pieces of Graphite/Au showed
different distributions of ECSA with depth. Hence, random-
ness in the deposition of the Au and/or the experiment (e.g.,
during the process of peeling) was involved.
Similar results were observed for Graphite/Pd (Figure 3c).

The ECSA was found to be higher for Graphite/Au than

Figure 1. Simple and green one-step one-chemical procedure for
synthesizing metal nanoparticles (MNPs) on the surface and in the
bulk of graphite. (a) Experimental procedure. (b) Photographs
showing the surfaces of bare graphite (image on the extreme left) and
pieces of graphite after soaking them in the solutions containing the
respective metal salts.
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Graphite/Pd because of the more favorable potential of Au3+

to be reduced than Pd2+. In addition, we determined the ECSA
for different depths into the bulk graphite for a faster scan rate
of 50 mV/s (red plots, Figure 3b,c). We also determined the
ECSA for a piece of Graphite/Pd with a thickness of 0.5 mm
(i.e., without peeling off its surface) for a wide range of scan
rates (i.e., from 2.0 to 500 mV/s; Figure 3d). In general, the
results showed that ECSA was larger when the scan rate was
lower. A lower scan rate allowed more time for the electrolyte
ions to diffuse deeper into the bulk of graphite and come into
contact with more nanoparticles under the applied potential.
These results thus showed the importance of the nanoparticles
deposited in the bulk: in addition to the nanoparticles

deposited on the surface, the presence of the nanoparticles
in the bulk increased the total amount of nanoparticles
available for performing reactions. Besides the thick piece of
graphite used (0.5 mm), the nanoparticles deposited in the
bulk were also important for a flexible and thin piece of
Graphite/Pd (i.e., with a thickness of 55 μm). In this case, we

Figure 2. SEM images of nanoparticles/nanostructures deposited
after immersing a piece of graphite in a salt solution. The left column
shows the SEM images of the surface of graphite (i.e., without peeling
any layer off its surface). The right column shows the SEM images of
a bulk section of graphite (i.e., ∼100 μm beneath the surface) after
peeling a layer off its surface. Top to bottom: Au, Pd, Ag, Fe, and Ni
nanoparticles/nanostructures deposited on the surface and in the bulk
of graphite.

Figure 3. Deposition of nanoparticles both on the surface and deep
into the bulk of graphite. (a) Scheme illustrating the procedure of
peeling off the surface of graphite layer by layer using pieces of
adhesive. The electrochemically active surface area (ECSA) of the
graphite was determined before and after peeling off each layer. Plots
showing the ECSA against the depth from the surface after peeling off
each layer for (b) Graphite/Au and (c) Graphite/Pd. Measuring
ECSA at different scan rates for (d) a thick piece (0.5 mm) and (e) a
thin piece (55 μm) of Graphite/Pd. (f) Mechanism for depositing
MNPs on the surface and in the bulk of graphite. Metal ions in the salt
solution diffuse through the defects into the bulk of graphite and are
reduced at the reactive edges of the layers of graphene at the regions
of defects. SEM images showing the defects on the (g) surface and
(h) a bulk section of graphite.
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found that the ECSA was similarly larger when the scan rate
was lower (Figure 3e). The ECSA became approximately
constant only at a low scan rate of around 10 mV/s or less; a
constant ECSA at low scan rates indicated that the time was
sufficient for the electrolyte ions to diffuse through the entire
thickness of the film. Therefore, results from the analyses of
SEM and quantification of the ECSA showed that large
amounts of nanoparticles are deposited on the surface and in
the bulk of graphite. We believe that, fundamentally, two
mechanistic issues need to be understood: (1) the way by
which the metal ions penetrate into the bulk of the solid
graphite and (2) the reason why metal ions are reduced to
metal nanoparticles. Both these issues may be related to the
defects found in these commercially purchased pieces of
graphite. First, the metal ions in the solution may have diffused
into the bulk of graphite through the cracks present at the
regions of defects; subsequently, the ions are reduced by the
reactive edges of the layers of graphene at the defects (Figure
3f). SEM images showed that the surface and the bulk of
graphite (i.e., a depth of ∼100 μm into the bulk) consisted of
many defects (Figure 3g,h). In addition, the commercial
graphite was found to be hydrophilic with a contact angle of
water at 44° (Figure S3, Supporting Information); hence, the
aqueous solution containing the metal ions could penetrate the
bulk of graphite through the defects readily. We also found that
the metal ions could diffuse through the top flat surface into
the bulk of graphite and not just through the side edges
(Figure S3, Supporting Information). In another experiment,
we found that the amount of MNPs deposited in the bulk was
larger when the piece of graphite was immersed in the salt
solution for a longer time; hence, the metal ions may have
penetrated from the solution into the bulk of graphite by
diffusion (Figure S4, Supporting Information).
Importance of Defects.We determined the importance of

defects by investigating the relationship between the amounts
of defects present in different pieces of graphite with the
amounts of MNPs deposited. In our first experiment, we
increased the amount of defects by pretreating a piece of
graphite with hot concentrated sulfuric acid using a procedure
as reported in previous studies (see Methods, Supporting
Information).33−35 Acids (e.g., sulfuric acid) are known to
create defects in graphite by breaking C−C bonds. This piece
of acid-treated graphite was washed with ultrapure water and
then placed in the solution containing Au salt overnight. SEM
images of this acid-treated Graphite/Au showed a dense layer
of Au nanoparticles on its surface (Figure 4a,b). The amount
of nanoparticles deposited was a lot more than when the piece
of graphite was not pretreated with acid (see Figure 2).
Therefore, more defects seemed to allow more metal ions to be
reduced to nanoparticles. We quantified the amount of
nanoparticles deposited by measuring the ECSA with respect
to the depth into the bulk of graphite. Results showed that the
piece of graphite that was pretreated with acid has an ECSA of
around 4−5 times higher than that for the piece of graphite not
treated with acid (Figure 4c). We repeated the experiment
with a piece of HOPG: a highly ordered piece of graphite that
has much fewer defects than a piece of graphite. A comparison,
for example, is that the average microcrystalline size of
graphite, La, is usually of the order of only a few nanometers,
whereas the La for HOPG is typically of the order of 1−10
μm.2 The ECSA measured for the piece of HOPG similarly
immersed in a Au salt solution overnight was found to be
much lower than the ECSA of Graphite/Au (Figure 4d).

Hence, fewer defects result in a smaller amount of MNPs
deposited on the surface and in the bulk of graphite.
The importance of defects on the deposition of MNPs is

most clearly demonstrated by introducing more defects via
mechanical means. Specifically, we simply scratched the surface
of a piece of graphite and produced regions of defects that
were around a few hundreds of microns deep. This scratched
piece of graphite was then washed with deionized water and
kept in the Au salt solution overnight in the same way as the
piece of untreated graphite. We found that the ECSA of this
scratched piece of graphite was significantly larger than that of
the piece of untreated graphite (Figure 4e,f). To establish the
correlation between the amount of MNPs deposited and the
amount of defects, we first quantified the amount of defects on
the different types of graphite by using them as electrodes in an
electrolyte medium (i.e., 0.5 M H2SO4) without any
accompanying redox reactions. The background currents of
the four types of electrodes due to the double-layer capacitive
effect were obtained from cyclic voltammogram, as shown in
Figure 4e. The amount of charge calculated from the area of

Figure 4. Increase in the amount of defects in graphite leads to an
increase in the amount of MNPs deposited. (a, b) SEM images of Au
nanoparticles deposited on the surface of graphite pretreated with hot
concentrated acid. (c) Plot of ECSA versus the depth into the bulk of
Graphite/Au that was pretreated with the hot sulfuric acid and
Graphite/Au that was not pretreated with acid (scan rate: 50 mV/s).
(d) Plot of ECSA of HOPG/Au versus the number of peelings off its
surface by pieces of adhesive (scan rate: 50 mV/s). (e) Cyclic
voltammogram for measuring the background currents in 0.5 M
H2SO4 for a piece of acid-treated graphite, normal graphite (i.e.,
untreated graphite), scratched graphite, and HOPG (scan rate: 50
mV/s). (f) Correlation of the ECSA of Au nanoparticles deposited on
four different types of graphite investigated with respect to the
background charge calculated from the cyclic voltammetry (CV)
curves shown in (e).
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the CV curves based on the background current is proportional
to the effective surface area of the electrode; a larger effective
surface area naturally represents a larger amount of defects in
the graphite.36,37 Results showed that the amount of defects
increases in the following sequence: HOPG < normal graphite
(i.e., the untreated graphite) < scratched graphite < acid-
treated graphite. Importantly, the ECSA measured for these
pieces of graphite immersed in a Au salt solution also follows
the same trend (Figure 4f). Therefore, an increasing amount of
defects gives rise to a higher reactivity of graphite for reducing
and depositing MNPs.
Mechanism for the Reduction by Graphite. Noble-

metal ions (Au and Pt ions)-reducing capabilities of graphite
have earlier been explored to some extent by research-
ers.19,25,27,28 However, the reduction of non-noble-metal ions
on graphite suggests that the graphite edges have a strong
reducing power. We found from the analysis by SEM of pieces
of graphite immersed in a salt solution overnight that there
were high densities of MNPs deposited around large
prominent edges of the layers of graphene in the graphite
(e.g., Au nanoparticles on the edges of the layers of graphene
on the surface of graphite as shown in Figure 5a, Ag
nanoparticles on the edges of the layers of graphene within
the bulk of graphite as shown in Figure 5b, and Fe
nanostructures on peeled graphite in Figure 2). Because the
La of graphite is only on the order of a few nanometers, MNPs
may also deposit on regions of defects that are not as visible as
the large prominent edges analyzed by SEM.
So, why do the edges of the layers of graphene have the

potential to reduce metal ions? Our hypothesis is that the
edges of the layers of graphene are modified with functional
groups that decrease the work function and allow the metal
ions to be reduced. To reduce the work function, the
functional groups need to be electron donating, such as the
hydroxyl groups.38−42 For example, dihydroxybenzenes (e.g.,
catechol or hydroquinone) are known to have reducing
properties by undergoing oxidation to benzoquinones.43,44

Specifically, when the oxidation transforms the hydroxyl
groups of the dihydroxybenzenes to carbonyl groups of the
benzoquinones, H+ ions are released into the solution and
electrons are produced for reduction of other substances (e.g.,
the metal ions to nanoparticles). On the other hand, electron-
withdrawing groups will change the work function in the
opposite direction, which will make the reduction of metal ions
less favorable. Three conditions need to be met for this
hypothesis to be valid: the presence of the hydroxyl groups on
the untreated graphite, the generation of carbonyl groups on
the graphite after reducing the metal ions to nanoparticles, and
the decrease in pH caused by the release of H+ into the
solution. We first showed the presence of hydroxyl groups on
the untreated pieces of graphite purchased commercially.
Analyses from XPS showed that oxygen was present on the
surface of graphite (i.e., the O 1s peak at 532.8 eV; see Figure
S5, Supporting Information). To eliminate the possibility that
the oxygen-containing species was only weakly adsorbed (e.g.,
water moisture) and not chemically bonded to graphite, we
etched the surface of graphite with argon for 10 min and
analyzed its surface again; however, the O 1s peak was still
present after etching. We further verified the presence of the
hydroxyl groups (m/z = 17) on the surface (Figure 5c) and in
the bulk of graphite (Figure 5d) by using time-of-flight
secondary ion mass spectrometry (TOF-SIMS). In addition,
the Raman spectra showed that the G-band shifted toward a

lower wavenumber when referenced against pure forms of
graphite (e.g., HOPG at 1580 cm−1; Figure 5e).33,45,46 This
shift toward a lower wavenumber indicated the presence of
primarily electron-donating functional groups in these pieces of
graphite.45,47

Subsequently, we investigated the importance of the
hydroxyl groups for the deposition of MNPs by treating a
piece of graphite with oxygen plasma. Oxygen plasma is known
to generate hydroxyl groups on graphite.48,49 After treatment,
we immediately immersed this piece of graphite in 0.5 M
FeSO4 overnight for depositing Fe nanostructures. It was then
washed with ultrapure water and used as the working electrode
for performing linear sweep voltammetry (LSV) in an alkaline

Figure 5. Functionalized edges of the layers of graphene reduced
metal ions into MNPs. SEM images showing high densities of
nanoparticles deposited around the edges of (a) the surface of
Graphite/Au (unpeeled) and (b) a bulk section of Graphite/Ag (i.e.,
a peeled piece of graphite). Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analysis of the (c) surface and (d) bulk
(∼2 μm) of graphite. (e) Raman spectra of graphite showing a G
band that is shifted toward a lower wavenumber compared to HOPG
(1580 cm−1); this shift suggests the presence of electron-donating
groups. (f) Linear sweep voltammetry (LSV) for an untreated
(“Graphite/Fe”) and oxygen plasma-treated (“OH-Graphite/Fe”)
pieces of graphite in an alkaline medium (0.5 M NaOH) at a scan rate
of 50 mV/s.
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medium (0.5 M NaOH). The counter electrode was a Pt wire,
and the reference electrode was Ag/AgCl. We determined that
the amount of charge generated by the oxidation of iron was
490 μC (Figure 5f). As a control experiment, we repeated the
measurement for a piece of graphite that was not pretreated
with oxygen plasma; however, the amount of charge generated
by the oxidation of iron (375 μC) was smaller than when the
piece of graphite was pretreated with oxygen plasma.
Analyses from XPS of a fresh piece of graphite and a fresh

piece of graphite immersed in deionized water overnight
showed that carbonyl groups were not present (Figure S6,
Supporting Information). However, after immersing graphite
in the metal-salt solution (i.e., FeSO4), analysis from XPS
showed the presence of an additional peak at 288.6 eV that
indicated the presence of carbonyl groups (Figure S7,
Supporting Information). In addition, we found that there
was a decrease in pH in a FeSO4 solution after immersing an
untreated piece of graphite in it; hence, H+ ions were released
into the solution during the process of reducing metal ions to
nanoparticles (see Methods, Supporting Information, for more
details of this experiment). Therefore, our analyses showed
that all of the three conditions are met for validating the
hypothesis. These results thus suggest that the functionalized
layers of graphene on graphite have sufficient reducing
potential for the reduction of the metal ions to MNPs via
the oxidation of the hydroxyl groups to carbonyl groups.
We found that there is a limit of the reducing power of

graphite; not all types of metals can be deposited onto
graphite. We immersed pieces of graphite in solutions
containing either ZnSO4 or Cr2(SO4)3; however, no MNPs
were found in graphite by SEM or electrochemical measure-
ments even after immersing the pieces of graphite for several
days in the solutions (Figure S8, Supporting Information). The
standard electrode potentials for ZnSO4 and Cr2(SO4)3 are
highly negative;36,50 therefore, it seems that the reducing
power of graphite is only limited to metal salts that are
thermodynamically more favorable to be reduced than these
two types of salts.
Catalytic Performance of the MNPs.MNPs are excellent

catalysts. When deposited on a conductive substrate (e.g.,
graphite), this composite material is useful for many different
types of electrocatalytic applications.2,9,10,16,18 We demon-
strated that the MNPs generated in graphite by our simple
method have good catalytic performances for two specific types
of applications (Figure 6a): the oxidation of small organic
molecules (e.g., ethanol or formic acid) by noble metals (e.g.,
Au and Pd)9,10,18 and a water-splitting reaction (i.e., the
oxygen evolution reaction; OER) by non-noble metals (e.g., Ni
and Fe).51,52 For the first demonstration, we used Pd
nanoparticles because they have been increasingly regarded
as the choice of material for the anode of direct fuel cells due
to their superior performance.9,18,53,54 For studying the electro-
oxidation of ethanol, we performed cyclic voltammetry (CV)
using a piece of Graphite/Pd (Figure 6b). A large amount of
current was obtainedthis current was higher than that of a
piece of graphite deposited with thiol-protected Pd nano-
particles (Figure S9, Supporting Information) and other types
of materials used in previous studies (e.g., Pd nanostructures
supported on a conducting polymer).18,54 In addition, we
investigated the catalytic activity of the Pd nanoparticles
deposited in the bulk of Graphite/Pd by peeling a layer off the
surface of graphite; they were found to have similar catalytic
activity as the nanoparticles deposited on the surface (Figure

6c). The Graphite/Pd electrode also performed well in acidic
medium for catalyzing the oxidation of formic acid both with
and without peeling a layer of the surface off the piece of
graphite (Figure 6d,e). This Graphite/Pd electrode was found
to be very stable. It maintained its catalytic property for the
electro-oxidation of ethanol even after 1000 continuous cycles
of scanning the potential in CV (Figure S10, Supporting
Information).
In general, the large amount of current obtained was due to

the large amount of MNPs deposited, MNPs that were not
protected by any ligands (e.g., thiols or polymers), and MNPs
deposited both on the surface and in the bulk of graphite.54,55

The second demonstration involved determining the perform-
ance of the electrodes made of Graphite/Ni and Graphite/Fe
for the OER. We performed the CV measurements in alkaline
medium and found that the materials had good catalytic
activities (Figure 6f,g), which are comparable to some OER
catalysts reported in previous studies.51,52

Energy Storage Performance of the MNPs. The
simplicity of the method facilitates the preparation of other

Figure 6. Applications of the Graphite/metal prepared by the simple
one-step one-chemical method. (a) Illustration describing the
applications of the electrodes made of the Graphite/Pd. Electro-
catalytic performance of the Graphite/Pd electrode for the electro-
oxidation of ethanol for (b) an unpeeled Graphite/Pd electrode and
(c) a peeled Graphite/Pd electrode in a 1.0 M ethanol and 0.5 M
NaOH solution at a scan rate of 50 mV/s. Currents were normalized
for ECSA measured at 50 mV/s in 0.5 M NaOH. Electro-oxidation of
formic acid for (d) an unpeeled Graphite/Pd electrode and (e) a
peeled Graphite/Pd electrode in a 1.0 M formic acid and 0.5 M
H2SO4 solution at a scan rate of 50 mV/s. Currents were normalized
for ECSA measured at 50 mV/s in 0.5 H2SO4. Oxygen evolution
reaction (OER) of the (f) Graphite/Ni electrode and the (g)
Graphite/Fe electrode in 0.5 M NaOH.
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materials related to technologies that provide storage of
renewable energy. Iron oxides are of great interest as active
materials for supercapacitors.3,56 In these devices, besides
active materials, creating conducting pathways for ions and
electrons is another challenge to overcome to maximize charge
capacity.57−59 In this context, the materials that support active
materials greatly influence the performance of supercapacitors.
With this in mind, we prepared the Fe-deposited graphite
electrode (Graphite/Fe) by immersing the graphite in a 0.5 M
FeSO4 solution overnight (see Methods, Supporting Informa-
tion, for the detailed procedures) and examined their suitability
for use as electrodes of supercapacitors. The supercapacitors
were assembled by placing an ion-permeable separator
between two identical electrodes, where a 2.0 M KCl solution
was used as an electrolyte. Figure 7a shows cyclic voltammo-

grams obtained for the device that was composed of the
Graphite/Fe electrodes. Cyclic voltammograms present as
rectangular shapes, which is indicative of the pseudocapacitive
behavior of the electrodes. In general, when increasing the scan
rate, cyclic voltammograms are largely deformed into irregular
shapes due to the resistive contribution responsible for the
charge transport within devices; by contrast, our device retains
nearly rectangular shapes even at a high scan rate of 500 mV/s.

This suggests that the Graphite/Fe electrode has the ability to
efficiently transport ions and electrons to the surfaces and is
effective at enhancing the redox reaction of the deposited
active materials.
The favorable effects of the deposited Fe can be clearly seen

in the galvanostatic charge−discharge curve of Graphite/Fe,
shown in Figure 7b, where the corresponding data for the
device that was composed of pristine graphite electrode
(graphite) are also demonstrated. First, the potential varies
almost linearly with time, which is indicative of an ideal
pseudocapacitive behavior of the device. Additionally, the time
required for completing one charge−discharge cycle is
elongated for the Graphite/Fe compared to its pristine
counterpart at the same current density of 10 mA/cm2. Such
an elongated time represents the increased charge capacity
enhanced by the redox reaction of iron oxide. The capacitance
obtained from the cyclic voltammograms and galvanostatic
charge−discharge curves are summarized in Figure 7c,d,
respectively. The capacitance shows good agreement between
the two measurements and is sustained at the same level even
at elevated charge−discharge rates (at high scan rates and
current densities), thus demonstrating excellent charge trans-
port properties. In particular, considerable enhancement in the
(pseudo)capacitance by the redox reaction is confirmed over a
wide range of charge−discharge rates for the Graphite/Fe.
Note that a capacitance of 78 mF/cm2 obtained for the
Graphite/Fe is comparable to those for typical iron oxide-
based supercapacitors.60,61 The complex plane plots (or
Nyquist plots) for a piece of untreated graphite and
Graphite/Fe are shown in Figure 7e; the nearly vertical plot
suggests the capacitive nature of the device. It is also observed
that the interfacial resistance (i.e., the intercept at the x-axis;
see the inset of Figure 7e) at higher frequencies is slightly
lower for Graphite/Fe than the piece of untreated graphite;
hence, the device that involves Graphite/Fe has a better rate
performance than the piece of untreated graphite.
As a consequence of the high capacitance and improved rate

performance, we also observed superior power density (about
2 times higher) and energy densities (ca. 4−5 times higher) for
Graphite/Fe (Figure 7f) compared to the untreated graphite.
The Graphite/Fe supercapacitor was also found to work

effectively at a potential window of 1.0 V (Figure S11,
Supporting Information). In addition, a very stable response
was observed even after carrying out 1000 cycles of CV
measurements.

■ CONCLUSIONS
In summary, we demonstrated the great potential of graphite
foil for the deposition of MNPs with a large electrochemically
active surface area and the applications of these graphite/
MNPs composites in electrocatalysis and energy storage. The
method for depositing MNPs utilizes the excellent capability of
graphite foil to reduce metal ions to metals, even for less noble
metals such as Ni and Fe. The reduction occurs simply when
graphite comes in contact with the corresponding metal ions in
the solution. This process is ideal for the production of
electroactive materials because it is simple (i.e., requires only
one step and one chemical) and does not require the use of
hazardous chemicals or any energy input. This method is thus
not harmful to the environment and can contribute to the
development of a sustainable society. Remarkably, MNPs are
found both on the surface and deep within the bulk of graphite
(∼100 μm). In addition, because the surfaces of the generated

Figure 7. (a) Cyclic voltammograms obtained for the supercapacitor
composed of the Fe-deposited electrode (Graphite/Fe). (b)
Galvanostatic charge−discharge curves for Graphite/Fe and a pristine
graphite (graphite). The examined current density is 10 mA/cm2. (c)
Specific capacitance, Cs, calculated from the cyclic voltammetry. (d)
Cs determined from the galvanostatic charge−discharge measurement.
(e) Nyquist plots and (f) Ragone plots for graphite and Graphite/Fe.
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MNPs are not protected by ligands, electron transfer reactions
across their surfaces (i.e., for electrocatalysis and charge
storage) are highly preserved.
It is especially interesting that graphite also reduces non-

noble-metal salts (e.g., Fe2+ and Ni2+), which have large
negative standard reduction potentials and are usually difficult
to reduce thermodynamically.36,50 Our results suggested that
the reducing potential is due to the defects present in graphite.
Specifically, we found that an increase in the amount of defects
(e.g., through chemical methods) correlates with the amount
of MNPs deposited according to the sequence: HOPG <
graphite < scratched graphite < acid-treated graphite. More
importantly, merely scratching the surface mechanically to
increase the amount of defects increases the amount of MNPs
depositedsimply increasing the amount of defects is, thus, a
fundamental principle for increasing the reactivity of graphite.
An increase in the amount of defects increases the surface area
available for the deposition of MNPs; however, only those
areas that are functionalized with reactive groups can cause
MNPs to be deposited. The functionalization of the edges with
electron-donating groups (e.g., hydroxyl groups) decreases the
work function of graphite and causes graphite to be reactive.
We showed the presence of hydroxyl groups via different types
of chemical analyses (e.g., TOF-SIMS, Raman, and XPS) for
the untreated piece of graphite. The functionalization of the
reactive edges during the commercial production of the
graphite may be due to several possibilities (e.g., exposure of
the reactive edges to the surrounding medium).62 Notably, this
fundamental principle of using defects to activate reactivity is
important, as demonstrated by its ability to impart good
reactivity to materials as inert as graphite (e.g., deposition of
large amounts of MNPs with good catalytic performances).
This fundamental principle for increasing the reactivity may be
responsible for the enhanced functionalities of other unique
types of carbon-based materials, such as the single- and
multiwalled carbon nanotubes.2,4,5,9,10,15,24,63
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