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a b s t r a c t

Carbon has acquired considerable attention in view of its application as supports for platinum (Pt)
catalyst in direct methanol fuel cells (DMFCs) with promising renewable energy source due to their high
surface area and excellent chemical stability. However, the progress of carbon supports still needs to
move towards the practical utilization of high-performance DMFCs. In the present study, we propose a
novel support of nitrogen (N)-doped carbon and nickel (Ni) composites produced from protein using an
impregnation process and carbonization to increase the electrical conductivity. To this end, we fabricated
the Pt nanoparticles on N-doped carbon and Ni composites (Pt@NC/Ni). To obtain the optimized elec-
trochemical performance, the amount of Ni components into carbon supports was controlled by three
types. Specifically, as compared to commercial Pt/C and other samples, the optimized Pt@NC/Ni with the
high electrical conductivity of 0.75 S cm�1 shows the lowest onset potential of 0.03 V, the highest anodic
current density of 744mA mgPt�1, and an excellent catalytic stability with the highest retention rate of
86%. Accordingly, this novel support provides multiple advantages in terms of the well-dispersed Pt
nanoparticles on the surface, N-doping effect of carbon supports, and an increased electrical conductivity
by the introduction of Ni components. Therefore, Pt@NC/Ni is a promising novel catalyst to enhance
electrochemical performance of methanol oxidation reaction.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Depletion of fossil fuels and environmental pollution are critical
challenges emerging due to the rapidly growing energy demand,
which emphasizes the necessity to develop sustainable and clean
energy sources [1,2]. Owing to their high energy densities, low
operating temperatures, and ease of transportation and storage for
long-term operation, direct methanol fuel cells (DMFCs) have
attracted considerable attention as promising environmentally-
friendly power sources [3e5]. In addition, with its principle of be-
ing renewable from biomass, the liquid type of methanol fuel is low
cost and, as compared to pure hydrogen, has attractive advantages
such as high solubility and excellent safety [6e8].
ience and Engineering, Seoul
139-743, South Korea.
Notwithstanding, DMFCs still face the following two key bar-
riers to successful commercialization: (1) expansive manufacturing
costs due to high-cost precious platinum (Pt) catalyst; (2) slow
kinetic rate of the methanol oxidation reaction (MOR) with Pt
catalyst. Therefore, Pt nanoparticles as catalysts would be dispersed
onto a carbon support to obtain a lot of electroactive sites between
the catalyst surface and methanol fuel, leading to high-
performance MOR [9e11]. Over the past decades, due to their due
highly specific surface area, excellent chemical properties, envi-
ronmental friendliness, and relative durability in electrolyte, car-
bon supports have been extensively investigated [1e5].

Many studies has sought to improve the performance of carbon
supports. Of these strategies, the high surface area of carbon sup-
ports is an effective technique to obtain the well-dispersed Pt
nanoparticles, leading to large electroactive sites [12e19]. More-
over, the introduction of nitrogen (N)-doping in carbon supports
could act as an anchoring site for Pt nanoparticles deposited on its
surface, resulting in an excellent electrochemical stability [20e22].
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Furthermore, the relatively low electrical conductivity of carbon
supports compared to metal supports remains an issue and is the
reason for the limited electrochemical performance due to the slow
electron transfer during MOR [4,5,16]. Thus, further progress of
advanced carbon supports is still needed with regard to the prac-
tical utilization of high-performance DMFCs.

Thus, in the present study, we suggested the unique concept
with the improvement of electrical conductivity by the introduc-
tion of nickel (Ni) component in a carbon support to improve
electrochemical performance. In addition, the carbon support was
fabricated from protein-based tofu, a traditional Asian food [23,24].
Due to its high carbon content and the presence of N, the protein
consisting of amino acid is a powerful candidate as a raw material
for functional carbon [23,24]. Hence, we fabricated Pt nanoparticles
on N-doped carbon and Ni composites from protein and controlled
the optimum amount of Ni component for the optimal catalysts for
MOR.

2. Experimental

2.1. Chemicals

Protein from tofu (Pulmuone Co., Ltd.) was used. Nickel(II)
chloride hexahydrate (NiCl2$6H2O), chloroplatinic acid hydrate
(H2PtCl6∙xH2O, �99.9%), nitric acid (HNO3), hydrofluoric acid (HF),
sodium borohydride (NaBH4), Nafion perfluorinated resin solution,
2-propanol, methanol, and sulfuric acid (H2SO4) were purchased
from Sigma-Aldrich.

2.2. Synthesis of Pt nanoparticles on N-doped carbon and Ni
composites (Pt@NC/Ni)

The Pt nanoparticles on N-doped carbon and Ni composites
(Pt@NC/Ni) were successfully fabricated using the impregnation
process and carbonization. First, the protein-based tofu was pre-
pared in the size of 1 cm3 and then immersed in NiCl2$6H2O so-
lution for 10 h. To optimize the Ni component, NiCl2$6H2O was
gradationally controlled using different amounts of 5, 10, 15wt%
NiCl2$6H2O. To remove the solution, the impregnated sample was
dried in an oven and heated at 300 �C for stabilization. Afterwards,
the ball-mill process was performed to acquire the nano-sized
support. The carbonization was performed at 800 �C under the
nitrogen atmosphere. To invest the functional groups on the surface
of the carbonized sample, the acid treatment was performed using
a mixture (1:1 (v/v)) of HNO3 and HF. To decorate the Pt nano-
particles on the surface, the reduction method was employed. A
carbonized sample was dispersed in the 0.28mMH2PtCl6∙xH2O
solution and then reduced using the NaBH4 solution (100mgmL�1)
to load 10wt% Pt nanoparticles on the surface. To obtain the
metallic Pt phases, the resultant samples were acquired by the
freeze-dry process under �50 �C. Thus, we fabricated the three
samples using different amounts of 5, 10, 15wt% NiCl2$6H2O
(thereafter referred to as Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni
15, respectively). For comparison, Pt nanoparticles on N-doped
carbon without Ni component (thereafter referred to as Pt@NC)
were synthesized. In addition, the commercial Pt/C (20wt% Pt on
carbon) was purchased from De Nora S.P.A. and further used for
comparison.

2.3. Characterization

The structures and morphologies were explored by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM, KBSI Gwangju Center). X-ray diffractometry (XRD) in the
range from 10� to 90� and X-ray photoelectron spectroscopy (XPS)
were used to investigate the crystal structures and chemical
bonding states, respectively. The content of the samples was
examined by the thermogravimetric analysis from 200 to 800 �C at
the heating rate of 10 �C min�1 in the air. To evaluate electrical
conductivity, the prepared samples were coated on a glass sub-
strate and measured using the hall measurement technique.

2.4. Electrochemical characterization

Electrochemical properties were investigated using a potentio-
stat/galvanostat in three-electrode system consisting of a glassy
carbon (working electrode), a Pt wire (counter electrode), and an
Ag/AgCl, sat. KCl (reference electrode). For the catalyst inks, the
catalyst powder was dispersed in 2-propanol and deionized water
containing Nafion solution. The catalyst ink was dropped on a
glassy carbon and then dried in an oven. To identify the MOR, cyclic
voltammograms (CV) was used between �0.2 and 1.0 V (vs. Ag/
AgCl) at the scan rate of 50mV s�1 in a 2M CH3OH and 0.5MH2SO4
electrolyte. To investigate the electrochemical stability, chrono
amperometry (CA) was performed at the sustained potential of
0.5 V for 2000s, respectively. In addition, the long-term retention
tests were performed using collecting CVs up to 7200 cycles. After
the tests, the CV was repeatedly examined.

3. Results and discussion

The unique N-doped carbon and Ni composites was produced by
the impregnation process and carbonization. First, the protein-
based tofu was immersed in ethanol (Fig. 1a). To obtain the Ni
component, 10wt% NiCl2$6H2O was added (Fig. 1b). The impreg-
nated protein was dried to remove the solution and then heated at
300 �C for stabilization (Fig. 1c). N-doped carbon and Ni composite
(Fig. 1d) as supports was obtained by the ball milling process and
carbonization. Finally, Pt@NC/Ni 10, Pt nanoparticles on N-doped
carbon and Ni composites (Fig. 1e) were successfully fabricated by
the reduction method.

Fig. 2 shows the SEM images of Pt@NC (Fig. 2a), Pt@NC/Ni 5
(Fig. 2b), Pt@NC/Ni 10 (Fig. 2c), and Pt@NC/Ni 15 (Fig. 2d). The size
of all samples with semi-block morphology ranged from ~150 to
~395 nm. In addition, all samples displayed smooth surfaces
without aggregated nanoparticles, implying the well-dispersed Pt
nanoparticles on the surface. To further investigate the structural
characterization of the samples, the TEM measurements were also
performed.

Fig. 3 shows low and high-magnification TEM images of Pt@NC
(Fig. 3a and e), Pt@NC/Ni 5 (Fig. 3b and f), Pt@NC/Ni 10 (Fig. 3c and
g), and Pt@NC/Ni 15 (Fig. 3d and h). Pt@NC (Fig. 3a and e) showed
that Pt nanoparticles (3e5 nm) were dispersed on the surface
without Ni component, indicating that the protein-based carbon
was a favorable support for Pt nanoparticles. On the other hand,
Pt@NC/Ni 5 (Fig. 3b and f), Pt@NC/Ni 10 (Fig. 3c and g), and Pt@NC/
Ni 15 (Fig. 3d and h) showed well-dispersed Pt nanoparticles
(3e5 nm) and Ni component into the N-doped carbon. The average
size of Ni component for Pt@NC/Ni 5 and Pt@NC/Ni 10 ranged from
11 to 29 nm. In addition, the high-resolution TEM image of Pt@NC/
Ni 10 (Fig. 3g) exhibited a clear lattice distance with the spacing of
0.22 nm and 0.34 nm, corresponding to the (111) planes of Pt and
(002) planes of graphite. The Ni component into N-doped carbon
could provide the formation of the graphite layer using catalytic
action, leading to an improved electrical conductivity. However,
Pt@NC/Ni 15 showed a large Ni component with the size range of
71e97 nm, suggesting that the excessive amount of Ni was
agglomerated in the N-doped carbon. To confirm the elemental
distribution of Pt, Ni, C, and N of Pt@NC/Ni 10, the TEM-EDS map-
ping was performed (Fig. 3i). The obtained EDS data demonstrated



Fig. 1. Schematic illustration of the synthesis process for (a) protein-based tofu in ethanol, (b) protein-based tofu and 10wt% NiCl2$6H2O in ethanol, (c) dried protein and Ni
composites, (d) nitrogen (N)-doped carbon and Ni composites, and (e) Pt nanoparticles on N-doped carbon and Ni composites (Pt@NC/Ni 10).

Fig. 2. SEM images of (a) Pt@NC, (b) Pt@NC/Ni 5, (c) Pt@NC/Ni 10, and (d) Pt@NC/Ni 15.



Fig. 3. (aed) Low-resolution and (eeh) high-resolution TEM images of Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15. (i) TEM-EDS mapping data of Pt@NC/Ni 10.
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that the all elements were well distributed, with Ni components all
embeamed into the N-doped carbon and Pt nanoparticles well-
dispersed on the surface.

Fig. 4a shows the XRD data of Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10,
and Pt@NC/Ni 15 conducted to analyze the crystal structures. The
diffraction peaks of pure Pt and pure Ni are indicated. The main
diffraction peaks of Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni
15 are observed at 39.7�, 46.2�, 67.5�, and 81.3�, corresponding to
the (111), (200), (220), and (311) planes of metallic Pt phases with a
face-centered structure, respectively [25]. In addition, Pt@NC/Ni 10,
and Pt@NC/Ni 15 with a large amount of Ni components shows a
diffraction peak at 44.5�, and 51.8�, corresponding to the (111) and
(200) plane of metallic Ni phases with a face-centered structure,
respectively [26,27]. The XPS measurements were performed to
inspect the chemical state of Pt@NC/Ni 10 on the surface. The four
types of C 1s spectra were CeC groups (284.5 eV), CeO groups
(286.0 eV), C]O groups (287.6 eV), and OeC]O groups (288.7 eV),
respectively [28e30] (Fig. 4b). Fig. 4c shows N 1s peaks in the XPS
spectra. The decomposition of N was observed in four signals peaks
at 398.4 eV, 400.0 eV, 401.0 eV, and 403.0 eV, corresponding to
pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic-N oxide,
respectively [31]. The doped-N sites arose from the amino acid of
the protein. Specifically, the pyridinic-N, including a pair of elec-
trons in the plane of the carbon could provide one p-electron to the
aromatic p-systems, leading to an increase of the electron-donor
properties for catalytic performance. Therefore, the presence of
pyridinic-N sites resulted in a marked improvement of
electrochemical activity [31]. The XPS spectra of Ni 2p were
monitored at 855.7 eV and 862.1 eV, corresponding to nickel hy-
droxide and shake up satellites, respectively (Fig. 4d) [26,27]. The
nickel hydroxide can be attributed to water vapor and O2 in the air
[26,27]. In addition, as shown in Fig. 4e, the XPS spectra of the
metallic Pt phase were investigated at 72.3 eV and 75.4 eV.

To inspect the contents, the TGA measurement was used with
the heating rate of 10 �C min�1 in the air from 200 �C to 800 �C
(Fig. 5a). Pt@NC showed a weight loss of 90%, signifying the exis-
tence of Pt nanoparticles. In addition, as the relative amount of Ni
component increased, the weight loss gradually increased as well.
The weight loss of Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15
amounted to 77, 71, and 64%, respectively. In addition, the weight
loss of NC/Ni 5, NC/Ni 10, and NC/Ni 15 without Pt nanoparticles
amounted to 13, 19, and 26%, respectively (not shown). These re-
sults mean that the 10wt% Pt nanoparticles were successfully
fabricated on the composite supports. To investigate the effect of Ni
component in carbon support, the electrical conductivity was
measured by a hall measurement technique. Fig. 5b shows the
electrical conductivities of Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and
Pt@NC/Ni 15. Of these, as compared to other samples, Pt@NC/Ni 10
exhibited highest electrical conductivity of 0.75 S cm�1, implying
the optimized amount of Ni components within well-dispersed Ni
components in N-doped carbon supports. The increased electrical
conductivity could efficiently improve the catalytic performance
due to the improvement of electron transfer. On the other hand,
owing to large aggregated Ni components in N-doped carbon



Fig. 4. (a) XRD patterns of Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15. (b) C 1s, (c) N 1s, (d) Ni 2p, and (e) Pt 4f of Pt@NC/Ni 10.
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support, Pt@NC/Ni 15 indicated a relatively low electrical conduc-
tivity of 0.47 S cm�1. Moreover, the electrical conductivity of NC,
NC/Ni 5, NC/Ni 10, and NC/Ni 15without Pt nanoparticles is 0.1, 0.13,
0.39, and 0.21 S cm�1 respectively (not shown).

Fig. 6a shows the CV curves in a 2M CH3OH and 0.5MH2SO4
electrolyte between �0.2 and 1.0 V (vs. Ag/AgCl) at the scan rate of
50mV s�1. The Pt loading mass was used to normalize the
measured values. As is widely known, the MOR at the electrode
generates 6 electrons, 6 protons, and carbon dioxide (CH3OHþ H2O
/ 6e� þ 6Hþ þ CO2) [9e11]. As the onset potential duringMOR can
demonstrate the catalytic performance. Pt@NC/Ni 10 exhibited the
lowest onset potential of 0.03 V, suggesting the optimum amount of
Ni component in N-doped carbon supports (Fig. 6a). All CV (Fig. 6b)
curves present typical peaks, including methanol oxidation peak in
the forward scan and intermediate species, such as CO, COOH, and
CHO, in the backward scan. The value of methanol oxidation peak is
Fig. 5. (a) TGA curves and (b) electrical conductivities of
an important index in MOR. For the methanol oxidation peak of
Pt@NC/Ni 10, the higher the number of electrons, the higher anodic
current density as compared with other samples, signifying the
enhanced electrochemical activity of MOR. Fig. 6c indicates that the
anodic current densities of commercial Pt/C, Pt@NC, Pt@NC/Ni 5,
Pt@NC/Ni 10, and Pt@NC/Ni 15 were 494, 510, 572, 744, and 639mA
mgPt�1 in the forward scan at 0.65 V, respectively. The improved
electrochemical activity of MOR can mainly be attributed to the
high electrical conductivity of carbon supports resulting from the
optimized amount of Ni components related to the improvement of
electron transfer, as well as the well-dispersed Pt nanoparticles on
the surface related to numerous electroactive sites.

The electrochemical stability and retention of MOR are critical
parameters for use in practical applications of DMFCs. CA (Fig. 7a)
was performed at 0.5 V for 2000s in a 2M CH3OH and 0.5MH2SO4
electrolyte. The current densities of all samples were rapidly
Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15.



Fig. 6. Comparison of the catalytic activity of commercial Pt/C, Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15. (a) On set potential in the forward scan. (b) Cyclic voltammetry
(CV) measurements of methanol oxidation of commercial Pt/C, Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15 at the scan rate of 50mV s�1 in the voltage range of �0.2e1.0 V.
(c) Anodic current densities of all the samples at 0.65 V.

Fig. 7. (a) Chronoamperometry (CA) of commercial Pt/C, Pt@NC, Pt@NC/Ni 5, Pt@NC/Ni 10, and Pt@NC/Ni 15 in 0.5MH2SO4 and 2M CH3OH electrolyte at 0.5 V. CV measurements
after CA test of (b) commercial Pt/C and (c) Pt@NC/Ni 10, respectively.
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reduced due to the adsorption of intermediate species and SO4
2�

anions onto the surface of Pt nanoparticles. Nonetheless, Pt@NC/Ni
10 showed the highest current density and the lowest deterioration
rate, implying the excellent electrochemical stability. In addition, to
investigate electrochemical retention, CA measurement was per-
formed at 0.45 V in a 2M CH3OH and 0.5MH2SO4 electrolyte for
7200s. Thereafter, the CV measurement was repeatedly run. CV
curves of commercial Pt/C (Fig. 7b) and Pt@NC/Ni 10 (Fig. 7c) were
obtained after the CA measurement, respectively. Pt@NC/Ni 10
presented the higher retention of 86% than commercial Pt/C (68%).
Therefore, Pt@NC/Ni 10 displays the high current density and the
high retention, suggesting that N-doping sites of carbon supports
could efficiently help the electrochemical stability and retention
using the synergistic interaction of Pt nanoparticles and carbon
support [4,5,31].

4. Conclusions

In the present study, Pt@NC/Ni as a catalyst for MOR was suc-
cessfully synthesized using the impregnation process and carbon-
ization. The optimized Pt@NC/Ni 10 exhibited a novel structure for
thewell-dispersed Pt nanoparticles (3e5 nm) on the surface and an
optimized amount of Ni components (11e29 nm) in the N-doped
carbon supports. In addition, due to the optimized Ni components
in N-doped carbon supports, Pt@NC/Ni 10 had the highest electrical
conductivity of 0.75 S cm�1 as compared to other samples. Pt@NC/
Ni 10 indicated an enhanced electrochemical performance with the
lowest onset potential of 0.03 V, the highest anodic current density
of 744mA mgPt�1, and an outstanding catalytic stability with the
highest retention rate of 86% as compared to commercial Pt/C and
other samples. The outstanding electrochemical performance can
be attributed to the following twomain factors: (i) the lowest onset
potential and highest anodic current density are due to the opti-
mized amount of Ni components well-dispersed Pt nanoparticles;
(ii) the excellent catalytic stability is achieved due to the N-doping
effect of carbon supports. Taken together, in terms of practical ap-
plications for DMFCs, the results of the present study indicate that
the improved electrical conductivity of supports by Ni components
and N-doping effect for Pt nanoparticles might be a key factor
related to electron transfer.
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