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Introduction

Although direct methanol fuel cells (DMFCs) have received
growing attention as clean power sources for portable
communication devices, small vehicles, and other applications,
the lack of highly active and durable electrode catalyst materials
limits their commercial application.*™ To date, Pt and Pt-based
noble metal catalysts have been reported as ideal catalysts for
the methanol oxidation reaction (MOR) due to their distinct
electronic properties and chemical stabilities.”” However, the
widespread usage of Pt is restricted by its high cost and scarce
reserves,* ™ and hence, significant efforts have been devoted to
reducing the Pt loading while maximizing the activity and
stability of the catalysts. Alloying with transition metals (e.g:,
Fe,' Co," Ni,'® and Cu,"” among others) is a primary method for
mitigating the Pt loading, and computational investigations
have indicated that Pt-transition metal alloys show significantly
improved catalytic activities compared to pure Pt."*>*

To date, a number of methods have been reported for the
preparation of such bimetallic compounds, with the primary
method being the co-reduction of transition metal salts and
platinum metal salts in a range of organic solvents.*?®
However, the main drawback of this method is that long chain
organic solvents cover the active sites, leading to a decrease in
the catalytic activity. As such, MOFs, a type of crystalline porous
material, have gained increasing attention as suitable precur-
sors for the development of Pt-based electrocatalysts because of
their diversity of structure and composition. In this context, it
should be noted that Pt-based electrocatalysts are commonly
prepared by two main methods. The first method is the
impregnation method, where Pt ions are attracted to the surface
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(annealed at 700 °C) exhibited an enhanced mass activity in the electrocatalytic methanol oxidation
reaction, which was ten times higher than that of commercial Pt/C (20%) catalysts.

of MOFs or encapsulated inside the MOFs, followed by high-
temperature treatment,***” while the second method is an
electrochemical route, as reported by Zhang and co-workers.*®
However, both of these methods are complicated due to the
large amount of Pt required, and hence are not suitable for use
in commercial production.

We therefore attempted the preparation of a type of MOF in
which Pt is directly coordinated in the initial framework, as this
should allow simplification of the synthetic procedure. We
previously found that Hofmann-type MOFs have the structure
formula [Fe(L),M'(CN),] (n = 1 or 2 for the bridging or
unidentate ligands, respectively; and M’ = Ni**, Pd**, Pt>") and
[Fe(L),{M'(CN),},] (M’ = Ag" or Au").”* In such as system, the Pt
atoms connect with the Fe atoms through the cyanide groups of
the original frameworks, thereby providing a framework con-
sisting of coexisting noble metals and transition metals. The
use of Hofmann-type MOFs therefore simplifies the synthesis of
electrocatalysts and could be employed in a commercial setting.

Thus, we herein propose a general strategy for the prepara-
tion of Pt-based electrocatalysts derived from Hofmann-type
MOFs (Pt/Fe-MOFs), as shown in Scheme 1. To improve the
mechanical properties, stability, and conductivity of the cata-
lysts, MOFs are grown on GO (Pt/Fe-MOFs@GO). After anneal-
ing, GO is converted into reduced graphene oxide (rGO), in
which the N atoms from the CN~ and dipyridyl-

Scheme 1 Schematic representation of Pt,Fe/C/N-GC catalyst
preparation.
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naphthalenediimide (DPNDI) ligands were successfully doped
in graphitized carbon (N-GC). Interestingly, as the annealing
temperature increased, temperature-induced phase transition
occurred, and Pt,Fe/C/N-GC-700 (Pt/Fe-MOFs@GO annealed at
700 °C) delivered the best electrocatalytic performance and
durability, with a mass activity and electrochemical active
surface area of 48.78 mA mg~ ' and 2.9 x 10~ * m?, respectively.
It should be noted that these values are 10.3 and 24.2 times
higher than those of commercial Pt/C (20%) catalysts because
a greater number of active sites in the main phase (Pt;Fe) are
exposed on the surface of Pt,Fe/C/N-GC-700.3!

Results and discussion

Powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM) were employed to characterize the crystallite
morphology and structure of the Pt/Fe-MOFs. The PXRD pattern
of the Pt/Fe-MOFs (Fig. S1f) matched well with the simulated
result from the single-crystal data, indicating a good phase
purity. The SEM image of the Pt/Fe-MOFs (Fig. 1a) reveals their
rod-like morphology, and their crystal structure (see Tables S1
and S2t) was assigned to an orthorhombic crystal system with
lattice parameters of a = 15.1072 A, b =21.1303 A, and ¢ =
29.3958 A, in addition to the Ibca space group (no. 73). The
asymmetric unit contains two Fe®>* cations (Fel and Fe2) in
different coordination environments, where one is coordinated
with two methanol molecules, and the other is coordinated with
two water molecules. In addition, it contains two Pt*" cations,
half of one DPNDI ligand, six CN™ anions, and one H,O mole-
cule (Fig. S27).

The SEM image of Pt/Fe-MOFs@GO (Fig. 1b) indicates that
the introduction of GO has a significant effect on the MOF
morphology. More specifically, the MOFs formed a single
nanorod from the original nanoplate structures (Fig. 1a) due to

TR
y Pt Fe/C/N-GC-800
_LA LL a
)
'ﬁ Pt Fe/C/N-GC-T00
)
H 1 Pt Fe/CIN-GC-600
W

Pt PDF#04-0802

Inten;ity (a.u.)

Pt Fe PDF#29-0716 |t !
|
P
FePt PDF!43-1359 |

o L1y
———r
0 8 9

T T
20 30

Fig. 1 SEM images of (a) Pt/Fe-MOFs, (b) Pt/Fe-MOFs@GO, and (c)
Pt,Fe/C/N-GC-700. (d) PXRD patterns of Pt,Fe/C/N-GC-600, Pt Fe/
C/N-GC-700, and Pt,Fe/C/N-GC-800. The green, orange, and pink
dashed lines correspond to the peak positions of PtsFe, bimetallic PtFe,
and pure Pt, respectively.
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the influence of GO. In addition, the PXRD pattern of Pt/Fe-
MOFs@GO (Fig. S31) revealed pronounced changes in the Pt/
Fe-MOFs structure. Of particular importance is the absence of
the prominent peak at 26 = 5.90° in the PXRD pattern, which is
likely due to GO affecting the growth direction of the Pt/Fe-
MOFs, and resulting in additional constraints. In addition,
a characteristic diffraction peak of GO is observed at 26 = 11.0°,
and the original peaks between 26 = 10.0° and 30.0° disappear
due to the relatively high intensity of the GO peaks compared to
those of the Pt/Fe-MOFs.*>=*

Furthermore, Pt/Fe-MOFs@GO were annealed at different
temperatures to prepare a range of Pt-based catalysts (denoted
as Pt,Fe/C/N-GC-600, Pt,Fe/C/N-GC-700, and Pt,Fe/C/N-GC-800,
where the number indicates the annealing temperature).
During the annealing process, GO was converted into rGO, as
confirmed by elemental analysis (Table S37). Fig. 1d shows the
PXRD patterns of Pt,Fe/C/N-GC-600, Pt,.Fe/C/N-GC-700, and
Pt,Fe/C/N-GC-800. The main peak for Pt,Fe/C/N-GC-600 appears
at 39.7° and corresponds to the (111) reflection planes of Pt
(PDF#04-0802), while that of Pt,Fe/C/N-GC-700 at 40.6° is
attributed to the (111) reflection planes of Pt;Fe (PDF#29-0716).
Similarly, the main peak of Pt,Fe/C/N-GC-800 appears at 41.1°
and corresponds to the (110) reflection planes of FePt (PDF#43-
1359). Upon increasing the annealing temperature, the main
peaks between 40° and 50° are shifted to higher angles, indi-
cating that a phase transition takes place. More specifically, the
primary phase changes to the Pt;Fe phase (700 °C) via the Pt
phase (600 °C), and at an annealing temperature of 800 °C, the
phase is converted into bimetallic FePt.?*3¢

Fig. S47 and Fig. 1c show the SEM images of Pt,Fe/C/N-GC-
600, Pt,Fe/C/N-GC-800, and Pt,Fe/C/N-GC-700. More specifi-
cally, Fig. S4af indicates that upon annealing at 600 °C, the
topological features of the MOFs are partially retained, and the
original structure is not completely destroyed. These particles
have not yet undergone complete alloying. As shown in Fig. 1c,
after annealing at 700 °C, the bimetallic nanoparticles are
uniformly distributed on the rGO surface or embedded in the
rGO sheets. Moreover, upon increasing the temperature,
nanoparticle agglomeration takes place after annealing at
800 °C (Fig. S4bf), thereby leading to a decrease in the catalytic
performance.

Transmission electron microscopy (TEM) was then used to
further characterize the morphologies of the prepared electro-
catalysts. The TEM image of Pt,Fe/C/N-GC-700 (Fig. 2a) shows
that the Pt,Fe bimetallic nanoparticles are uniformly dispersed
on the rGO surface. The high-resolution TEM (HRTEM) image
of Pt,Fe/C/N-GC-700 (Fig. 2b) shows three types of lattice fringes
(0.27 nm, 0.22 nm, and 0.23 nm), which match well with FePt
(110), PtsFe (111), and Pt (111) respectively. Moreover, the
scanning transmission electron microscopy (STEM) image of
Pt,Fe/C/N-GC-700 (Fig. 2c) and the corresponding energy-
dispersive spectroscopy (EDS) profile confirm the presence of
G, N, Pt, and Fe. Elemental mapping (Fig. 2d) clearly reveals the
coexistence of these elements on the rGO sheets, further sug-
gesting the homogeneous distribution of Pt,Fe nanoparticles
throughout the 2D N-doped rGO framework. Furthermore,
Fig. S5 and S61 show the TEM and corresponding HRTEM
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Fig.2 (a) TEM and (b) HRTEM images of Pt,Fe/C/N-GC-700. (c) STEM
and the corresponding (d) EDS elemental mapping images of Pt Fe/C/
N-GC-700.

images of Pt,Fe/C/N-GC-600 and Pt,Fe/C/N-GC-800, respec-
tively. The Pt phase of Pt,Fe/C/N-GC-600 and the FePt phase of
Pt,Fe/C/N-GC-800 can be clearly observed, consistent with the
results of PXRD analysis.

The surface areas of both the Pt/Fe-MOFs@GO and the Pt,Fe/
C/N-GC-700 samples were then determined by Brunauer-
Emmett-Teller (BET) measurements (Fig. 3a). The N, adsorp-
tion-desorption isotherm of Pt/Fe-MOFs@GO at 77 K (BET
surface area: 6.93 m> g~ ') can be classified as a typical type I
isotherm, thereby indicating the presence of nonporous or
partially microporous solid materials. Moreover, the isotherm
of Pt,Fe/C/N-GC-700 (BET surface area: 32.68 m”> g~ ') shows
a typical reversible-type I sorption behavior with an obvious
hysteresis loop, confirming the presence of slit-like micropo-
rous or mesoporous structures, and corresponding to the
classic stacking pattern of graphene.’” The pore size distribu-
tions of Pt/Fe-MOFs@GO and Pt,Fe/C/N-GC-700 were also
calculated (Fig. 3b) by the Barrett-Joyner-Halenda method, and
similar pore size distributions were obtained, thereby suggest-
ing that the microporous structures are maintained. However,
the micropores had a more constant size of 0.618 nm. This
higher specific surface area and more focused porous structure
are therefore expected to contribute to the improved electro-
catalytic activity.

Raman spectra were also recorded for the various samples
(Fig. S77). Two typical peaks are detected in all three spectra,
which correspond to the D (1353 em™") and G (1593 cm™ ")
bands. The D-band is assigned to the disorder or structural
defects of graphene, while the G band is attributed to the
vibration of C sp> atoms. Thus, the Ip/I (the R value) ratio was
used to evaluate the degree of graphitization, and as expected,
Pt,Fe/C/N-GC-600 had the lowest R value (R = 1.01), which
suggests a lower degree of graphitization relative to those of
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Fig. 3 (a) N, adsorption—desorption isotherms and (b) Barrett—Joy-
ner—Halenda desorption pore size distributions of Pt/Fe-MOFs@GO
and Pt,Fe/C/N-GC-700. (c) Fe 2p and (d) Pt 4f XPS spectra of Pt/Fe-
MOFs@GO and Pt,Fe/C/N-GC-700. (e) C 1 s and (f) N 1 s spectra of
Pt,Fe/C/N-GC-700.

Pt,Fe/C/N-GC-700 (R = 1.10) and Pt,Fe/C/N-GC-800 (R = 1.11).
These results indicate that Pt,Fe/C/N-GC-700 and Pt,Fe/C/N-GC-
800 exhibit similar degrees of graphitization, thereby suggest-
ing that a comparative number of defects are present on the
surface of the graphene sheet. However, due to agglomeration
of the nanoparticles annealed at 800 °C, the catalytic perfor-
mance of Pt,Fe/C/N-GC-700 is superior to that of Pt,Fe/C/N-GC-
800.

X-ray photoelectron spectroscopy (XPS) was then employed
to measure the chemical components and bonding natures of
the various elements present on the catalyst surface layers.
Fig. S81 shows the survey spectra for the samples before and
after annealing at different temperatures. Upon increasing the
annealing temperature, the N content decreased, indicating
that some N atoms were lost and some were doped into the
graphitized carbon (GC), thereby generating defects and effi-
ciently anchoring the Pt,Fe bimetallic nanoparticles to act as
active sites.**** High-resolution XPS spectra were then recorded
to further examine the chemical changes taking place during
annealing. As shown in Fig. 3c, the Fe 2p spectrum of Pt,Fe/C/N-
GC-700 shifted to a slightly higher binding energy, while the Pt
4f spectrum (Fig. 3d) shifted to a slightly lower binding energy
when compared to the case of Pt/Fe-MOFs@GO. This
phenomenon was due to the higher electronegativity of Pt (2.2)
compared to that of Fe (1.83). We note that the Pt present in
Pt,Fe bimetallic compounds should be more metallic with
a negative shift in the binding energy relative to that of the

This journal is © The Royal Society of Chemistry 2019
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individual Pt nanoparticles, while Fe should have higher
valency and show a positive shift in the binding energy.** The
XPS results therefore indicate the formation of Pt,Fe bimetallic
compounds. As shown in the C 1 s spectrum of Pt,Fe/C/N-GC-
700 (Fig. 3e), the C-N bonds are preserved even after anneal-
ing. In addition, the N 1 s spectrum (Fig. 3f) obtained after
heating confirmed the presence of N atoms, again indicating
the successful doping of N into the carbon supports. All
observations are therefore in accordance with the results ob-
tained from the EDS mapping images. Furthermore, the N 1 s
spectrum (Fig. S91) of Pt/Fe-MOFs@GO confirms the presence
of CN triple bonds, consistent with the PXRD and SEM results,
and demonstrates successful growth of the MOFs on GO.

Catalyst activity and stability in the MOR

Inspired by the attractive architectural features of the as-
synthesized catalysts, we carried out electrochemical measure-
ments for the various samples and commercial Pt/C at room
temperature. Pt,Fe/C/N-GC-700 showed the best mass activity
for the MOR, as seen in Fig. 4a and b. More specifically, the
mass activity of Pt,Fe/C/N-GC-700 was determined to be 48.78
mA mg ' at the CVs forward peak position, which was 3.2, 3.8,
and 10.3 times greater than those of Pt,Fe/C/N-GC-800 (15.24
mA mg '), Pt,Fe/C/N-GC-600 (12.82 mA mg '), and the
commercial 20% Pt/C (4.72 mA mg "), respectively.

The cyclic voltammetry (CV) curves (Fig. 4c) for all catalysts
displayed pronounced peaks between —0.2 and 1.2 V (vs. Ag/
AgCl) in a N,-saturated 0.5 M H,SO, solution, which were
derived from the H, adsorption/desorption behavior at the
active sites. The coulombic charges calculated from the H,
adsorption region revealed that the as-synthesized catalysts had
ECSAs (Fig. 4d) of 4.8 x 10> m? (Pt,Fe/C/N-GC-600), 2.9 x 10 *
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Fig. 4 (a) CVs of Pt,Fe/C/N-GC-600, Pt,Fe/C/N-GC-700, Pt,Fe/C/N-

GC-800, and the commercial Pt/C (20%) electrocatalysts in 0.1 M
H,SO,4 + 1 M CHsOH solution. (b) MOR mass activities of Pt,Fe/C/N-
GC-600, Pt,Fe/C/N-GC-700, Pt Fe/C/N-GC-800, and the commer-
cial Pt/C (20%) electrocatalysts, which corresponded to the forward
peak current densities of the CV curves in 0.1 M H,SO4 + 1 M CHzOH
solution. (c) CV curves in 0.1 M H,SO,. (d) ECSA and specific ECSA of
Pt,Fe/C/N-GC-600, Pt,Fe/C/N-GC-700, Pt,Fe/C/N-GC-800, and the
commercial Pt/C (20%).
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m? (Pt,Fe/C/N-GC-700), 3.2 x 10~ ° m? (Pt,Fe/C/N-GC-800), and
1.2 x 107> m? (20% Pt/C), indicating the exposure of a greater
number of catalytically active sites for Pt,Fe/C/N-GC-700. To
further compare the catalytic activities of the prepared catalysts,
the currents were normalized with respect to both the ECSA and
the Pt loading (Fig. 4d). It should be noted that Pt,Fe/C/N-GC-
700 had the highest ECSA value, thereby indicating its supe-
rior performance. ICP-OES data of samples annealed at
different temperatures are shown in Table S4.f

We then wished to further investigate the poor MOR
performances of Pt,Fe/C/N-GC-600 and Pt,Fe/C/N-GC-800
compared with that of Pt,Fe/C/N-GC-700. It has been reported
that N species play a crucial role in the electrocatalytic
process,**” with graphitic N working as an efficient active
sites.*** Hence, XPS was used to investigate the elemental
compositions of Pt,Fe/C/N-GC-600, Pt,Fe/C/N-GC-700 and
Pt,Fe/C/N-GC-800. The high-resolution N 1 s spectra of these
three samples (see Fig. 3f, S10, and S117) indicate the presence
of three types of nitrogen species, namely pyridinic-N at
399.0 eV, pyrrolic-N at 400.0 eV, and graphitic-N at 401.0 eV. As
shown in Table S5, Pt,Fe/C/N-GC-700 contains a higher
graphitic-N content than the other two samples, thereby giving
it the greatest number of active sites and the highest ECSA.
Furthermore, it has been reported that as the carbonization
temperature increases, the graphitization of carbon materials
will simultaneous enhance,** which can effectively enhance
the conductivity and charge transfer ability of the material.
Based on this principle, the intrinsic electrocatalytic activity of
Pt,Fe/C/N-GC-800 at each active site is likely to be higher than
that of Pt,Fe/C/N-GC-700. However, due to the lower graphitic-N
content of Pt,Fe/C/N-GC-800 compared to that of Pt,Fe/C/N-GC-
700, and also due to an increase in the heat treatment
temperature, the total N-content decreases (Table S37), and so
the mass activity of Pt,Fe/C/N-GC-700 is higher than that of
Pt,Fe/C/N-GC-800. In addition, compared with Pt,Fe/C/N-GC-
700 and Pt,Fe/C/N-GC-800, Pt,Fe/C/N-GC-600 contains the
lowest graphitic-N content and the lowest degree of graphiti-
zation, and so it exhibits the worst electrocatalytic activity.

Another important aspect that determines the practical
application of electrocatalysts in DMFCs is their durability.
Hence, chronoamperometry was employed to evaluate the
durability of the Pt,Fe/C/N-GC catalyst, and the i-¢ curves were
obtained at 0.62 V (vs. Ag/AgCl) over 4000 s (Fig. 5a). As catalysts

1
a —— Pt Fe/C/N-GC-600 b — Pt Fe/C/N-GC-700
" —— Pt Fe/C/N-GC-700 » — After4000s
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Fig. 5 (a) Chronoamperometry curves at 0.62 V vs. Ag/AgCl for
4000 s. (b) CVs of the initial Pt,Fe/C/N-GC-700 catalysts and after
a 4000 s chronoamperometry test in a solution of 0.1 M H,SO4 + 1 M
CH=OH.
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are poisoned during the oxidation reaction, a decay in the
current density is observed. It has been reported that the cata-
lysts shows a rapid current decay during the chro-
noamperometry measurement process due to the formation of
CO-like intermediate species adsorbed on the catalyst active
sites.”**¢ It should be noted that Pt,Fe/C/N-GC-700 exhibited the
highest retained current density during the electrochemical
measurements, which suggests an excellent electrocatalytic
stability during the MOR. Furthermore, some studies have re-
ported that N-doped carbon support materials can enhance the
durability and electrocatalytic activity by anchoring of the
particles and accelerating charge transport during the catalytic
process.’”"** However, upon increasing the pyrolysis tempera-
ture, the total contents of N and C species may decrease.**
From the elemental analysis data (Table S31) we can verify the
above statement, as Pt,Fe/C/N-GC-800 exhibited the lowest N
and C contents, thereby leading to the FePt nanoparticles losing
a certain degree of protection. This accounts for the poor
performance observed in the chronoamperometry curve of
Pt,Fe/C/N-GC-800. Moreover, the ICP-OES data (Table S67) of
the electrolyte after the chronoamperometry measurement of
Pt,Fe/C/N-GC-800 shows the existence of trace amount of Fe and
Pt species, which indicates the partial dissociation of FePt
nanoparticles during the testing process. Following the chro-
noamperometry test, CV measurements were also performed in
a solution of 0.1 M H,SO, + 1 M CH;O0OH to characterize the
reversible current behavior of Pt,Fe/C/N-GC-700 during the
stability test. As shown in Fig. 5b, the forward peak current
density was maintained at 88.5%, thereby indicating a good
durability for this catalyst. Finally, as shown in Table S7,1 the
MOR performance of Pt,Fe/C/N-GC-700 was comparable with
other reported Pt-based electrocatalysts tested under similar
conditions.

Conclusions

In summary, we herein described a simple method for the
preparation of Pt-based bimetallic catalysts using a composite
of Hofmann-like metal-organic frameworks (MOFs) and gra-
phene oxide, which can be employed as efficient catalysts for
direct methanol fuel cells. Due to its characteristic morphology,
high defect density, optimized electronic structure, and
temperature-induced phase transition, the prepared Pt,Fe/C/N-
GC-700 catalyst exhibited an enhanced electrocatalytic perfor-
mance and cycle stability. The design strategy presented herein
can be extended to the phase-controlled fabrication of other
noble metal-based bimetallic crystals composited with N-doped
high-defect graphene nanomaterials.
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