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Abstract In this work, PtCl, as precursor; sodium bo-
rohydride (Cat I), hydrazinium hydroxide (Cat II), and
formaldehyde (Cat III) as reducing agents; and 1-
heptanamine (a), N-methyl-1-heptanamine (b), and
N,N-dimethyl-1-heptanamine (c) as surfactants were
used to prepare platinum nanoparticles which were then
dispersed on carbon XC-72 for use as catalysts in the
methanol oxidation reaction. XRD and TEM results
indicate that the platinum has a face-centered cubic
structure and is found as small and agglomerated parti-
cles in different shapes, sizes, and densities. Cat I com-
prises small (~5 nm) cubic and formless agglomerated
(~20— 300 nm) particles, Cat II is composed of small
(~5 nm) and a significant number of quite dense spher-
ical agglomerated (~ 20—~ 150 nm) particles, and Cat I1I
contains large number of small (~5 nm) and a small
number of spherical, less dense, and agglomerated (~
20—~ 200 nm) particles. XPS data shows that the plati-
num exists in two different oxidation states Pt(0) (~
64.5—~69.6%) and Pt(IV) (~35.5—~30.4%), and plati-
num surface also contains OH, H,O, C-O, C=0, and
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carbon. DFT and FTIR show that the surfactants decom-
pose to form partially crystalline carbon. Electrochemi-
cal studies reveal that performance order of the catalysts
towards the methanol oxidation reaction is Cat II < Cat
I < CatI1I, and that Cat IIIc has the highest performance,
which is 2.23 times larger than E-TEK catalysts. It was
found that the performance of the catalysts depends on
the kind of surfactant, reducing agent, electrochemical
surface area, percent platinum utility, roughness factor,
and I¢/I, ratio.

Keywords Methanol oxidation - Carbon support -
Platinum nanoparticles - Catalyst performance - X-ray
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Introduction

The increasing demand for energy and deficiency of
conventional energy sources has lead researchers to
discover alternative methods of power generation (Asif
and Muneer 2007). One of the important developments
in electrochemistry is the conversion of chemical energy
into electrical energy via fuel cells (Hordeski 2009;
Bagotsky 2012; Carette et al. 2000). Fuel cells are a
developing technology as a means of clean energy pro-
duction that are popular with researchers. It is believed
that they will play an important role in the energy
industry in the future (Hordeski 2009). Direct methanol
fuel cells, DMFCs, are one type of fuel cell where
methanol is oxidized at the anode and oxygen is reduced
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at cathode and the overall reaction is (Bagotsky 2012;
Carette et al. 2000; Li 2006; Zeng et al. 2006):

CH;0H(1) + 3/20,(g)—CO,(g) + 2H,0(1)

DMFCs have many advantages such as being envi-
ronmentally friendly, having high energy density, no
storage problems, and low operating temperature
(Zeng et al. 2006; Wang et al. 2003; Hogarth and
Hards 1996; Hart and Womack 1967, Wasmus and
Kiiver 1999). The main limitation of DMFCs is that
methanol is electrochemically inactive, therefore a cat-
alyst is needed. Catalysts include metal nanoparticles on
a support such as carbon, carbon nanotubes and con-
ductive polymers (Li 2006; Hart and Womack 1967;
Wasmus and Kiver 1999; Arico et al. 2001; Kulkarni
et al. 2012; Ahmed et al. 2013; Sen et al. 2013). Plati-
num nanoparticles are promising catalysts and different
kinds of methods have been employed in their prepara-
tion, mainly chemical and electrochemical. One chem-
ical preparation method utilizes a surfactant (stabilizer)
and reducing agent (Arico et al. 2001; Zheng 2012;
Carrette et al. 2001; Kulkarni et al. 2012; Stambouli
and Traversa 2002; Singh and Datta 2010; Ahmed
et al. 2013; Sen et al. 2013; Sen and Gokagag 2014).
Researches have shown that the kind of surfactant and
reducing agent have significant influence on the shape,
size, and morphology of the platinum nanoparticles. In
order to explore the reasons behind for this, different
surfactant and reducing agents were used in this study to
prepare platinum nanoparticles. The particles were then
dispersed on carbon XC-72 to prepare new catalysts for
the methanol oxidation reaction used in direct methanol
fuel cells. These catalysts were characterized using
XRD, XPS, TEM, ICP, and their electrochemical prop-
erties and performance were defined by cyclic voltamm-
etry. In addition to this, DFT analysis were done to
compute IR spectra of isolated, dimer, and adsorbed 1-
heptanamine on platinum and to determine the binding
energies between platinum, (111), (110), and (100)
planes, and adsorbed species, CO,gs, OH,gs, and HyO 4.

Experimental methods
Materials

PtCly (99%, Alfa), NaBH, (96%, Merck), N,HsOH
(100%, Merck), formaldehyde (37%, Merck), N,N-
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dimethylformamide (99.8%, Merck), 1-heptanamine
(99%, Sigma-Aldrich), N-methyl-1-heptanamine
(96%, Sigma-Aldrich), N,N-dimethyl-1-heptanamine
(98%, Sigma-Aldrich), NaOH (99%, Merck), toluene
(99%, Merck), CoHsOH (99.2%, Merck), CH;OH
(99.8%, Merck), CCly (99%, Merck), HC1O,4 (60%,
Merck), nafion (5%, Sigma-Aldrich), and Vulcan car-
bon XC-72 (Cabot Europa Ltd.) were used as received.
A Millipore water purification system was utilized to
produce deionized water (18 MS?).

The synthesis of Cat Ia

0.0808 g (0.24 mmol) of PtCl, was dissolved in 120 mL
deionized water and stirred for 20 min. Then, 0.22 mmol
of freshly prepared NaBH, solution was added dropwise
to achieve the reduction of Pt** to Pt°. A change in color
from yellow to black and the end of hydrogen gas
evolution was observed before proceeding. Two phases
were formed upon addition of 0.24 mmol of 1-
heptanamine surfactant in 120 ml of toluene and plati-
num particles were observed in the intermediate phase.
1.4 mL of 1 M NaOH solution was then added into the
black solution to achieve better phase separation and the
mixture was stirred for 2 hr to complete the reaction. All
these processes were performed under a high purity
argon atmosphere. The solution was then centrifuged
for 30 min, the washing process was performed seven
times with dry ethanol to remove impurities. Finally, the
product was dried under vacuum at room temperature.

Synthesis of Cat Ila

0.0808 g (0.24 mmol) of PtCl; was added to 120 mL
deionized water and dissolution was completed by stir-
ring for 20 min. Then, 2.4 mmol of N,HsOH solution
was added to the solution dropwise to reduce Pt™ to Pt°.
During this process, the color changed from yellow to
grayish black. Afterwards, 120 mL of toluene with
0.24 mmol of 1-heptanamine was introduced into the
solution. The rest of the synthetic procedure was the
same as for Cat la.

Synthesis of Cat Illa

0.24 mmol of PtCl, complex was dissolved in 120 mL
of deionized water. The solution was heated up gradu-
ally to 70 °C and the pH of the solution was adjusted to
9-10 by adding 2.5 M NaOH solution to provide better
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reduction medium. For the reduction process, 0.48 mmol
of formaldehyde was added to this solution and mixing
was continued until the observation of a grayish black
solution. Afterwards, 120 mL of toluene solution with
0.24 mmol of 1-heptanamine surfactant was added to
this mixture. All these processes were carried out under
the high purity argon atmosphere. The rest of the syn-
thetic procedure was the same as for Cat la and Ila.

Synthesis of Cat Ib, IIb, IIIb, Ic, Ilc, and Illc

The same synthetic methods were followed to prepare
Cat b and c catalysts, the reducing agents were the same
but the surfactants were different (N-methyl-1-
heptanamine and N,N-dimethyl-1-heptanamine). The
catalyst ID, surfactant and the reducing agents used are
listed in Table 1.

Electrode preparation

0.5 mL of nafion, 0.15 mL of N, N-dimethyl formamide,
and 2.5 mL of distilled water was added to 36.78 mg
carbon-supported powder catalyst which contains one
portion of mostly platinum containing sample and ten
portions of carbon XC-72. The resulting mixture was
ultrasonicated for a few days to obtain a homogeneous
slurry solution. Fifty microliter of this solution was
dropped on a glassy carbon with a diameter of 0.7 cm.
Then dryed at 40 °C for 20 min, 65 °C for 20 min, and
finally 100 °C for 1 h to provide good “adhesion” of the
catalyst on the surface of the glassy carbon electrode
(Sen et al. 2011) This was used as a working electrode
for electrochemical measurements.

Table 1 Catalyst ID, surfactants and reducing agents used in their
synthesis

Catalysts Reducing agents Surfactants

Cat la Sodium borohydride  1-heptanamine

Cat Ib N-methyl-1-heptanamine
Cat Ic N,N-dimethyl-1-heptanamine
Catlla  Hydrazinium 1-heptanamine

Cat IIb hydroxide N-methyl-1-heptanamine

Cat Ilc N,N-dimethyl-1-heptanamine
CatIlla  Formaldehyde 1-heptanamine

Cat IIIb N-methyl-1-heptanamine

Cat Illc N,N-dimethyl-1-heptanamine

Characterization techniques
Inductively coupled plasma spectroscopy

Perkin Elmer Optima 4300DV was used for ICP mea-
surements using the following settings: ICP RF power
1300 W, plasma gas flow 15 L.min ', nebulizer gas flow
0.8 L.min"", auxiliary gas flow 0.2 L. min™", and sample
uptake rate 1.5 ml. min”' replicates 3. The results given
in Table 2 were used to plot the cyclic voltammograms
in A/mg Pt.

X-ray diffraction

Rigaku Miniflex diffractometer with Ultima + theta-
theta high resolution goniometer operating at 30 kV,
15 mA, was utilized for XRD diffraction measurements.

Transmission electron microscopy

JEOL 200 kV TEM was employed for TEM images.
The electron microscopy samples were prepared by
ultrasonicating catalysts in CCly until a homogeneous
mixture was obtained, then the suspended mixture was
dropped on the carbon covered copper grid with a 400
mesh and dried at room temperature.

Brunauer—Emmnett—Teller

Autosorb 6B instrument (Quantachrome Co.) was ap-
plied to define surface area of samples. Samples were
gassed out at 30 °C for 16 h to remove residual water
and gases before measurements, and nitrogen was used
as an adsorbent. The multipoint method at relative pres-
sure of P/Py = 0.05 up to P/Py = 0.3 at 77.4 K was the
experimental conditions employed.

X-ray photoelectron spectroscopy

SPECS spectrometer with X-ray source of Mg K, lines
operating at 1253.6 eV, 10 mA, was utilized to report
XPS spectra of samples which do not contain carbon
XC-72 support. The C 1s line at 284.6 eV was taken as
reference point and the peak fitting was performed using
Lorentzian- Gaussian method.
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Table 2 Average particle size of small platinum particles estimated from (A) XRD and (B) TEM (agglomerated particles were not

considered), % Pt (ICP results), and average surface area (BET results)

Catalysts A B % Platinum Average surface area (BET results)
Cat la ~53 nm ~49 + 1.0 nm 934 +1.0

Cat Ib ~5.5 nm ~5.1 £ 0.8 nm 883 + 1.1 29.24 m%/g

Cat Ic ~5.2 nm ~4.9 £+ 0.9 nm 925+04

Cat Ila ~4.1 nm ~4.0 £0.7 nm 88.5 £ 0.6

Cat IIb ~4.9 nm ~4.6 + 0.6 nm 873+ 1.0 6.00 m*/g

Cat Ilc ~4.5 nm ~4.6 + 0.8 nm 89.2 £ 0.6

Cat Illa ~5.2 nm ~4.8 £0.7 nm 923 +0.5

Cat I1Ib ~4.1 nm ~43 £ 0.8 nm 92.0+0.7 38.73 m%/g

Cat Illc ~4.9 nm ~49 + 0.7 nm 93.8£0.5

Fourier transfer infrared

FTIR spectra were gathered using a Bruker 66 v/s using
KBr pellets with 15 scans at room temperature.

Cyclic voltammetry

A computer-controlled potentiostat/galvanostat,
Solartron 1285 was employed to determine the electro-
chemical properties and electrocatalytic performance of
catalysts towards the methanol oxidation reaction.
Glassy carbon, saturated calomel electrode, and the
prepared catalysts fixed on a glassy carbon were used
as counter, reference, and working electrodes,
respectively.

Density functional theory

The IR spectra of the isolated, dimer, and adsorbed 1-
hexanamine on platinum nanoparticles were calculated
using the density functional theory (DFT) at the CAM-
B3LYP/Lanl2DZ level and the binding energies be-
tween different sides of platinum (Pt(111), Pt(110), and
Pt(100)) and adsorbed species (CO,q5, OH,q4s, and
H,0,4) were determined by B3LYP/Lanl2DZ level.

Results and discussion
X-ray diffraction patterns of all catalysts are given in

Fig. 1. As can be seen from the figure, the characteristic
features of face-centered cubic (fcc) structure of
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platinum were observed at 39.9, 46.35, 67.75, and
81.25° which correspond to the (111), (200), (220),
and (311) planes of platinum, respectively (JCPDS cards
04-0802). Utilizing XRD data, an average crystallite
size of platinum was also obtained using the Scherrer
formula: d(A) = kM(5Cos¢), where d = average particle
size, k = Scherrer constant (0.9), \ = wavelength of the
incident x-ray (1.54056 A), § = full width half-
maximum of XRD peak in rad, and ¢ = the angle that
correspond to the peak position at maximum height
(Chatterjee 2010). The average crystallite size of plati-
num in all catalysts was found to be ~5 nm (Table 2);
there is very little difference in size between the cata-
lysts. However, it should be kept in mind that XRD only
can indicate average crystallite size. Therefore, these
results should be confirmed by transmission electron
microscopy (TEM).

—"—— Cat la

NN Cat llla

A"~ Cat Illb

A— A~ Cat lllc

50 60 70 80 90
2(theta)

Fig. 1 XRD patterns of the catalysts
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Fig. 2 The size distribution histograms of platinum nanoparticles in all catalysts, agglomerated particles are not included

Average and individual sizes of the platinum particles
and their distribution on carbon support were deter-
mined by TEM. The average particle size of the plati-
num particles was calculated by considering about 500

Fig. 3 HR-TEM image of Cat la

particles from different regions of all catalysts and size
distribution histograms are plotted in Fig. 2. The average
platinum particle size was found to be ~ 5.0 nm which is
consistent with XRD data. TEM also shows that Cat II
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and III consist of spherical platinum nanoparticles,
while Cat I has a cubic form (Fig. 3). Figure 3 also
shows atomic lattice fringes of Pt(111) with spacing of
0.226 nm, which is close to the standard Pt(111) spacing
of 0.228 nm (Liang et al. 2005). Similar cubic forms
were reported by Yang et al. who used NaBH, as a
reducing agent (Yang et al. 2004a, Yang et al. 2004b).
Besides the shape of individual particles, the number of
small particles between each group (Cat I, II, and III)
was also estimated from TEM images, and it was ob-
served that Cat III has the largest number of small
particles while Cat II has the least. To confirm these
results, BET analyses were carried out for all catalysts
which do not contain carbon XC-72 and it was found
that Cat III has the highest average surface area
(38.73 m*/g sample), while Cat II has the smallest
(6.00 m?/ g sample), Table 2, which is in good agreement
with the TEM data. In addition to these small platinum
particles, agglomerated particles composed of small
nanoparticles were also observed for all catalysts. The
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number and morphology of the large particles changes
from one group to another, for instance the shape of
large particles in Cat Ia—c were not in perfectly spherical
in form, but it is still possible to estimate the approxi-
mate size of these large particles (between 20 and
150 nm). On the other hand, most of the particles were
large, spherical, and compact in Cat II with a size of 20—
300 nm (Fig. 4), and similar spherical and agglomerated
particles (20200 nm) were observed for Cat III (Fig. 5)
but they are not as dense as in Cat II.
In summary:

a) Cat I contains mostly small (~5 nm) cubic and
formless agglomerated (~20-150 nm) platinum
nanoparticles,

b) Cat II consists of predominantly spherical, dense,
and large (~20-300 nm) platinum nanoparticles, in
addition to a few small nanoparticles (~ 5 nm), and

¢) Cat III consists of small platinum nanoparticles (~
5 nm), besides large (~20-200 nm), and less dense
platinum particles, compared to Cat II.

Inductively coupled plasma spectroscopy results in-
dicated that the platinum content of each sample, which
does not include any carbon support, was about 90%
platinum and about 10% of other material such as sur-
factant (Table 2). In order to confirm this, FTIR spectra
of all surfactants, samples, and carbon XC-72 were
obtained in the range of 400-4000 cm ', All surfactants
indicated the characteristic FTIR peaks and as an exam-
ple only 1-heptanamine is shown in Fig. 6. This figure
also shows 1-heptanamine in water (calculated), carbon
XC-72, Cat la, Ila, and Illa. To assign each observed
peak, the IR spectrum of 1-heptanamine was carried out
in water (used as a solvent) at CAM-B3LYP ™! level of
the DFT theory using 6311++G(d,p) basis set. Here, the
solvent effects were considered using the self-consistent
reaction field (SCRF) calculations (Tomasi et al. 2005)
with the conductor-like polarizable continuum model
(CPCM) (Barone and Cossi 1998) with a dielectric
constant of 78.39 for water, SCRF=(CPCM,
Solvent=Water) as contained in the Gaussian 09 soft-
ware package (Frisch et al. 2009, Gaussian 09
Revision). The nuclear motion of the atoms within
molecule using the Gaussview visualization program
was used to assign each IR peak in their spectrum. The
results of the calculations can be summarized as follows:
(a) the observed IR peak at 490 cm ! (calculated peak at
497 cm™') is due to bending deformation of C—C-N
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Fig. 6 FTIR spectra of 1-
heptanamine in water (calculated)
(a),1-heptanamine (observed) (b),
carbon XC-72 (c), Cat Ia (d), Cat
1Ia, (e), and Cat Illa (). It is worth
noting that the calculated

(f) Cat ITla

(@) Catla

{c) Carbon XC-72

JIANY

vibrational frequencies coincide
with those observed in the IR
spectrum of the 1-heptanamine
using a scaling factor:

Vea = 30.5 + (0.935)v,

Relative IR Intensity
T T T T I T I O O O |

A

(b) 1-Heptanamine
{mcasured)

(a) 1-Heptanamine
(calculated)

500

bond; (b) the observed IR features at at 730, 820, 879,
1071, and 1139 cm ™" are assigned to predicted IR peaks
at 719, 814, 880, 1086, and 1124 cm |, which result
from rocking, wagging, and twisting of the CH,, CHj,
and NH, groups and bending deformation of the C—-C—-C
bonds; (c) the calculated peaks at 1353, 1379, 1426,
1455, and 1572 cm ' are mainly due to the intramolec-
ular bending deformation, which are observed at 1339,
1383, 1430, and 1473 cm ! in the IR spectrum; (d) the
symmetric and asymmetric stretching modes of CH,
and CH; were predicted in the range of 2826—
2873 cm ! and 2911-2937 ¢m ', respectively, which
correspond to observed ones at about 2850 (symmetric
stretching), 2919 and 2951 ¢cm ' (asymmetric
stretching); and (e) while the measured FTIR spectra
ofthe 1-heptanamine molecule was produced two peaks
atabout 3391 and 3313 cm ™, its experimental spectrum
in gas phase and calculated IR spectra in water (used as
solvent) did not show any active IR peaks due to NH,
bond stretching. When intermolecular hydrogen bond-
ing interaction, however, was considered between
neighbor molecules (C;H;;N- - -HNH,,C-) and calcu-
lated at the CAM-B3LYP/6-311++G(d,p) level, two IR
peaks as a result of the symmetric and asymmetric NH,
stretching at 3325 and 3393 cm ', respectively, were
predicted in Fig. 6b. The full assignment of the FTIR
spectrum is given in Table 3. As seen in Fig. 6a, the
observed and calculated IR spectra of 1-heptanamine are
quite different from Cat a. As a result, it is believed that
1-heptanamine was decomposes during the synthetic
procedure. This result also is verified by the calculated
IR spectra of 1-heptanamine adsorbed on the Pt(111). If
1-heptanamine were attached on the platinum, IR peaks
would have been seen above 3278 and 3363 cm

L
1000 1500

LI |
2000

LI |
2500

T T T 1]
3000

I |
3500

L L
40

Wavenumber (cm-1)

(resulting from the NH bond streching), and a new and
enhanced peak at 1090 and 1599 cm ™', respectively. In
addition to this, the red and blue shifts in the IR band
positions relative to the isolated 1-heptanamine was also
expected as shown in Fig. 7 and Table 3. A new peak,
red, and blue shifts were not observed in the measured
spectra of Cat a; on the other hand, its spectra shows
similarities to the carbon XC-72 spectrum, indicating
that 1-heptanamine decomposes to form partially crys-
talline carbon.

X-ray photoelectron spectroscopy, XPS, was
employed to investigate the oxidation states and relative
amount of elements for a given sample (no carbon
support). For this purpose, Pt 4f, O 1s, and C 1s regions
of the XPS spectra for all catalysts were recorded and
the Gaussian-Lorentzian method was used to analyze
these peaks. The Pt 4f peak was evaluated by keeping a
3.35 eV difference and 3:4 intensity ratio between 4fs,,
and 4f;, doublets as much as possible, Fig. 8a—i, and the
results are given in Table 4. The peak fitting analyses
indicate that the Pt 4f peak of all catalysts consist of two
doublets, one at ~71.1 eV (4f;,) and ~74.4 eV (4f5),),
and the other one at ~74.4 ¢V (4f;5) and ~77.7 eV
(4f55) (Sen et al. 2011; Sen and Gokagag 2007;
Gokagag et al. 1993). The first doublet belongs to
Pt(0) and the second one is associated with a Pt(IV)
species, such as PtO, and/or PtO(OH), and/or Pt(OH),.
Binding energy (BE) comparison within each group
demonstrated that the three Cat a (Ia, Ila, and I1la) have
lower values compare to the others which might be due
to lower electron donation from platinum to the envi-
ronmental elements for Cat a compared to Cat b and c.
The Pt (0)/Pt (IV) relative ratio was also calculated by
using the peak area under each doublet and was found

@ Springer



343 Page8of 16

J Nanopart Res (2017) 19: 343

Table 3 Active IR frequencies (in cemY) of 1-heptanamine: (a)
observed (on KBr in the first column), (b) calculated in water used
as solvent in second column, (c) dimerized 1-heptanamine mole-
cule (in gas phase, in third column), (d) and 1-heptanamine
adsorbed on Pt(111) surface. The calculations have been done at

The solvent effect was taken into consideration by using the self-
consistent reaction field (scrf=(cpcm, solvent=water) as contained
in the Gaussian 09 software package)). The calculated IR spectra
were fitted to observed spectrum by using a scaling factor,
Vee =30 + 0.395%v,,

CAM-B3LYP/6-311++G(d,p) level of density functional theory.

(@) (W) (© (d)
Vob. IIR Vsc. IIR Vse. IIR Vsc. IIR ASSignment
490 5 497 4 498 7 490 1  Bending deformation of C—-C-N bond
730 30 719 4 720 3 731 9  Rocking of the CH, and CHj3, accompanied by wagging of NH,
820 85 760 3 762 4 742 2 Rocking and twisting CH, and CHj3, including wagging of NH,
814 19 814 12 776 2
859 70 851 54 849 31 842 1 Primarily due to the wagging of NH,, including twisting of the CH, and CHj;
879 56 880 1 883 1 900 1  Rocking of CH; and relatively weak symmetric stretching of C(Hz)-C—C bonds
880 53 Rocking of CH3, wagging of NH, and relatively weak symmetric stretching of C(H;)-C—C
887 56 bonds
902 56 911 4 910 6 923 2  Wagging of NH, and twisting of CH,
917 16
950 3 947 3 949 12 Symmetric stretching of C-C—N and C—-C—C bonds, including twisting of NH, and CH,
960 13
91 2 992 2 1000 3 Twisting of CH, and NH, groups
994 3
1071 22 1060 6 1061 8 1011 10 Mainly due to the asymmetric stretching of C—C—N bond
1072 6 1054 4
1090 93  Primarily due to the NH, wagging and relatively weak twisting of C(1)H, and C(2)H, groups
1086 5 1089 6 1113 5 Primarily due to rocking of the CH; and NH, groups, accompanied by C—C bond stretching
1090 5 and bending deformation within the molecule
1139 15 1124 2 1123 2 Primarily due to bending deformation within the molecule, accompanied by rocking of the
1129 3 CH3; and twisting of CH, and NH, groups
1193 15 1194 1 1194 1 1178 19 Wagging of the CH, and CHj3, including twisting of NH,
1195 <1 1216 23
1318 50 1279 1 1280 1 1253 10 Twisting of CH, and NH, groups
sh 1288 1 1286 2 1285 6
1293 3
1332 76 1353 2 1361 3 1371 10  Out of plane bending deformation of the CH; like open-close umbrella shape and relatively
weak C(H3)—C(H,) bending stretching
1383 60 1379 7 1381 16 1381 1  Primarily due to C-C(N) bond stretching and wagging of their H atoms
1386 7
1430 66 1426 5 1438 6 1454 7  Due to bending deformation within the CH; group
1438 6
1454 53(sh) 1445 8 1452 8 1460 13  Scissoring (in-plane bending deformation) of CH, groups
1473 96 1455 4 1458 4 1472 22
1565 77 1572 22 1582 31 1599 100 NH, scissoring
1634 29 1617 16 NHj, scissoring
2850 65 2826 40 2797 60 2837 27 Symmetric stretching of CH bonds
2863 47 2824 44 2879 31
2866 70 2869 59 2880 11
2873 15 2870 58 2888 51
64 3073 2887 37 2903 35
2919 100 2911 100 2916 83 2943 56 Asymmetric stretching of CH bonds
2951 81 2931 41 2923 42 2958 55
2937 25 2936 38 2984 99
3316 76 3325 <1 3263 100 3278 6  Symmetric NH, bond stretching
3386 37 3393 2 3389 14 3363 25 Asymmetric NH, bond stretching
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Fig. 7 1-Heptanamine measured J(© 1-Heptanamine adsorbed on Pt(111)
(a), 1-heptamine (dimer) 2
calculated (b), 1-heptanamine ‘0 3
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that the ratio changes between 64.5/35.5 and 69.6/30.4.
It was noted that the three Cat b (Ib, IIb, and IIIb) have
the smallest Pt (0) to Pt (IV) ratio, while the three Cat ¢
(Ic, Ilc, and IIlc) have the largest one; once again when
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comparison is done within each group. These results
revealed that the kind of surfactant affects the peak
position and oxidation state ratio of platinum. An O s
region analyses were accomplished by keeping the peak
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Fig. 8 Pt 4f electron spectra of Cat a Ia, b Ib, ¢ Ic, d Ila, e IIb, f IIc, g Illa, h IlIb, and i Illc
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Table 4 Pt 4f7/2 core binding energies, eV, in the prepared catalysts which do not contain carbon support and the relative intensities of the species

@ Springer

Cls

Cls Cls

O ls

Ols

Pt 4f7/2

Pt 4f7/2

Catalysts

(C=0)

c-C (sp3 ) and/or COH and/or CO

285.0 (6.5)

C (sp”)
284.0 (74.2)
284.1 (67.2)
284.1 (74.6)
284.0 (73.4)
284.2 (69.2)
284.2 (69.4)
284.3 (69.3)
284.5 (65.0)
284.5 (64.5)

C=

(H20445)

OHads and/or COads

531.0 (83.4)
531.5 (85.5)
531.8 (83.9)
531.3 (88.6)
531.3 (90.0)
531.3 (89.2)
531.9 (80.1)
531.8 (77.4)
531.2 (78.9)

Pt(0)/Pt(IV)

2.09

PH(IV)

Pt(0)

287.8 (19.3)

532.0 (16.6)

74.0 (32.3)

70.8 (67.7)
712 (64.5)
71.4 (69.6)
70.6 (67.4)
712 (66.4)
71.2 (69.0)
70.8 (67.2)
712 (65.3)
71.3 (69.4)

Cat Ia

287.7 (21.0)
287.5 (18.6)
287.4 (25.4)
287.6 (22.0)
2873 (22.4)
2873 (22.0)
287.4 (26.7)

287.6(27.1)

285.3 (11.8)

532.5 (14.5)
532.8 (16.1)

1.82
2.29
2.07

74.4 (35.5)
74.6 (30.4)
73.8 (32.6)
74.4 (33.6)
74.4 (31.0)
74.1 (32.8)
74.4 (34.7)
74.5 (30.6)

Cat Ib
Cat Ic

285.5 (6.8)

2854 (5.2)

532.0 (11.4)

Cat Ila

285.6 (8.8)

532.0 (10.0)
532.0 (10.8)
532.8 (19.9)
532.6 (22.6)

5323 (21.1)

1.98
222
2.05

Cat IIb

285.7 (8.2)

Cat Ilc

285.0 (8.7)

Cat Illa

285.4 (8.3)

1.88
227

Cat I1Ib

Cat IlIc

285.0 (8.4)

half width of ~1.6 eV, and indicates that O 1s peak
consists of two peaks for all catalysts, one at 531.0—
531.9 eV and the other one at 532.0-532.8 eV, Table 4.
Former studies indicates that the first peak could be due
to adsorbed OH (HO,4) (Xia 2013) and/or most prob-
ably adsorbed CO (CO,qs) (Wu et al. 2014; Kvande
et al. 2010), while the second peak could be due to
adsorbed H>O (H,0,4s) (Casella et al. 1999; Luo et al.
1996) on the surface of catalysts. The amount of HyO,4
is ~15, ~10, and ~20% for Cat I, II, and III, respec-
tively. It is believed that the amount of H,0,4s is most
probably influenced by reducing agent, but not surfac-
tant, because there is no obvious relationship between
the kind of surfactant and H,O,4.. Besides the Pt 4f and
O 1s regions, the C 1s region of XPS for all catalysts
was also evaluated and the results were reported in
Table 4. As mentioned previously, the XPS measure-
ments were done before addition of carbon support to
the platinum containing sample. Therefore, C 1s peak
does not come from support material, but residue which
could not be removed during washing process. Detailed
information about the residue will be presented later in
the DFT section. In general, the C 1s region consists of
three peaks at ~284.2, ~285.3, and ~287.5 eV corre-
sponding to sp” carbon atoms (C=C) in partially crys-
talline carbon (Yang et al. 2011); C in C—C (sp3 ) (Huang
et al. 2012) and/or C in C-OH (Rao et al. 2014; Tien
et al. 2012) and/or most probably C-O (Huang et al.
2014); and C in carbonyl (C=0) (Huang et al. 2012;
Senthilnathan et al. 2014), respectively.

w

Pt(hkl)/OH

N
n

w

—

De(CO/OH_/Hzo adsorbed on Pt(hkl), in eV)

=
n

—
n
IllIlIIlIIIIIIIlIIIIIIIIlIIIIlI

>

R (in A)

Fig. 9 The calculated binding energies of adsorbed of OH , CO
and H,O molecules on the (111, black square), (110, white trian-
gle), and (100, white circle) surfaces of the platinum
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Table 5 Potential energy surface (PES) scan of the adsorption of
OH', CO, and H,O molecules on the (111, black square), (110,
white triangle), and (100, white circle) surfaces of the Pt

nanoparticles. Re and Rd indicate distances between molecule
and Pt-surface at the equilibrium distance and at the non-interac-
tion distance (or dissociation limit), respectively

OH" CcO H,O

(eV) Ro(A) Ry(A) (eV) R.(A) Ry(A) (eV) Ro(A) R4(A)
Pt(111) 2711 2.00 5.15 0.672 2.30 6.05 0.520 2.30 6.20
Pt(100) 2414 1.95 5.10 0.594 2.05 5.80 0.367 2.30 6.20
Pt(110) 2.113 2.00 5.00 0.500 2.20 5.80 0.377 230 6.20

Estimation of the bond strength between the plat-
inum and adsorbed species such as CO,45, OH .45,
and H,0,4s was done by using the B3LYP/Lanl2DZ
level of the theory. For that reason, the binding
energies between Pt(111), Pt(110), and Pt(100)
planes, and CO,qs, OH 45, and H,0,4s were com-
puted and found that the strongest and weakest
bonds are formed between platinum and OH and
H,0, respectively (Fig. 9 and Table 5). It was also
noticed that the highest binding energies were ob-
tained between Pt(111) and the adsorbed species.

The electrochemical properties and performance
of the prepared catalysts towards the methanol oxi-
dation reaction were determined by cyclic voltamm-
etry. Cyclic voltammograms of catalysts were similar
and all exhibited typical hydrogen and oxygen
adsorption/desorption regions in 0.1 M HCIO, solu-
tion at room temperature. In case of methanol addi-
tion to the HCIO,4 electrolyte, a great change is seen
(Fig. 10). Essentially, the methanol electro oxidation

1204
95 4
70 1

454

| (A/g Pt)

20 1

54

-30 v T v T v T d T v T
0.0 0.2 04 06 08 1.0

E(V)

Fig. 10 Cyclic voltammogram of catalyst Ia in 0.1 M
HClO4 + 0.5 M CH50H at room temperature

reaction starts at ~0.40 V and reaches maxima at
0.7 V in the forward scan and incompletely oxidized
intermediate species such as CO starts to be removed
from the catalyst surface at ~0.55 V and maximum
current was observed at 0.45 V in the reverse scan. In
order to observe the performance difference between
the catalysts more easily, only the anodic part of the
cyclic voltammograms were considered and are
shown in Figs. 11, 12, 13, 14, 15, and 16. Cyclic
voltammograms were recorded with the aim of ex-
ploring two parameters, (a) surfactant type and (b)
reducing agent used for catalysts preparation. When
the type of surfactant was kept constant and reducing
agents was changed (Figs. 11, 12, and 13), the same
trend was observed for all groups and it was found
that the most active catalyst was Cat III which was
prepared with formaldehyde and the least active one
was Cat II which was synthesized using hydrazinium
hydroxide. When the type of reducing agent was kept

1154

| (A/g Pt)

E (V)

Fig. 11 Cyclic voltammogram of Cat Ia (straight line), Ila (dashed
line), and Illa (dotted line) in 0.1 M HCIO4 + 0.5 M CH;OH at
room temperature
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801
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504

354

| (A/g Pt)

204

E (V)

Fig. 12 Cyclic voltammogram of Cat Ib (straight line), IIb
(dashed line), and IIIb (dotted line) in 0.1 M HCIO4 + 0.5 M
CH;0H at room temperature

constant and the surfactants were changed (Figs. 14,
15, and 16), it was found out that the most active
catalyst was Cat ¢ which was prepared by N,N-di-
methyl-1-heptanamine and the least active was Cat b
which was synthesized by N-methyl-1-heptanamine.
The highest performance was obtained by Cat Illc, ~
167 A/g Pt, in which the performance of the catalyst
is increased by 2.23 times compared to commercially
available ETEK 40wt%Pt/Vulcan XC72 catalysts
(Kim and Mitani 2006) as shown in Figs. 13 and
16; indicating that both surfactant and reducing agent
have a significant effect on the performance of the
catalysts. In addition to this, the I¢/]; ratio was also
determined for all catalysts (Table 6), and found that

180+
1404

100+

I (Alg Pt)

E (V)

Fig. 13 Cyclic voltammogram of Cat Ic (straight line), IIc (dashed
line), and IlIc (dotted line) in 0.1 M HCIO4 + 0.5 M CH;OH at
room temperature
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I (Alg Pt)
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E (V)

Fig. 14 Cyclic voltammogram of Cat Ia (straight line), Ib (dashed
line), and Ic (dotted line) in 0.1 M HCIO4 + 0.5 M CH30H at room
temperature

it was the highest for Cat Illc, showing that this
catalyst has the smallest amount of poison formation
on the surface of catalyst.

In order to try and understand the reasons behind the
performance of catalysts, chemical surface area (CSA),
electrochemical surface area (ESCA), percent platinum
utility (% Pt utility), and roughness factor (RF) of each
catalyst were calculated. For this purpose, the CSA of
the platinum was determined using following formula
(Li et al. 2004):

CSA (m*/g Pt) = 6000/(p.d)

where p is average density of Pt metal (21.4 g/cm®) and
d is the mean diameter of Pt particles in nm which was

1001
804
604

404

I (Alg Pt)

20+

E(V)

Fig. 15 Cyclic voltammogram of Cat Ila (straight line), IIb
(dashed line), and Ilc (dotted line) in 0.1 M HCIO4 + 0.5 M
CH;O0H at room temperature
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Fig. 16 Cyclic voltammogram of Cat Illa (straight line), IIIb
(dashed line), and IlIc (dotted line) in 0.1 M HCIO4 + 0.5 M
CH;0H at room temperature

calculated from XRD and TEM data. The results are
given in Table 6. As can be seen from the table, there is
only a small difference between the CSA values of the
catalysts, due to similar particle sizes. The highest CSA
value was obtained for Cat III, ~64 m*/g Pt and the
lowest value was observed for Cat I, ~49 m*/g Pt. The
electrochemical surface area (ECSA) of the catalysts
was calculated using the cyclic voltammograms and
ICP results. The formula is given below (Lee et al.
1998):

ECSA (em®/gPt) = Q/(a.b)

where O = charge (mC/cm? Pt) calculated from hydro-
gen desorption region, a = constant, 0.21 mC/em? Pt,

and b = amount of platinum in g/cm® electrode. The
average ECSA was found to be ~33.36, 23.21, and
49.38 cmz/g Pt for Cat I, II, and III, respectively
(Table 6); showing that the type of reducing affects
ESCA more than surfactant type. CSA and ECSA data
were used to calculate percent platinum utility (Table 6),
using the following formula:

%Pt Utility = ECSA.100/CSA

The order of percent platinum utility is Cat II < Cat
I < Cat III and the highest value was obtained for Cat
Illc. Besides CSA and ECSA, roughness factor (RF)
was also calculated by using the following formula
(Mayrhofer et al. 2008):

RF = Real area/Geometrical area

Real area = Qyyq (mC)/0.21 mC/cm?, where Ohya is
the charge calculated from hydrogen desorption region,
geometrical area, w2 =038 cmz, where 7 is the radius
of electrode, 0.35 cm. The RF results showed the same
trend as the ECSA values (Table 6).

In summary, FTIR and DFT studies indicated that
surfactants used in the syntheses decompose to form
partially crystalline carbon and chemical and electro-
chemical studies indicated that the kind of surfactants
and reducing agents are important parameters on the
performance of the catalysts. Within each group (Cat
I, II, and III), the order of electrochemical surface
area and performance of the catalysts is Cat b < Cat
a < Cat c, it does not matter which reducing agent is
used. This sequence is as expected because there is a
direct correlation between performance and

Table 6 CSA and percent platinum utility found from TEM and XRD data, ECSA, roughness factor (RF), and I/1, for all catalysts

Catalysts CSA (m%/gPt) CSA (m?/gPt) la-  ECSA (m*g % Ptutility % Pt utility - RF Iyl
(TEM) (XRD) b PY (TEM) (XRD) d|
Catla  46.73 4522 1.51 32.58 69.73 72.04 231 5002 1.11
Catlb  50.07 47.52 255 31.74 63.40 66.79 339 49.01 1.08
Catlc  50.98 51.92 0.94 35.77 70.17 68.89 128 5420 1.19
Catlla  52.90 56.07 3.17 21.53 40.70 38.40 230 32.62 1.15
Catllb  52.90 52.90 0.00 20.20 38.19 38.18 0.01 32.01 1.01
Catllc  66.76 62.31 445 27.90 41.80 44.78 298 4232 1.20
Catllla  62.30 58.41 3.89 48.67 78.13 83.32 519 73.74 1.12
Catlllb  66.76 68.38 1.62 47.07 70.51 68.84 1.67 72.30 1.09
Catlllc 63.72 62.31 141 52.39 82.22 84.08 1.86 78.01 1.68
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electrochemical surface area of catalysts. As the sur-
factant is kept constant, H,O,4s, average surface area
(BET) and performance of the catalysts increase from
Cat IIto Cat I to Cat III. The average surface area and
performance relation is obvious, and H,Oads and
performance can be explained by the proposed mech-
anism which is derived from previous in-situ exper-
imental techniques. According to the proposed mech-
anism the adsorption of H,O is need to form the
product of the methanol oxidation reaction. In this
context, H,O,4s converts to OH,q4, and reacts with
CHO,q4s to form CO, as given below (Yang et al.
2007; Beden et al. 1992).

Pt—(CHO),, + Pt—(OH),,,—2Pt + CO, + 2H " (aq)

ads ads

+ 2e

On the other hand, surface coverage by poison (CO)
is the largest for Cat II and smallest for Cat III. It is well
known that the surface poisoning delays the methanol
oxidation reaction, however CO,4, is oxidized to CO,
by OH,q4, at more positive potentials (Léger 2001).
Pt—(CO)

+ Pt—(OH), , —2Pt 4+ CO, + H* (aq)

ads ads

+e

Conclusion

In this study, carbon-supported platinum nanoparticles
were prepared using different surfactants and reducing
agents. It was found that surfactants decompose to form
partially crystalline carbon and platinum crystallizes in
face-centered cubic (fcc) structure for all catalysts and
they are in the form of small and agglomerated particles
with different shapes, sizes, and densities, depending on
kind of surfactants and reducing agents used. Cat Illc
displayed the highest performance towards methanol
oxidation reaction, because it has highest electrochem-
ical surface area, percent platinum utility, roughness
factor, and I¢I, ratio.
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