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Abstract

The effect of adding a transition metal (M) to the core structure of M@Pt/C electrocatalyst on its electrocatalytic activ-
ity towards ethanol oxidation reaction in alkaline medium was studied. Copper or nickel or cobalt was reduced on Vulcan
XC-72R carbon black surface using sodium borohydride followed by introducing platinum ions in the shell structure. The
crystalline nature and the electrocatalyst morphology were investigated using XRD and TEM analysis techniques. Cyclic
voltammetry, electrochemical impedance spectroscopy and chronoamperometry were applied to evaluate the electrocatalytic
characteristics of prepared nanocatalysts during alcohol electro-oxidation. The electrocatalytic activity showed an ascending
behavior as Cu@Pt/C < Ni@Pt/C ~ Co@Pt/C. The exchange current density at Co@Pt/C was 11.28 folds higher than that at
Pt/C. Lowered charge transfer resistance values were also measured at all M@Pt/C electrocatalysts when related to that at
Pt/C. The enhanced performance of core—shell structured M @Pt/C electrocatalysts suggests the application of this developed

method for fabricating efficient multimetallic nanocomposites for fuel cells.
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1 Introduction

A great interest has been directed to the electrocatalytic oxi-
dation of alcohols as a result of their potential applications
in the electrosynthesis of organic compounds and energy
conversion technology [1-3]. Direct ethanol fuel cells have
shown many advantages when compared to those based
on methanol and formic acid [4]. Ethanol could be easily
formed during the fermentation of agricultural products or
other biomass with low toxicity and high theoretical mass
energy density [5-7]. However, it is difficult to break C—C
bond in ethanol to form CO, and H,O which may retard the
complete oxidation of ethanol [8, 9]. This could be overcome
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by preparing an efficient anode material such as Pt and Pt-
based electrocatalysts.

However, the commercial application of direct alcohol
fuel cells is hindered because of the increased price of plati-
num metal. Therefore, many research groups have studied
the possibility of increasing the catalytic activity and sta-
bility of Pt-based electrocatalysts by employing reduced
amounts of noble metals [10]. This aim could be achieved
by combining platinum with cheap transition metals such as
nickel, cobalt or copper. They exhibit good electrochemical
activity and stability to improve the electrocatalytic perfor-
mance of Pt-based composites when introduced in appropri-
ate ratios. XRD charts displayed a decreased lattice constant
of Pt diffraction peaks in PtNi/C catalyst, synthesized via
the polyol process, when compared to Pt/C to indicate the
formation of a partial PtNi alloy. The electronic structure of
Pt in Pt;Ni/C electrocatalyst has been modified when nickel
atoms were introduced, as proved by density functional the-
ory studies, resulting in weak CO adsorption energy which
in turn increased the electrocatalyst activity towards metha-
nol oxidation in alkaline medium [11]. Nanoparticles of plat-
inum-nickel supported on titanium surface catalysts by the
galvanic displacement showed a higher catalytic efficiency
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towards borohydride, ethanol and methanol oxidation reac-
tions in comparison with that of pure Pt [12]. Ethanol oxi-
dation peak at PtNi;/MWCNTs electrocatalyst exhibited a
negative shift of the onset potential value by 190 mV when
related to that at PYMWCNTSs with an enhanced oxidation
peak current density by about 2.5 times [13]. Co@Pt/MWC-
NTs electrocatalyst displayed 3.36 times higher methanol
oxidation mass activity than that at PtYMWCNTs [14]. The
highly ranked stability and activity of Pt/CoSi-graphene for
methanol oxidation was attributed to the electron donation
of CoSi to Pt [15]. Sheng et al. [16] have prepared plati-
num—cobalt (Pt,Co,_, x=0.70, 0.55) alloy nanoparticles via
the chemical reduction route by using a support of carbon
Vulcan XC-72. They showed good electrochemical sensing
for glucose with linear oxidation current density increase
in glucose concentration ranging from 0.10 to 14.20 mM
with an elevated sensitivity of 73.60 yA mM~! cm ™. Cu@
Pt—Ru core—shell supported electrocatalysts exhibited highly
ranked catalytic activity for electro-oxidation of ethanol and
methanol when related to commercial Pt—Ru/C electrocata-
lyst with higher Pt loading [17]. Sarkar et al. [18] and Zhu
et al. [19] have synthesized a series of Pt—Cu nanoparticles
supported on carbon with core—shell structure using chemi-
cal reduction and subsequent galvanic replacement methods.
The electronic modification of Pt shell with inner Pt—Cu core
could rationalize the enhanced electrocatalytic activity for
these electrocatalysts towards oxygen reduction reaction. A
series of ternary PtAuCu nanoparticles supported on carbon
was fabricated by adding variable copper amounts with acti-
vating the electrocatalyst surface through an electrochemical
route. Activated Pt;,Au,,Cugy/C exhibited superior catalytic
activity when oxidizing small organic molecule fuels [20].
Core—shell design has been adopted in nanocatalyst struc-
ture by coating a layer of noble metal on another cheap one.
This particular structure resulted in improving the catalytic
performance of fabricated nanocomposites with reducing
their cost [21, 22]. In this work, different M @Pt/C electro-
catalysts were prepared with a core—shell architecture, where
M =Cu, Ni or Co. The effect of varying the core metal on
the electrocatalytic activity of synthesized electrocatalyst
towards ethanol oxidation in alkaline medium was investi-
gated. Their crystalline structure and morphology were also
studied using XRD and TEM analyses, respectively.

2 Materials and methods

2.1 Chemicals

Vulcan XC-72R carbon black was purchased from Cabot
Corp., USA with a specific surface area (BET) of 240 m? g~!

and an average particle size of 40 nm. Nafion (perfluoro-
sulphonic acid-PTFE copolymer, 5 wt% solution) and
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H,PtCl,-6H,0 were obtained from Sigma-Aldrich, Ger-
many. Other chemicals including CoCl,-6H,0, NiCl,-6H,0,
CuCl,-2H,0, NaBH,, ethanol and NaOH were of analytical
grade and did not be subjected to purification before use.
Solutions were prepared and electrodes were washed using
double distilled water.

2.2 Preparation of different M@Pt/C
electrocatalysts

Different M @Pt electrocatalysts were supported on Vulcan
XC-72R carbon black using NaBH, as a reducing agent.
A calculated amount of metal precursor salt (CoCl,-6H,0,
NiCl,-6H,0 or CuCl,-2H,0) was dissolved in the least
amount of double distilled water. It was then added drop
by drop to NaBH, solution. The added weight of NaBH,
was calculated such that the molar ratio of M to NaBH,
was 1:15. The total metal loading was kept at 30 wt%. The
mixture of metal precursor salt and sodium borohydride
was continuously stirred for 30 min. An adequate weight of
H,PtCl,-6H,0O was then added and the reduction step was
completed using another amount of NaBH, with constant
stirring for another 30 min. Vulcan XC-72R carbon black
was then ultrasonically mixed with the above mixture for
30 min, followed by stirring for 3 h. Finally, M@Pt/C elec-
trocatalyst powders were filtered, washed at least for six
times and dried at 80 °C for 6 h. Pt/C was prepared using a
similar procedure for comparison purposes.

2.3 Physical characterization of prepared
electrocatalysts

The crystalline structure of different electrocatalysts pow-
der was studied using X-ray diffraction. A Rigaku-D/MAX-
PC 2500 X-ray diffractometer equipped with Ni-filtered Cu
K, as the radiation source was used. The tube current was
40 mA with a voltage of 40 kV. For preparing the electro-
catalysts powder during XRD measurement, a glass slide
was used to fix the sample powder which was then dried in
vacuum overnight. XRD patterns were scanned at 20 val-
ues ranging between 10° and 80°. Transmission electron
microscopy was applied to investigate the electrocatalysts
morphology and their particle size using JEOL-JEM 2010
transmission electron microscope. Its accelerating volt-
age was adjusted at 160 kV. The electrocatalyst powders
were suspended in a mixture of double distilled water and
isopropyl alcohol and sonicated for 30 min in ultra8050-
H Clifton. Copper grids coated with carbon film were
employed to carry a drop of the electrocatalysts suspension.
They were left to dry in the air before measurement. The
size of Pt nanoparticles was estimated using Gatan program.
SEM model Quanta 250 FEG (field emission gun) was also
employed to determine the chemical constituents of Co@
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Pt/C electrocatalyst through an attached EDX unit. The map-
ping images of different elements in this sample were also
scanned.

2.4 Electrode fabrication and electrochemical
measurements

Electrochemical measurements were conducted using an
electrochemical cell connected to Gamry potentiostat. A
standard 3-electrodes cell was built up with a glassy carbon
electrode coated with the synthesized electrocatalyst powder
as the working electrode, Pt wire as the auxiliary electrode
and Hg/HgO/1 M NaOH (MMO) as the reference electrode.
To prepare the catalyst ink, 10 mg M @Pt/C powder was
dispersed in 5 ml isopropyl alcohol and sonicated for 5 min.
50 pl of this suspension was then spread out at the glassy
carbon surface and fixed by adding 0.1 ml Nafion solution. It
was then dried in the air and stored overnight in a desiccator
before use. The electrocatalyst loading on carbon surface
was 0.6 mg cm™~2. Cyclic voltammetry, chronoamperometry
and electrochemical impedance spectroscopy were employed
to study the electrochemical activity of differently prepared
electrocatalysts. 0.5 M NaOH solution was used as the sup-
porting electrolyte with adding different concentrations of
ethanol. In cyclic voltammetry measurements, the studied
potential range was extended from —700 to +400 mV at a
scan rate of 10 mV s~!. On the other hand, the electrochemi-
cal impedance spectroscopic study was operated at a con-
stant dc potential value of —450 mV with ac voltage ampli-
tude of 10 mV and the frequency range was 10,000-0.1 Hz.
The working electrode was immersed before each experi-
ment in the test solution for 300 s at the chosen potential
value. A complex non-linear least squares (CNLS) circuit
fitting software was used to theoretically fit the obtained
data according to the proposed equivalent circuit models. All
electrochemical measurements were carried out in aerated
electrolytes at room temperature of 30 °C +0.2.

3 Results and discussion

XRD patterns of Pt/C and different M@Pt/C electrocatalysts
were shown in Fig. 1a. The graphite structure of carbon sup-
port was detected from a broad peak at 20 values ranging
between 24° and 25°. All charts of prepared electrocatalysts
showed the diffraction planes of platinum; namely: Pt(111),
Pt(200) and Pt(220). However, their 20 and d values were
dependent of the examined electrocatalyst as indicated in
Table 1. This could be also clarified by magnifying the posi-
tions of these three diffraction planes in Fig. 1b [Pt(111)],
Fig. 1c [Pt(200)] and Fig. 1d [Pt(220)]. A positive shift of
these diffraction lines was measured for the electrocatalysts
containing transition metals when compared to those in Pt/C.
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Fig.1 a XRD patterns of Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C
electrocatalysts. Magnifications of the diffraction lines of Pt(111),
Pt(200) and Pt(220) were shown in b, ¢ and d, respectively

The recorded decrease in lattice distance values could reflect
the contraction of platinum crystal after incorporating tran-
sition metals in the fabricated electrocatalysts. No defined
diffraction lines were detected for copper or nickel or cobalt
in their respective XRD patterns. This may be attributed to
the insertion of these metals inside the platinum lattice [23].

The reactivity of different prepared electrocatalysts
mainly depends on their physical properties [24]. One of the
main parameters that affect the features of bimetallic electro-
catalysts during their synthesis is the geometric effects, or in
another word, the surface strain that arises from the different
arrangements of surface atoms (expansion or compression)
[25]. The unique structure of core and shell electrocatalyst
could eliminate this strain effect to some extent [26]. The
strain values of Pt/C and different M@Pt/C electrocatalysts
could be estimated by plotting a relation between fcos and
4sinB in Fig. 2. According to Williamson—Hall equation [27,
28]:

pcosd = KA/D + 4esind (1)
where f is the full width at half maximum of XRD peaks,
0 is the Bragg angle, K is the shape factor (0.9), A is the
X-ray wavelength, D is the crystallite size and € is the aver-
age microstrain, straight line relations between BcosO and
4sinB would be obtained. The lattice strain values could be
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Table 1 List of 20 and d values

. Pt/C Cu@Pt/C Ni@Pt/C Co@Pt/C
of Pt/C, Cu@Pt/C, Ni@Pt/C _ _ _ .
and Co@Pt/C electrocatalysts as 20/degree d/A 20/degree d’A 20/degree d/’A 20/degree d’A
derived from their XRD charts
25.135 3.37629 24.742 3.59542 24.587 3.61782 24.509 3.62913
39.559 2.27026 39.759 2.26530 39.759 2.26530 39.929 2.25603
45.640 1.96176 46.373 1.95646 46.295 1.95956 46.498 1.95147
67.570 1.38861 67.925 1.37886 67.225 1.39151 67.769 1.38165
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Fig.2 Williamson—Hall plots of a Pt/C, b Cu@Pt/C, ¢ Ni@Pt/C and d Co@Pt/C electrocatalysts

calculated using the slope values as 7.50 X 1074,9.82%x 1072,
9.75% 107 and 7.74 x 1073 for Pt/C, Cu@Pt/C, Ni@Pt/C
and Co@Pt/C electrocatalysts, respectively. This high value
of lattice strain at Cu@Pt/C might account for the observed
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broadening of its XRD peaks. This was also related to the
large volume of grain boundaries [29]. On the other hand,
Ni@Pt/C and Co@Pt/C electrocatalysts displayed lower lat-
tice strain values among the studied ones. The lattice strain
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is a result of dislocations, internal stress, grain boundaries
and formation of small crystals. Therefore, lowered values
would be related to increased electrocatalyst activity [30].

TEM pictures of Pt/C and different M@Pt/C electro-
catalysts were described in Fig. 3. Intense and aggregated
platinum nanoparticles would cover the carbon surface at
Pt/C in Fig. 3a. On the other hand, defined deposits were
shown for electrocatalysts containing copper (Fig. 3b)
and nickel (Fig. 3c), while Co@Pt/C electrocatalyst did
not display identified platinum nanoparticles, on contrary
they tend to tincture the carbon support in Fig. 3d. The
corresponding particle size distribution curves were con-
structed in Fig. 3a’—c’ by measuring the diameter of about
100 nanoparticles. A broad curve was shown by Pt/C, while
the electrocatalysts containing copper or nickel exhibited
shrunk platinum size range. It was difficult to build up this
histogram for Co@Pt/C electrocatalyst due to its specific
morphology. The most predominated Pt particle size value
at Pt/C, Cu@Pt/C and Ni@Pt/C electrocatalysts were 3.5, 2
and 4 nm, respectively. The obtained Pt nanoparticles size
at Cu@Pt/C was smaller than that at Pt—-CeO,/C (2.50 nm),
Pt-ZrO,/C (2.33 nm) [31] and Pt-MnO,/C (2.22 nm) [32]
electrocatalysts that were prepared using modified micro-
wave-assisted polyol process. Although the dispersion of
Pt/C was improved by adding TiO,, the measured platinum
nanoparticles diameter increased from 3.57 to 4.38 nm [31].
The elemental structure of Co@Pt/C electrocatalyst was
studied using EDX analysis technique in Fig. 4a. The charac-
teristic peaks of carbon, platinum and cobalt were observed
and their relative distribution was investigated using the
elemental mapping pictures in Fig. 4b—d, respectively. The
atomic ratio of platinum:cobalt was measured at 0.88:1.13
that was close to the suggested nominal ratio of 1:1.

The electrochemical behavior of different M@Pt/C elec-
trocatalysts in 0.5 M NaOH solution could be studied in
Fig. 5 at 50 mVs~! in relation to that of Pt/C. All cyclic vol-
tammograms displayed three defined regions in the anodic
direction; hydrogen adsorption region, platinum oxide spe-
cies formation and oxygen gas evolution [33, 34]. On the
other hand, this formed platinum oxide was further reduced
in the backward direction at potential values extending from
55 to —630 mV. Adding transition metal to Pt/C significantly
increased the area under peaks that were related to hydrogen
adsorption/desorption and platinum oxide formation/reduc-
tion processes. Adding transition metal to Pt/C significantly
increased the area under peaks that were related to hydro-
gen adsorption/desorption and platinum oxide formation/
reduction processes. This could be interpreted based on the
concept of the pseudocapacitive behavior of redox systems.
Here, the introduced transition metals could offer increased
number of adsorption sites for active species on platinum
surface [35]. A strong pseudocapacitive behavior is related
to the increased number of active sites at the surface of

studied electrocatalyst that can adsorb active species during
the electrochemical reaction. This adsorption process can
be observed within a wide range of potential values, where
the adsorption energy values are not equal for all active
sites. Therefore, this pseudocapacitive behavior of the stud-
ied electrocatalyst can be considered as a measure for the
formed number of sufficient active sites for further alcohol
oxidation reaction [36]. This sequence could be arranged in
an ascending order as Pt/C < Cu@Pt/C < Ni@Pt/C~ Co@
Pt/C. The hydrogen desorption charge was taken as a meas-
ure for the electrochemical active surface area (ECSA) of
studied electrocatalysts according to the equation:

ECSA = QHdes./Qref X LPt (2)

where Q.. 18 the required charge for the desorption of
hydrogen atoms after subtracting the double layer region
[33, 37], Q. s the required charge for the adsorption of one
monolayer of hydrogen atoms at Pt surface [210 uC cm™2]
and Lp, is the electrocatalyst loading in mg cm™2 [34, 38].
ECSA values of Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C
electrocatalysts were 1.44, 9.44, 13.00 and 13.89 m? g'l.
The electrocatalytic ability of Pt/C, Cu@Pt/C, Ni@Pt/C
and Co@Pt/C electrocatalysts for ethanol oxidation reaction
was investigated in (0.5 M ethanol + 0.5 M NaOH) solution
through cyclic voltammetry technique in the potential range
between —700 and 4+400 mV at 10 mV s~' in Fig. 6. A char-
acteristic oxidation peak for ethanol molecules was observed
in all curves. After getting a maximum current density value,
a continuous decay was shown as a result of the formation of
incomplete oxidation products [39]. The oxidation of ethanol
molecules at Cu@Pt/C, Ni@Pt/C and Co@Pt/C electrocat-
alysts began at — 600, — 600 and — 554 mV, respectively as
more negative onset potential values when compared to that
at Pt/C (—522 mV). Accordingly, the incorporation of a transi-
tion metal with Pt could improve its CO tolerance. The oxida-
tion current density at various electrocatalysts decreased in the
order: Ni@Pt/C ~ Co@Pt/C > Cu@Pt/C >>> Pt/C. Here, the
oxidation current density at Cu@Pt/C was about 12.32 times
higher than that at Pt/C. Moreover, the oxidation peak poten-
tial value was also affected by the type of added transition
metal, where the most negative potential value was recorded
at Cu@Pt/C (— 192 mV), followed by Ni@Pt/C (— 148 mV)
and Co@Pt/C (— 130 mV). From the above results that were
summarized in Table 2, we can conclude that Co@Pt/C and
Ni@Pt/C electrocatalysts showed comparable electrocatalytic
performance for ethanol oxidation reaction that was generally
better than that at Cu@Pt/C. Ali et al. [14] have demonstrated
that the mass activity of Co@Pt/MWCNTs for alcohol oxi-
dation was 3.36 times higher than that at Pt/C. Zhang et al.
[15] have observed that supporting CoSi on graphene in Pt/
CoSi-graphene could prevent the aggregation of nanosheets
to get more dispersed nanoparticles with better utilization of
the electrocatalyst surface. This could rationalize the improved
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Fig.5 Cyclic voltammograms of Pt/C, Cu@Pt/C, Ni@Pt/C and Co@
Pt/C electrocatalysts in 0.5 M NaOH solution at 50 mV s

electrocatalytic performance of Pt/CoSi-graphene when com-
pared to Pt/graphene. The superior electrocatalytic activity of
transition metal @Pt/C electrocatalyst could be rationalized to
the change in the surface electronic structure due to the lattice
strain and surface ligand effects [40, 41]. This lattice mismatch
between Pt shell and transition metal core could decrease the

interatomic distance in the shell to shift the d-band and reduce
Pt—CO,, binding energy [26, 42—44]. Moreover, many surface
defect sites such as step edges and kinks were formed due to
the lattice compression, which in turn showed high catalytic
activity for alcohol oxidation [45].

To follow the effect of ethanol concentration on the oxi-
dation reaction at different electrocatalysts, linear sweep vol-
tammetry was applied at various fuel concentration values
in 0.5 M NaOH solution at a scan rate value of 10 mV s™!
in Fig. 7a—c. It was observed that the oxidation peak current
density values increased with increasing ethanol concentration
for all electrocatalysts. Their linear relationship in Fig. 7d sug-
gested that the oxidation process is controlled by a diffusion
mechanism. The presence of another metal (copper, nickel or
cobalt) together with platinum greatly enhanced ethanol oxida-
tion current density at all studied ethanol concentration values.
The logarithmic plot of oxidation peak current density with
ethanol concentration resulted in straight lines (see Fig. 7e)
with slope values equal to the reaction order with respect to
fuel concentration based on the relation:

Rate al = kC" 3)

log I =1log k+n log C 4)
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nol+0.5 M NaOH) solution at 10 mV s~

Table 2 Electrochemical parameters of Pt/C, Cu@Pt/C, Ni@Pt/C and
Co@Pt/C electrocatalysts during ethanol oxidation reaction in 0.5 M
ethanol in 0.5 M NaOH solution at 10 mV s

Electrocatalyst  E,,/mV E/mV (MMO) I/mA em™2 10,

‘'onset’

(MMO)
Pv/C -522 —165 0.802 1.93
Cu@Pt/C -600 -192 9.882 1.56
Ni@Pt/C -600 —148 13.909 1.89
Co@Pt/C —554 -130 13.390 1.85
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where I is the oxidation peak current density, k is the reac-
tion rate constant, C is ethanol concentration and n is the
reaction order [46]. Values of 0.78, 0.75, 0.74 and 1.01 were
calculated as the reaction order at Cu@Pt/C, Ni@Pt/C, Co@
Pt/C and Pt/C electrocatalysts, respectively.

Some kinetic information on ethanol oxidation reaction
at different electrocatalysts could be derived from linear
sweep voltammetry technique at different scan rates. Fig-
ure 8a—c represented these curves at Cu@Pt/C, Ni@Pt/C
and Co@Pt/C electrocatalysts, respectively at scan rate
values of 1, 2.5, 5, 10, 20, 30, 40, 50, 75, 100, 200, 300,
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Fig.7 Linear sweep voltammograms of ethanol oxidation at a Cu@
Pt/C, b Ni@Pt/C and ¢ Co@Pt/C electrocatalysts in 0.5 M NaOH
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400, 500, 600, 700, 800, 900 and 1000 mV s~!in (1 M
ethanol + 0.5 M NaOH) solution. It was concluded that,
as the scan rate increased, the oxidation current density
increased with a shift in the potential value towards the
positive direction. Linear plots were achieved when etha-
nol oxidation peak current density values were drawn as
a function of the square root of the scan rate at all studied
electrocatalysts in Fig. 8d. It corresponds to a diffusion-
controlled catalytic system [47, 48]. The deviation from
linear behavior at lower scan rate values in the relationship

log(Cipang / mol. L)

to 1 M at 10 mV s~'. The variation of ethanol oxidation current den-
sity with ethanol concentration at Pt/C and different electrocatalysts is
shown in d with their log-relationship in e

between the oxidation peak current density and the square
root of the scan rate referred to an improvement in the
mass transfer step [49]. Accordingly, ethanol oxidation
reaction at all electrocatalysts is kinetically controlled at
low scan rate values and mass transport controlled at high
scan rate values. Moreover, the relation between the scan
rate-normalized current [Iv_” 2] and the scan rate was clar-
ified in Fig. 8e. A non-linear relationship was obtained as a
defined shape of a typical EC (electrochemical-chemical)
catalytic process [50].
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Fig.8 Linear sweep voltammograms of ethanol oxidation reaction
at a Cu@Pt/C, b Ni@Pt/C and ¢ Co@Pt/C electrocatalysts in (1 M
ethanol +0.5 M NaOH) solution at scan rate values of 1, 2.5, 5, 10,
20, 30, 40, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900 and

Tafel plots could be drawn by considering the rising
part of linear sweep voltammograms of Pt/C and various
M@Pt/C electrocatalysts in (1 M ethanol + 0.5 M NaOH)
solution at 1 mV s~!. They were demonstrated in Fig. 9.
Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C electrocatalysts
exhibited Tafel slope values of 121.59, 229.36, 186.61
and 146.90 mV dec™!, respectively to predict a similar
reaction mechanism at the studied electrocatalysts. Higher
Tafel slope values than 118 mV dec™!, as measured here,
are definite for porous electrodes with high internal sur-
face area resulting in high electrocatalytic activity [51].
According to Butler—Volmer equation showing the rela-
tion between ethanol oxidation current density, potential
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12
v/mVs

1000 mV s~!. Ethanol oxidation peak current density values with the
square root of the scan rate at various electrocatalysts are shown in d,
while e is the scan rate-normalized current (Iv~"?) of ethanol oxida-
tion reaction as a function of the scan rate

and Tafel slope values [52], an, where « is the anodic
transfer coefficient and n is the number of transferred elec-
trons, is figured out to be 0.49, 0.26, 0.32 and 0.40 for
Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C electrocatalysts,
respectively. These low an values led to correspondingly
low o values, showing that ethanol oxidation reaction at
the prepared electrocatalysts is an irreversible electrode
process. By extrapolating the Tafel line, to the point where
the overpotential equals zero, the exchange current density
could be estimated. The exchange current density values
for Cu@Pt/C, Ni@Pt/C and Co@Pt/C electrocatalysts
were 1.23, 1.35 and 6.32 mA cm™2, respectively. They
were all higher than that for Pt/C (0.56 mA cm™?) to ensure
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Fig.9 Tafel plots of Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C elec-
trocatalysts in (1 M ethanol4+0.5 M NaOH) solution. They were
obtained from the rising part of the corresponding linear sweep vol-
tammograms at 1 mV s™!

the enhancement of Pt/C performance by adding copper,
nickel or cobalt.

The stability of synthesized electrocatalysts was inves-
tigated by chronoamperometry technique in Fig. 10. The
variation of steady-state current density with time was
measured in (1 M ethanol+ 0.5 M NaOH) solution for
1800 s at a potential value of —200 mV (see Fig. 10a). A
gradual decrease in oxidation current density was shown
at all electrocatalysts before a steady-state was achieved.
Generally, the activity decrease could be a result of form-
ing an appreciable amount of poison species at platinum
active sites and the transition metal oxides/hydroxides dur-
ing alcohol oxidation [53]. In the steady-state region, the
oxidation current density decreased in the order: Ni@Pt/C

(a)
30
&
F o - Pi/C
25 A Co@Pt/C
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=
£
= 15 F
b *
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Fig. 10 a Chronoamperograms of ethanol oxidation at Pt/C, Cu@
Pt/C, Co@Pt/C and Ni@Pt/C electrocatalysts in 1 M ethanol in 0.5 M
NaOH solution at a potential value of —200 mV for 1800 s. b Verti-

(12.06 mA cm™?) > Co@Pt/C (8.28 mA cm™2) > Cu@Pt/C
(1.69 mA cm~2)> Pt/C (0.33 mA cm™2). An appreciable
enhancement in the stability performance was observed
for Pt/C electrocatalyst, especially after introducing nickel
or cobalt. The decay of Pt/C and M@Pt/C electrocatalysts
was relatively measured at different time intervals through-
out the whole chronoamperometric experiment in Fig. 10b.
Adding different transition metals to Pt/C was found to
significantly retard the formed electrocatalyst deactiva-
tion. By relating the obtained steady-state oxidation cur-
rent density at 1800 s to that at 50 s, incorporating copper,
nickel or cobalt into Pt/C structure improved its activity
decay from 18.57% to 35.39%, 49.95% or 55.32%, respec-
tively. Turnover number (TON) was applied as an estimate
for the activity of a certain electrocatalyst. It could meas-
ure the number of alcohol molecules that were oxidized
within a certain period of time at a certain potential value
at the electrocatalyst surface containing a certain number
of active sites [54]. Using the following equation, the cor-
responding TON values for studied electrocatalysts could
be calculated:

TON (molec. site™'s™") = j N, /nF (1.3 x 10'%) 5)

where j is the limiting current density in A cm™2, N, is
Avogadro number, n is the number of obtained electrons

Table 3 TON values of Pt/C and different M@Pt/C electrocatalysts in
1 M ethanol in 0.5 M NaOH solution at a potential value of —200 mV

Electrocatalyst TON/
molec. site™! 57!
Pt/C 0.171
Cu@Pt/C 0.674
Co@Pt/C 3.352
Ni@Pt/C 4.786
(b) _
24 || s0s 49.95%
= 200
= 500
i 1000
18 || — 1800
i 55.32%
b
Tt
6r 3539%
1857% II_I_[I
0 Bfa. /
PC  Cu@Pt/C Co@Pt/C Ni@Pt/C

cal histogram for the relative decay of these electrocatalysts at differ-
ent time intervals during the chronoamperometric study
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during the oxidation of one molecule of ethanol and F is
Faraday constant. Table 3 involved the calculated TON val-
ues at various M@Pt/C electrocatalysts in relation with that
at Pt/C. Co@Pt/C and Ni@Pt/C electrocatalysts displayed
extraordinary TON values as 19.60 and 28.00 folds higher
than that at Pt/C. These TON values were also much higher
than those measured at Ni@Pt/C electrocatalysts, prepared
by our research group using ethylene glycol as a reducing
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& PtC
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g
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=
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agent with adding different Ni:Pt atomic ratios. They dem-
onstrated TON values ranging between 0.72 and 2.20 molec.
site™! s7! for electrocatalysts with varied Ni:Pt atomic ratios
from 0.25:1 up to 2:1 [55].

The electrocatalytic activity of Pt/C, Cu@Pt/C, Ni@
Pt/C and Co@Pt/C electrocatalysts was also examined
using electrochemical impedance spectroscopy. The corre-
sponding phase shift diagrams were inserted in Fig. 11a in

(b)
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Y
2
Q
N
g
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Fig. 11 a, b Bode and ¢ Nyquist plots of Pt/C, Cu@Pt/C, Ni@Pt/C and Co@Pt/C electrocatalysts in 1 M ethanol in 0.5 M NaOH solution at a
potential value of —450 mV in the frequency range of 1x10*-0.1 Hz. d, d’ The proposed equivalent electric circuit models
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Table 4 List of electrochemical parameters of impedance study for ethanol oxidation at Pt/C and different M@Pt/C electrocatalysts in 0.5 M
NaOH solution containing 1 M ethanol at a potential value of —450 mV in the frequency range of 1x10*-0.1 Hz

Electrocatalyst ~ R/Ohm Y/ a R,/Ohm cm®  Y,/Ohm™ a, R,/Ohm cm®*  W/kOhm  B/s'?
Ohm™' s* cm™2x 1073 stem™2x 1073 572 cm?
Pt/C 2.55 217.86 0920 3.00 3.77 0.120  183.10 1.54 0.823
Cu@Pt/C 2.55 147.71 0960 3.06 26.41 0.168 90.31 - -
Ni@Pt/C 3.41 69.29 0997 3.56 40.16 0.345 50.63 - -
Co@Pt/C 2.64 30.16 1.000  5.02 44.80 0.355 40.45 - -
Table 5 List of electrochemical parameters of previously studied Pt-based electrocatalysts during ethanol oxidation reaction
Electrocatalyst Tested solution Scan E e/mV  Ep/mV L I ECSA/ I/, References
rate/ (MMO) (MMO) m’g™!
mV s~
PyC 1 M ethanol +0.5M 50 —480 172 37.8mAcm™  S1mAcm™? 2510 2.37 [56]
NaOH
Pt/NGs* 1 M ethanol+0.5M 50 —340 80 45.0 mA cm™2 62mAcm™>  33.90 8.72 [56]
NaOH
AuPt/C 1 M ethanol+0.5M 50 —470 243 58.0 mA cm™2 133 mAcm™2  43.60 5.80 [56]
NaOH
AuPt/NGs* 1 M ethanol+0.5M 50 -590 161 83.2 mA cm™2 182mA cm 2 57.10 - [56]
NaOH
AuPt/NGs-PVP® 1M ethanol+0.5M 50 —-635 126 1200 mA cm™  26.8mA cm™  78.90 6.10 [56]
NaOH
Pt/PNVC-V,05° 1 Methanol+0.5M 50 -580 250 62.0 mA cm™2 - 31.30 7.75 [57]
NaOH
PtPd/PNVC- 1 M ethanol+0.5M 50 -630 375 97.8 mA cm™2 - 54.30 249 [57]
V,05° NaOH
Ni,Pt,/DNA-rGO® 1 M ethanol+0.5M 50 —405 —150 0.54 Amg~! . 33.87 2.70 [58]
KOH
Pd,Pt;/DNA—- 1 M ethanol+0.5M 50 -410 30 118 Amg™! o 44.14 1.07 [58]
rGO* KOH
Ni,Pd,Pt;/DNA- 1 M ethanol+0.5M 50 —460 30 340 Amg! ., 68.57 1.21 [58]
1GO? KOH
Pt/C 1 Methanol+1M 10 —467 -24 23A g7y 1.5A gL, - - [59]
KOH
PtBi/C (90:10) 1 Methanol+1M 10 —491 101 33A¢g71, 77 A g, - - [59]
KOH
PtBi/C (70:30) 1 Methanol+1M 10 —-501 66 45 A g7lp, 102Ag7 Y - - [59]
KOH
PtBi/C (50:50) 1 Methanol+1M 10 =511 89 64 A gty 120 A g7ty - - [59]
KOH

4NGs graphene sheets
®NGs-PVP graphene sheets stabilized with polyvinylpyrrolidone
¢ PNVC-V,0; poly-vinyl carbazole (PNVC) cross-linked with V,05

4DNA-rGO deoxyribonucleic acid-modified reduced graphene oxide

(1 M ethanol+ 0.5 M NaOH) solution at a potential value
of —450 mV in the frequency range from 1x10*to 0.1 Hz.
The phase angle value slightly increased for all electrocata-
lysts with decreasing the frequency value down to 47.75 Hz.
Therefore, a resistive behavior was noticed with low electro-
catalytic activity within this frequency region. At lower fre-
quency values, a capacitive behavior was observed at Cu@

Pt/C, Ni@Pt/C and Co@Pt/C electrocatalysts with a maxi-
mum phase angle at a certain frequency value. This maxi-
mum of — 0 value showed its highest value in Cu@Pt/C elec-
trocatalyst, while Ni@Pt/C and Co@Pt/C have almost equal
decreased phase angle at this maximum value. Pt/C almost
displayed an inclined line in this low-frequency region.
Moreover, the dependence of log Z on log F was shown in
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Fig. 11b. The impedance value generally decreased in the
order: Pt/C > Cu@Pt/C > Ni@Pt/C > Co@Pt/C. Generally, a
gradual increase in the impedance value was observed with
shifting towards lower frequency values, followed by sharp
increase up to 0.1 Hz. The corresponding Nyquist plots of
these electrocatalysts were shown in Fig. 11c. Two overlap-
ping capacitive semicircles were observed in high and low-
frequency regions in all M@Pt/C electrocatalysts. However,
Pt/C exhibited a linear behavior in the low-frequency region.
An equivalent electric circuit was described in Fig. 11d.
Here, the solution resistance (R,) is connected in series to
two (R-CPE) networks. CPE could represent the constant
phase element that fits the porous electrocatalyst surface.
The resistance values of the outer and inner layers could be
expressed by R; and R,, respectively. An extra electric ele-
ment was added in series to R, in Fig. 11d". It is a Warburg
impedance element that could describe the linear region
in the Nyquist plot of Pt/C. The estimated electrochemi-
cal impedance parameters were summarized in Table 4. All
electrocatalysts containing transition metals demonstrated
reduced charge transfer resistance (R,) values in relation to
that at Pt/C. This could be deduced from their lowered diam-
eter of the semicircle in low-frequency region. This obser-
vation could support the improved performance of formed
electrocatalysts after introducing either copper or nickel or
cobalt in the core structure of Pt/C.

Our obtained results for ethanol electro-oxidation at M@
Pt/C electrocatalysts were compared with those at previously
reported electrocatalysts in the literature [56—59]. More neg-
ative E . and E; values were measured at our M@Pt/C
electrocatalysts in relation to those at the listed electrocata-
lysts in Table 5. Generally, the outperformed behavior of
M@Pt/C electrocatalysts towards ethanol oxidation reaction
was rationalized to the adsorption of OH species at the tran-
sition metal surface rather than on platinum at lower poten-
tial values, thus enhancing the removal of accumulated CO
molecules through their oxidation into CO, [60, 61]. Fur-
thermore, the change of bond distance inside platinum crys-
tal lattice in M@Pt/C electrocatalysts could also alter their
electronic properties that in turn retarded the adsorption of
poisoning species [62]. The increased ECSA values of M@
Pt/C electrocatalysts, especially those containing nickel
(13.00 m? g_l) and cobalt (13.89 m? g™ could reflect the
availability of more active sites at their surfaces for adsorb-
ing alcohol molecules for further electro-oxidation.

4 Conclusion
Different transition metals were incorporated in the core

structure of Pt/C with the application of NaBH, during the
reduction step and examined as electrocatalysts for ethanol

@ Springer

oxidation in alkaline medium. ECSA measurements indi-
cated the formation of an increased number of platinum
active sites at M@Pt/C in relation to that at Pt/C. Introduc-
ing copper or nickel in the electrocatalyst structure resulted
in decreased onset potential values during ethanol oxida-
tion reaction. A superior exchange current density value
was obtained at Co@Pt/C supporting its improved catalytic
activity. Moreover, the relative decay of electrochemical
performance of various M@Pt/C electrocatalysts during the
stability test exhibited increased resistance for CO molecules
accumulation. The addition of copper, nickel or cobalt to
Pt/C could also enhance the charge transfer resistance at its
surface in ethanol oxidation process as inferred by electro-
chemical impedance experiments.
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