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The understanding of the kinetics of the electrochemical oxidation of ethanol at high temperatures is essential for
the optimization of direct ethanol fuel cells. Here, we study the kinetics of the ethanol oxidation reaction between
25 and 65 °C using PtNi,ich@Pt,;,Ni catalysts supported on functionalized carbon, in acid and alkaline solutions.
The characterization of the catalysts made by X-ray diffraction, scanning-transmission electron microscopy, en-
ergy dispersive X-ray spectrometry, selected area electron diffraction, and cyclic voltammetry suggest the forma-
tion of core-shell nanostructures of Ni and Pt, while some nanoparticles can be forming alloys. The CO-stripping
study reveals that the CO,4s oxidation shifts to negative potentials when the temperature increases, in both 0.5 M
H,S04 and 0.5 M KOH media. However, in alkaline electrolyte, the lower current density at higher temperatures is
associated with the CO,q4s oxidation. Similar behavior is observed for ethanol oxidation reaction until a tempera-
ture of 65 °C. The activation energy values calculated by linear sweep voltammetry are 16.28-14.54 k] mol ! in
acidic media and 9.25-7.97 k] mol ! in alkaline media. Therefore, the understanding of the kinetics of the ethanol
oxidation in the conditions and catalysts studied here could help in selecting the catalytic components and oper-
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ating environment, which result in enhanced efficiencies toward both CO,4 and ethanol oxidation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The development of a sustainable society needs wide-spread appli-
cations of renewable, reliable, and cost-effective energy technologies
[1]. The primary way to achieve this goal is beginning by diminishing
our dependence on combustible fossil fuels [2,3] Direct ethanol fuel
cell (DEFC) is an exciting technology since ethanol has several advan-
tages such as non-toxicity, high energy efficiency, simple production
from biomass fermentation, and ease storage and transport [4-7].

The commercial implementation of DEFCs has been challenging due
to the Pt electrocatalyst used in the cell is a precious and scarce metal,
also having low catalytic activity and weak stability [8]. The ethanol ox-
idation reaction (EOR) can follow parallel pathways leading to strongly
adsorbed intermediates, such as acetaldehyde and acetate, which poi-
soning the electrocatalyst surface, thus reducing the efficiency of the
FC [7,9]. On bulk Pt and Pt/C, the break of the C—C bond during the
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EOR is hard, producing acetaldehyde (2e™) or acetic acid (4e™) by in-
complete ethanol oxidation [10,11].

The development of highly active, stable, and efficient Pt
electrocatalysts for anodic oxidation is a pressing research matter
[8,12-14]. The introduction of low-cost 3d transition metals such as
Co, Fe, and Ni as well as the design of innovative morphologies are per-
formed to diminish the cost and improve the activity of the catalyst
since exiting a synergy between different components (geometric and
electronic effect) [15-20].

The electrocatalytic reactions occur on the surface of catalysts [21]
and therefore, this parameter depends on their surface properties
[16,22]. High catalytic activities can be obtained by tuning the composi-
tion [15] and the surface structure [23,24]. Various studies have focused
on the effect of the temperature on surface coverage of CO and other in-
termediates, on anion adsorption and oxide coverage, on turnover rate
enhancements, and the onset potential shifts [15,25-31].

Barbosa et al. [30] observed that a decrease in temperature decreases
the current density (from 16.3 mAcm™2 at T = 25 °C to 0.8 mA cm ™2 at
T= —15°C)in 0.1 M NaOH +0.5 M and shifts the onset potential of the
EOR to positive values. Bach Delpeuch et al. [34] determined the activa-
tion energy (E,) for ethanol oxidation on Pt/C, Pt-Rh/C and Pt/Rh-SnO,/
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C electrodes in 0.5 M H,SO4 + 0.1 M ethanol. The E, values were
potential-dependent, and the CO-stripping onset potential was lower
at Pt-Rh/C and Pt/Rh-Sn0O,/C than at Pt/C. Moreover, the CO peak shifts
negatively when the temperature increases. The modification on the
structure of catalyst could improve the electro-oxidation of nanostruc-
tures with two-dimensional (2D) such as nanosheets, which have dem-
onstrated enhancement in the electro-oxidation of several molecules.
For instance, Lv et al. [32] found that trimetallic PdPtCu nanosheets syn-
thesized under ambient enhanced electrocatalytic performances com-
pared to materials with 0-D nanostructures.

Here, we investigated the ethanol electrooxidation reaction on de-
veloped PtNi;;ch@Pt;cnNi/C (named as only Ni@Pt/C hereafter) nanopar-
ticles using an approach for determining the E, values in acidic (H,SO,4)
and alkaline (KOH) media by linear sweep voltammetry (LSV) analysis
in a temperature range of 25 °C< T <65 °C. The LSV data are used to cre-
ate Arrhenius plots and the chronoamperometry analysis is used for de-
termining the effect of the temperature in the extent of catalyst
poisoning. The impact of the synthesis temperature of the Ni@Pt/C
nanoparticles on their electrochemical activity was also evaluated.

2. Experimental
2.1. Functionalization of carbon black Vulcan XC-72R

The procedure for surface treatment of carbon black Vulcan® XC-
72R (Cabot Corporation, BET: 237 m?/g) is similar to the reported by
Xing for multi-walled carbon nanotubes [33]. In a typical experiment,
carbon black (200 mg) is mixed with 188 mL of HNO5 (>65%, Sigma-
Aldrich), 160 mL of H,SO4 (298%, Sigma-Aldrich) and 12 mL of ultra-
pure water in a 500 mL Pyrex glass flask. The dispersion was sonicated
for 3 h. Finally, the mixture obtained was filtered and washed several
times with ultrapure water (Gehaka model MS 2000 system,
18.2 MQ-cm) and then dried at 60 °C for 8 h. In Fig. S1 is shown the
scheme of the carbon functionalization and core-shell nanoparticles
synthesis.

2.2. Synthesis of core-shell nanoparticles

Ni@Pt (25% of Ni and 75% of Pt, both atomic) nanoparticles were de-
posited on functionalized carbon by a chemical reduction of Nickel chlo-
ride (CI;Ni, <100%, Sigma-Aldrich) and chloroplatinic acid
(HyPtClg.6H,0, 237.50%, Sigma-Aldrich) in ethylene glycol-water solu-
tion using a sequential synthetic method. Briefly, 0.75 mL aqueous solu-
tion of 0.0841 M (CI;Ni), 4.25 mL of ultrapure water, and 160 mg of
carbon were mixed with 20 mL EG. The mixture was then ultrasonically
homogenized for 4 h. Later, the reduction is performed at 80 °C for 24 h
under constant stirring, and the mixture is cooled to room temperature,
filtered, washed with ultrapure water and dried at 80 °C for 15 h (Ni/C).
This procedure was repeated to coat the Ni/C nanoparticles formed in
the previous step with Pt to obtain Ni@Pt/C.

2.3. Catalysts characterizations

X-ray powder diffraction (XRD) analyses were carried out using a
PANalytical Empyrean diffractometer with Cu Ko radiation (A =
0.15418 nm) at 40 kV and 40 mA. The diffraction data were recorded
for 26 angles between 30° and 85°. The Ni@Pt/C catalysts were also char-
acterized by scanning-transmission electron microscopy (STEM), FEI
Tecnai G2F20, equipped with a bright field (BF), an annular dark field
(ADF) STEM detector, energy dispersive X-ray spectrometry (EDX),
and selected area electron diffraction (SAED) operated at 200 KV. Parti-
cle size distribution for Ni@Pt/C catalysts was constructed using about
310 particles, and the measurement was carried out using Image]
software.

2.4. Electrochemical measurements

The electrochemical measurements were carried out in a standard
three-electrode cell using Autolab Model PGSTAT 302N potentiostat/
galvanostat electrochemical workstation (Eco Chemie B. V,
Netherlands) by using NOVA 10.1 software. The working electrode
was a glassy carbon electrode (3 mm in diameter), on which 5 pL of
an ink of the catalyst was applied. The ink [3 mg mL™!] consisted of
30 pL Nafion® solution (5 wt%, Sigma-Aldrich solution) and 600 pL iso-
propyl alcohol. The counter and reference electrodes were a Pt coil wire
and a hydrogen electrode prepared in the same solution (HESS). Cyclic
voltammograms (CVs) were performed in 0.5 M H,SO4 (299.5%,
Sigma-Aldrich) or 0.5 M KOH (>99.5%, Sigma-Aldrich) from 25 to
65 °Cbetween +-0.05 and +1.3 V versus RHE (reversible hydrogen elec-
trode) at v = 20 m V s~'. For the measurements of ethanol
electrooxidation activity, 0.5 M ethanol (High purity >99.999%, Sigma-
Aldrich) were added into the supporting electrolyte. Before the experi-
ments, N, gas was flowed over the solution to minimize the dissolved
0, in solution. The CO stripping experiments were carried out by bub-
bled CO through the electrolyte at 0.1 V until complete blocking of the
surface. N, was then bubbling for remove CO present in the solution.
CO-stripping voltammograms were registered from 0.05 to +1.3 V ver-
sus RHE at 10 mV s~ . The real surface area of the electrodes was esti-
mated by calculating the charge from CO,qs stripping voltammograms
(assuming 420 pC cm~2 for one CO monolayer) [34]. Temperature stud-
ies in CO,q4s coverage on Ni@Pt/C nanoparticles were performed from 30
to 60 °C.

2.5. Temperature and activation energy studies

The ethanol electrooxidation was also studied using LSV at
10 mV s~ . Besides, chronoamperometric experiments were carried
out at different potentials (selected from linear scans in each electro-
lyte) for 200 s in the potentiostatic mode. Temperature-controlled LSV
experiments were carried out to calculate the E, of ethanol
electrooxidation at different potentials. The pH of the electrolytes varied
from pH = 2.0 in 0.5 M H,SO, to pH = 14 in 0.5 M KOH. The tempera-
ture ranged from 25 to 65 °C. The E, was calculated in the onset poten-
tial obtained by LSVs and data are analyzed using the Arrhenius
Equation.

3. Results and discussion
3.1. Physico-chemical characterization

Fig. 1A and B show a TEM image and the corresponding size distribu-
tion histograms for the Ni@Pt/C catalyst. Core-shell Ni@Pt particles have
an average diameter of 2.9 4 0.4 nm and spherical shape. The XRD pat-
terns are shown in Fig. 1C for Ni@Pt/C and Pt/C catalysts. The Ni@Pt/C
catalyst exhibits a face-centered cubic (fcc) structure where the peaks
are shifted to higher angles (41.7°, 48.1°, 69.6°, and 83.1°) from the re-
spective peaks of Pt/C (39.8°, 46.3°, 67.2°, and 81.3). The slight shift of
the XRD peaks toward higher 26 values means a lattice compression
of the Pt shell in the presence of Ni core as well as could indicate the for-
mation of some NiPt alloyed nanoparticles. Considering the positions of
the peaks presented, the lattice parameter, a, estimated was 3.83 A for
Ni@Pt/C, and 3.91 A of Pt. This result suggests that the central Ni
atoms induce compression of the Pt—Pt distance in the shell of Ni@Pt.
No peaks corresponding to nickel oxide species were found in the Ni@
Pt sample.

The elemental mapping in Fig. 1D and E reveal the presence of the Pt
and Ni elements, which coincided with XRD data. The STEM-EDX spec-
trum (Fig. 1F) illustrate that the particles are composed of Pt and Ni with
a composition of ca. 26.6 at.% Ni 73.4 at.% Pt. From these values, it is pos-
sible to establish that particulates of metals have 1:3, which is related
with the larger atomic size of Pt than Ni [18], which can suggest that
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Fig. 1. Structural analysis results (A) TEM image and (B) respective size distribution histogram. (C) XRD patterns of the Ni@Pt/C and Pt/C samples and the positions of pure polycrystalline
Ptand Ni. (D and E) TEM image and elemental maps. (F) EDX spectrum of the Ni@Pt/C catalysts, (G) Elemental line profiles taken in STEM mode across an individual ~5 nm diameter Ni@Pt

particle nanoparticle shown in the HRTEM image in the inset top and (H) SAED pattern.

the Pt has been deposited on the surface of Ni seed particles. The ele-
mental composition is close to the nominal (theoretical) catalyst com-
position (ie., 25 at.% Ni 75 at.% Pt).

The HRTEM image in the inset of Fig. 1G shows a contrast between a
shell surrounding a darker core. The brightness contrast between re-
gions could suggest the formation of core-shell nanoparticles. The HR-
EDX line elemental profile of an arbitrarily chosen single-particle
(inset of Fig. 1G) obtained in the STEM mode (Fig. 1G) reveal that the
Pt signal is present throughout the particle whereas the Ni signal is
more intense only in the core particle region, therefore, it could suggest
a core-shell structure. Finally, Fig. 1H, taken from a large area containing
NPs in Fig. 1D, shows the corresponding SAED pattern of Ni@Pt catalyst,
revealing their polycrystalline nature. It was possible to identify four dif-
fraction rings, indexed as the characteristic rings of Pt fcc structure,
which is consistent with XRD data. Besides, the (111) diffraction ring
of Ni confirms the presence of Ni in the catalyst.

3.2. Electrochemical characterization

3.2.1. Cyclic voltammetry in acid and alkaline solutions

Fig. S2 displays the CVs in 0.5 M H,SO, treated by ethylene glycol-
water solution before and after oxidized carbon Vulcan® XC-72R. The
main feature shown in Fig. S2 is the redox couple at about 0.60 V and
0.55 V versus RHE (peaks I and II), which are only visible in the curve
for the oxidized carbon. The increase in the electrochemical response
of carbon after oxidation suggests that additional functional groups
(e.g, COOH and OH™) were successfully introduced on the carbon sur-
face through the acidic treatment [35,36]. The functionalities on the car-
bon surface in the form of surface oxides are responsible for both the
acid/base and the redox properties of the carbon [37].

The CV curves of the Pt/C and Ni@Pt/C catalysts, both prepared 80 °C,
are shown in Fig. 2. Fig. 2A and B shows that the hydrogen ad/desorp-
tion and oxide species formation/reduction regions of the Ni@Pt/C are
similar to the one of Pt/C surface, implying that the surface of the nano-
particles is rich in Pt. It also suggests the formation of core-shell struc-
tures (Ni@Pt).

The EOR at Ni@Pt/C and Pt/C catalysts was measured by CVs, Fig. 2C,
and D. The current densities are normalized by the electrochemical ac-
tive area of the working electrode taken from CO stripping data
discussed hereafter. The EOR onset potential in acid electrolyte shifts
60 mV to more negative potentials at the Ni@Pt/C catalyst related to
Pt/C; consequently, the kinetic also is improved. Specifically, the Ni@
Pt/C (80 °C) catalyst showed about 1.4 in H,SO4 and 1.3 in KOH fold
higher peak current density than Pt/C.

The NiPt core-shell structure leads to a down-shift of the Pt 5d-band
center produced by the interactions in the lattice of Pt atoms [38]. This
phenomenon would result in weaker adsorption of some adsorbates
such as CO or CH, [39,40] on Pt atoms and, thus, in the acceleration of
the CO electrooxidation kinetics on Ni@Pt/C.

3.2.2. CO-Stripping at high temperature

The effect of the CO,4s coverage on Ni@Pt/Cin 0.5 M H,SO4 and 0.5 M
KKOH was studied by CO,qs stripping experiments at room temperature
(Fig. 3A and B, respectively). The CO-stripping data were used to esti-
mate the real surface area of the electrodes. The first anodic scan was
performed to electrooxidize the CO adsorbed, and the subsequent volt-
ammetry was done to verify the completeness of the CO oxidation. The
onset and peak potential for CO-stripping occur in 710 and 820 mV ver-
sus RHE, at 25 °C, in acidic medium, as well as in 430 and 680 mV versus
RHE in alkaline medium. Hence, the onset potential is 276 mV more
negative in alkaline than in acidic medium. This behavior could be due
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Fig. 2. Cyclic Voltammograms in (A) 0.5 M H,S0,, (B) 0.5 M KOH, (C) acid electrolyte +0.5 M ethanol and (D) basic electrolyte +0.5 M ethanol on Scan rate: 20 mV s~

to in alkaline media, the specific adsorption of anions from de electro-
lyte almost no occurs, the free OH™ groups adsorb onto the surfaces of
the catalysts, thus facilitating the oxide formation at lower potentials
[41]. On the contrary, in acid solution at low overpotentials OH adsorbed
is most likely excluded from active sites (e.g., the dipole moment at de-
fect/step sites which are intrinsically attractive to anions) [41]. The inte-
grated CO stripping charges for the voltammograms in both media are
1740.45 pC and 1722.21 pC for 0.5 M H,SO,4 and 0.5 M KOH, respectively.

Fig. 3C and D shows that the CO,q4s oxidation peaks shift to more ca-
thodic potentials, and the CO,4s coverage are variable with increasing
temperature from 30 °C to 60 °C on both electrolytes. As a consequence:
(i) it can be assumed that the increasing temperature destabilizes CO,q5
species thus lowering the Pt-CO adsorption strength [42] or (ii) the
more natural generation of OH,qs-species at higher temperature (en-
abling high electrocatalyst coverage of OH,4s species at low potentials)
could also facilitate the CO,qs electrooxidation at lower potentials
[43-45]. The CO-stripping onset potentials are lower for alkaline
(540-620 mV versus RHE, inset Fig. 3D) than acid electrolyte
(660-780 mV, inset Fig. 3C). Furthermore, in the range 30-60 °C, the
peak current decreases 94 pA for KOH and increases 120 pA for H,SO,4
(insets in Fig. 3C and D).

3.2.3. Potentiodynamic experiments at different temperatures

Cyclic voltammetry experiments were carried out at different tem-
peratures (25-65 °C) in H,SO4 and KOH electrolytes (Fig. S3). This tem-
perature range was chosen due to the low boiling point of ethanol

(78 °C). The voltammetric profiles remain almost unchanged as the
temperature is increased from 25 to 65 °C [46,47]; however, the profiles
are better-defined at the highest temperature. Kita et al. [48] pointed
out that the adsorption of oxygenated species does not affect the surface
structure. The formation of metal oxides and water dissociation (H,0 <
H* + OH™) are slightly improved when the temperature increases
from 25 to 65 °C. In the negative scan, the current of the oxide reduction
increases as the temperature increases and the peak potential, Epeak,
shifts slightly toward positive potentials, mainly in alkaline medium.
The positive shift results from the lower stability of the oxides at the cat-
alyst surface when the temperature increases.

Hydrogen ad/desorption peaks are more intense with increasing tem-
peratures (Fig. 4A). The increase in oxide coverage also depends on the pH
of the electrolyte [46,49]. In the H,SO, solution, the oxide reduction charge
increases by 23% (Fig. 4A) as the temperature increases from 20 to 65 °C.

Fig. 4B shows the integrated charge density vs temperature for the
oxide reduction peak (qpio—red). The charge density increases linearly
with temperature increase within the temperature range studied
(20-65 °C). The slope of the line is ca. 2.5 uC cm~2 °C~ . This increase
in oxide reduction charge at the Ni@Pt/C catalyst suggests that the
higher the temperature, the higher the adsorption of OH™ on the
metal surface caused by compressive-strain effects probably [18]. This
feature needs to be considered when temperature-dependent experi-
ments are carried out in the presence of OH™ that can react during the
overall alcohol oxidation, thus aiding the oxidation of poisonous inter-
mediate species, such as CO.
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The cyclic voltammograms can be used as fingerprints of Ni@Pt/C
electrode because the hydrogen and anion ad/desorption are
structure-sensitive on Pt surfaces. Previous reports [50-52] show that
anions adsorption can inhibit the formation of superficial Pt oxides in
acidic media. Thus, free OH™ groups adsorb to the Pt surface, facilitating
oxide formation, because anion adsorption in alkaline media is very low
[50,52]. Here, the oxide reduction charge for qpio_rea = 0.2 pC

cm™2°C™!increases 6.78% in the alkaline electrolyte, when the temper-
ature increases from 25 to 65 °C (Table 1).

As already observed by Alsabet et al. [47] at Pt electrodes, the in-
crease in the oxide reduction peak sharpness is associated with en-
hancements in the attractive surface interactions between the
adsorbed oxide species when the temperature increases, thus leading
to increased kinetics [53]. Fig. 4C plots the Epear (mV) of the Ni@Pt/C



6 LS.R. Silva et al. / Journal of Electroanalytical Chemistry 857 (2020) 113754

28 F

14}

j=-9.0403

j=-7.6126

20°C
30°C
40°C
50°C
60 °C

2 L Il L L L L L L
0 200

Il
1200 1400

Il Il Il
600 800 1000

E mV vs RHE)

I
400

wn
n
=

y = 2.55258x + 385.15
RZ=0.992

(2

N

W
T

wn

(=3

=
T

475 -

450 -~

Jj/ wAcem -2

2

425
30

r 500 600 700 800 900
E/mV)vs RHE
400 Il L Il L Il L L L L

20 30 40 50 60
C Temperature (°C)

765 -

. -2
Charge Density oxide reduction (#Cem?)

y = 0.70266x + 722.18
R2=0.998

760

755 -

750 -

745 -

740 -

E peak oxides reduction (mV)

735 -

20 30 40 50 60
Temperature (°C)

Fig. 4. (A) Cyclic voltammograms of Ni@Pt/C electrode in 0.5 M H,SO4 within the
temperature range of 20-60 °C, v = 20 mV s~ !; (B) Oxide reduction charge (uC) vs
electrolyte temperature (°C) for Ni@Pt/C electrode and zoom of the oxide reduction peak
(inset below); (C) Peak potential (Eyeai) for the Ni@Pt/C electrode oxide reduction vs
electrolyte temperature (°C). Data were obtained from the cyclic voltammograms in Fig. 4A.

Table 1

A

=—0—125°C
1500 - ——65 °C

0.5MH,S0,

a Peak
bPeak ,_~y

2500 B
F o b Peak 0.5 M KOH
2000 —o—25°C
'E 1500 I
5]
§ 1000
= 500
0
0 200 400 600 800 1000 1200 1400
E (mV vs RHE)

Fig. 5. Cyclic voltammograms in the presence of 0.5 M ethanol for Ni@Pt/C electrode in
(A) 0.5 M H,S04 and (B) 0.5 M KOH electrolyte at different electrolyte temperatures.
v=20mVs L

oxide reduction versus temperature (K) in 0.5 M H,SO, electrolyte. The
linear slope of this plot predicts a potential shift of +0.70 mV °C~! for
the reduction of the Pt surface oxide in this temperature range
(Table 1). Furthermore, data in Table 1 also show that for the alkaline
electrolyte, an even more significant change with temperature is seen
(+0.85mvV °C™ ).

Fig. 5 displays the cyclic voltammograms of ethanol oxidation on
Ni@Pt/C at 25 and 65 °C in acidic and alkaline media. The ethanol ad-
sorption inhibits the hydrogen ad/desorption and the two waves com-
monly observed for ethanol oxidation are observed in both media and
temperatures. In an acid electrolyte at higher temperature, the peak cur-
rent density and the onset potential of ethanol oxidation shifts nega-
tively. While the current density of the forward peak increases 3-folds
for H,SO4, the same decreases by a factor of 1.3 for KOH as the temper-
ature increases from 25 °C to 65 °C. Nevertheless, the ethanol re-
oxidation peak («b>) increases around 3-fold at KOH electrolyte as
the temperature increases, probably due to differences in the formation
and dissolution of oxides as the temperature changes during EOR.
Batista et al. [54] attributed this hysteresis to differences in surface
oxide coverage on the anodic and cathodic voltammetric scans.

Since the re-oxidation peak is related to the reduction of adsorbed
OH™ [40], its pronounced increase suggests that the reduction of
adsorbed OH™ occurs quickly at high temperature on Ni@Pt/C (in the al-
kaline electrolyte). Furthermore, the difference between the oxidation
and re-oxidation peaks intensity in KOH electrolyte is associated with
poisonous intermediates adsorbed onto the catalyst electrode surface
at low potentials [40], thus varying the nature of its surface due to the
ease dissolution of OH™ species on the Ni@Pt/C surface. As previously
observed, the most considerable shift (+0.85 mV °C~!) of the oxide re-
duction peak with the temperature was found in 0.5 M KOH (Fig. S3B).
This behavior is prevalent in Ni@Pt systems [18,19].

The temperature plays a significant role in the EOR performances in
acidic and alkaline media. Behm et al. [55] suggested that temperature is
the main parameter affecting the C—C bond breaking during ethanol

Dependence of the Pt oxide reduction peak parameters with the electrolyte temperature in acidic and alkaline media.

Electrolyte/temperature interval Charge/uC cm—2 °C™!

% Pt oxide charge increase

Oxide reduction peak potential shift/mV °C~!

0.5 M H,S04, (20°-60 °C) 2.5
0.5 M KOH, (25°-65 °C) 0.2

23.93 +0.70
6.78 +0.85
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electrooxidation. Presumably, CO affinity on the Ni@Pt/C is reduced
with temperature increase, as discussed in the CO-stripping section.
The lower EOR onset potential at the Ni@Pt/C in KOH than in H,SO4
electrolyte is associated with the anions adsorption on the catalyst sur-
face that can block surface sites preventing alcohol adsorption in the
acid medium [11,46,51,52].

The EOR onset potential, in an acidic electrolyte, shifts negatively
around 90 mV with the increase in temperature, while it is unchanged
in the alkaline electrolyte (Fig. 5A). The adsorption of anions is
disfavored as the temperature increases [56] on the platinum surfaces

in HySOy4, followed by the enhancement of ethanol adsorption at low po-
tentials [57] and by an enhancement in the dehydrogenation until acet-
aldehyde [31].

Another temperature effect that should be highlighted is the poten-
tial peak shift of «<a> and «b> peaks (Fig. 5). These peaks move posi-
tively with temperature increase. Since those peaks are strongly
related to OH™ production by H,0 dissociation [26], the potential differ-
ence suggests that OH™ production on Ni@Pt/C is activated at a higher
temperature. Considering that the oxidative desorption of CO,qs re-
quires the presence of species containing oxygen [49], this is a positive
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result. Besides, the modification of Pt electronic structure induced by
the presence of nickel in the lattice, as discussed for CO-stripping data,
can reduce the Pt CO-adsorption affinity in 0.5 M H,SO, at 65 °C.

3.3. Electrochemical measurements by linear voltammetry

3.3.1. Potentiodynamic experiments for ethanol oxidation

Fig. 6 displays the influence of the temperature (25-65 °C) on the
specific activity toward EOR at the Ni@Pt/C catalyst in both media. E,
values are obtained from these data. In the acidic medium (Fig. 6A),
the temperature increase leading to Epeai ox Shifts to more positive po-
tentials (i.e., at 65 °Cis 920 mV, and at 25 °C it is 912 mV). This positive
potential shift is ascribed to the facilitated OH adsorption on Pt with the
water decomposition at high temperatures as having been reported by
Cohen et al. [53] and Sieben et al. [25]. In contrast, the potential for eth-
anol electrooxidation in KOH (Fig. 6B) shifts direction negatively with
the increase from 25 to 60 °C (8 mV). Jiang et al. [46] also observed sim-
ilar negative shifts associated with a higher affinity of OH™ for the cata-
lyst surface in alkaline media, thus leading to a low onset of the
formation of surface oxides. Our results confirm that the OH,qs Species
required for the removal of adsorbed ethoxy residues are more available
in alkaline media.

Furthermore, the increase of temperature produces a negative shift
in the onset potential and larger oxidation current densities because of
the higher temperature, the higher the kinetics of the EOR. According
to Delpeuch et al. [39], the down-shift of the onset potential and larger
oxidation currents at high temperatures are ascribed to the C—C bond
scission that becomes easier due to thermal activation and a smaller for-
mation of incomplete oxidation byproducts (e.g., CH3CHO,
CH,CH,COOH and especially CO). However, the current decays in KOH
at 65 °C probably related to the easy desorption of OH™ species at tem-
peratures above 60 °C. Consequently, the higher stability of CO superfi-
cial species onto Ni@Pt/C nanoparticles is observed (previously
confirmed in CO stripping), preventing alcohol adsorption and therefore
decreasing of the peak current.

Table S1 summarizes the E, values determined by plotting data in
Fig. 6 (In (current (pA)) as a function of 1/T (K~!) at a given potential).
Fig. 6C and D shows the representative Arrhenius plots for EOR taken in
both, 0.5 M H,S04 and 0.5 M KOH medium, respectively. The slope, in-
tercept, and R-values of the linear fits are also displayed on each graph.

Fig. 6E and F shows that the apparent E, for the EOR using the Ni@Pt/
C catalyst decrease from 16.28 to 14.54 k] mol~! in 0.5 M H,SO, and
from 9.25 to 7.97 k] mol~! in 0.5 M KOH when the temperature rises
from 25 to 65 °C, respectively, as a function of the potential at which
these E, values were obtained. The relation between the apparent E,
and the potential has been already reported [28,30,31]. Colmati et al.
[28] attributed the adsorption of ethanol on a Pt3Sn/C electrode surface
as the rate-determining step of the reaction.

The time-dependent surface coverage changes in both alkaline and
acid electrolytes were also analyzed. Fig. 7 shows chronoamperometry
data and the evaluation of the initial poisoning rate using di/dt = f
(t) plot (normalized scale) at 200 s, with values obtained from experi-
ments carried out at 25 and 65 °C. The tests were carried out at 9 differ-
ent potentials that considering the range of onset potential observed for
ethanol oxidation by LSV in each electrolyte.

In acidic media, at 25 °C, the currents decay with time and reach an
apparent steady state within 200 s (Fig. 7A). Nevertheless, at 65 °C, after
a significant initial decay, the current attains the quasi-steady status
mainly at high potentials (Fig. 7A) [58]. This observation is confirmed
from Fig. 7B and D that present di/dt = f(t) plot versus time. The higher
the slope, the easier the initial poisoning of the electrode surface. The
slopes are in the range 0.07-0.09 at 25 °C and in the range of
0.03-0.04 at 60 °C. Therefore, the steady-state current density is

attained much earlier at 60 °C than at 25 °C, reflecting favorable ad/de-
sorption kinetics at high temperature in 0.5 M H,SO,.

In contrast, in Fig. 7E and G, the current density continuously decays
during the 200 s of the experiment for the two temperatures (25 and
60 °C) in 0.5 M KOH. Besides, low current densities are observed at
60 °C. This fact is attributed to the smaller tolerance to ethanolic resi-
dues when the electrolyte reaches 60 °C. The adsorbed intermediates in-
hibit further oxidation of alcohol [27].

Fig. 7F and H shows the slopes between 0.03 and 0.04 and 0.06-0.09
take at 25 and 60 °C, respectively. The increased inclination at 60 °C may
be related to the difficulty of attainment the adsorption-desorption al-
cohol equilibrium. In alkaline media, Shen et al. [59] reported that the
EOR performance depends on the local concentration ns of ethanol
and OH™ ions as well as on the balance of the competing adsorption be-
tween ethanol and the OH,q species. The results are like those of CV and
LSV data at temperatures above 60 °C in alkaline electrolyte.

Fig. S4 shows the poisoning rates (% &) in each electrolyte deter-
mined from chronoamperometric measurements as described by
Datta et al. [27]. The Ni@Pt/C catalyst exhibits improved tolerance to
ethanolic residues poisoning in the acid electrolyte and at high temper-
atures (60 °C).

4. Conclusions

In this study, Ni@Pt catalysts supported on functionalized carbon
were synthesized to evaluate the effect of both acidic and alkaline
media and working temperature (25-65 °C) on the kinetics of the
EOR. The Ni@Pt nanoparticles exhibit a significantly enhanced electro-
chemical activity toward the EOR. Furthermore, the CO,q4s oXidation to
CO, is inhibited, and the kinetics of the alcohol oxidation is decreased
during the ethanol oxidation at higher temperatures (around 60 °C) in
alkaline media. Instead, the onset potentials of the ethanol oxidation re-
action shift negatively with the temperature increase in acidic electro-
lytes. Moreover, in an acidic electrolyte, the increase in the
temperature improved the electrocatalytic activity toward ethanol oxi-
dation, by reducing the activation energies and the charge-transfer re-
sistances. The data obtained in elevated temperatures can allow
identifying parameters of operation that have an influence on the elec-
trocatalytic properties of ethanol oxidation at a given potential to design
efficient electrocatalysts to be used in DEFCs.
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