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Abstract: High-quality performance of catalysts is increasingly required to meet industry exigencies.
However, chemical synthesis is often insufficient to maximize the potential properties of the catalysts.
On the other hand, electrochemical synthesis has arisen as a promising alternative to overcome
these limitations and provide precise control in the preparation of catalysts. In this sense, this work
involved the well-controlled electrochemical synthesis of a catalyst based on platinum nanoparticle
deposition on carbon nanotubes using only electrochemical treatments. Thin films of functionalized
carbon nanotubes were cast onto the surface of a glassy carbon electrode using potential pulsed
electrodeposition, resulting in a better distribution of the carbon nanotubes on the electrode when
comparing with traditional methods. Then, platinum nanoparticles were electrodeposited on the
carbon nanotube-modified electrode. To check the performance of the catalyst and the relevance
of the electrochemical synthesis treatments, the samples were analyzed as electrocatalysts towards
methanol electrooxidation, showing an important improvement in the catalytic activity in comparison
with electrodes that were prepared by traditional methodologies.

Keywords: potential pulse deposition; carbon nanotube; platinum nanoparticle; methanol oxidation

1. Introduction

The growing demand of modern society for a fast transition to a new energy model
is encouraging researchers and companies to find, develop, and implement cleaner, inex-
pensive, safer, and renewable energy sources. In this sense, the thriving renewable energy
industry requires the development of more and new sophisticated chemical and electro-
chemical energy storage and conversion systems. Thus, the demand for the preparation
of more efficient electrocatalysts using environmentally friendly techniques is increasing
daily [1–4]. This leads to scientific efforts focused on every detail of electrocatalysts.

Among all metals, platinum is highlighted because of its interesting catalytic prop-
erties since it is considered the most catalytic metal towards oxygen reduction reaction
(ORR) [5], hydrogen evolution reaction (HER) [6], and hydrogen oxidation reaction [7,8],
all of which being key reactions in energy devices required for the full development of new
energy models based on renewable sources [9]. However, some of the main limitations
of this metal are the low abundance in nature and high cost. This leads to the necessity
of reducing the platinum loading of the catalysts. In this context, metal nanoparticles are
crucial for the high efficiency of electrocatalysts. These nanoparticles act as active sites in
which the ratio between surface to bulk atoms is improved, increasing the performance of
the catalyst and decreasing the metal loading requirements [10].

On the other hand, the catalytic support is another limiting factor for the catalytic
activity of electrocatalysts [11–13]. Such support has the role of supplying a large surface
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to achieve a homogeneous distribution of metal nanoparticles. It can also act as an activity
promoter owing to beneficial modifications of the electronic configuration of the active
sites [14]. The support also determines the stability of the electrocatalysts through the
catalyst–support interaction that may prevent undesirable agglomeration or lixiviation
of those nanoparticles, which would hamper the performance of the electrode [11–13].
Nanostructured carbon materials, such as carbon nanotubes (CNTs), have a large impact
on the catalytic activity of heterogeneous electrocatalysts, not only as active sites [15–17]
but also as a support of metal nanoparticles since they exhibit high electrical conductivity,
surface area, stability, and strong interaction with metal nanoparticles [18–20].

Unfortunately, nanostructured carbon materials are difficult to handle and cannot be
easily processed into electrodes. Most preparation methods involve the method of drop-
casting from a binder-containing solution [21,22]. This method has important limitations
like the lack of control over the film thickness, the use of other chemicals in the solution,
and the heterogeneous distribution of the carbon material on the pristine electrode. In
recent years, electrochemistry has been proposed as a new tool to overcome all these limi-
tations [21–30]. Electrodeposition or electrophoretic deposition methods have potentially
interesting applications because of their high deposition rate, simple operation, uniformity,
control over thickness, and large-scale production capabilities [21–31]. They have been
successfully applied for the preparation of CNT electrodes [32,33] and electrochemically
active platinum nanoparticles [34–36].

In this work, we applied electrochemical pulse deposition for the preparation of well-
dispersed platinum nanoparticles on homogenously distributed CNT coatings obtained
also using electrochemical methods. To that end, oxygen-containing CNTs were ultrasoni-
cally dispersed in aqueous solution from which the electrochemically assisted deposition
of CNTs was performed. To achieve a higher accuracy level, the addition of Na2SO4 as
supporting electrolyte and the use of chronoamperometric pulses in both positive and
negative potentials were utilized to attain excellent control over the thickness of the deposit.
As active phase, platinum nanoparticles were introduced into the carbon-based support
through electrodeposition methods for evaluation as methanol oxidation electrocatalysts.
Fine control of the electrochemical deposition of platinum nanoparticles leads to a metal
loading of 7 µgPt cm−2 with homogeneous distribution and interesting catalytic properties.
These results highlight the promising improvement in the performance of electrocatalysts
that can be achieved by electrochemically assisted deposition of carbon nanotubes and
electrochemical deposition of well-dispersed platinum nanoparticles.

2. Materials and Methods
2.1. Materials and Reagents

Multiwall carbon nanotubes were obtained from Nanoblack Columbian Chemicals Co
(Atlanta, GA, USA). Hexachloroplatinic acid (H2PtCl6·6H2O) was purchased from John-
son Matthey (London, UK). Sodium sulfate was provided by Sigma-Aldrich (Darmstadt,
Germany). Sulfuric acid, nitric acid, and methanol were supplied by Merck (Darmstadt,
Germany). All the solutions were prepared using ultrapure water (18 MΩ cm from an Elga
Labwater Purelab system, Lane End, High Wycombe, UK). N2 gas (99.999%) was provided
by Air Liquide (Paris, France) and was used without any further purification or treatment.

2.2. CNT Functionalization

The success of electrochemically assisted deposition relies on the functionalization of
carbon materials, which generates surface charge in contact with water and facilitates the
suspension of the carbon-based support in aqueous media. Moreover, this acidic oxidation
treatment is also useful to remove the metallic traces of the pristine CNTs. To that end,
200 mg of CNTs were introduced in reflux of 100 mL of 3 M HNO3 solution over 24 h. Then,
the resultant solid was filtered and washed several times with water to remove any traces
of nitric acid. Finally, the material was dried at 120 ◦C for 12 h. The resultant functionalized
carbon nanotubes are referred to as f CNTs.
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2.3. Characterization of the fCNT dispersions

Prior to the electrochemically assisted deposition, 100 mg of f CNTs were ultrasonically
dispersed into 10 mL of ultrapure water. The resultant dispersion was centrifuged at
4000 rpm for 10 min. The non-soluble fraction was separated from the dispersion, and the
remaining liquid was kept for later use as the working solution. The same conditions were
used with the introduction of 0.01 M Na2SO4 as the supporting electrode.

All dispersions were evaluated through UV–Vis to estimate the concentration, which
was tracked following the absorbance of the π-plasmon band (241 nm) [33]. The UV–Vis
spectrum was recorded using a JASCO (V-670) spectrophotometer.

2.4. Electrochemically Assisted Deposition of fCNTs

Electrochemical characterization (cyclic voltammetry) and electrochemically assisted
deposition were performed using a Biologic VSP potentiostat with a standard three-
electrode cell configuration, with a platinum wire as the counter electrode and Ag/AgCl/Cl-

electrode as the reference electrode. Figure 1 shows a schematic representation of the ex-
perimental procedure.
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Figure 1. Schematic representation of the experimental procedure used in this work.

The electrochemically assisted deposition of f CNTs was performed on the surface
of a polished glassy carbon bar (GC). First, the cyclic voltammetry (CV) response of the
GC was recorded in a nitrogen-saturated 0.5 M H2SO4 solution (potential range of −0.2
and 0.8 V vs. Ag/AgCl, scan rate of 50 mV s−1). Then, the GC was moved to the f CNT
working solution. Afterwards, the electrochemically assisted deposition of f CNTs was
performed through pulsed chronoamperometric treatments. Figure 2 shows the scheme of
the potential step of multiple steps programs. The working electrode was immersed in the
solution at the open circuit potential (OCV). Then, chronoamperometric pulses of 1 s were
applied at a controlled potential of 0.6 or −0.9 V vs. Ag/AgCl for a total of 10–1400 pulses.
The electrochemically assisted pulses were applied with rest intervals of 0.5 s in which the
potential was fixed at 0.0 V vs. Ag/AgCl.



C 2021, 7, 32 4 of 16C 2021, 7, x FOR PEER REVIEW 4 of 16 
 

 
(a) (b) 

Figure 2. Scheme of the potential step of multiple steps during the electrochemically assisted deposition of fCNTs at (a) 
positive and (b) negative potentials. 

The nomenclature is as follows: fCNT-p for the positive pulses at 0.6 V vs. Ag/AgCl 
and fCNT-n for the negative pulses at −0.9 V vs. Ag/AgCl. Furthermore, in the cases in 
which 0.01 M Na2SO4 solution was used in the dispersion of fCNTs, the nomenclature of 
the final electrodes is fCNT-p-Na and fCNT-n-Na for positive and negative pulses, respec-
tively. 

2.5. Electrochemical Characterization of Electrochemically Assisted Deposited fCNTs 
After 10, 40, 80, 130, 200, 300, 500, 800, and 1400 accumulated pulses, the electrodep-

osition was stopped, and the working electrode was withdrawn for fCNT dispersion. The 
electrode was rinsed in ultrapure water several times, dried using an infrared lamp, and 
moved to the 0.5 M H2SO4 solution in order to determine the cyclic voltammetric response. 

2.6. Electrodeposition of Platinum Nanoparticles 
The electrodeposition of platinum nanoparticles was carried out in two different elec-

trodes: bare GC and fCNT-Na-p. The two working electrodes were immersed in a 0.5 M 
H2SO4 solution containing 5 mM of H2PtCl6 at a controlled potential of 0.6 V vs. Ag/AgCl 
(in which the platinum electrodeposition does not take place). After this, a potential pulse 
was carried out to −0.15 V vs. Ag/AgCl for 5 s. The resultant samples are referred to as 
Pt/GC and Pt/fCNT-p-Na. 

2.7. Physicochemical Characterization 
The textural properties of CNTs and fCNTs were evaluated by N2-adsorption iso-

therms at −196 °C in an automatic adsorption system (Autosorb-6, Quantachrome). Prior 
to the measurements, the samples were degassed at 150 °C for 8 h under vacuum. Appar-
ent surface areas were determined using the Brunauer–Emmett–Teller (BET) method, and 
total micropore volume (pore size < 2 nm) was assessed by applying the Dubinin–Radush-
kevich (VDR) equation to the N2-adsorption isotherms. 

The samples were characterized by field-emission scanning electronic microscopy 
(FESEM) with a Merlin VP Compact microscope, BRUKER, operating at 30 kV with a spa-
tial resolution of 0.8 nm. Temperature-programmed desorption (TPD) experiments were 
performed with DSC-TGA equipment (TA Instruments, SDT 2960 Simultaneous) coupled 
to a mass spectrometer (Thermostar, Balzers, GSD 300 T3), which was used to follow the 
m/z lines related to the decomposition of the surface functional groups from the surface 
of the CNTs and fCNTs. The thermobalance was purged for 2 h under a helium flow rate 
of 100 mL·min−1 and then heated up to 950 °C with a heating rate of 20 °C min−1. Raman 
experiments were performed using a dispersive Raman system (Jasco NRS-5100, laser 
wavelength: 532 nm). 

Figure 2. Scheme of the potential step of multiple steps during the electrochemically assisted deposition of f CNTs at (a)
positive and (b) negative potentials.

The nomenclature is as follows: f CNT-p for the positive pulses at 0.6 V vs. Ag/AgCl
and f CNT-n for the negative pulses at −0.9 V vs. Ag/AgCl. Furthermore, in the cases in
which 0.01 M Na2SO4 solution was used in the dispersion of f CNTs, the nomenclature of the
final electrodes is f CNT-p-Na and f CNT-n-Na for positive and negative pulses, respectively.

2.5. Electrochemical Characterization of Electrochemically Assisted Deposited fCNTs

After 10, 40, 80, 130, 200, 300, 500, 800, and 1400 accumulated pulses, the electrodeposition
was stopped, and the working electrode was withdrawn for fCNT dispersion. The electrode
was rinsed in ultrapure water several times, dried using an infrared lamp, and moved to the
0.5 M H2SO4 solution in order to determine the cyclic voltammetric response.

2.6. Electrodeposition of Platinum Nanoparticles

The electrodeposition of platinum nanoparticles was carried out in two different
electrodes: bare GC and f CNT-Na-p. The two working electrodes were immersed in a
0.5 M H2SO4 solution containing 5 mM of H2PtCl6 at a controlled potential of 0.6 V vs.
Ag/AgCl (in which the platinum electrodeposition does not take place). After this, a
potential pulse was carried out to −0.15 V vs. Ag/AgCl for 5 s. The resultant samples are
referred to as Pt/GC and Pt/f CNT-p-Na.

2.7. Physicochemical Characterization

The textural properties of CNTs and f CNTs were evaluated by N2-adsorption isotherms
at −196 ◦C in an automatic adsorption system (Autosorb-6, Quantachrome). Prior to the
measurements, the samples were degassed at 150 ◦C for 8 h under vacuum. Apparent
surface areas were determined using the Brunauer–Emmett–Teller (BET) method, and total
micropore volume (pore size < 2 nm) was assessed by applying the Dubinin–Radushkevich
(VDR) equation to the N2-adsorption isotherms.

The samples were characterized by field-emission scanning electronic microscopy
(FESEM) with a Merlin VP Compact microscope, BRUKER, operating at 30 kV with a
spatial resolution of 0.8 nm. Temperature-programmed desorption (TPD) experiments
were performed with DSC-TGA equipment (TA Instruments, SDT 2960 Simultaneous)
coupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3), which was used to
follow the m/z lines related to the decomposition of the surface functional groups from the
surface of the CNTs and f CNTs. The thermobalance was purged for 2 h under a helium
flow rate of 100 mL·min−1 and then heated up to 950 ◦C with a heating rate of 20 ◦C min−1.
Raman experiments were performed using a dispersive Raman system (Jasco NRS-5100,
laser wavelength: 532 nm).



C 2021, 7, 32 5 of 16

2.8. Electrocatalytic Test towards Methanol Electrooxidation

The electrocatalytic activity towards methanol (MeOH) electrooxidation of the dif-
ferent electrodes was studied through cyclic voltammetry in a nitrogen-saturated 0.5 M
H2SO4 solution, containing 0.1 M of MeOH at a scan rate of 50 mV s−1 and between a
potential range of 0.06 and 1.0 V vs. Ag/AgCl. The electrochemical stability of the samples
was evaluated for 1 h of MeOH electrooxidation.

3. Results and Discussion

Figure S1 shows the N2-adsorption isotherms of CNTs and f CNTs, and Table 1 sum-
marizes the most important porous texture data. Both samples show type II isotherms [37],
typical of non-porous solids. Furthermore, hysteresis is observed in CNTs and f CNTs due
to the capillary condensation that takes place in the space between carbon nanotubes. The
differences between the hysteresis loops of CNTs and fCNTs are due to changes in NT
aggregation as consequence of functionalization. BET surface areas are in agreement with
typical values in carbon nanotubes [38]. Interestingly, the BET surface area of f CNTs is
slightly higher than CNTs, probably because of the formation of oxygen functional groups
during the acid treatment. Such oxygen species promote higher inter-CNT space because of
a lower degree of stacking. Raman spectra were obtained for the f CNT and CNT samples
(Figure S2). It can be observed that both spectra show a similar profile, which indicates
that the functionalization does not modify the structure of the pristine CNTs.

Table 1. Porous textural data obtained from N2-adsorption isotherms and surface oxygen groups
obtained from CO and CO2 evolution.

Sample SBET/
m2 g−1

Vµpore/
cm3 g−1

CO/
µmol g−1

CO2/
µmol g−1

CNTs 260 0.01 600 120
ƒCNTs 280 0.03 1740 1030

The surface chemistry of f CNTs and CNTs was studied by temperature-programmed
desorption (TPD). The decomposition of surface oxygen functionalities using TPD is
widely used for characterizing the surface chemistry of carbon materials. CO2 evolution is
associated with the decomposition of anhydride, carboxylic, and lactone groups [39–42],
whereas the CO evolution is related to the decomposition of anhydride, carbonyl, phenol,
and ether groups [39–42]. Figure 3 shows that the CNTs sample has a significant CO
evolution where two contributions predominate. The first one at 620 ◦C is mainly related
to the carbothermal reduction of the metallic traces that the carbon nanotubes contain.
The desorption at higher temperatures observed in the CNTs sample is attributed to the
presence of phenolic and carbonyl groups [39,40]. In the case of the f CNTs sample, the
evolution of CO and CO2 is significantly higher than for the CNTs sample due to the
oxidation treatment (Table 1 and Figure 3). The CO2 profile shows three regions: a peak at
around 250 ◦C due to the decomposition of carboxylic groups, a peak below 500 ◦C due
to the decomposition of anhydrides, and a desorption at higher temperatures associated
with lactone group decomposition. In this sample, the peak at 620 ◦C is not appreciated
in the CO evolution since the functionalization treatment in nitric acid can also eliminate
the metallic moieties of the pristine carbon nanotubes [43]. In the CO profile, a peak at
around 500 ◦C is observed due to anhydride. The CO peak between 600 and 800 ◦C and
the desorption observed at higher temperatures can be attributed to the decomposition of
phenol and carbonyl groups. The higher number of oxygen functional groups results in
a higher wettability and an easier dispersion of carbon materials in ultrapure water [44].
Therefore, f CNTs can be dispersed in ultrapure water as described in the experimental
section for the electrochemically assisted deposition experiments.
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3.1. Characterization of the fCNT dispersions

After the preparation of the f CNT working solutions and prior to the electrodeposition
of carbon nanotubes, the effect of the addition of the supporting electrolyte in the f CNT
dispersion was studied by means of UV–Vis analysis (see Figure 4).
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The whole UV–Vis spectrum of the f CNTs solution displays a significant decrease in
the contribution of the peak at 241 nm after the addition of 0.1 M Na2SO4. The addition of
supporting electrolyte may lead to some surface charge screening in the f CNTs, thereby
generating a decrease of the solubility of functionalized carbon nanotubes in the aqueous
medium [33], which was also appreciable due to the appearance of f CNT deposits in
the bottom of the flask. Moreover, the negatively charged oxygen functional groups of
the f CNTs, such as -COOH species, can lead to the formation of sodium salt that can
also be responsible for the decrease of the UV–Vis absorbance profile. The concentration
of the dispersed f CNTs was further checked by controlled evaporation of water at mild
conditions, obtaining values of 0.24 mg·mL−1 in the absence of Na2SO4 and 0.06 mg·mL−1

in presence of supporting electrolyte.
From the comparison of the f CNT dispersion in presence of supporting electrolyte

before and after the electrochemical deposition, an interesting observation must be high-
lighted (also included in Figure 4). After the electrodeposition, a slight decrease of the
contribution of the peak at 241 nm appears related to the decrease of the f CNT concentra-
tion. Although electrochemical deposition at positive and negative potential show similar
trends, it should be pointed out that there exists a larger decrease of the contribution of
this peak by using positive potentials in the chronoamperometric deposition. This may
be associated with the fact that positive potentials would lead to a higher quantity of
electrodeposited carbon nanotubes.

3.2. Electrochemically Assisted Deposition of fCNTs

Figure 5 shows the cyclic voltammetric profiles obtained after the electrochemical
deposition of f CNTs over a glassy carbon electrode in the presence of the supporting
electrolyte under potential steps with positive potential (Figure 5a) and negative potential
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(Figure 5b) polarizations. After the electrodeposition of f CNTs, an increase in the current
of the double layer charge (i.e., the capacitance) of the CV profile is noticeable. The higher
the number of applied pulses, the higher the charge in the cyclic voltammograms. A blank
experiment where the bare GC was exposed to the same pulse electrochemical treatment in
the absence of f CNTs did not render any relevant modification of the electrical double layer
charge observed by means of CV (results not included in Figure 5 for the sake of clarity).
Therefore, the increase in the capacitance is undoubtedly related to the electrochemically
assisted deposition of f CNTs. In addition, the quantity of electrodeposited f CNTs seems to
grow with the number of pulses, thereby explaining the rise of the current of the double
layer charge of the working electrode. If the electrodeposition is performed without
supporting electrolyte, the same effect is observed, as shown in Figure 5c, although the
increase in the capacitance is lower due to the lower quantity of electrodeposited f CNTs.
Interestingly, although the supporting electrolyte results in a lower concentration of f CNTs
in the working solution, the presence of Na2SO4 leads to increased f CNT deposition during
the chronoamperometric analysis.
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flesh color represents 80 pulses, orange represents 130 pulses, brown represents 200 pulses, dark blue represents 300 pulses,
light blue represents 500 pulses, light green represents 800 pulses, and dark green represents 1400 pulses.

The calculated quantities of deposited f CNTs are presented in Figure 6. The gravimet-
ric capacitance of pristine f CNTs was previously calculated and determined to be 49 F g−1.
Therefore, the quantity of electrodeposited f CNTs was calculated from the difference be-
tween the capacitance of the pristine glassy carbon and the value of the CV profile after
the electrochemically assisted deposition. From such differences and employing the deter-
mined capacitance, the mass of f CNTs on the GC electrode was obtained. By comparing the
loading of f CNTs after the positive chronoamperometric pulses, it is possible to observe the
important difference resulting from employing a supporting electrolyte (Figure 6). After
1400 pulses, f CNT-p-Na shows a surface loading of around 97 µg cm−2, whereas by using
the same number of pulses without the supporting electrolyte (f CNT-p), the quantity of
deposited f CNTs is 22 µg cm−2.
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Figure 6. Electrochemically assisted deposited mass of f CNTs with the number of potential pulses.
Grey symbols correspond to positive potential pulses in water, orange symbols correspond to negative
potential pulses in presence of Na2SO4 in the solution, and blue symbols correspond to positive
potential pulses in presence of Na2SO4 in the solution.

On the other hand, when comparing the effect of the polarization for the pulsed
electrodeposition (in the presence of the supporting electrolyte), it is observed that higher
surface loadings are achieved for positive polarization. This result is in agreement with the
larger decrease in the absorbance on the UV–Vis of the f CNT dispersion after the positively
polarized potential pulsed electrodeposition (Figure 4). This seems to be associated with
the surface oxidation of the f CNTs in which the acidic groups generate a negative charge
that can be attracted to the positive charge of the polarized working electrode. Moreover,
when the working electrode is negatively polarized, the adsorption of sodium cations may
occur, thus facilitating the adsorption of the negatively charged carbon nanotubes through
a phenomenon known as the screening effect [45,46]. In any case, the electrochemical
deposition of f CNTs is more favored under positive potential polarization.

Furthermore, if the same f CNTs + 0.1 Na2SO4 solution is reused with a second working
electrode, the quantity of electrodeposited f CNTs is lower than in the first electrochemically
assisted deposition for both positive potential and negative potential pulses, confirming
the loss of f CNTs in the solution and the correct deposition of carbon nanotubes on the
surface of the working electrode (Figures S3 and S4).

3.3. Physicochemical Characterization of the Electrodeposited fCNTs

Figure 7 shows FESEM images of the f CNT-p-Na, confirming that electrochemically
assisted deposition of f CNTs results in a good dispersion of the carbon nanotubes over
the surface of the glassy carbon. Moreover, this electrochemical method of potential step
deposition enables a high control over the coverage of the surface of the working electrode.
The higher the number of pulses, the higher the amount of coating. For more details,
Figure 7a shows the f CNT-p-Na after 10 pulses. In this image, the typical structure of
glassy carbon is observed with some small traces of the surface being covered by carbon
nanotubes. Once a higher number of pulses is applied (80 and 300 pulses in Figure 7c,e),
larger patches of the surface of the working electrode are covered by f CNTs. By increasing
the number of pulses above 300 (Figure 7e), the full coverage of the working electrode
is reached with a full and homogeneous distribution. Assuming a cylindrical shape for
the f CNTs and that their external surface can be similar to the BET surface area (Table 1),
the number of f CNTs required to achieve a monolayer coverage would be 1.1 µg cm−2.
Taking into account the loading density at 300 pulses (73.5 µg cm−2, Figure 6), a thickness
of only 66 f CNTs layer-equivalent for the electrochemically assisted deposited thin film
was required to observe a full coverage of the glassy carbon surface. Figure 7g,h show
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FESEM images of f CNTs deposited on the surface of a glassy carbon through the drop-
casting method with the same loading of f CNTs as in Figure 7e for comparison purposes.
Interestingly, the good distribution achieved via the electrochemically assisted potential
step deposition method is not possible through the drop-casting method in which the
different phases of pristine glassy carbon and f CNTs are easily observed. The topology
of the GC surface, which was still observed for the electrodeposited sample, is no longer
observed in Figure 7g owing to the greater thickness of the denser f CNT patches.
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3.4. Electrochemical Potential Step Deposition of Platinum Nanoparticles over Electrochemically
Assisted Deposited fCNTs

In order to verify their role as electrocatalyst support, platinum nanoparticles were
electrochemically deposited onto the f CNTs, and their catalytic activity was measured
towards methanol electrooxidation. Since positive potential pulses are the most favorable
route for the electrodeposition of f CNTs, and 300 pulses are required to achieve full cov-
erage of the surface of the GC electrode (see FESEM images, Figure 7c), f CNT-p-Na with
300 pulses was the selected material for the introduction of platinum nanoparticles. Fur-
thermore, the electrodeposition of platinum nanoparticles onto pristine GC was performed
for comparison purposes.

Figure 8 shows the cyclic voltammograms of the f CNT-p-Na electrode before and after
the electrochemical potential step deposition of platinum nanoparticles. The introduction
of platinum nanoparticles is confirmed since the redox peaks associated with hydrogen
adsorption/desorption processes appear in the range of potential between −0.17 and 0.10 V
vs. Ag/AgCl as well as the contribution of the oxygen adsorption/desorption processes
(0.5–1.2 V vs. Ag/AgCl). The electrodeposition of platinum nanoparticles in the pristine GC
was performed for comparison purposes and to show the relevance of the use of a support
based on well-dispersed f CNTs. The deposition of platinum nanoparticles is confirmed via
cyclic voltammetry in Figure 8b, in which all hydrogen adsorption/desorption processes
are observed. The voltammetric profile of platinum is clearly appreciable in the Pt/GC
sample since the glassy carbon displays a minor contribution of the double layer charge
compared to f CNT samples. In addition, Raman spectra of the Pt/f CNT-p-Na electrode (see
Figure S2) were acquired, and a similar Raman spectrum to that acquired with the f CNT-p-
Na was obtained, confirming that the f CNT-p-Na is not affected by the electrochemically
deposited Pt.
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v = 50 mV s−1.

Considering a current efficiency of 100% for the reduction of Pt4+ to Pt0, the amount of
electrodeposited platinum was obtained from the electric charge of the chronoamperometric
curve. Interestingly, the amount of platinum electrodeposited is similar whether the working
electrode employed is fCNT-p-Na or GC. Indeed, the platinum loading is 7 µgPt cm−2 using
this electrochemical methodology in Pt/fCNT-p-Na and 6 µgPt cm−2 in Pt/GC. In terms of
percentage of platinum per mass of electrocatalyst (platinum plus carbon nanotubes), the
estimated loading of platinum is 8 wt.%.

To verify the correct platinum electrodeposition and to check the size of these metal
nanoparticles, FESEM images were obtained for the samples Pt/f CNT-p-Na and Pt/GC.
Figure 9a,b show a homogenous distribution of the platinum nanoparticles along the
carbon nanotubes for Pt/f CNT-p-Na material. It is also observed that metal nanoparticles
are not only deposited on the outer surface of the f CNTs but also in the intertubular spaces
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between carbon nanotubes and the outermost nanotubes. To determine the size of such
metallic nanoparticles, the electron back scattering diffraction (EBSD) technique was also
employed (Figures S5 and S6 for Pt/f CNT-p-Na and Pt/GC, respectively). These images
highlight the difference in the size of the platinum nanoparticles when either f CNTs or
pristine GC are employed as the electrocatalyst support. Pt/f CNT-p-Na shows small
platinum nanoparticles, 74 nm being the average diameter with a more homogeneous
particle size. Such a parameter is higher (116 nm) when bare GC is used in support of
the metal electrodeposition, pointing out the importance of using a higher surface area
CNT support during the deposition of metal nanoparticles. Regarding the 8-fold rise in
capacitance achieved by the electrode after the electrodeposition (Figure 6), the available
electrode surface could have faced an increase of almost one order of magnitude in f CNT-
p-Na. The larger surface area delivers a larger number of nucleation sites for nanoparticle
formation, favoring nucleation over growing interactions that would explain the enhanced
metal dispersion on Pt/f CNT-p-Na.
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3.5. Electrocatalytic Activity towards MeOH Electrooxidation

The electrocatalytic activities towards methanol electrooxidation of Pt/f CNT-p-Na
and Pt/GC were studied in a N2-saturated 0.1 M MeOH + 0.5 M H2SO4 solution. Figure 10
shows the cyclic voltammogram profiles of the electrodes during oxidation of methanol
in which one oxidation peak is appreciable during both the anodic and cathodic sweeps
at around 0.55 and 0.59 V vs. Ag/AgCl, respectively. The achieved current density was
determined to be 0.54 mA cm−2 and 80 A gPt

−1 for Pt/f CNT-p-Na and 0.36 mA cm−2

and 63 A gPt
−1 for Pt/GC. Those peaks are characteristics of methanol oxidation, and the

onset potential (EONSET) was obtained at 0.31 V for Pt/f CNT-p-Na and 0.36 V for Pt/GC.
Pt/f CNT-p-Na shows lower overpotential than its counterpart, probably because of the
smaller size of platinum nanoparticles deposited onto the well-dispersed and high surface
area layers of carbon nanotubes. Furthermore, such a difference is also observed in the
current density of the electrooxidation peak, being higher for Pt/f CNT-p-Na than for
Pt/GC. These values are comparable to or even higher than other platinum-based catalysts
obtained in the literature [35]. The differences in the catalytic activity of both samples point
to the key role of the electrochemical assisted deposition of the carbon nanotubes, which
leads to a homogeneous distribution of carbon nanotubes on the electrode in which smaller
platinum nanoparticles are finally deposited. This is of relevance in the catalytic activity
since smaller nanoparticles often lead to higher catalytic activities.
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Figure 10. Cyclic voltammograms of Pt/f CNT-p-Na (orange line) and Pt/GC (blue line) in a 0.1 M
MeOH + 0.5 M H2SO4 solution. Scan rate = 50 mV s−1.

Another relevant feature achieved after the addition of a thin film of electrodeposited
f CNTs on the glassy surface is the large decrease observed on the oxidation currents
for the forward and backward sweeps (values of 1.36 for Pt/f CNT-p-Na and 1.80 for
Pt/GC). This ratio is related to the tolerance of methanol oxidation catalysts to the CO-like
intermediates that are generated during the forward CV sweep [47]. A decrease on the
oxidation current ratio means that the tolerance towards CO of the Pt/f CNT-p-Na catalyst
is especially improved.

Interestingly, the electrocatalytic results during methanol oxidation are comparable
with the most promising low-platinum-loading electrocatalysts found in the literature
that have been prepared by other chemical and electrochemical methods, especially in the
EONSET [48–51]. However, the optimization of all the conditions in the electrochemically
assisted deposition of carbon electrodes is a challenge that might lead to a major enhance-
ment of the catalytic activity. The strong influence that the structure of the carbon support
has on the nature of the electrodeposited platinum nanoparticles is widely known [35]. In
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this sense, the electrochemical pulse deposition of a thin film of carbon nanotubes enhances
the surface area of the electrode and improves the distribution of carbon nanotubes, making
it more suitable support for platinum electrodeposition, which, in turn, leads to smaller
and more uniform metal nanoparticles. Since the size of metal particles is a key parameter
in electrocatalysts, those catalysts obtained using f CNTs as support show a higher catalytic
activity towards methanol electrooxidation.

Moreover, the stability of the catalysts towards MeOH electrooxidation was evaluated
during ninetieth cycles (1 h) under operando conditions. After this time, the initial and
the final current density associated with MeOH oxidation on the Pt/f CNT-p-Na electrode
were identical, indicating that the activity does not decay after 1h. However, the catalytic
activity of the Pt/GC electrode shows a decrease of 10% using the same working conditions.
Regarding the EONSET, it remains unaltered for both electrodes. It is worth noting that the
presence of f CNTs not only seems to improve the catalytic activity of the Pt nanoparticles
but also increase the catalytic stability during the oxidation of MeOH.

4. Conclusions

This work reports a novel method to prepare electrocatalysts based only on elec-
trochemical methods. Electrochemically assisted deposition of functionalized carbon
nanotubes was performed through multiple pulses at a constant potential. The number of
applied pulses enables full control over the thickness of the electrochemical deposition of
CNTs along with improved homogeneity in the distribution of functionalized nanotubes.
Moreover, experimental characterization demonstrates the beneficial effect of applying
pulses at a positive potential, in which the working electrode and the carbon nanotubes
have a stronger attraction. This novel electrochemical method was found to be suitable for
controlling the distribution of the carbon nanotubes on the surface electrode. As active sites,
platinum nanoparticles were electrochemically potential step deposited onto the deposited
CNTs, during which the larger surface area of the previously electrodeposited carbon
nanotubes led to smaller and homogenously distributed platinum nanoparticles. The
catalytic activity of the samples towards MeOH electrooxidation was tested, highlighting
the overall improvement achieved when electrodeposited carbon nanotubes are used in
support of the metal nanoparticles.

In the light of the favorable results, this work presents a simple, efficient, and scalable
alternative to the conventional chemical synthesis of catalysts. (Electro)catalysts obtained
solely by electrochemical treatments lead to excellent performance in terms of control over
the coverage and loading during the preparation of catalysts, which has a direct impact on
the catalytic activity for reactions such as electrooxidation of methanol.
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dispersion (orange square) and a reused dispersion (violet triangle). Figure S4: Electrochemically
assisted deposited mass of f CNTs with the number of potential pulses for f CNT-n-Na using a
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