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Abstract: It is well-known that platinum (Pt) is still the preferred material of anode catalyst in
ethanol oxidation, however, the prohibitive high cost and CO poisoning of Pt metal impede the
commercialization of fuel cells. Therefore, improving the utilization rate of catalysts and reduce the
cost of catalyst become one of the most concerned focus in the construction of fuel cells. In this work,
the Pt-based catalysts are synthesized by using different content of sodium dodecyl sulfate (SDS)
modified-Ti3C2Tx support, and the dispersion regulation function of SDS modified-Ti3C2Tx sup-
ported on Pt nanoparticles is investigated. The structure, composition and morphology of different
catalysts are characterized by X-ray diffraction (XRD), X-ray spectroscopy (EDX), transmission elec-
tron microscopy (TEM) and high-resolution TEM, respectively. It is found that the Pt nanoparticles in
pure Ti3C2Tx surface are serious aggregated and show poor dispersion, whereas the Pt nanoparticles
in SDS modified-Ti3C2Tx have a better dispersion. The electrochemical results revealed that SDS
modified-Ti3C2Tx supported Pt nanoparticles has higher electrocatalytic activity and stability in both
acidic and alkaline ethanol oxidation when the dosage of SDS increases to 100 mg. These findings
indicate that the SDS-Ti3C2Tx/Pt catalysts show a promising future of potential applications in fuel
cells with modification of Ti3C2Tx support.

Keywords: ethanol oxidation; sodium dodecyl sulfate (SDS) modified-Ti3C2Tx; Pt nanoparticles;
dispersion; electrocatalytic activity

1. Introduction

With the continuous energy consumption and population growth, energy crisis has
been a big problem of the world. In recent years, metal-air batteries (Li, Na, Zn) exhibit
higher theoretical specific energy than traditional lithium ion batterie [1,2], however state-
of-art metal-air batteries still produce performance that are well below practical levels. In
contrast to the metal-air batteries, liquid fuel cell can be considered as a decent compromise
between LIBs and metal-air batteries. Direct ethanol fuel cell (DEFC) is a liquid fuel
cell with the advantages of high energy density, low environmental pollution, simple
equipment structure, and easy preparation [3–9]. Platinum-based materials are generally
used as the anode catalyst towards ethanol oxidation due to their excellent electrocatalytic
performance. With the development of nanotechnology, researchers tend to design and
synthesize nano-catalysts with controllable size and morphology, which could improve
their catalytic activity. Liang et al. improved the stability of platinum-based catalysts
by doping other atoms [10]. However, pure platinum catalyst is still expensive and can
be easily poisoned by the intermediates from alcohol oxidation, limiting its commercial
application in DEFC [11–15]. To resolve this problem, a more effective way is to explore a
suitable catalyst carrier where the Pt nanoparticles can be uniformly dispersed and be well
stabilized for a high catalytic efficiency.
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Recently, a two-dimensional material composed of transition metal carbides, nitrides or
carbonitrides, named as MXene have received attention for many electrochemical application
owing to the high specific surface area, good electrical conductivity, rich surface functional
group, and adjustable chemical structure [16–20]. Unlike graphene, MXene is difficult to
obtained by mechanical peeling method because of its strong metal-bond between M and A
in the precursor of MAX. In the existing research, MXene is mainly synthesized by etching
the MAX under the fluoride hydrothermal conditions, where a strong-acidic HF solution or
a mixed solution of LiF+HCl [21,22] is employed. By contrast, the LiF+HCl mixed etching
solution is more feasible, avoiding the high risk of using high-concentration HF. Since MXene
has large specific surface area, direct deposition of nanocomposite in MXene may lead to
serious agglomeration, decreasing the catalytic activity of the catalysts. For example, Min
et al. prepared Ti3C2Tx MXene nanosheet confined Pt nanoparticles to catalyze the photocat-
alytic hydrogen evolution reaction, whereas the Pt nanoparticles presented an unsatisfactory
dispersion [22]. For this regard, surface modification of the MXene carrier by using different
surfactants is an effective way to control the dispersion, the morphology, and the size of the
nanoparticles. Li et al. studied the effects of cetyltrimethylammonium bromide (CTAB) surfac-
tant for the MXene interlaminar functionalization and the dispersion of Se nanoparticles. As a
result, the obtained Ti3C2@CTAB-Se composite displayed good electrochemical performance
as the cathode electrode for aluminum ion batteries [23]. In addition, Wang et al. prepared the
PDDA-functionalized MXene as carrier for the uniform dispersed Au nanoparticles through
the adsorption of positively charged PDDA and MXene surface functional groups, which
exhibited good catalytic performance in the electrochemical detection of sodium nitrite [24].

Among these investigated surfactants, the sodium dodecyl sulfate (SDS) was also found
to improve the solubilization of carbon-based carries based on noncovalent interactions of
SDS and carries surface. For instance, Li et al. designed a nonenzymatic H2O2 sensor based
on Pt nanoparticles supported on SDS-modified multiwall carbon nanotube (PtNPs/SDS-
MWCNTs) [25]. The SDS molecules were adsorbed on the surface of CNT, which could be
regarded as protective agent for the deposition of Pt NPs. Considering previous versatility
modulation of MXene and the surface function of SDS, we sought to employ SDS as
the surfactant to systematically study the size and dispersion of Pt nanoparticles in the
Ti3C2Tx. The catalytic activity and stability of the SDS-Ti3C2Tx/Pt electrocatalyst in the
acidic and the alkaline ethanol solutions were systematically investigated. It is found that
the electrocatalytic activity of the Pt-loaded Ti3C2Tx catalyst in ethanol oxidation is greatly
improved by the functional modification of Ti3C2Tx, which is also beneficial to catalyze the
oxidation of the COads intermediate product on the electrode surface.

2. Materials and Methods
2.1. Materials and Instruments

The materials include titanium aluminum carbide (Ti3AlC2) (Analytical grade, Macleans
Reagent Co. Ltd., Shanghai, China), Lithium fluoride (LiF) (Analytical grade, Aladdin
Reagent Co. Ltd., Shanghai, China), Chloroplatinic acid (H2PtCl6) (Aladdin Reagent
Co. Ltd., Shanghai, China), borohydride Sodium (NaBH4) (Shanghai Lingfeng Chemical
Reagent Co. Ltd., Shanghai, China), absolute ethanol (C2H5OH) (Shanghai Zhenxing
Chemical Co. Ltd., Shanghai, China), and sodium dodecyl sulfate (SDS) (Analytical Pure,
Aladdin Reagent Co. Ltd., Shanghai, China). Deionized (DI) water was used through the
whole experiment.

HWCL-1 constant temperature stirrer (Zhengzhou Great Wall Technology Industry and
Trade Co., Ltd., Zhengzhou, China), SB-5200D ultrasonic cleaning machine (Ningbo Xinzhi
Biological Technology Co. Ltd., Ningbo, China), TGL-16 high-speed centrifuge (Shandong
Baiou Co. Ltd., Nantong, China), transmission electron microscope (Thermo Fisher Talos
F200x, Waltham, MA, USA), X-ray powder diffractometer (Bruck D8 Advance, Germany).
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2.2. Synthesis of Ti3C2Tx

Ti3C2Tx was prepared by etching method in the HCl+LiF mixed solution. Firstly,
1.6 g LiF was added to 20 mL 9 mol L−1 HCl, stir at 35 ◦C for half an hour, so that LiF was
completely dissolved in HCl to obtain a transparent etching solution, and then Ti3AlC2
was slowly added to the HCl+LiF etching solution under stirring. In order to avoid violent
exothermic reaction, stirring was kept for 24 h. The precipitated product was washed with
ethanol and deionized water until the pH value of the supernatant was close to neutral.
Finally, the product was placed in a vacuum oven to dry for 12 h, and the resultant was
Ti3C2Tx powder.

2.3. Preparation of Ti3C2Tx-Pt Composites Modified with Different Content of SDS

First, 1.0 g H2PtCl6 was dissolved in 250 mL of distilled water to form a solution with
a concentration of 7.723 mmol L−1. 40 mg Ti3C2Tx powder prepared in the previous step
was added to 40 mL deionized water, and ultrasonicated for 2 h. The SDS was employed
as the surfactant to prevent the produced Pt nanoparticles to aggregation. In order to
study the effect of SDS amounts on the electrocatalytic performance, different contents of
SDS were added into the Ti3C2Tx solution and ultrasonicated for another 30 min. We set
up four sets of samples, where 0 mg, 20 mg, 50 mg, and 100 mg of SDS were added into
the Ti3C2Tx solution and the subsequent operations were the same as above. After then,
6.5 mL H2PtCl6 (7.723 M) solution was added the above solution under a magnetic stirrer
for rapid stirring. 60 mg of NaBH4 solid was dissolved in 10 mL of deionized water, and
the resulting solution was added to the above-mentioned H2PtCl6-Ti3C2Tx solution, and
stirring was continued for 4 h. Then, the product was obtained by centrifugation, and
washed twice with deionized water and ethanol successively. Finally, the product was put
into an oven to dry at 60 ◦C for 12 h.

2.4. Characterization

X-ray powder diffractometer (XRD), scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were applied to characterize and analyze the morphol-
ogy and structure of the prepared samples. The samples were carried on Fourier transform
infrared spectroscopy (FTIR) with a Nicolet 6700 FTIR spectrometer instrument using a KBr
pellet, and Raman spectrometer (LABRAM-1B) with a 514 nm laser source. The oxidation
states of and samples were obtained by X-ray photoelectron spectroscopy (XPS, XSAM800
Ultra spectrometer). A three-electrode system was used to conduct electrochemical tests by
the CHI660E electrochemical workstation. The reference electrode was a saturated calomel
electrode, the counter electrode was a platinum electrode, and the working electrode was a
glassy carbon electrode coated with the prepared catalysts (working area is 0.07 cm2).The
working electrode was prepared as follows: 5 mg of catalyst powder was dissolved in a
mixed solution consisting of 850 µL of deionized water, 100 µL of isopropanol and 50 µL of
Nafion, and then ultrasonicated for half an hour to form a uniformly dispersed catalyst
solution. 10 µL of the catalyst solution was hanging dropped on the surface of the polished
glassy carbon electrode by pipette and dried under infrared lamp. The commercial JM
20 wt% Pt/C catalyst was prepared by the same procedure.

3. Results and Discussion
3.1. Physical Characterization

The preparation process of the SDS-modified Ti3C2Tx-Pt composite material was
shown in Figure 1. First, the Ti3AlC2 powder was etched into a multilayer structure by
LiF and HCl. Then, the multilayer Ti3C2Tx is modified with SDS and sonicated into SDS-
modified Ti3C2Tx support, and the Pt nanoparticles is deposited on the SDS-modified
Ti3C2Tx support by serving NaBH4 as reducing expanded graphite after the Al layer was
selectively removed under etching. It can be found from the SEM (Figure 2a) that the
obtained Ti3C2Tx exhibits an accordion layered structure, the TEM (Figure 2b) image and
EDX mapping show a thin and semitransparent nanosheet with a uniform distribution of
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the Ti and C elements from Ti3C2Tx. The structure of as-prepared SDS-Ti3C2Tx/Pt compos-
ites were analyzed by X-ray powder analyzer and the results were shown in Figure 3. In
Figure 3a, a series of strong and sharp characteristic diffraction peaks are observed in the
initial Ti3AlC2 powder, corresponding to the hexagonal crystal (JCPDS. No.520875). After
etching, original characteristic peaks disappear, and new peaks associated with Ti3C2Tx
were appears, indicating the successful synthesis of Ti3C2Tx. Figure 3b shows the XRD
spectra of the 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx /Pt, and 100-SDS-
Ti3C2Tx/Pt. Most of the nanocomposites show the Ti3C2Tx characteristic diffraction peaks
at 2θ = 33.9◦, 38.8◦, 60.1◦ and 73.6◦. The characteristic diffraction peaks of Pt appear at the
positions of 39.8, 46.4, 67.6, and 81.2◦, corresponding to the (111), (200), (220), and (311)
crystal planes of the cubic structure (JCPDS. No. 040802), respectively [26,27]. In addition,
SDS-modified Ti3C2Tx-Pt composite nearly resembles the pure Ti3C2Tx in terms of the posi-
tion of Raman bands, only the vibration mode at 482 cm−2 is gradually disappeared when
the SDS increased to 50 mg (Figure S1). The result revealed the A1g out-of-plane vibration
modes at 154 and 619 cm−2 for C and Ti atoms, and the Eg in-plane vibration modes at
207 and 333 cm−2 for C, Ti and surficial groups [28]. FT-IR spectra (Figure S2) manifests
the rich surface chemistry of MXene structure by the adsorption peaks corresponding to
-OH asymmetric stretch (3446 cm−1), -OH asymmetric vibration (2916 cm−1), -OH bending
vibration (1627 cm−1), Ti-C-O (1107 cm−1), which is consisted with the previous work [29].
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XPS measurements were further used to analyze the composition and surface oxi-
dation state of the as-prepared catalysts. Figure 4 shows the high-resolution XPS spectra
of 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt and 100-SDS-Ti3C2Tx/Pt
catalysts. As observed, the survey spectra evidenced the existence of C, Ti, Pt, O elements
and the similar position for the four catalysts. As shown in Figure 4a, the SDS-Ti3C2Tx/Pt
displays two prominent peaks at binding energies of 70.7 and 73.9 eV, corresponding to
the Pt 4f7/2 and Pt 4f5/2 of metallic Pt [30]. The Ti 2p spectrum could be deconvoluted
into two peaks at 464.1 and 458.3 eV, which can be ascribed to the Ti-O (2p1/2) and Ti-O
(2p3/2) group, respectively (Figure 4b). For the XPS spectra of C 1s, the two peaks at 284.4
and 285.5 eV seen in Figure 4c correspond to the C-C and O=C-OH group, respectively.
The peaks with binding energies of 529.9, 531.4 and 532.3 eV can be assigned to the Ti–O,
chemisorbed or physically absorbed oxygen and Ti–OH species (Figure 4d), indicating the
presence of abundant surface oxygenated groups on the surface of Ti3C2Tx [20]. In order to
determine the effect of the surfactant SDS content on the morphology and dispersibility
of Pt nanoparticles, the microstructure of the nanocomposite catalyst was observed in
Figure 5. It can be seen from Figure 5a that Pt nanoparticles are severely agglomerated on
the Ti3C2Tx carrier without SDS modification. However, when the Ti3C2Tx is modified
by SDS, Pt nanoparticles are uniformly dispersed and exhibit a smaller particle size on
the Ti3C2Tx surface, as shown in Figure 5b–d. In addition, the more content of the SDS
surfactant is added, the better dispersion of Pt nanoparticles could be achieved. Generally
speaking, nanoparticles with a smaller particle size and better dispersion provide more
active sites for electrochemical reactions, thereby increasing the catalytic activity [31].
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Figure 6a–c displays the HRTEM, SAED, and EDX patterns of the 100-SDS-Ti3C2Tx/Pt
nanocomposite, and the HRTEM confirms the crystalline phase structure of Pt. It can be
estimated from Figure 6a, that the interplanar spacing of Pt nanoparticles is 0.221 and
0.250 nm, corresponding to the Pt (111) and the Pt (200) crystal-plane of face-centered cubic
crystal. From the SAED in Figure 6b, the interplanar spacing of 0.251 nm is observed, which
is consistent with the Pt (200) crystal-plane in Figure 6a. In addition, the EDX spectrum
in Figure 6c also confirms the presence of Pt in the nanocomposite catalyst. Among them,
the peaks of C and Ti are mainly derived from Ti3C2Tx, and the signal of the O peak is
attributed to the oxygen-containing functional groups of Ti3C2Tx and the surface oxygen
of copper mesh. Figure 6d shows the EDX mapping, in which a uniform distribution of the
Ti, C and O elements from Ti3C2Tx nanosheets is observed, while the Pt element is highly
dispersed on the Ti3C2Tx nanosheets in the form of small Pt nanoparticles.
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3.2. Electrochemical Characterization

In order to study the electrocatalytic activity of the catalyst, cyclic voltammetry (CV)
curves were used to investigate the electrocatalytic activity of different catalysts in the acidic
ethanol and the alkaline ethanol. The CV curves of 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt,
50-SDS-Ti3C2Tx/Pt and 100-SDS-Ti3C2Tx/Pt catalysts in 0.5 mol L−1 H2SO4 solution were
measured. As shown in Figure 7a, the cathode and anode peaks with the potential range
of −0.2 V to 0.1 V correspond to the absorption peak and desorption peak of monolayer
hydrogen under acidic conditions, respectively. The electrochemically active area (ECSA)
of the electrode can be estimated from the peak area of the hydrogen absorption and
desorption [32,33]. ECSA = Qh/(0.21 ×m), where Qh represents the amount of electricity
during hydrogen desorption, and m is the content of Pt on the electrode. According to
this formula, the ECSA of 100-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt,
0-SDS-Ti3C2Tx/Pt nanocomposite catalyst is 9.02, 5.67, 2.60, 1.80 m2 g−1, respectively. The
larger ECSA is, the higher catalytic activity is achieved in the acidic media. Figure 7b shows
the CV curve of 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt, and 100-SDS-
Ti3C2Tx/Pt nanocomposites in 1 mol L−1 KOH solution. The sweep potential range is
−1.0 V~0.2 V. As shown in this figure, during the reverse scanning process, all catalysts
have obvious redox peaks at −0.25 V. Among these catalysts, the 100-SDS-Ti3C2Tx /Pt
catalyst has the largest peak current density, indicating the highest electrocatalytic activity.
As mentioned above, the ECSA value of 100-SDS-Ti3C2Tx/Pt is obvious higher that of
50-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt and 0-SDS-Ti3C2Tx/Pt electrode, rendering the
highest electrochemical activity among these catalysts. This is attributed to the better
dispersion of catalyst nanoparticles on the surface of Ti3C2Tx with more SDS surfactant,
which increases the more active sites for electrochemical reactions.
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rate of 50 mV s−1.

Figure 8a shows the CV curves of the four nanocatalysts in 0.5 mol L−1 H2SO4+1 mol L−1

C2H5OH solution. There are two obvious oxidation peaks observed at 0.65 V and 0.46 V,
which is assigned to the positive oxidation peak of ethanol and the oxidation peak of the
toxic intermediate product during the negative scan. Generally, a higher the peak current of
ethanol during forward scanning means a better catalytic performance. The current density
of the 100-SDS-Ti3C2Tx/Pt nanocatalyst reaches 50.3 mA cm−2, which is much higher
than 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, and 50-SDS-Ti3C2Tx/Pt, indicating its largest
electrocatalytic activity. The ratio (jf/jb) between the current density of the positive-scan
oxidation peak (jf) and the peak current density (jb) of the anti-scan oxidation peak (jf/jb) is
employed to study the anti-toxicity of the catalyst during the ethanol oxidation process. The
higher ratio (jf/jb) is, the easier oxidation reaction of ethanol is, and the nanocomposite can
adsorb ethanol molecules more efficiently [34,35]. As shown in Figure 8b, it can be clearly
found the jf/jb value of 100-SDS-Ti3C2Tx/Pt catalyst is 1.21, which is higher than 50-SDS-
Ti3C2Tx/Pt (1.17), 20-SDS- Ti3C2Tx/Pt (0.94), and 0-SDS-Ti3C2Tx/Pt (0.97), further demon-
strating its high electrocatalytic activity and anti-poisoning ability for ethanol oxidation in
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acidic media. Owing to the superior electrocatalytic activity of 100-SDS-Ti3C2Tx/Pt over
other catalyst, we also compared the electrochemical performance of 100-SDS-Ti3C2Tx/Pt
and commercial Pt/C catalysts, and the results were shown in Figure S3. In acid media,
the current density and the jf/jb value of 100-SDS-Ti3C2Tx/Pt is obviously higher than that
of (46.4 mA cm−2, 0.94). Furthermore, the CA after 6000 s (Figure S3b) also showed that,
the current decay of 100-SDS-Ti3C2Tx/Pt is much slower than that of Pt/C catalyst. Taken
together, these results indicated that the 100-SDS-Ti3C2Tx/Pt have remarkable catalytic
and long-term stability for ethanol oxidation in acid solution. The electrocatalytic activity
of 100-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, and 0-SDS-Ti3C2Tx/Pt
catalysts in alkaline media is shown in Figure 8c. Similarly, oxidation peaks appear during
the positive scanning process and the reverse scanning process. The oxidation peak during
the positive scanning process is the direct oxidation peak of ethanol, and the oxidation peak
during the negative scanning process is the re-oxidation of the intermediate product. In
the mixture solution of 1 mol L−1 KOH and 1 mol L−1 C2H5OH, the direct oxidation peak
current densities of ethanol are 61.8, 37.8, 24.6, and 5.5 cm−2 with the electrode of 100-SDS-
Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, and 0-SDS-Ti3C2Tx/Pt, respectively.
Obviously, the 100-SDS-Ti3C2Tx/Pt catalyst obviously has the largest current density, in-
dicating the highest electrocatalytic activity in the alkaline medium. The ratios of jf/jb
for 100-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, and 0-SDS-Ti3C2Tx /Pt
are 1.40, 1.58, 2.66 and 1.50, respectively, as shown in Figure 8d. The 100-SDS-Ti3C2Tx/Pt
catalyst has a lower jf/jb value, which indicates that the catalyst with the highest catalytic
activity could also bring in more intermediate products in the secondary oxidation process.
Figure S4 shows the electrocatalytic activity of the 100-SDS-Ti3C2Tx/Pt and commercial
Pt/C catalysts for ethanol oxidation in alkaline solution. The forward anodic peak value
of 100-SDS-Ti3C2Tx/Pt is slightly higher than 48.0 cm−2 for commercial Pt/C catalyst
(Figure 4a). After 6000 s of CA (Figure 4b), the residue current of 100-SDS-Ti3C2Tx/Pt
is much higher that of Pt-C, indicating a superior stability and catalytic activity towards
ethanol oxidation in alkaline solution. In addition, it is observed that the electrocatalytic
activity of the 100-SDS-Ti3C2Tx/Pt nanocatalyst in the alkaline medium is significantly
stronger than that of in the acidic medium. This is because ethanol oxidation involves
multiple steps in the dehydrogenation process. The platinum on the catalyst surface is
easily oxidized by the surrounding water molecules to form the intermediate species,
Pt+H2O→Pt-OHads+H++e−. In the acidic solutions, due to the low content of oxygen-
containing substances OHads, the ability of Pt to catalyze the oxidative dehydrogenation
of ethanol is relatively poor [36]. However, the alkaline solution contains abundant OH
groups, which makes intermediate products prone to dehydrogenation reaction, signif-
icantly improving the electrocatalytic efficiency of ethanol oxidation. The reaction is as
follows: CH3CH2OH+2OH−→CH3COOH+2H2O+2e−. The process of alkaline oxidation
can be deduced that ethanol molecules are first adsorbed on the catalyst and interact with
the OHads in the solution, then gradually dehydrogenate to form CH3CO− or CH3COO−,
and finally the C-C bonds are break to form CO2.
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Figure 8. CV curves obtained in (a,b) 0.5 mol L−1 H2SO4 +1 mol L−1 C2H5OH and (c,d) 1 mol L−1

KOH+1 mol L−1 C2H5OH for 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt, 50-SDS-Ti3C2Tx/Pt and
100-SDS-Ti3C2Tx/Pt nanocompsites, scan rate of 50 mV s−1.

In order to compare the stability of the 0-SDS-Ti3C2Tx/Pt, 20-SDS-Ti3C2Tx/Pt,
50-SDS-Ti3C2Tx/Pt and 100-SDS Ti3C2Tx/Pt catalysts in the electrocatalytic process, the
chronoamperometry was employed to analyze the performance of catalysts in the mixed
solutions of 0.5 mol L−1 H2SO4+1 mol L−1 C2H5OH and 1 mol L−1 KOH+ 1 mol L−1

C2H5OH. Generally, the attenuation of the oxidation current density means the decrease of
catalyst activity and the catalyst poisoning, which results from the adsorption of the CO
intermediate product from the oxidation of ethanol on the surface of Pt [37,38]. As shown
in Figure 9a, the current density of all catalysts decreases significantly in the beginning and
then gradually stabilized. The results show that the 100-SDS-Ti3C2Tx/Pt nanocomposite
still has the highest current density after 6000 s chronoamperometry test, indicating its
better anti-poisoning ability and stability. Besides, in 1 mol L−1 KOH+1 mol L−1 C2H5OH
solution, the final steady-state current density of the 100-SDS-Ti3C2Tx/Pt catalyst is also
highest than others (Figure 9b). These results confirm that 100-SDS-Ti3C2Tx/Pt has the
best anti-poisoning ability and stability during the electrocatalytic oxidation of ethanol,
no matter in the acid or the alkaline media, which is consistent with the previous CV
results. Moreover, we measured the repeatability of electrocatalytic activity for the 100-
SDS-Ti3C2Tx/Pt catalyst, and the results were shown in Figure S5. After the catalyst
has been put aside for one month, the current density of 100-SDS-Ti3C2Tx/Pt still kept
92.8% and 87.2% of its initial current density for acid (Figure S5a) and alkaline solution
(Figure S5b). Although the higher catalytic activity of alkaline solution that acid solution,
the100-SDS-Ti3C2Tx/Pt catalyst displayed a better repeatability in acid solution.
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The generally accepted oxidation mechanism of SDS-Ti3C2Tx/Pt catalysts is described
in the Figure 10 and the following equation from the previous research [39,40]. The
electrocatalytic oxidation mechanism of ethanol on Pt electrode involves parallel reaction
and continuous reaction mechanism, the main product is CH3COOH or other products
such as CH3CHO, CH3, CO2 and CO. Most specifically, ethanol is first adsorbed the surface
of Pt and occurs the oxidation to CH3CHOads (Equations (1) and (2)). The produced
poisonous intermediates Pt-(CH3CHO)ads occupy most of the active sites to form catalyst
deactivation. The Pt-(CH3CHO)ads are oxidized to acetic acid by these active Pt-containing
species and adsorbed Pt is meanwhile released, which is the rate-determining step in this
process(Equation (3)).
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Figure 10. Schematic illustration the ethanol oxidation mechanism on the surface of SDS-Ti3C2Tx/Pt
electrodes in acidic and alkaline solution.

In the ethanol oxidation process, there must be sufficient intermediate adsorption
species and OH− group on the catalyst surface. The 100-SDS-Ti3C2Tx/Pt catalyst could
provide more active sites over other catalysts, it is beneficial to dissociation and adsorption
of ethanol molecular and display a good catalytic performance.

4. Conclusions

In this paper, a two-step synthesis method was used to synthesize the SDS-Ti3C2Tx/Pt
nanocomposite catalyst. The effect of the SDS content on the dispersion of Pt nanoparti-
cles was studied and the electrocatalytic performance for ethanol oxidation of the SDS-
Ti3C2Tx/Pt nanocomposite catalyst in the acidic and in the alkaline media was also investi-
gated. The SDS-Ti3C2Tx supported catalysts not only improve the catalytic performance of
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Pt catalyst towards EOR, but also considerably decrease the cost of noble catalyst. The elec-
trocatalytic activity of the SDS-Ti3C2Tx/Pt nanocomposite catalyst reaches the maximum
when 100 mg SDS is added. The improved electrocatalytic activity and anti-poisoning
ability of SDS-Ti3C2Tx/Pt is attributed to the SDS modification for Ti3C2Tx, which increases
the dispersion and the active sites of Pt nanoparticles. This work provides important basics
for the synthesis and application of Pt nanoparticle in catalysis.
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.3390/nano11123174/s1, Figures S1–S5: Raman spectra, FT-IR spectra and CV curves.

Author Contributions: B.Y.: Conceptualization, Formal analysis, Writing–original draft. T.Q., Z.B.,
W.L. and J.D.: Formal analysis. D.B. and H.L.: Writing-review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
22072068) and Large Instruments Open Foundation of Nantong University (No. KFJN2113). The
work was also supported by Nantong Science and Technology Project (131321608135) and General
Project of Natural Science Research in Colleges and Universities of Jiangsu Province (21KJB150023).

Data Availability Statement: The data is available on reasonable request from the corresponding author.

Acknowledgments: The authors also thank Nantong University Analysis & Testing Center.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, M.; Bi, X.; Wang, R.; Li, Y.; Jiang, G.; Li, L.; Zhong, C.; Chen, Z.; Lu, J. Relating Catalysis between Fuel Cell and Metal-air

Batteries. Matter 2020, 2, 32–49. [CrossRef]
2. Khan, Z.; Vagin, M.; Crispin, X. Can Hybrid Na–Air Batteries Outperform Nonaqueous Na–O2 Batteries. Adv. Sci. 2020, 7, 1902866.

[CrossRef]
3. Li, M.; Zhao, Z.; Zhang, W.; Luo, M.; Tao, L.; Sun, Y.; Xia, Z.; Chao, Y.; Yin, K.; Zhang, Q. Sub-monolayer YOx/MoOx on ultrathin

Pt nanowires boosts alcohol oxidation electrocatalysis. Adv. Mater. 2021, 33, 2103762. [CrossRef]
4. Stamaenkovic, V.R.; Strmcnik, D.; Lopes, P.; Markovic, N.M. Energy and fuels from electrochemical interfaces. Nat. Mater. 2017,

16, 57–69. [CrossRef]
5. Zhang, J.; Zhao, T.; Yuan, M.; Li, Z.; Wang, W.; Bai, Y.; Liu, Z.; Li, S.; Zhang, G. Trimetallic synergy in dendritic intermetallic

PtSnBi nanoalloys for promoting electrocatalytic alcohol oxidation. J. Colloid Interface Sci. 2021, 602, 504–512. [CrossRef]
6. Qi, W.; Zhou, D.B.; Chen, S.L.; Huang, Y.; Chen, X. Preparation and electrocatalytic properties of Fe, Co, Ni-polymer-C complex

catalysts for ethanol electro-oxidation. Acta Chim. Sin. 2009, 67, 917–922.
7. Elsheikh, A.; McGregor, J.L. Synthesis and characterization of PdAgNi/C trimetallic nanoparticles for ethanol electrooxidation.

Nanomaterials 2021, 11, 2244. [CrossRef] [PubMed]
8. Huang, S.; Lu, S.; Hu, H.; Xu, F.; Li, H.; Duan, F.; Zhu, H.; Gu, H.; Du, M. Hyper-dendritic PdZn nanocrystals as highly stable and

efficient bifunctional electrocatalysts towards oxygen reduction and ethanol oxidation. Chem. Eng. J. 2021, 420, 130503. [CrossRef]
9. Bin, D.; Yang, B.; Zhang, K.; Wang, C.; Wang, J.; Zhong, J.; Feng, Y.; Guo, J.; Du, Y. Design of PdAg hollow nanoflowers through

galvanic replacement and their application for ethanol electrooxidation. Chem. Eur. J. 2016, 22, 1. [CrossRef] [PubMed]
10. Liang, J.; Liu, X.; Li, Q. Principles, strategies, and approaches for designing highly durable platinum-based catalysts for proton

exchange membrane fuel cells. Acta Phys.-Chim. Sin. 2012, 37, 2010072. [CrossRef]
11. Kottayintavide, R.; Gopalan, N.K. PdAu alloy nano wires for the elevated alcohol electro-oxidation reaction. Electrochim. Acta

2021, 384, 138405. [CrossRef]
12. Wang, W.; Yang, Y.; Liu, Y.Q.; Zhang, Z.; Dong, W.K.; Lei, Z.Q. Hybrid NiCoOx adjacent to Pd nanoparticles as a synergistic

electrocatalyst for ethanol oxidation. J. Power Sources 2015, 273, 631–637. [CrossRef]
13. Bin, D.; Ren, F.F.; Wang, Y.; Zhai, C.Y.; Wang, C.Q.; Guo, J.; Yang, P.; Du, Y.K. Pd-nanoparticle-supported, PDDA-functionalized

graphene as a promising catalyst for alcohol oxidation. Chem. Asian J. 2015, 10, 667–673. [CrossRef]
14. Duan, S.; Du, Z.; Fan, H.; Wang, R. Nanostructure optimization of platinum-based nanomaterials for catalytic applications.

Nanomaterials 2018, 8, 949. [CrossRef] [PubMed]
15. Gao, F.; Zhang, Y.P.; Ren, F.F.; Song, T.X.; Du, Y.K. Tiny Ir doping of sub-one-nanometer PtMn nanowires: Highly active and

stable catalysts for alcohol electrooxidation. Nanoscale 2020, 12, 12098–12105. [CrossRef] [PubMed]
16. Huang, W.C.; Hu, L.P.; Tang, Y.F.; Xie, Z.J.; Zhang, H. Recent advances in functional 2D MXene-based nanostructures for

next-generation devices. Adv. Funct. Mater. 2020, 30, 2005223. [CrossRef]
17. Nan, J.; Guo, X.; Xiao, J.; Li, X.; Chen, W.; Wu, W.; Liu, H.; Wang, Y.; Wu, M.; Wang, G. Nanoengineering of 2D MXene-based

materials for energy storage applications. Small 2019, 17, 1902085. [CrossRef]

https://www.mdpi.com/article/10.3390/nano11123174/s1
https://www.mdpi.com/article/10.3390/nano11123174/s1
http://doi.org/10.1016/j.matt.2019.10.007
http://doi.org/10.1002/advs.201902866
http://doi.org/10.1002/adma.202103762
http://doi.org/10.1038/nmat4738
http://doi.org/10.1016/j.jcis.2021.06.028
http://doi.org/10.3390/nano11092244
http://www.ncbi.nlm.nih.gov/pubmed/34578559
http://doi.org/10.1016/j.cej.2021.130503
http://doi.org/10.1002/chem.201601544
http://www.ncbi.nlm.nih.gov/pubmed/27723142
http://doi.org/10.3866/PKU.WHXB202010072
http://doi.org/10.1016/j.electacta.2021.138405
http://doi.org/10.1016/j.jpowsour.2014.09.120
http://doi.org/10.1002/asia.201403142
http://doi.org/10.3390/nano8110949
http://www.ncbi.nlm.nih.gov/pubmed/30453623
http://doi.org/10.1039/D0NR02736G
http://www.ncbi.nlm.nih.gov/pubmed/32478767
http://doi.org/10.1002/adfm.202005223
http://doi.org/10.1002/smll.201902085


Nanomaterials 2021, 11, 3174 12 of 12

18. Wang, X.; Kajiyama, S.; Linuma, H.; Hosono, E.; Oro, S.; Moriguchi, I.; Okubo, M.; Yamada, A. Pseudocapacitance of MXene
nanosheets for high-power sodium-ion hybrid capacitors. Nat. Commun. 2015, 6, 6544. [CrossRef]

19. Ma, K.; Jiang, H.; Hu, Y.; Li, C. 2D Nanospace confined synthesis of pseudocapacitance dominated MoS2-in-Ti3C2 superstructure
for ultrafast and stable Li/Na-ion batteries. Adv. Funct. Mater. 2018, 28, 1804306. [CrossRef]

20. Chen, Q.; Jiang, W.; Fan, G. Pt nanoparticles on Ti3C2Tx-based MXenes as efficient catalysts for the selective hydrogenation of
nitroaromatic compounds to amines. Dalton Trans. 2020, 49, 14914. [CrossRef]

21. Zhang, X.; Zhang, Z.H.; Zhou, Z. MXene-based materials for electrochemical energy storage. J. Energy Chem. 2018, 27, 73–85.
[CrossRef]

22. Min, S.X.; Xue, Y.; Wang, F.; Zhang, Z.G.; Zhu, H.T. Ti3C2Tx MXene nanosheet-confined Pt nanoparticles efficiently catalyze
dye-sensitized photocatalytic hydrogen evolution reaction. Chem. Commun. 2019, 55, 10631–10634.

23. Li, Z.Y.; Wang, X.Y.; Zhang, W.M.; Yang, S.P. Two-dimensional Ti3C2@CTAB-Se (MXene) composite cathode material for
high-performance rechargeable aluminum batteries. Chem. Eng. J. 2020, 398, 125679.

24. Wang, Y.H.; Zeng, Z.X.; Qiao, J.Y.; Dong, S.Q.; Liang, Q.; Shao, S.J. Ultrasensitive determination of nitrite based on electrochemical
platform of AuNPs deposited on PDDA-modified MXene nanosheets. Talanta 2021, 221, 121605. [CrossRef]

25. Li, X.; Liu, X.; Wang, W.; Li, L.; Lu, X. High loading Pt nanoparticles on functionalization of carbon nanotubes for fabricating
nonenzyme hydrogen peroxide sensor. Biosens. Bioelectron. 2014, 59, 221–226. [CrossRef]

26. Huang, B.; He, Y.; Wang, Z.; Zhu, Y.; Zhang, Y.; Cen, K. High-performance Pt catalyst with graphene/carbon black as a hybrid
support for SO2 electrocatalytic oxidation. Langmuir 2020, 36, 20–27. [CrossRef] [PubMed]

27. Bin, D.; Ren, F.F.; Wang, H.W.; Zhang, K.; Yang, B.B.; Zhai, C.Y.; Zhu, M.S.; Yang, P.; Du, Y.K. Facile synthesis of PVP-assisted
PtRu/RGO nanocomposites with high electrocatalytic performance for methanol oxidation. RSC. Adv. 2014, 4, 39612–39618.
[CrossRef]

28. Xiu, L.; Pei, W.; Zhou, S.L.; Wang, Z.; Yang, P.; Zhao, J.; Qiu, J. Multilevel Hollow MXene Tailored Low-Pt Catalyst for Efficient
Hydrogen Evolution in Full-pH Range and Seawater. Adv. Funct. Mater. 2020, 30, 1910028. [CrossRef]

29. Elancheziyan, M.; Eswaran, M.; Shuck, C.E.; Senthilkumar, S.; Elumalai, S.; Dhanusuraman, R.; Ponnusamy, V.K. Facile synthesis
of polyaniline/titanium carbide (MXene) nanosheets/palladium nanocomposite for efficient electrocatalytic oxidation of methanol
for fuel cell application. Fuel 2021, 303, 121329. [CrossRef]

30. Cui, C.; Cheng, R.; Zhang, H.; Zhang, C.; Ma, Y.; Shi, C.; Fan, B.; Wang, H.; Wang, X. Ultrastable MXene@Pt/SWCNTs'
Nanocatalysts for Hydrogen Evolution Reaction. Adv. Funct. Mater. 2020, 30, 2000693. [CrossRef]

31. Bai, L.T.; Zhu, H.Z.; Thrasher, J.S.; Street, S.C. Synthesis and Electrocatalytic Activity of Photoreduced platinum nanoparticles in a
poly(ethylenimine) matrix. ACS Appl. Mater. Interface 2009, 1, 2304–2311. [CrossRef]

32. Yang, Y.; Wang, Z.D.; Mai, Y.L.; Guo, C.Q.; Shi, Y.; Tan, H.Y.; Lu, Z.X.; Shen, L.S.; Yan, C.F. Highly active PtCo nanoparticles
on hierarchically ordered mesoporous carbon support for polymer electrolyte membrane fuel cells. J. Mater. Sci. 2021, 56,
13083–13095. [CrossRef]

33. Sharma, R.; Gyergyek, S.; Chamier, J.; Morgen, P.; Andersen, S. Pt/C electrocatalyst durability enhancement by inhibition of Pt
nanoparticle growth through microwave pretreatment of carbon support. ChemEletroChem 2021, 8, 1183–1195. [CrossRef]

34. Zhu, L.D.; Zhao, T.S.; Xu, J.B.; Liang, Z.X. Preparation and Characterization Of Carbon-supported Sub-monolayer Palladium
Decorated Gold Nanoparticles For The Electro-oxidation Of Ethanol In Alkaline Media. J. Power Sources 2009, 187, 80–84.
[CrossRef]

35. Mayavan, S.; Sim, J.B.; Choi, S.M. Simultaneous reduction, exfoliation and functionalization of graphite oxide into a graphene-
platinum nanoparticle hybrid for methanol oxidation. J. Mater. Chem. 2012, 22, 6953–6958. [CrossRef]

36. Lai, S.C.; Koper, M.T. Ethanol electro-oxidation on platinum in alkaline media. Phys. Chem. Chem. Phys. 2009, 11, 10446–10456.
[CrossRef]

37. Sun, F.; Wu, B.; Qu, W.L.; Gao, Y.; Lu, T.H.; Liu, C.P.; Xin, W. The effect of activation treatment on electro-catalytic activity of Pt/C
electrode for ethanol oxidation. Chin. J. Inorg. Chem. 2005, 21, 1546–1550.

38. Chauhan, S.; Richards, G.J.; Mori, T.; Yan, P.F.; Hill, J.P.; Ariga, K.; Zou, J.; Drennan, J. Fabrication of a nano-structured Pt-loaded
cerium oxide nanowire and its anode performance in the methanol electro-oxidation reaction. J. Mater. Chem. A 2013, 1, 6262–6270.
[CrossRef]

39. Vigier, F.; Coutanceau, C.; Hahn, F.; Belgsir, E.M.; Lamy, C. On the mechanism of ethanol electro-oxidation on Pt and PtSn
catalysts: Electrochemical and in situ IR reflectance spectroscopy studies. J. Electroanal. Chem. 2004, 563, 81–89. [CrossRef]

40. Qu, T.; Tan, Q.; Liu, L.; Guo, S.; Li, S.; Liu, Y. Polymer fiber membrane-based direct ethanol fuel cell with Ni-doped SnO2
promoted Pd/C catalyst. Catal. Sci. Technol. 2020, 10, 4099. [CrossRef]

http://doi.org/10.1038/ncomms7544
http://doi.org/10.1002/adfm.201804306
http://doi.org/10.1039/D0DT02594A
http://doi.org/10.1016/j.jechem.2017.08.004
http://doi.org/10.1016/j.talanta.2020.121605
http://doi.org/10.1016/j.bios.2014.03.046
http://doi.org/10.1021/acs.langmuir.9b02391
http://www.ncbi.nlm.nih.gov/pubmed/31825231
http://doi.org/10.1039/C4RA07742C
http://doi.org/10.1002/adfm.201910028
http://doi.org/10.1016/j.fuel.2021.121329
http://doi.org/10.1002/adfm.202000693
http://doi.org/10.1021/am900471f
http://doi.org/10.1007/s10853-021-06159-8
http://doi.org/10.1002/celc.202100226
http://doi.org/10.1016/j.jpowsour.2008.10.089
http://doi.org/10.1039/c2jm15566d
http://doi.org/10.1039/b913170a
http://doi.org/10.1039/c3ta10652g
http://doi.org/10.1016/j.jelechem.2003.08.019
http://doi.org/10.1039/D0CY00477D

	Introduction 
	Materials and Methods 
	Materials and Instruments 
	Synthesis of Ti3C2Tx 
	Preparation of Ti3C2Tx-Pt Composites Modified with Different Content of SDS 
	Characterization 

	Results and Discussion 
	Physical Characterization 
	Electrochemical Characterization 

	Conclusions 
	References

