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anosheets as a novel corrosion
inhibitor for carbon steel in 0.5 M sulfuric acid
solution†

Xuehong Min,a Shiquan Ma,b Zongyi Zhou,b Dequan Wu*c and Bokai Liao *bd

Herein we report that Ti3AlC2 MXene nanosheets were identified as a highly effective cathodic protection

corrosion inhibitor for carbon steel in hydrochloric acid solution. Ti3AlC2 Mxene nanosheets form a stable

inhibition layer onmetal surfaces due to their high adsorption capacity and act as a barrier or protective film

to prevent attacks from corrosive substances and thus lead to an extended metal service life.
Corrosion is a spontaneous phenomenon for most metal
materials, which results in loss of resources and expensive
maintenance. The estimated cost of corrosion is about 3–5% of
the gross domestic product (GDP) for most countries.1 Devel-
oping an effective corrosion-control method such as addition of
corrosion inhibitors, anti-corrosion coating, corrosion-
resistance alloys, sacricial anodes, and cathodic protection,
is of great importance for sustainable development.2–4 The
corrosion inhibitor method is a cost-effective and efficient
solution to control corrosion, which is widely used in elds such
as the petroleum and gas industry, automobile manufacturing,
water systems, and pickling. Traditional inhibitors oen
contain hazardous components such as heavy metal ions,
organophosphates, and amines, posing a signicant environ-
mental and human health threat. Consequently, eco-friendly
corrosion inhibitors have garnered considerable attention in
recent years.

Lamellar MXene is a highly regarded 2D material with high
thermal and electrical conductivities, excellent exibility, and
good electron mobility, which has potential applications in
wearable devices and exible electronics.5,6 The chemical
formula for MXene materials is Mn+1XnTx, where M denotes
a transition metal, n ranges from 1 to 3, X signies C and/or N
elements, and Tx represents surface functional groups,
including F−, OH−, or O2−. The preparation of Ti3AlC2 MXene
nanosheets by the process of selectively etching MAX-phase
materials using a potent acid makes them rich in surface-
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terminating groups. For example, MXene nanosheets can be
incorporated into epoxy coatings to serve as a physical barrier,
elevating its anti-corrosion capacity.7–9 Yan et al.10 prepared
multiple layers of Ti3AlC2 MXene nanosheets by etching the
aluminum atomic layer of the Ti3AlC2 precursor and then
adding them to the epoxy coatings, acting as a physical barrier.
Zhou et al.11 utilized 2D MXene nanosheets in a reversible self-
healing coating based on the Diels–Alder reaction to achieve
light-induced self-healing performance. To date, the applica-
tion of Ti3AlC2 MXene nanosheets as corrosion inhibitors for
enhancing metal anti-corrosion performance has not been re-
ported. In this work, Ti3AlC2 MXene nanosheets were prepared
and applied as a novel and highly efficient corrosion inhibitor
for carbon steel in an acidic medium, and the relevant anti-
corrosion mechanism was proposed.

As shown in Fig. 1a, the prepared Ti3AlC2 MXene nanosheets
showed a two-dimensional layered microstructure. The zeta
potential of Ti3AlC2 MXene nanosheets reached −45.1 mV,
indicating that Ti3AlC2 MXene nanosheets had good attraction
and could be adsorbed and gathered on the metal surface to
form protective lms. The zeta potential value below −30 mV or
above +30 mV results in strong repulsive forces and improves
the physical colloidal stability. Aggregation of emulsion drop-
lets or colloids occurs if the zeta potential falls below these
levels owing to attractive forces.12–14 Fig. 1d1 shows the equiva-
lent circuit diagram of the blank group, and Fig. 1d2 shows the
equivalent circuit diagram of adding the MXene corrosion
inhibitor group. Fig. 1(c–g) shows the Nyquist and Bode plots
for EIS measurements of carbon steel in 0.5 M H2SO4 solution
containing various MXene inhibitor concentrations at 298 K.15

An increase in the inhibitor concentration leads to the increase
of modulus in Bode plot and an extended semicircle in the
Nyquist plot. As shown in Fig. 1e, because the peak value of the
Nyquist plot is shied to the right, the peak became wider
overall, which could be due to the overlap of the two peaks.
Thus, a two-time-constant equivalent circuit was introduced in
RSC Adv., 2024, 14, 4335–4338 | 4335
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Fig. 1 SEM (a) zeta potential (b), EIS (c, e and g), equivalent circuit
diagrams (d1 and d2), PDP (f) and weight loss efficiency diagram (h) of
Q235 in the presence of different concentrations of MXene inhibitor
added in 0.5 M H2SO4 for 0.5 h.

Fig. 2 Change of Rct and hEIS for Q235 carbon steel after immersion in
0.5 M H2SO4 solution with varying concentrations (0, 30, and
200 mg L−1) of MXene.
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View Article Online
this study aer Mxene as a corrosion inhibitor was added. The
equivalent circuit model diagram presented in Fig. 1 d1 and d2
reect the electrical properties of the metal/solution interface,
and the tting parameters are listed in Table S2.† The value of
Rct increased from 7.94 U cm2 (blank) to 381.6 U cm2

(30 mg L−1), 670.1 U cm2 (50 mg L−1), 1179 U cm2 (100 mg L−1)
and 1284 U cm2 (200 mg L−1). Moreover, the highest corrosion
inhibition efficiency reached 99.38%. The decrease of the
double layer capacitance value indicates the replacement of the
water molecule by the inhibitor, enlarging the thickness of the
double layer. These ndings illustrate that the use of MXene
inhibitors can considerably reduce the rate of corrosion for
mild steel under acidic conditions.16 Fig. 1g shows the polari-
zation curves used to study carbon steel corrosion in 0.5 M
H2SO4 at varying inhibitor concentrations; the tting parame-
ters are shown in Table S3.† The corrosion current density was
1.64 × 10−3 A cm−2 (blank) > 4.75 × 10−5 A cm−2 (30 mg L−1) >
4.05 × 10−5 A cm−2 (50 mg L−1) > 3.91 × 10−5 A cm−2

(100 mg L−1) > 3.12 × 10−5 A cm−2 (200 mg L−1), in which
4336 | RSC Adv., 2024, 14, 4335–4338
200 mg L−1 MXene solution reached the highest corrosion
inhibition efficiency (h, 98.09%).17–19 Moreover, the corrosion
potential shied to a positive direction and the potential
difference was larger than +85 mV, indicating that the MXene
inhibitor belonged to the anode-dominant type corrosion
inhibitor. The concentration of MXene nanosheets affects the
adsorption on the steel surface, forming a dense resistance layer
that protects against further evasion in acidic media.20 Fig. 1h
depicts the change of corrosion inhibition efficiency with
inhibitor concentration based on weight loss (Table S1†) and
electrochemical results. The tendency was basically consistent,
and increasing inhibitor concentration could enhance the
corrosion inhibition efficiency, indicating its potential for pre-
venting corrosion and extending equipment lifespan.

The real-time EIS test was carried out to monitor the long-
term anti-corrosion performance of the inhibitor, as shown in
Fig. S1.† As shown in Fig. 2, in the absence of an inhibitor, Rct

decreased with immersion time, indicating that the corrosion
rate increased with time in the blank solution.21 For example,
the value of Rct decreased from 10.99 U cm2 for 24 h to 7.15 U

cm2 for 144 h. With the addition of MXene inhibitor, Rct

increased greatly compared to that in the blank solution and it
increased with the increasing addition amount, suggesting that
the metal corrosion rate was signicantly reduced. For example,
Rct increased to 1302 U cm2 in the presence of 200 mg L−1

MXene inhibitor at 24 h. With the prolonged immersion time,
Rct and the corresponding corrosion inhibition efficiency hEIS of
MXene inhibitor slightly decreased but could remain at a high
level. For example, aer 144 hours immersion, the inhibition
efficiency of 200 mg L−1 MXene inhibitor was found to be
98.98%, demonstrating its superior long-term persistence.
Compared with the addition of 30 mg L−1 inhibitor, the
downward trend decreased with increasing concentration.

Fig. 3 shows the SVET diagrams of carbon steel in 0.5 M
H2SO4 solution without and with MXene corrosion inhibitor for
0 h and 24 h. As shown in Fig. 3a, the region in orange or red
color presents an anodic dissolve site while the blue or purple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Q235 in a 0.5 M H2SO4 solution with and without 200 mg L−1 MXene inhibitor after different immersion times: 0 h (a, initial state), 24 h (b,
without inhibitor), and 24 h (c, with inhibitor).
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View Article Online
region means the cathodic site. Aer immersion for 24 h in
a blank (Fig. 3b), the area and intensity of anodic sites became
larger, suggesting the anodic dissolution rate was increased.
With the addition of 200 mg L−1 inhibitor, the area and inten-
sity of the anodic sites became smaller, meaning MXene
inhibitor can effectively retard the anodic dissolution process.
In summary, the inhibition mechanism of Ti3AlC2 MXene
nanosheets on carbon steel in an acidic electrolyte could be
drawn as follows: the modied-layered MXene remained nega-
tively charged and dispersed in water; it was attracted to iron
ions in its nearest neighbours. The matched polarity allowed
MXene tomigrate towards the surface of the carbon steel, which
was further facilitated by the electron sharing between the
titanium and iron atoms on the MXene.22 As a result, MXene
nanosheets tightly covered the corrosion-sensitive sites and
acted as a barrier against the participation of corrosive media in
corrosion.23–25 Therefore, Ti3AlC2 MXene nanosheets had
a superior barrier effect, explaining the protective mechanism
of its protection.

In summary, the Ti3AlC2 MXene nanosheets, a novel nano-
material, served as a corrosion inhibitor for carbon steel in
sulfuric acid solution for the rst time. Results conrmed that
Ti3AlC2 MXene nanosheets could protect carbon steel effectively
and the inhibition efficiencies reached 98.98% even at
200 mg L−1. Comprehensive measurements and characteriza-
tions were used to study the inhibition mechanism of Ti3AlC2

MXene nanosheets.
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