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Use of CeO2 nanoparticles as CO2-corrosion inhibitors of a duplex stainless steel
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ABSTRACT  
The use of cerium oxide nanoparticles as a corrosion inhibitor for the CO2 corrosion of LDX 2101 
duplex stainless steel has been evaluated using potentiodynamic polarization curves, linear 
polarization resistance and electrochemical impedance spectroscopy tests. Polarization curves 
have shown that CeO2 nanoparticles behaved as an efficient mixed type of inhibitor, with an 
efficiency that increases with its concentration reaching a maximum value when 600 ppm of 
nanoparticles were added. CeO2 nanoparticles were chemically adsorbed onto the steel surface 
according to a Langmuir type of adsorption isotherm. A passive layer was formed by the 
addition of CeO2 nanoparticles with lower passive current density and higher pitting potential 
values than those obtained without these nanoparticles. Corrosion current density decreased 
whereas the polarization resistance increased by two orders of magnitude in both cases with 
the addition of the nanoparticles. Similarly, the double layer capacitance was decreased due to 
the adsorption of the nanoparticles. Steel was susceptible to pitting type of corrosion, but its 
number and diameter decreased with the nanoparticles.
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1. Introduction

Corrosion of metals used in the oil and gas industries is a 
big problem, mainly due to the presence of gases such as 
CO2 and H2S, bringing both economic and environmental 
issues (1–5). Developing of dual stainless steels such as 
LDX 2101, were commercially introduced to improve 

both the mechanical properties and corrosion resistance 
of traditionally used austenitic stainless steels such as 
AISI 303 and 306 (6,7). Due to this, many research works 
are currently carried out to protect these metals against 
corrosion which includes the study of corrosion inhibitors. 
Among these compounds, there exist organic ones, such 
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as amines, amides, imidazolines, and ammonium quatern
ary salts (8–12), with the main drawback that they are 
toxic, expensive, and not environmentally friendly. To 
overcome this problem, some green inhibitors, such as 
plant extracts, coming from different parts of vegetables 
have been developed (13–22).

Among the different solutions to mitigate corrosion is 
the use of lanthanides, which have been to be efficient 
corrosion inhibitors for metals such as steel, galvanized 
steel, and aluminum among others (23–25). Among 
lanthanides, we can find Cerium (Ce) which can be 
found in two different oxidation states, Ce3+ and Ce4+, 
which is an alternative to the use of Chromium not 
only because Cerium is not toxic but also because it 
can be found in commercial salts relatively cheap and 
readily available (26, 27).

Cerium dioxide (CeO2) nanoparticles possess several 
eco-friendly aspects due to their unique properties and 
potential applications such as catalytic activity, which 
can be utilized in various eco-friendly processes. Some 
of these processes include catalytic converters in auto
mobiles (28), Fuel Cell Applications (29), water treatment 
(30), or renewable energy technologies (31). Ce-based 
materials have different applications in preventing 
metal corrosion also such as coatings (32–39) and cor
rosion inhibitors (40–43) due to their chemical and phys
ical properties which are related to the Ce electronic 
structure since it provides a barrier against corrosion in 
different aggressive environments (44–47). Thus, Fedel 
et al. (40) studied cerium oxide (CeO2) nanoparticles 
(NPs) as corrosion inhibitors for mild steel in both 
sulfate and chloride-containing environments by using 
Open circuit potential (OCP) and Electrochemical impe
dance spectroscopy (EIS) studies. They found that the 
addition of NPs made the OCP value shift into the 
noble direction and an increase in the total impedance 
value, due to the formation of a passive layer on top of 
the steel. Sharmila et al. (41) use CeO2 NPs as corrosion 
inhibitor for mild steel in Hydrochloric (HCl) and Sulfuric 
(H2SO4) acids by using the weight loss technique. They 
found that NPs exhibited a better performance in sulfuric 
than in hydrochloric acid, obtaining efficiency values of 
99.73 and 83.55% respectively with the addition of 0.05 
wt. % of CeO2 NPs Bourenane et al. (42) evaluated the 
inhibitory action of cerium nanoparticles for steel in Ca 
(OH)2 + 0.5 M CaCl2 solution at 50°C by using potentiody
namic polarization curves and EIS tests. They found that 
the efficiency increased with the NPs concentration, 
reaching the highest efficiency with 800 ppm. Inhibitor 
acted as an anodic type of inhibitor which formed a 
layer of protective corrosion products by the physical 
adsorption of the nanoparticles. Thus, the goal of this 
work is to evaluate the corrosion efficiency of CeO2 NPs 

as corrosion inhibitor for a LDX 2101 duplex stainless 
steel immersed in a CO2-saturated 3.5 wt. % NaCl solution 
at 50°C with the use of electrochemical techniques.

2. Experimental procedure

2.1. Testing material

Working material included LDX2101 type duplex stain
less steel containing (wt. %) 21.5 Cr, 5.0 Mn, 0.31 Mo, 
1.5 Ni, 0.22 N, 0.026 C, 0.03 Si and Fe as balance. Speci
mens measuring 10.0 mm × 10.0 mm × 5.0 mm were 
spot welded to a copper wire, encapsulated in a com
mercial polymeric resin, grinded with 600 grade SiC 
emery paper, washed with water and acetone and 
blown with warm air.

2.2. Testing solution

As working electrolyte, a CO2-saturated 3.5 (wt. %) NaCl 
solution at 50°C was used. Before testing, solution was 
bubbled with CO2 during 2 h and kept bubbling 
during the whole testing time.

2.3. Cerium oxide nanoparticles synthesis

The precipitation method was used for the synthesis of 
the CeO2 NPs, in which 0.5 g of Tannic acid was dissolved 
in 25 ml of deionized H2O and kept under stirring. To this 
solution, 1.9 g of Cerium chloride (CeCl3) was added, and, 
once dissolved, drops of 5% NaOH solution were added 
until the solution pH value was 8.0 ± 0.2. After this, the 
solution was centrifuged at 4000 rpm for 15 min to 
obtain a solid, which was washed with water and 
ethanol. This solid was dried at 80°C for 24 h in an electric 
furnace, and after that, it was calcined at 400°C during 3 h 
to obtain the CeO2 NPs. Although some other Cerium 
oxides such as Ce2O3, CeO, Ce3O4, and CeO3 can be 
obtained by the thermal decomposition of cerium salts, 
the most common are CeO2 and Ce2O3, although the 
temperature required for the latter is 700°C. Other 
oxides such as CeO, Ce3O4, and CeO3 are very unstable 
under normal conditions and it is not very common to 
find them. They were characterized by X-ray diffraction 
(XRD) and Transmission electronic microscopy (TEM) tech
niques. The X-ray patterns were obtained with an X-ray 
diffractometer Bruker d2phaser with a Cu Kα radiation 
source (λ = 1.54 Å) scanned during 10 min. NPs mor
phology and size analysis was performed in a Zeiss TEM 
using an acceleration voltage of 100 kV. For this, the 
CeO2 NPs (2.5 mg) were dispersed in ethanol (5 ml), and 
5 µL were taken and placed on a carbon-coated copper 
grid. A Raman confocal microscope Bruker Senterra II 
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was used for the chemical analysis of pure and corroded 
CeO2 NPs. CeO2 powder was focused with a 20 X objec
tive, using a 785 nm laser with an aperture of 50 µm × 
1000 µm, with a power of 100 mV, a resolution of 
4 cm−1, a spectral range from 400 to 3650 cm−1, and an 
acquisition time of 3000 ms.

2.4. Electrochemical techniques

Electrochemical techniques used included potentiody
namic polarization curves, linear polarization resistance 
(LPR), and electrochemical impedance spectroscopy 
(EIS). For this purpose, a three-electrode standard glass 
cell was used, using a 6.00 mm graphite rod and a 
Silver/Silver chloride as counter and reference electrode 
respectively. Before starting the experiments, the open 
circuit potential value, OCP, was monitored during 
3,600 s. Polarization curves were started by polarizing 
the specimen −1000 mV more negative than the free 
corrosion potential value, Ecorr, scanned towards the 
anodic direction at a scan rate of 1 mV/s, and finishing 
at 1,000 mV more anodic than Ecorr. Tafel extrapolation 

was used to calculate the corrosion current density 
values, Icorr. Inhibitor efficiency values, I.E., were calcu
lated with the aid of following expression:

I.E.(%) =
ICorr1 − ICorr2

ICorr1
× 100 (1) 

where Icorr1 and Icorr2 are the corrosion current density 
values in the presence and absence of CeO2 NPs respect
ively. For the LPR experiments, the specimen was polar
ized ± 15 mV around the Ecorr value every 60 min during 
24 h to obtain the polarization resistance value, Rp. 
Finally, the EIS measurements were carried out at the 
Ecorr value by applying a perturbation signal of ± 15 
mV in the frequency interval between 0.01 a 10,000 
Hz. For the potentiodynamic polarization curves and 
LPR tests, a potentiostat from ACM instruments was 
used, whereas for the EIS experiments a potentiostat 
from Gamry instruments was used.

3. Results and discussion

3.1. Ceo2 nanoparticles characterization

The X-ray pattern together with some micrographs of 
the CeO2 NPs are given in Figures 1 and 2 respectively. 
X-ray pattern given in Figure 1 shows a characteristic 
peak for the CeO2 NPs at a 2θ = 28.4° which corresponds 
to (111) plane. It is also shown the (200), (220), (311), 
(222), (400), (311), (420), and (511) planes, which rep
resent the corresponding peaks for CeO2 (48, 49). 
These peaks correspond to fluorite. No peaks corre
sponding to some other CeO2 phases were detected, 
which means that synthesized CeO2 NPs were pure 
and the detected peaks correspond to the crystalline 
fluorite phase only (50, 51). On the other side, Figure 2
shows SEM and TEM micrographs of CeO2 NPs. SEM 
micrograph, Figure 2a, shows a uniform distribution of 
spherical structures composed of agglomerated par
ticles, whereas TEM micrograph, Figure 2b, a spherical- 

Figure 1. X-ray patterns of CeO2 NPs.

Figure 2. (a) SEM and (b)TEM micrographs of CeO2 NPs.
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shaped NPs with a size around 18–20 nm, with mor
phology as reported in the literature (52–54).

3.2. Open circuit potential

The effect of the CeO2 NPs concentration on the open 
circuit potential value (OCP) for LDX 2101 type duplex 
stainless steel in a CO2-saturated 3.5% NaCl solution is 
displayed in Figure 3. This figure shows that, for the 
blank, uninhibited solution, the OCP value starts in a 
very active value, around −750 mV, but rapidly it 
shifts into the noble direction, reaching a steady state 
value after approximately 2, 400 s. This shift into the 
noble direction indicates the formation of a very pro
tective layer of corrosion products, which, in CO2 

environments, has been reported to be composed of 
some iron oxides such as FeO, Fe3O4, FeOOH, and 
FeCO3 together with some chromium oxides/hydrox
ides, mainly CrO3, Cr2O3, and Cr(OH)3 (55). With the 
addition of either 200 or 400 ppm of CeO2 NPs, the 
OCP value shifts in the noble direction, reaching 
higher values than that obtained in the absence of 
the nanoparticles, however, this value rapidly moves 
into the active direction, reaching values similar to 
those obtained in the uninhibited solution. The initial 
shift into nobler values indicates the formation of a 
more protective corrosion products layer than that 
formed in the uninhibited solution, whereas the shift 
of the OCP value into the active direction indicates 
the dissolution of this layer, indicating that this film 
of corrosion products is not protective enough. When 
either 600 or 800 ppm of CeO2 NPs, the OCP value con
tinuously moves into the noble direction, reaching 
steady state values very similar to each other, obtaining 

the noblest OCP value with these CeO2 NPs concen
trations, which is due to the formation of a very protec
tive corrosion product layer. Thus, as we can see, 
generally speaking, the OCP value gets nobler as the 
CeO2 NPs increase, just as reported by Fedel et al. (40).

3.3. Potentiodynamic polarization curves

The effect of CeO2 NPs concentration on the polarization 
curves for LDX 2101 type duplex stainless steel in a CO2- 
saturated 3.5% NaCl solution is shown in Figure 4 whereas 
electrochemical parameters are given in Table 1. It is clear 
from this figure, that, regardless of the presence or not of 
the CeO2 NPs, curves display an active–passive behavior 
with the formation of a passive layer. As explained 
above, in the uninhibited solution, this passive layer con
sists of some iron oxides such as FeO, Fe3O4, FeOOH, and 
FeCO3 together with some chromium oxides/hydroxides, 
mainly CrO3, Cr2O3, and Cr(OH)3 (55). From data given in 
Table 1, it can be seen that the Ecorr value moves towards 
nobler values as the CeO2 NPs increased, moving from a 
value of −770 mV obtained in the absence of nanoparti
cles to a value of −520 mV, obtained with the addition of 
600 ppm of NPs; the Ecorr value became more active with 
a further increase in the NPs concentration up to 800 
ppm. The Icorr value decreased also with an increase in 
the CeO2 nanoparticles, reaching its lowest value at 600 
ppm of nanoparticles, with a value of almost one order 
of magnitude than that obtained in the uninhibited sol
ution. An increase in the CeO2 NPs concentration up to 
800 ppm brought an increase in the Icorr value. The break
down or pitting potential value, Epit i.e. the potential value 
where the passive zone ends and an abrupt increase in 
the current density value is observed, increased, 

Figure 4. Effect of the CeO2 NPs concentration on the polariz
ation curves for LDX 2101 duplex stainless steel in a CO2-satu
rated 3.5% NaCl solution.

Figure 3. Effect of the CeO2 NPs concentration on the OCP value 
for LDX 2101 duplex stainless steel in a CO2-saturated 3.5% NaCl 
solution.
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becoming nobler as the CeO2 NPs concentration 
increased, reaching its highest value at a concentration 
of 600 ppm, and it decreased with a further increase in 
the CeO2 concentration of 800 ppm. Both, anodic and 
cathodic Tafel slopes were affected, therefore we can 
say that CeO2 NPs behave as a mixed type of corrosion 
inhibitor affecting both, anodic steel dissolution and 
cathodic electrochemical reactions, which includes the 
dissociation of carbonic acid (H2CO3) into carbonate, 
bicarbonate ions, and protons to allow the hydrogen 
evolution reaction. Anodic dissolution or oxidation of 
iron is:

Fe→ Fe2+ + 2e− (2) 

whereas cathodic reaction starts with the dissolution of 
CO2 into the liquid phase is the initial step of CO2 cor
rosion followed by the formation of carbonic acid 
(H2CO3) by the CO2 hydration as follows (40):

CO2 + H2O→ H2CO3 (3) 

After this, carbonic acid dissociates to give bicarbonate 
ion, HCO3

- , carbonate ion, CO3
2− and protons, H+ (43–45).

H2CO3 → H+ + HCO−3 (4) 

HCO−3 → H+ + CO2−
3 (5) 

H+ + e− → 1/2H2 (6) 

The diffusion of H+ ions from the bulk solution to the 
metal surface is responsible for the observed cathodic 
limit current whereas the contribution of the carbonic 
acid dissociation is minimal. The formation of carbonate 
scales on the metal surface can provide some protection 
against further corrosion, although it may also lead to 
localized corrosion underneath the scale if defects are 
present. The entry of hydrogen atoms into the steel is 
also possible, inducing some hydrogen embrittlement 
problems. On the other hand, in an H2S-containing 
environment, the presence of H2S enhances the anodic 
dissolution of iron, where sulfur induces the breakdown 
of the passive film, with the formation of corrosion pro
ducts such as iron sulfide, FeS; however, there are many 

different kinds of iron sulfide compounds with different 
corrosion properties, and it has been suggested that, 
depending upon the environmental features, these cor
rosion products can have a similar effect to that of the 
passive films formed on top of stainless steels, decreas
ing the corrosion rate (27, 28). Due to the presence of 
other alloying elements such as Cr, Mn, and Ni, it is 
expected to have some nickel, manganese and chro
mium sulfides in addition to iron sulfide. However, chro
mium sulfides are thermodynamically unstable (32), and 
instead of chromium sulfides, a layer of chromic oxide is 
expected, which might be responsible for the passive 
behavior (33, 34).

Inhibitor efficiency value increased with an increase in 
the CeO2 NPs, reaching a maximum value of 99% at a 
concentration of 600 ppm, decreasing down to 93% 
with a further increase in the NPs concentration of 800 
ppm. Finally, the metal surface area covered by the 
inhibitor, θ, which is obtained by dividing the inhibitor 
efficiency value by 100, also increased with the NPs con
centration, obtaining its highest value at a concentration 
of 600 ppm, decreasing once again at a concentration of 
800 ppm.

3.4. Adsorption isotherm

Since we are assuming that the reduction in the Icorr 

value in the present research work is due to the adsorp
tion of the CeO2 NPs, we tried to adjust the data to 
different adsorption isotherms, including Langmuir, 
Tempkin, and Frumkin, and, as it can be seen in Figure 
5, the best fitting was obtained with the Langmuir 
type of adsorption isotherm. The Langmuir isotherm is 

Figure 5. Langmuir adsorption isotherm for LDX 2101 duplex 
stainless steel in a CO2-saturated 3.5% NaCl solution containing 
CeO2 NPs.

Table 1. Electrochemical parameters obtained from polarization 
curves.
CeO2 

conc. 
(ppm)

Ecorr 

(mV)

Icorr 

(mA/ 
cm2)

Epit 

(mV)

βa 

(mV/ 
dec)

βc 

(mV/ 
dec)

I.E. 
(%)

θ 

0 −770 3 × 10−2 −375 125 −330 – –
200 −730 8 × 10−3 −280 115 −310 73 0.73
400 −680 5 × 10−3 −270 100 −305 83 0.83
600 −520 2 × 10−4 0 80 −290 99 0.99
800 −630 3 × 10−3 −260 90 −280 93 0.93
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represented, mathematically, as follows (56):

Cinh

u
=

1
Kads
+ Cinh (7) 

where Cinh represents the inhibitor, CeO2 nanoparticles 
concentration, θ stands for the fraction of metal 
surface covered by the inhibitor, and Kads denotes the 
adsorption constant. The standard free energy DG0

ads 
can be determined using the formula:

DG◦ads = − RTIn(106Kads) (8) 

A plot of Cinh/θ − Cinh, with the intersections of 
straight lines on the axes, enables the extraction of 
Kads values and the water concentration in the solution 
(106 mg/L) using the universal gas constant (R) and 
the absolute temperature (T). Calculated DG0

ads value 
was −40.31kJ mol−1. For values of DG0

ads around – 20 
kJ mol−1 or less negative, the adsorption is considered 
to be physisorption, while values around −40 kJ mol−1 

or more negative indicate chemisorption (56). This 
phenomenon confirms that the adsorption is a chemical 
type. The negative value of the DG0

ads value indicates 
that the adsorption of CeO2 NPs on the LDX 2101 type 
duplex stainless steel surface is spontaneous one.

3.5. LPR experiments

Potentiodynamic polarization curves are a kind of instan
taneous picture of the corrosion phenomenon occurring 
on the steel surface. To know the change in the corrosion 
rate with time, some LPR experiments were carried out to 
know the polarization resistance value, Rp, we can have an 
idea of the change in the dissolution rate of the steel with 
time since Rp is inversely proportional to Icorr. The change 
in the Rp value with time for LDX 2101 type duplex stain
less steel in a CO2-saturated 3.5% NaCl solution at different 
CeO2 NPs concentrations is shown in Figure 6. This figure 
shows that the Rp value increases as the CeO2 NPs 
increases reaching its maximum value, for two orders of 
magnitude, at a concentration of 600 ppm, decreasing 
with a further increase in the NPs concentration. These 
results are in agreement with the Icorr values obtained 
from the polarization curves. For the uninhibited solution, 
the Rp value increases in a monotonically way due to the 
formation of protective corrosion products such as FeO, 
Fe3O4, FeOOH, FeCO3, CrO3, Cr2O3, and Cr(OH)3. With the 
addition of CeO2 NPs in concentrations different to 600 
ppm, the Rp value increases also due to the adsorption 
of these NPs, but, after a while, around 10 h, this value 
decreases, probably due to the desorption of the CeO2 

NPs. However, for a CeO2 NPs concentration of 600 ppm, 
the Rp value increases continuously as time elapses and 

remains stable due to the adsorption of these nanoparti
cles to form a layer that protects the steel from the aggres
siveness of the environment.

3.6. EIS tests

To have an insight into the corrosion mechanism occur
ring during the addition of the CeO2 NPs during the cor
rosion of LDX 2101 type duplex stainless steel in a CO2- 
saturated 3.5% NaCl solution, it was necessary to carry 
out some Electrochemical impedance spectroscopy 
tests. The results, in the absence and presence of the 
CeO2 NPs are displayed in Figures 7 and 8 respectively 
in both Nyquist and Bode formats. For uninhibited sol
ution, Figure 7a, Nyquist diagrams show the presence 
of a single, depressed, capacitive-like semicircle at all fre
quency values, indicating that the corrosion process is 
under charge transfer control. The semicircle shape did 
not change as time elapsed, indicating that the cor
rosion mechanism remained unaltered. Semicircle diam
eter increased as time elapsed due to the formation of a 
protective corrosion products layer as described above, 
and the increment in the semicircle diameter is due to 
the increment in the thickness of this layer. On the 
other hand, Bode plots in the impedance/modulus 
format, Figure 7b, show an increment on the total impe
dance value as time elapsed reaching its maximum value 
after 24 h of testing. This plot shows the presence of two 
different slopes, indicating the presence of two different 
time constants, Phase angle plots, on the other hand, 
show that this value remains very constant on a very 
wide interval of frequency values, indicating two-time 
constants, due to the presence of a very protective cor
rosion products layer typical of duplex stainless steels, 

Figure 6. Effect of the CeO2 NPs concentration on the Rp value 
for LDX 2101 duplex stainless steel in a CO2-saturated 3.5% NaCl 
solution.
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and that this value increases as time elapses, reaching its 
highest value of 60° after 24 h of testing.

Since the lowest Icorr and highest Rp values were 
obtained with the addition of 600 ppm of CeO2 NPs, cor
responding EIS data at this concentration was chosen 
and they are displayed in Figure 8. As it can be seen, 
Nyquist plots, similar to the data found in absence of 
inhibitor, displayed a single depressed, capacitive semi
circle at all the frequency values, indicating that the cor
rosion mechanism was the same as in the uninhibited 
solution, a charge transfer controlled one. The shape 
of these semicircles did not change with time, so the cor
rosion mechanism remained unaltered. The semicircle 
diameter increased as time elapsed due to the adsorp
tion of the inhibitor and the formation of a very protec
tive corrosion products layer. Due to this, the total 
impedance value increased as time elapsed, obtaining 
values almost two orders of magnitude higher than 
those found in the uninhibited solution as shown by 
the Bode plots, Figure 8a. Similar to the data given in 
absence of inhibitor, angle phase values increased with 

time and remained quite constant over a very wide inter
val of frequencies, obtaining values close to 80°, higher 
than those exhibited in the uninhibited solution, due 
to the adsorption of the CeO2 nanoparticles and the for
mation of a much more protective corrosion products 
layer. It is clear the presence of two overlapped peaks 
in this plot, and, thus, the presence of two time 
constants.

Electrified interfaces such as those occurring during 
metal corrosion can be simulated by a combination of 
resistances and capacitors as shown in the electric 
circuit given in Figure 9. In this figure, the solution, cor
rosion products film, and charge transfer resistances are 
represented by Rs, Rf, and Rct respectively, whereas the 
corrosion products film and double layer capacitances 

Figure 8. (a) Nyquist and (b) Bode diagrams for LDX 2101 
duplex stainless steel in CO2-saturated 3.5% NaCl solution con
taining 600 ppm of CeO2 NPs.

Figure 7. (a) Nyquist and (b) Bode diagrams for LDX 2101 
duplex stainless steel in uninhibited CO2–saturated 3.5% NaCl 
solution.

Figure 9. Electric circuit to simulate the EIS data.
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are represented by Cf and Cdl respectively. However, 
metal surfaces are not homogenous, instead, they 
have some heterogeneities such as roughness due to 
the electrolyte aggressiveness and ideal capacitances 
are replaced by constant phase elements, CPE, such as 
CPEf and CPEdl. The impedance of a constant phase 
element, ZCPE, is calculated by using (57):

ZCPE =
( jv)n

Y0
(9) 

where Y0 is a proportionality constant, ω the angular fre
quency, j = −1½and n the shift factor. Parameters 
obtained from fitting the EIS data by using electric 
circuit displayed in Figure 9 are summarized in Tables 
2 and 3 for the tests in the absence and presence of 
600 ppm of CeO2 NPs respectively. In both cases, in 
the uninhibited and inhibited solution, the values for 
Rf are much higher than those for Rct, indicating that 
the corrosion resistance is given by the corrosion pro
ducts film. Additionally, both resistance values increased 
as time elapsed in both solutions. The increase in the Rf 

value for the uninhibited solution was only 4 times, 
whereas in the inhibited solution was more than two 
orders of magnitude, which is due to the adsorption of 
the CeO2 nanoparticles and the formation of a very pro
tective layer of corrosion products with a thickness that 
increases as time elapsed. On the other hand, the 
increase in the Rct value is due to the formation of a 
barrier against the charge and mass transfer in the 
metal–electrolyte interface, protecting the metal from 
corrosion. Conversely to the resistance values, the CPEf 

and CPEdl values decreased as time elapsed in both unin
hibited and inhibited solutions, and they were much 

smaller in the inhibited solution. The decrease in the 
CPEdl values in the inhibited solutions is due to the 
adsorption of the CeO2 NPs on the steel surface, displa
cing water molecules, and, since the size of the NPs is 
bigger than that for the water molecules, this brings to 
an increase in the double electrochemical layer thick
ness, which leads to a decrease in the double layer 
capacitance according to the following expression (58):

Cdl =
110

l

􏼐 􏼑
A (10) 

where ε0 is the free space permittivity, ε the dielectric 
constant of that space, l the thickness of the double 
layer and A the electrode surface area. On the other 
hand, ndl values close to 0.5 imply a high surface rough
ness due to a metal high dissolution rate, whereas a 
value close to 1.0 indicates a low surface roughness 
due to a low steel dissolution rate. From Tables 2 and 
3 it can be seen that in the absence of CeO2 NPs, the 
ndl value is 0.7, close to 0.5, indicating a high steel 
surface roughness due to a high steel corrosion rate, 
whereas in the presence of 600 ppm of CeO2 NPs, after 
3 h of testing, the ndl value is 0.9, implying a low steel 
surface roughness due to a low corrosion rate.

3.7. Surface morphology studies

SEM micrographs of corroded specimens in the absence 
and presence of CeO2 NPs are shown in Figure 10. It can 
be seen that, in all cases, except for corroded specimen 
in the presence of 600 ppm of nanoparticles, the steel 
exhibited pits on its surface. Thus, in the uninhibited sol
ution, Figure 10a, the steel surface showed the highest 

Table 2. Electrochemical parameters obtained from fitting the EIS data for uninhibited solution.
Time 
(h)

Rs 

(ohm cm2)
CPEdl 

(F/cm2) ndl

Rct 

(ohm cm2)
CPEf 

(F/cm2) nf

Rf 

(ohm cm2)

0 4.9 4.88 × 10−4 0.7 341 4.69 × 10−4 0.8 1015
3 4.8 4.60 × 10−4 0.7 455 3.19 × 10−4 0.8 1605
6 4.8 4.20 × 10−4 0.7 614 2.98 × 10−4 0.9 1630
9 4.8 4.03 × 10−4 0.7 687 2.87 × 10−4 0.9 1738
12 5.0 3.66 × 10−4 0.7 724 2.00 × 10−4 0.9 2516
18 4.9 3.44 × 10−4 0.7 755 2.22 × 10−4 0.9 3272
24 5.2 2.88 × 10−4 0.7 836 1.20 × 10−4 0.9 4363

Table 3. Electrochemical parameters obtained from fitting the EIS data for tests containing 600 ppm of CeO2 NPs.
Time 
(h)

Rs 

(ohm cm2)
CPEdl 

(F/cm2) ndl

Rct 

(ohm cm2)
CPEf 

(F/cm2) nf

Rf 

(ohm cm2)

0 3.6 3.02 × 10−4 0.7 6 3.41 × 10−4 0.7 1117
3 5.7 8.84 × 10−5 0.9 8 8.78 × 10−5 0.8 95,020
6 5.5 4.83 × 10−5 0.9 16 3.05 × 10−5 0.9 180,240
9 5.5 4.59 × 10−5 0.9 17 2.94 × 10−5 0.9 131,860
12 5.2 4.88 × 10−5 0.9 18 2.83 × 10−5 0.9 133,860
18 5.8 4.16 × 10−5 0.9 19 2.69 × 10−5 0.9 134,070
24 5.8 3.77 × 10−5 0.9 20 8.61 × 10−6 0.9 160,070
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number of spherical-shaped pits, with a diameter higher 
than 100 μm, but as the CeO2 NPs concentration 
increased to 200 and 400 ppm, Figure 10b and c, the 
number of pits and their diameter was gradually 
decreasing. At a concentration of 600 ppm of CeO2 

NPs, Figure 10d, it is clear the absence of pits, in agree
ment with the above given results which showed that 
this was the concentration where the lowest corrosion 
rate was obtained. When a CeO2 NPs were added to 
the solution, Figure 10e, the diameter of the pits was 
smaller than those found either in the uninhibited 

solution or with lower CeO2 NPs concentrations. Since 
it is not possible to see the nanoparticles to be observed 
on the corroded steel surface with a normal SEM, we 
used Raman spectroscopy as shown in Figure 11. This 
figure shows the Raman spectra of pure CeO2 NPs and 
that for duplex stainless steel exposed to the corrosive 
medium with 600 and 800 ppm of CeO2 NPs. The spec
trum corresponding to pure NPs shows the Raman 
active mode at 462 cm−1 attributed to the symmetric 
stretching of the Ce-O8 (F2 g) vibrational unit corre
sponding to a cubic crystalline structure (57). In the 

Figure 10. SEM micrographs of LDX 2101 duplex stainless steel corroded in a CO2-saturated 3.5% NaCl solution containing (a) 0, (b) 
200, (c) 400, (d) 600 and (e) 800 ppm of CeO2 NPs.
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Raman spectrum corresponding to steel corroded in 
presence of 600 ppm CeO2 NPs, this signal shifts to 
465 cm−1 due to the chemisorption of the NPs on the 
steel that reduces the deformation due to the occu
pation of oxygen vacancies in the Ce3+/Ce4+ ratio (59), 
which corroborates the adsorption of CeO2 NPs on the 
surface of duplex stainless steel. This fact indicates that 
the oxidation state of Ce was not affected ant therefore, 
other oxides such as Ce2O3, CeO, Ce3O4 and CeO3 could 
not be formed. However, the spectrum that corresponds 
to the steel corroded in the presence of 800 ppm of 
CeO2 nanoparticles shows a small band at 465 cm−1 of 
the symmetrical stretching of CeO2, which indicates a 
negligible adsorption of the NPs. However around 
235 cm−1, a band corresponding to the vibration of Lepi
docrocite γ-FeOOH is observed, probably as corrosion 
products.

4. Conclusions

A study of the use of CeO2 NPs as CO2-corrosion inhibitor 
for LDX 2101 duplex stainless steel has been carried out. 
The addition of nanoparticles in to the CO2-containing 
solution shifted the OCP value in to the noble direction 
due to its adsorption and formation of a protective film. 
Both the corrosion and passivation current density 
values decreased by two orders of magnitude whereas 
the pitting potential value became more positive with 
the addition of the CeO2 NPs. Inhibition efficiency 
increased with the CeO2 NPs concentration reaching 
its highest value with the addition of 600 ppm, decreas
ing with a further increase up to 800 ppm. This was due 
to the chemical adsorption of the NPs according to a 
Langmuir type of adsorption isotherm. CeO2 NPs 
behave as a mixed type of inhibitor affecting both 

anodic and cathodic electrochemical reactions. The cor
rosion mechanism was under charge transfer control 
and was not affected by the addition of the NPs, which 
decreased the double-layer capacitance and increased 
the corrosion products film resistance. Steel was highly 
susceptible to pitting type of corrosion, but the density 
and size of the pits decreased with the addition of the 
CeO2 NPs.
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