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Abstract: To enhance their corrosion protection, Guefoams were coated with RGO using both po-
tentiostatic and potentiodynamic methods. The potentiodynamic method produced the thickest
RGO coating and the lowest Cl, O, and Al content, as observed using FESEM and EDX. The
Guefoams were exposed to a 3.5% NaCl solution and steam. The polarization resistance was exam-
ined, electrochemical impedance spectroscopy was performed, and polarization curves were con-
structed to monitor the corrosion process. After 28 days, the Al concentrations in the solutions were
measured, and were found to be 145 mg/L (bare Guefoam), 70 mg/L (RGO-coated, potentiostatic),
and 35 mg/L (RGO-coated, potentiodynamic). The potentiodynamic RGO coating also showed the
best corrosion protection values.
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1. Introduction

Guefoams (guest-containing foams) are a novel class of recently patented low-poros-
ity foams. They consist of interconnected porous structures, referred to as the matrix
phase, that host granular phases (guest phases) in their porous cavities without any phys-
ical or chemical bonding [1,2]. This unique feature exposes the entire surface of the guest
phases to the fluid that fills the porous cavity, providing broad functionality to the mate-
rials. Recently, metallic Guefoams with guest phases of activated carbon and steel spheres
were developed as highly efficient materials for volatile organic compound management
and preconcentration [3]. The guest phases provided high adsorption and made the ma-
terials susceptible to rapid desorption by magnetic induction—features that are impossi-
ble to achieve with traditional foams. Similarly, carbon-Fe-nanoparticle-composite
Guefoams with activated carbon guest phases were developed for the same purpose [4].
While the guest phases significantly increased the specific surface area and gas adsorption
capacity, the iron nanoparticles embedded in the ceramic matrix conferred a high mag-
neto-inductive capacity, enabling the ultrafast heating and rapid desorption of the ad-
sorbed species. Metallic Guefoams have also been conceived for catalytic applications em-
ploying Ni/CeO2/Al:0s particles as the guest phase [5].

In contrast to conventional particle beds widely utilized for chemical reaction catal-
ysis, these materials possess a superior permeability, resulting in an enhanced energy ef-
ficiency due to the pressure drop generated by fluid flow. Additionally, they exhibit a
high thermal conductivity. This reduces the thermal gradients within reactors, which be-
come durable and straightforward to manipulate. Since the functionality of these materi-
als is contingent upon fluid passage, it is expected that metallic structural matrices will
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experience corrosion over time. Consequently, assessing their corrosion resistance and
suggesting potential alternatives to ameliorate it is of great interest.

Graphene materials have emerged as revolutionary materials in different fields due
to their extraordinary properties, such as Young’s Modulus (1 TPa), their intrinsic strength
(130 GPa), their high thermal conductivity (above 3000 W-m-K-?), their high electron mo-
bility at room temperature (2.5 x 105 cm?-V-'-s71), their impermeability to all gases, their
ability to sustain high electric current densities, and their easy chemical functionalization
[6]. Even superconductivity has been reported when twisting two graphene crystals at a
1.1° angle, the so-called “magic angle” [7]. The applications reported for graphene mate-
rials include sensors, photonics and optoelectronics, flexible electronics, spintronics, bio-
medical applications, composite materials, and energy generation and storage [6,8].

From an electrochemical point of view, two properties of graphene materials make
them interesting. On the one hand, their high theoretical specific surface area, which has
been calculated to be 2630 m?-g-!, makes graphene materials candidates as capacitors, [9],
sensors [10], or a platform to obtain highly dispersed catalysts [11], photocatalysts [12],
electrocatalysts [13], or enzymes [14]. On the other hand, electron conductivity is neces-
sary to produce conductive electrodes that enhance the electron transfer rate [15] in appli-
cations such as batteries, sensors, supercapacitors, and electrocatalysts. The electrical con-
ductivity of graphene materials ranges from the superconductivity of twisted bilayer gra-
phene at the magic angle [7] to the insulating properties of graphene oxide [16].

Graphene oxide is widely used among graphene materials due to its ease of prepa-
ration and scalability for large production [17]. As-synthesized graphene oxide is insulat-
ing due to the amount of sp?> C-O bonding that exists in its structure, which disrupts the
conducting pathways of sp? carbon [16]. Graphene oxide conductivity can be partially re-
stored and tuned by the degree of chemical reduction. Reduction can be achieved using
chemical, thermal, biological, or photomediated methods [18]. Electrochemical reduction
has also been proposed as a method for producing reduced graphene oxide [19], where
RGO films can be obtained in one step or two steps. One-step reduction presents the ad-
vantage of the simultaneous deposition and reduction of graphene oxide. In addition, gra-
phene oxide is easily dispersed in water due to its negative zeta potential in a wide range
of pH values [20], which makes it an ideal candidate for synthesizing coatings in aqueous
solutions.

Graphene materials have been widely used for the corrosion protection of metals due
to their high surface area and high aspect ratio. Different mechanisms make graphene and
its derivatives ideal candidates for corrosion protection [21]:

e  The charge transfer between metal surfaces and graphene induces a potential barrier
at the graphene/metal interface. This polarization impedes the electron transfer pro-
cesses that are necessary for corrosion.

e  The conductivity of graphene materials provides an alternative pathway for trans-
porting electrons generated at the anode away from cathodic sites; in this way, cor-
rosion reactions can be reduced.

e The structure of graphene materials provides a physical barrier to the diffusion of
gases, vapors, and ions.

The use of chemical-vapor-deposited (CVD) graphene, alone or combined with other
materials such as polymers [22], has been reported by other authors for the corrosion pro-
tection of different metals, such as Al [22], Cu [23,24], and Ni [23,24]. However, CVD gra-
phene is costly, and if the transfer process has to be carried out from Cu or Ni, where it is
typically grown, to other metals [22], it complicates the whole process. Another approach
that has been used in other studies is the incorporation of graphene materials into poly-
mers [25,26], where graphene is added as an additive that acts as a barrier to inhibit the
diffusion of oxidizing corrosive species by creating highly tortuous pathways [25]. Gra-
phene coatings can also be deposited alone [27] or with other materials [28] on metals with
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electrochemical techniques, which facilitates their synthesis. To date, no studies have been
performed on the corrosion protection of Guefoams using RGO.

In this paper, we performed the electrochemical synthesis of RGO coatings to protect
intricate materials such as Guefoams from corrosion. The synthesis was performed using
a GO aqueous solution, which made the process cheap and easy to implement, achieving
the deposition of GO and the reduction of GO to RGO in only one step.

2. Materials and Methods
2.1. Reagents

All the reagents used were of analytical grade. For the synthesis, monolayer graphene
oxide (GO) powder was acquired from Nanoinnova Technologies S.L. (Illescas, Spain) and
sodium sulphate (Na2504) was purchased from PanReac AppliChem (Castellar del Valles,
Spain).

For the characterization, sodium chloride (NaCl) was supplied by FlukaSolutions
(Seelze, Germany), and deoxygenation was achieved by bubbling nitrogen (N2 premier
X50S) (Carburos Metalicos, Cornella de Llobregat, Spain) when needed. Ultrapure water
was obtained from an Elix 3 Millipore-Milli-Q Advantage A10 system (Burlington, MA,
USA) with a resistivity near 18.2 MQ-cm.

2.2. Aluminum Guefoam Fabrication

The aluminum Guefoams were fabricated by following a well-known replication
method. The initial stage involved preparing the particles that made up the packed pre-
form. For this purpose, Nuchar RGC-30 activated carbon (AC) particles with an average
diameter of 1.4 mm (Westvaco—Chemical Division, Wickliffe, OH, USA) were selected
and coated with NaCl (Panreac AppliChem GmbH, Germany) according to the procedure
described in [3]. The AC particles were placed on an oscillating flat surface heated at 80
°C such that the particles could maintain some degree of rotational motion. They were
then sprayed with a 20% NaCl solution every 15 s until they achieved a quasi-spherical
morphology of approximately 2.0 mm in diameter. The NaCl-coated activated carbon par-
ticles were afterward packed into graphite crucibles with a 6 mm inner diameter and a 60
mm length. The second step of the fabrication process involved infiltrating the packed
preform with liquid metal, which was assisted by gas pressure. For this, a solid piece of
99.999 wt% aluminum (Alfa Aesar, Karlsruhe, Germany) was placed on the top of the pre-
form, and the crucible was introduced into a gas pressure infiltration chamber. A vacuum
of 0.2 mbar was applied to prevent air from becoming trapped during infiltration, which
could lead to uncontrolled porosity. The chamber was heated to 750 °C at a heating rate
of 5 °C'min, and the vacuum was closed after 10 min at a constant temperature. The
chamber was then pressurized with 1 bar of argon to allow the liquid metal to penetrate
the porous preform. After 2 min, the metal was directionally solidified by immersing the
bottom of the chamber in a 25 °C water bath. The sample was then extracted, and the
excess metal was machined away. The final step of the fabrication process involved re-
moving the NaCl martyr layer. For that, the materials were immersed in an ultrasound-
distilled water bath for 15 min to finally obtain the Guefoams with an interconnected po-
rous structure.

2.3. Electrochemical Synthesis of RGO Coatings

All the electrochemical experiments were performed at room temperature with an
Eco-Chemie Autolab PGSTAT302 potentiostat/galvanostat (Metrohm, Utrecht, The Neth-
erlands). The working electrode was the Al Guefoam and the exposed area was controlled
by Teflon. Electrical contact with the Guefoam was made using a crocodile gripper. The
counter electrode was a Pt wire (0.5 mm diameter and 99.99% purity from Engelhard-Clal,
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Fremont, CA, USA). The platinum electrode was thermally treated to clean its surface be-
fore each electrochemical experiment according to the method developed by Clavilier [29].
The electrochemical potential was referred to the Ag/AgCl (3 M KCl) reference electrode.

The electrochemical synthesis of RGO coatings on Guefoams was performed in a 3
g/L GO + 0.1 M Na2SO:s solution. This solution was previously sonicated in ultrasounds to
facilitate graphene oxide exfoliation. The potentiostatic synthesis was performed at-1.8 V
during the necessary time to achieve an electrical charge of -2.4 C. The potentiodynamic
synthesis was performed at 50 mV-s™ using two different potential ranges: -0.63 V to -2
V for 48 sweeps and —0.2 V to -1.45 V for 96 sweeps.

2.4. FESEM Characterization

A Zeiss Ultra 55 FESEM (Oberkochen, Germany) was used to observe the morphol-
ogy of the samples and obtain the element map distribution using an acceleration voltage
of 10 kV. The samples were not coated with an additional conductive coating. Energy-
dispersive X-ray (EDX) measurements were performed between 0 keV and 10 keV. The
thickness of the RGO coatings was determined with FIB-FESEM using a Zeiss Auriga
Compact focused gallium ion beam microscope.

2.5. Fourier-Transform Infrared Spectroscopy with Attenuated Total Reflection (FTIR-ATR)

FTIR-ATR with the horizontal mono-rebound attenuated total reflection was per-
formed with a Nicolet 6700 spectrometer (Thermo Fischer Scientific, Waltham, MA, USA)
equipped with a deuterated triglycine sulfate detector. An accessory with pressure control
was used to equalize the pressure in the different samples. A prism of ZnSe was used, the
spectra were collected with a resolution of 4 cm™, and 64 scans were averaged for each
sample. The GO and RGO powders (obtained electrochemically on Al Guefoams) were
characterized.

2.6. Corrosion Tests and Electrochemical Measurements

The different samples were immersed in 3.5% NaCl for different periods of time (0,
24 h,48h, 72 h, 96 h, 168 h, 216 h, 336 h, 504 h, or 672 h) to perform the corrosion tests.
After the different periods of exposure to the 3.5% NaCl solution, different electrochemical
measurements were performed to analyze the polarization resistance (Rr) and corrosion
current density (icorr).

The polarization resistance measurements were made at a scan rate of 1 mV-s! with
a perturbation of +10 mV around the open circuit potential.

Electrochemical impedance spectroscopy (EIS) measurements were performed in the
105-10-2 Hz frequency range. The amplitude of the sinusoidal voltage was +10 mV. Each
measurement was carried out at a constant imposed potential equal to the stabilized open
circuit potential (OCP) at the beginning of the experiment. The experimental results were
fitted to an equivalent electrical circuit using a nonlinear least-squares regression method
with the Frequency Response Analyzer software (version 4.9) from an Eco-Chemie Au-
tolab PGSTAT302 (Metrohm, Utrecht, Netherlands) potentiostat/galvanostat. From these
measurements, the polarization resistance could also be calculated.

Tafel polarization curves were constructed at a scan rate of 1 mV-s™ with a perturba-
tion of + 50 mV around the open circuit potential. From these measurements, the corrosion
current density was calculated.

In order to evaluate the corrosion in a more realistic environment, the samples were
subjected to steam generated by heating a 3.5% NaCl solution. Bare Guefoam, potenti-
ostatic RGO-coated Guefoams, and potentiodynamic RGO-coated Guefoams were evalu-
ated for 1190 h (~50 days). Rp, EIS, and icorr measurements were performed every 70 h.
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2.7. Determination of Al Concentration after Corrosion Tests

The concentration of dissolved aluminum in the different samples that were left in
contact with the corrosive medium (3.5% NaCl) for varying lengths of time was quantified
using the Aluminum Cell Test 0.02-0.50 mg/L supplied by Merck and a Spectroquant®
Prove 100 spectrophotometer (Merck, Burlington, MA, USA). Previously, the pH of the
different solutions was adjusted to ~2 with HCI (Merck, Burlington, MA, USA) to ensure
the complete dissolution of the aluminum hydroxides formed during the corrosion pro-
cess. For the measurement, a 1/500 dilution of the different samples was performed.

2.8. Adsorption—Desorption Isotherms

The guest phase (in the present study, activated carbon adsorbent particles) provides
functionality to the material. Therefore, it is imperative to assess whether its surface was
altered by the electrochemical synthesis. For this purpose, the guest-phase particles were
meticulously extracted from the RGO-coated Guefoams and subjected to gas adsorption
characterization. The specific surface area and pore size distribution were determined
from nitrogen adsorption—desorption isotherms at -196 °C (Quantachrome Instruments,
Boynton Beach, FL, USA) using the standard BET (Brunauer-Emmet-Teller) theory. The
pore size distribution of the samples was determined using the non-local density func-
tional theory (NLDFT) of the Quantachrome’s Data Reduction 6.0 software and the nitro-
gen adsorption data up to a relative pressure of 0.7. The same analysis was conducted on
the raw activated carbon particles to provide a basis for comparison.

3. Results
3.1. Electrochemical Synthesis

Figure 1 shows the synthesis of RGO on Al Guefoams using cyclic voltammetry. In
this experiment, 48 scans were applied to achieve a similar electrical charge to that ob-
tained by potentiostatic synthesis. During the synthesis, some nitrogen bubbling was
maintained to avoid GO precipitation. GO alone is stable in solution due to its negative
charge in a wide range of pH values [20]. However, when salts are added to facilitate the
electrical conduction, GO tends to precipitate due to surface charge screening [30]. In the
different scans, a reduction peak was observed below —1.5 V; this peak could be attributed
to the reduction of graphene oxide, since the reduction peak of GO appeared at potentials
below -1 V (vs. SCE) [31,32], and some hydrogen evolution cannot be discounted. It was
observed that the current density decreased as the number of scans increased. This could
be attributed to the formation of an oxide layer on the surface of the Al Guefoam, and it
was ascertained in an experiment where the same polarization program and number of
scans were applied to an Al Guefoam in a solution containing only the electrolyte (0.1 M
Na2504). The same behavior was observed, and the current density decreased as the num-
ber of scans increased. As shown in Figure 1, at potentials above -1 V, a positive current
was achieved in the voltammogram. This positive current led to the surface oxidation of
the Guefoam; the formation of insulating oxides would explain the current density de-
crease in the voltammograms. The Guefoams obtained in this way were also observed
with FESEM, and no RGO deposition on the surface could be observed. Oxide formation
would destabilize the RGO deposition.
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Figure 1. (a) Voltammograms of synthesis of RGO on Al Guefoam. Potential range: —-0.63 V to -2V,
48 scans, scan rate: 50 mV-s!. Solution contained 3 g-L! GO and 0.1 M Na2SOx. (b) Voltammograms
for Na250s solution without RGO. Potential range: 2 V to 0 V, 10 scans, scan rate: 50 mV-s™.

This is why, in Figure 2, the upper limit potential was decreased until reaching —1.45
V; the lower limit potential was maintained at —2 V. Since the potential scan range was
decreased, the number of scans was doubled until reaching 96 scans to achieve a similar
electrical charge to the one obtained in Figure 1. As can be seen, no significant current
density variation was observed with an increasing number of scans. Lowering the upper
potential limit avoided the oxidation of the Al surface, since no positive currents were
achieved. Significant RGO deposition was obtained this time.
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Figure 2. Voltammograms of synthesis of RGO on Al Guefoam. Potential range: -1.45 V to -2 'V, 96
scans, scan rate: 50 mV-s~!. Solution contained 3 g-L~' GO and 0.1 M NazSOx.

Figure 3 shows the current density vs. time curve obtained for the potentiostatic syn-
thesis of RGO on the Al Guefoam. The electrical charge achieved was -2.4 C.
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Figure 3. Potentiostatic curve of electrochemical synthesis of RGO at —1.8 V and for —2.4 C.

3.2. FESEM Characterization

Figure 4 compares the micrographs of the different Guefoams (Al, Al +RGO potenti-
ostatic, and Al + RGO potentiodynamic) at different magnifications (%200, x2000, and
x10,000). The Al Guefoams (Figure 4a,d,g) showed a rough surface due to the synthesis
procedure, which involved melting the aluminum in a crucible. When a potentiostatic
synthesis was performed, some reduced graphene oxide sheets were observed on the sur-
face of the Guefoams. This was better observed at a higher magnification (Figure 4h),
where the characteristic crumpled surface of reduced graphene oxide helped to locate
them. Wrinkling in graphene materials appears due to the thermodynamical instability of
2D crystals, which cannot exist in their smooth state, and wrinkling allows a decrease in
the total free energy [33]. However, the coating did not seem to be homogeneous. When
the RGO synthesis was carried out using cyclic voltammetry in the potential range of -1.45
V to -2 V (Figure 4c,{,i), a thick RGO coating was observed on the surface of the Guefoam,
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X 2000

X 10,000

even at a low magnification (Figure 4c). In this case, the coating was homogeneous and
covered the entire surface of the Guefoam. At a higher magnification, it was seen that the
reduced graphene oxide formed a three-dimensional coating with the presence of pores.
At a high magnification (Figure 4i), the characteristic crumpled surface of reduced gra-
phene oxide was observed. Some crystals of Na2SO4, which was used as the electrolyte in
the electrochemical synthesis of the RGO coatings, were also observed on the surface of
the RGO.

Al Al + RGO (potentiostatic) Al + RGO (potentiodynamic)
g : Fonlaann ) e !

Figure 4. Micrographs of Al (a,d,g), Al + RGO (potentiostatic synthesis) (b,e,h) and, Al + RGO (po-
tentiodynamic synthesis) (c,f,i). Magnification: x200 (a—c), x2000 (d—f), x10,000 (g-i).

The thickness of the RGO coating on the potentiodynamically synthesized sample
was determined using FIB-FESEM by producing a trench with the focused gallium ion
beam. The potentiostatic coating did not show a proper distribution, as previously seen,
and it was not analyzed using this technique. Figure 5a,c show the form of the trench
obtained using the focused gallium ion beam in two different zones. At the top, the RGO
coating can be observed. Figure 5c,d show the determination of the RGO coating thickness
in different zones, where 166 nm and 125 nm were obtained, respectively. The RGO coat-
ing seemed to be well adhered to the Al, as can be seen in the interphase.
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Figure 5. Micrographs showing the determination of the RGO coating thickness on potentiodynam-
ically synthesized sample using FIB-FESEM in zone 1 (a,b) and zone 2 (c,d).

3.3. FTIR-ATR Characterization

FTIR-ATR was performed on the GO powders and electrochemically reduced gra-
phene oxide (ERGO) powders. The ERGO powders were detached from the Al Guefoam
using a blade. Figure 6a shows the spectra of the GO powders, where different bands
arising from oxidized groups can be observed. The band around 1720 cm™ was attributed
to the stretching vibrations from C=0O [34,35]. The peak at around 1608 cm™" was attributed
to the skeletal vibrations of unoxidized graphitic domains [34,35]. The band around 1050
cm™ arose from the C-O stretching vibrations in O-C-O [35,36]. The band at around 1170
cm! was associated with the C-O-C stretching of the epoxy groups [37]. The band at 1216
cm™! corresponded to the C-O stretching vibrations [38]. The band at around 850 cm™! was
attributed to the C-O stretching vibrations [39]. ERGO showed a substantial decrease in
all the bands assigned to oxygen-containing groups (Figure 6b), demonstrating that a high
degree of electrochemical reduction was achieved.
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Figure 6. FTIR-ATR spectra of GO (a) and ERGO (b).

3.4. Electrochemical Measurements during Corrosion Tests

Figure 7a compares the Nyquist plots obtained using EIS for the different samples
after 28 days of exposure to simulated seawater. The diameter of the semicircles corre-
sponds to the polarization resistance Rp. The diameter of the semicircle or Rp was much
higher for the potentiodynamic electrode than for the bare Al and potentiostatic elec-
trodes. The data were fitted with the electrical equivalent circuit shown in Figure 7b to
quantify the values of Rp (fitting not shown for a better view of Figure 7a). Table 1 shows
how the Rp data obtained using EIS were significantly higher for the potentiodynamic
electrode than for the bare Al and potentiostatic electrodes.
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Figure 7. (a) Nyquist plot for Al Guefoams without and with RGO coating (potentiostatic or poten-
tiodynamic) after 28 days of exposure to 3.5% NaCl. (b) Electrical equivalent circuit.

In addition, the icorr values were obtained using the Tafel polarization and Rp meas-
urements (polarization resistance DC method) to corroborate the previous results ob-
tained using EIS. Similarly, Table 1 shows how the potentiodynamic electrode presented
the best values compared to those of the bare Al and potentiostatic electrodes.

Table 1. Results of measurements after corrosion for Al Guefoams in saline solution, 3.5% NaCl.

Bare Al Potentiostatic Potentiodynamic
Time Re icorr Re ((-em?) icorr Rr () Re icorr Re ((2-em?)
h)  (Qcm?) (pA-cm™) Calculated by Re (Q-cm?) (uA-cm-?) Calculated by (@cm?)  (uA-cm-?) Calculated by
Impedance Impedance Impedance
0 4956 0.91 3138 1367 4.61 1307 8680 0.51 7565
24 6982 0.64 6851 1856 3.40 2329 12,723 0.35 7174
48 952 4.72 779 6732 0.94 4337 6530 0.67 7225
72 1175 3.83 1227 22,661 0.28 3807 5945 0.74 6953
96 1754 2.56 1238 3193 1.97 6005 7793 0.56 6613
168 1359 3.31 1408 1414 4.46 2324 7268 0.60 6256
216 1509 2.98 1248 74,426 0.08 2371 10,129 0.43 6579
336 1359 3.31 1217 785 8.03 2392 5583 0.79 6460
504 1518 2.96 1139 1504 4.19 2292 5736 0.77 5916
672 1459 3.08 1239 1214 5.19 2262 5314 0.83 5374

In order to evaluate the corrosion in a simulated environment, the samples were sub-
jected to steam generated by heating a 3.5% NaCl solution. Table 2 shows how the poten-
tiodynamic samples obtained better values for the icorr and Rp measurements. Figure 8



Coatings 2024, 14, 201

12 of 20

shows the icorr measurements vs. time for the specimens. The potentiodynamic RGO-
coated Guefoam presented the best values of the samples analyzed. The last four icorr
measurements (enlarged image of Figure 8) for the potentiodynamic sample also showed
significantly better values than the other samples. Very low icorr values for the poten-
tiodynamic specimen were obtained throughout the test. Most of the icorr values were
below 0.1 uA cm2, which implies that the potentiodynamic sample was in the passivation
zone for practically all the corrosion tests. Sudden increases in the icorr of the samples can
be attributed to the appearance of pitting corrosion; these defects were later sealed, and
the icorr decreased. This behavior has been observed for Al with in situ microtomography,
where the death of pits was observed after 24-48 h of nucleation [40].

Table 2. Results of measurements after corrosion for Al Guefoams subjected to steam generated by
heating a 3.5% NaCl solution.

Bare Al Potentiostatic Potentiodynamic
Time Re icorr Se(ens) Re icorr Re (Qrem?) icorr Re (Qrem?)
0 (Qcm) (pA-cm™) Calculated by (Q-em?) (uA-cm) Calculated by Re (Q-cm?) (HA-cm™?) Calculated by
Impedance Impedance Impedance
0 4956 0.91 3138 1367 4.61 1307 8680 0.51 7565
70 29,181 0.15 22,757 106,656  0.06 20,548 120,187 0.04 52,895
140 144,084 0.03 4390 259,920  0.02 13,668 60,982 0.07 80,413
210 18,438 0.24 252,858 3570 1.77 26,448 1,152,668 <0.01 141,236
280 40,298 0.11 54,148 24,511 0.26 28,088 259,692 0.02 758,574
350 1590 2.83 4788 3545 1.78 3955 4055 1.08 17,131
420 49,752 0.09 8474 52,235 0.12 80,641 9080 0.48 41,346
490 5078 0.89 88,614 118456  0.05 39,956 189,530 0.02 38,134
560 123,582 0.04 265,159 1841 3.42 7071 123,855 0.04 119,139
630 2481 1.81 4930 20,554 0.31 84,969 182,235 0.02 156,499
700 5618 0.80 9682 22,240 0.28 111,394 109,207 0.04 79,958
770 104,970 0.04 168,100 518,245 0.01 209,262 1,993,478 <0.01 808,269
840 62,531 0.07 85,425 26,356 0.24 11,777 359,013 0.01 389,538
910 5353 0.84 6121 24,762 0.25 20,183 6137 0.72 10,615
980 14,629 0.31 14,556 68,499 0.09 82,236 302,063 0.01 213,676
1050 31,026 0.14 31,528 52,986 0.12 33,714 65,287 0.07 77,680
1120 155,587  0.03 156,499 179,598  0.04 267,665 1,822,628 <0.01 1,264,290
1190 37,519 0.12 61,734 108,251 0.06 116,178 130,643 0.03 107,066
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Figure 8. icorr measurements for Al Guefoams without and with RGO coating (potentiostatic or
potentiodynamic) after 1190 h subjected to steam generated by heating a 3.5% NaCl solution.

3.5. FESEM and EDX Characterization after Corrosion Tests

Figure 9 compares micrographs obtained at different magnifications (x200, x2000,
and x10,000) of the different Guefoams after exposure to 3.5% NaCl for 28 days. In the
case of bare Al Guefoam (Figure 9a,d,g), the growth of a corroded layer was observed. The
white zones in the micrograph (Figure 9a) indicate a zone of electron accumulation due to
the poor conductivity of the formed layer (oxides, chlorides). In the case of the RGO-
coated Guefoam obtained by potentiostatic synthesis (Figure 9b,e,h), the corroded layer
also formed. However, it was thinner than the one formed on bare Al (Figure 9a). In some
zones, cracks in the formed layer were observed (Figure 9e). This was due to the dehydra-
tion of the film after extracting the samples from the solution. The RGO coating obtained
using cyclic voltammetry showed the best corrosion protection, as can be observed in Fig-
ure 9¢,f,i, where the corroded layer is barely visible. It seems that the RGO coating was
progressively lost, since it could no longer be observed on the surface of the Guefoam. The
accelerated corrosion test was performed in simulated salt water (3.5% NaCl), which was
very aggressive and seemed to eliminate the RGO coating progressively. These Guefoams
were intended for air filtration systems, where the corrosion conditions are mild.
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Al + RGO (potentiostatic)

Figure 9. Micrographs of Al (a,d,g), Al + RGO (potentiodynamic synthesis) (b,eh), and Al + RGO
(potentiostatic synthesis) (¢ f,i) after 28 days of exposure to 3.5% NaCl solution. Magnification: x200
(a—c), x2000 (d—f), x10,000 (g—i).

Figure 10 shows the element distribution map of the principal elements detected dur-
ing the EDX analysis of the bare Al Guefoam after 28 days of exposure to simulated sea-
water. Figure 10a shows the micrograph where the analysis was performed, which
showed the formation of a corroded layer. Figure 10b shows the spatial distribution of
aluminum, and it can be seen that aluminum was present in this layer. Figure 10c shows
the location of O; it can be seen that oxygen was present in the coating, but was absent
from the cracked zones, which demonstrates that the aluminum beneath was not oxidized.
A similar distribution was obtained for Cl, and it was not detected in the cracked zones
(Figure 10d). This demonstrates that the corroded layer was composed of Al, O, and CL. A
similar distribution was obtained for the RGO-coated Guefoams after corrosion.
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Figure 10. Micrograph (a) and element map distribution for Al (b), O (c), and Cl (d) for the Al
Guefoam after 28 days of exposure to 3.5% NaCl solution. Magnification: x200, x2000, x10,000.

Figure 11 compares the energy-dispersive X-ray spectra for the different Guefoams
after 28 days of exposure to a 3.5% NaCl solution. The analysis was performed in micro-
graphs obtained with x500 magnification. The peak at 0.525 keV, attributed to the Ka tran-
sition of O [41], showed the lowest intensity for the Guefoam with RGO obtained poten-
tiodynamically. The potentiostatic RGO also showed a lower intensity when compared
with the bare Al Guefoam. The same trend was observed for Cl (peak at 2.621 keV due to
the Ka transition) [41]. The peak at 1.486 keV, which corresponded to the Ka transition of
Al [41], showed the opposite trend. The highest intensity was obtained for the bare Al
Guefoam, with the intensity diminishing in the presence of a potentiostatic or potentiody-
namic coating. Thus, the EDX analyses showed better protection of the RGO coating ob-
tained using cyclic voltammetry due to the lowest presence of oxygen and chlorides on
the surface of the Guefoams.
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Figure 11. EDX analyses of Al, Al + RGO (potentiodynamic synthesis), and Al + RGO (potentiostatic
synthesis) after 28 days of exposure to 3.5% NaCl solution.

3.6. Measurement of Al Concentration

Table 3 shows the aluminum concentration in the 3.5% NaCl solutions after contact
with the different Guefoams for 28 days. Some aluminum was converted to chlorides dur-
ing the corrosion process, which accumulated in the solution. The pH of the different so-
lutions was adjusted to 2 with HCl to dissolve the Al precipitates observed in the different
solutions. The bare Al showed an Al concentration of 145 mg-L-'. The potentiostatically
obtained RGO coating reduced the Al concentration by half (70 mg-L-), improving the
corrosion protection of the Guefoam to some extent. The potentiodynamically obtained
RGO resulted in a lower Al content in the solution, thus offering the best corrosion pro-
tection.

Table 3. Aluminum concentration in the 3.5% NaCl solutions in contact with the Guefoams after 28
days of exposure.

Aluminum Concentration (mg-L-)

Bare Al 145
Al + RGO (potentiostatic) 70
Al + RGO (potentiodynamic) 35

3.7. Surface Characterization of the Guest-Phase Particles

Figure 12a shows the adsorption—desorption isotherms of the activated carbon (AC)
guest phases extracted from Guefoams previously coated with RGO. For comparison, the
plot also contains an analysis of the as-received AC. From the isotherms, the surface area
of the particles (Figure 12b) was determined using the BET theory. The results indicate
that the surface area of the AC particles decreased by 57% and 13% when subjected to
potentiostatic and potentiodynamic synthesis, respectively. The decrease in the BET val-
ues may be attributed to the deposition of RGO at the AC pores, with no specific prefer-
ence for pore size obturation, as the pore size distributions covered all micro-to-macro size
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ranges in all cases (Figure 12c). The nearly equivalent results of the as-received AC and
the particles extracted from Guefoams with a potentiodynamic coating suggest that the
electrochemical RGO deposition occurred mainly in the metal matrix, providing better
corrosion resistance, as discussed in Section 3.6.
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Figure 12. Adsorption—desorption isotherms using nitrogen at —196 °C (a); specific surface area
(BET) values derived from the nitrogen desorption isotherms (b); and pore size distributions calcu-
lated from the nitrogen desorption isotherms using the NLDFT method (c).

4. Conclusions

Reduced graphene oxide (RGO) coatings electrochemically synthesized on
Guefoams showed improved corrosion protection after exposure to a 3.5% NaCl solution
after 28 days. Two different methods of synthesis were used: potentiostatic and poten-
tiodynamic. Potentiodynamic deposition resulted in better coverage of the Guefoam sur-
face by RGO, as observed using FESEM. The election of the potential limits is crucial for
the deposition of RGO. If positive currents are achieved during potential cycling, the pas-
sivation of the aluminum surface occurs, hindering the deposition of RGO. Avoiding po-
tentials where positive currents are obtained improves the deposition of the RGO coating,
as observed using FESEM. The corrosion process was monitored for 28 days using elec-
trochemical impedance spectroscopy, polarization resistance tests, and Tafel polarization
curves. The best values for the polarization resistance and corrosion current density were
obtained for the Guefoams coated with RGO obtained by cyclic voltammetry. In a more
realistic environment (steam generated by heating a 3.5% NaCl solution), the Guefoams
coated with RGO obtained by cyclic voltammetry also showed the best values for the icorr
and Rp measurements. The potentiodynamic samples were in the passivation zone for
practically all of the corrosion tests.

The FESEM characterization of the Guefoams after corrosion showed the growth of
an oxide layer. The RGO coating reduced the formation of this layer, with the lowest for-
mation achieved for the potentiodynamically synthesized RGO. RGO coatings reduced
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the Al concentration in the solution in contact with the Guefoams for 28 days. This reduc-
tion was by half in the case of the potentiostatically synthesized RGO coating and by a
fourth in the case of the potentiodynamically synthesized RGO coating. The corrosion
protection offered by the RGO coatings can be mainly ascribed to a barrier effect that hin-
ders the diffusion of corrosive species such as chlorides and oxygen.
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