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Electrodeposited graphene/layered
double hydroxides micro/nanocontainers
for both passive and active corrosion
protection
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The poor dispersibility of layered double hydroxides (LDHs) is considered to be the main drawback
limiting their application in anti-corrosive coatings. In this work, the problem is solved by combining
LDHswith graphene (Gr). A facile electrochemically assisted deposition technique (EAT) is developed
to prepare Gr/LDH micro/nano-containers. The high-barrier Gr and LDHs synergistically build a
‘labyrinth effect’ to lengthen the diffusion path of corrosive mediums. Moreover, corrosion inhibitors
can be released from the interlayer galleries of LDHs and impede corrosion of metal substrate by
substituting the aggressive ions. Therefore, the polyvinyl butyral (PVB) coatings doped with Gr/LDH
micro/nano-containers pre-loaded with inhibitors 2-Mercaptobenzothiazole (MBT) have both passive
and active corrosion protection properties and provide excellent protection to copper substrate.

Metal corrosionhas been, and continues to be the focus of scientific research
due to potential security risks and enormous economic losses1,2. Polymer
coatings are one of the most effective and widespread solutions to the
problems caused by the corrosion of metals3,4. As barrier layers, polymer
coatings can prevent direct contact betweenmetal substrates and aggressive
medium. However, due to the volatilization of solvent, shrinkages and
internal defects inevitably occur in polymer coatings during the curing
process. As a result, traditional coatings do not provide sufficient long-
lasting protection for metal substrates because their structural defects cause
fast diffusionof corrosionmedium into the coatingmatrix and subsequently
lead to coating failure and metal corrosion5–7. Therefore, there is an urgent
need to improve the anti-corrosion properties of traditional polymer
coatings.

In recent years, polymer coatings that provide both passive and active
protectionhave receivedwidespread attention. Passive protection focuses on
delaying the penetration of corrosive ions into the coating matrix8–10. Active
corrosion protection aims to reduce the corrosion rate when the polymer
coating is damaged, and corrosive ions diffuse into the coating/metal
interface11–13. Passive protection can be achieved by adding two-dimensional
materials into polymer coatings, and active protection is provided by
incorporating corrosion inhibitors14,15. However, the directly incorporated
inhibitors may damage the entirety of the coating system and tend to leak
from the coating matrix during service16,17. One way to avoid the above

drawback is to encapsulate corrosion inhibitors in nanocontainers and then
incorporate the inhibitor-loadednanocontainers into the coatingmatrix18–20.
Nanocontainers are a type of nanomaterials possessing large specific surface
area and stimuli-responsive properties. They can actively perceive the
changes in the local environment, such as ionic strength21,22, local pH23,24,
humidity25,26, light27,28, and so on, and then release encapsulated corrosion
inhibitors to target sites, which meet the demand of active protection.

A number of nanocontainers have been developed, such as mesopor-
ous SiO2

29,30, halloysite nanotubes31,32, layered double hydroxides
(LDHs)33,34, metal–organic frameworks (MOFs)35,36, and so on. Among
these nanomaterials, LDHs nanocontainers not only possess the ability to
store and release corrosion inhibitors but also exhibit typical two-
dimensional lamellar structure, which ensures LDHs-based polymer coat-
ings have both active and passive protecting capabilities37–39. However, due
to the structural characteristics of LDHs nanoflakes themselves, they are
prone to severe agglomeration when incorporated into the coating resin40.
The heavy aggregation of LDH nanoflakes leads to their non-uniform dis-
persion in coatings, which is the main drawback of their application in
polymer coatings41.

Tailoring LDHs structure with other materials is a promising way to
achievemore uniformdispersion in the coatingmatrix. In fact, someLDHs-
based composites, such as graphene oxide (GO)/LDH42,43, Mxene/LDH44,45,
MoS2/LDH

46, have been developed, and the polymeric coatings doped with
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these nanocontainers possess both passive and active protecting capabilities.
However, the substrates of the above composite nanocontainers are mainly
limited to costly GO andMxene.Moreover, the industrial scale preparation
of GO or Mxene is generally carried out under harsh conditions, including
the massive use of environmentally hazardous reagents47. Additionally,
solvothermal synthesis is the common method for preparing these LDH-
based composite nanocontainers, which is time-consuming and energy-
intensive48. Therefore, it is crucial to develop a simple and low-energy
method to prepare low-cost LDH-based composite nanocontainers.

Recently, our group developed an electrochemically assisted sol–gel
deposition technique (EAT) to fabricate graphene/silica (Gr/SiO2)
nanocomposites49,50. EAT commonly utilizes theOH− (or H+) generated by
the reaction on the electrode to catalyze the condensation polymerization of
the precursor into afilm. In thiswork, basedon the dominant role ofOH− in
the nucleation and growth of LDHs nanoflakes, EAT is employed to fab-
ricate Gr/LDH composite. The sandwich-like Gr/LDH composites were
successfully prepared by EAT and further used as micro/nano-containers
for loading corrosion inhibitors (based on the particle size of Gr/LDH
composite, it is more appropriate to name the composite micro/nano-
container, which will be explained in detail in the following text). EAT
technology makes the deposited LDH nanoflakes uniformly dispersed on
the surface of graphene, which overcomes the shortcomings of traditional
LDH nanocontainers that lack satisfactory barrier properties due to their
agglomerations. Thus, in these micro/nano-containers, Gr and LDH
synergistically provide passive barrier functions, and meanwhile, the LDH
nanoflakes function as corrosion inhibitor containers to ensure active
protective properties. Gr/LDH micro/nano-containers were pre-loaded
with 2-Mercaptobenzothiazole (MBT), a type of green corrosion inhibitor
for copper, and thenadded into thematrix of polyvinyl butyral (PVB) resins.
Experimental results show that the PVB coatings doped with (Gr/LDH)
@MBT exhibit excellent protective properties against corrosion.

Notably, the advantagesofusingGr are that, apart fromeliminating the
use of hazardous and polluting chemicals for GO preparation, Gr has better
barrier and mechanical properties than GO due to the expansion of C–C
bond length during graphene oxidation51,52. In addition, the highly con-
jugated structure of Gr is more conducive than GO, which fulfills the
essential requirement of EAT.

Results
Characterization of micro/nano-containers
The electrodeposition process was conducted in a three-electrode cell. A
platinum-net electrode, an Ag/AgCl (saturated KCl) electrode, and a

platinum foil electrode (40 cm2) were used as counter, reference, and
working electrode, respectively. A schematic diagram of the electro-
chemically assisted preparation of Gr/LDH nanocomposite is depicted in
Fig. 1. Ideally, when an appropriate cathodic potential is applied, water and
nitrate ions (NO3

−)will be reduced to generate hydroxide ions (OH−) on the
surface of Gr (Eqs. (1) and (2)). Subsequently, the generated OH− ions first
reactwith Fe3+ ions to formFe(OH)3 (Eq. 3), because Fe(OH)3 has a smaller
Ksp value (Fe(OH)3: 4 × 10−38, Co(OH)2: 2 × 10−15)53,54. As the reduction
reaction proceeds, the concentration of OH− on the Gr surface becomes
higher. The OH− ions react with Co2+ and finally cover into CoFe–LDH
with NO3

− intercalation (Eq. 4)55.

NO�
3 þH2Oþ 2e� ! NO�

2 þ 2OH� ð1Þ

2H2Oþ 2e� ! H2 þ 2OH� ð2Þ

Fe3þ þ 3OH� ! FeðOHÞ3 ð3Þ

FeðOHÞ3 þ 2Co2þ þ 3OH� þ NO�
3 ! Co2FeðOHÞ6NO3 ð4Þ

The current density–time curve during electrochemically assisted
preparation of Gr/LDH at different potentials is shown in Supplementary
Fig. 1. In the early stages of electro-assisted deposition, the current density
decreases rapidly and then keeps on a steady value. The negative shift of
deposition potential promotes the formation of OH− ions and thus accel-
erates the growthof LDH. Supplementary Figs. 2 and 3 showa series of SEM
images obtained at different deposition potentials and deposition times,
respectively. It canbe seen that LDHnanoflakes tended togrowgradually on
the surface of Gr with the negative shift of the deposition potential and the
prolonging of the deposition time. Considering the coverage and the dis-
persionof thedepositedLDHnanoflakes on theGr surface, ‘−1.1 V, 40min’
was chosen as the optimal deposition condition.

The SEM and TEM images of different samples are shown in Fig. 2.
Pure graphene presents a two-dimensional (2D) sheet-like structure with
many wrinkles (Fig. 2a, a1). After the electrodeposition of LDHs, both sides
of graphene are almost completely coveredbyLDHsnanoflakes (Fig. 2b, b1),
resulting in a sandwich-like structure. Notably, the as-deposited LDHs
nanoflakes are uniformly and vertically dispersed on both sides of graphene
due to electrostatic repulsions and bridging of hydrogen bonds among
LDHs. It is worth noting that EAT provides excellent adhesion between Gr

Fig. 1 | Electrochemical deposition composite. Schematic illustration of electrochemically assisted deposition of LDH nanoflakes on graphene nanosheets.
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nanosheets and LDHs nanoplates so that the deposited LDHs nanoplates
are stillfirmly attached to the upper and lower surface of graphene even after
ultrasonic treatment for 2 h (Fig. 2c, c1).

The HRTEM and corresponding element mapping images (Fig. 3a, b)
reveal homogeneous dispersions ofC,O,Co, andFe over thewhole surface of
graphene, proving that the deposited LDHs nanoplates are evenly distributed
on the graphene surface. As shown in Fig. 3, the thickness of the bare gra-
phene nanosheet is around 1.8 nm. Benefiting from the significant driving
force for the growth of LDHs nanoflakes provided by the electrochemically
assisted deposition technique (EAT), Gr/LDH composite nanosheets reach a
thicknessofup to70 nmwithinhalf anhour.Asdescribed inSEM(Fig. 2) and
AFM(Fig. 3c, d), graphene sheets have an average 2Ddiameter of~2 μm,and
LDH sheets have a thickness of ~70 nm. The Gr/LDH composites have both
micro andnanocharacteristics. Therefore, it ismore accurate toname theGr/
LDH composite as a micro/nano-container.

The results of XRD also confirm that the major crystalline component
on Gr surface is the deposited LDH, as shown in Fig. 4a. The peaks corre-
sponding to the (003) (10.18°), (006) (20.86°), and (012) (34.24°) diffractions
of Gr/LDH are attributed to the characteristic diffraction of typical
hydrotalcite-like structure, which is consistent with previous reports56. The
(003) basal spacing (d003) of the deposited LDH is determined to be 0.85 nm,
which is similar to the reporteddata forLDHintercalatedwithNO3

− ions57.A
(002) diffraction peak of Gr appears in the Gr/LDH composite. These phe-
nomena verify the successful deposition of LDHnanoflakes on the surface of
Gr nanosheets. After being loaded with corrosion inhibitors (MBT), the d003
valuesofbothLDHandGr/LDHincrease toaround1.61 nm,which indicates
that the large-sized MBT− ions are successfully intercalated58,59.

Figure 4b shows the FTIR spectra of the different powder samples. Gr
hardly has any IR adsorption peaks because it lacks active functional groups
and has symmetrical C–C bonding60. Similar to LDH, Gr/LDH also clearly
shows adsorption peaks at 3450 and 1378 cm−1, which are assigned to the
O–H stretching vibration of the hydroxyl group in the interlayer water
molecules and the stretching vibration of intercalated NO3

−, respectively.
For the LDH@MBT and (Gr/LDH)@MBT samples, there are a series of
weak characteristic peaks at 730–790, 1280–1460, and 2750–3100 cm−1

corresponding to the stretching vibrations of C–S, C–N–H group and
phenyl ring C–H, respectively, indicating thatMBT inhibitor is successfully
loaded61.

In the Raman spectra of Gr and Gr/LDH (Fig. 4c), the three distinct
peaks at 1350 cm−1, 1580 cm−1, and 2700 cm−1 can be assigned to the D, G,
and G’ bands of graphene materials, respectively62. The peak at 672 cm−1 is
assigned to bonds in LDH.

The mass loss of Gr/LDH ranging from 120 °C to 470 °C (Fig. 4d)
is due to the release of the interlayer water, the dehydroxylation of the
basal layers, and the decomposition of the nitrate anions, which is
consistent with the weight change of LDH63. The mass loss of (Gr/
LDH)@MBT and LDH@MBT in the range of 200–280 °C is caused by
the decomposition of MBT64. The MBT loading amounts of LDH and
Gr/LDH micro/nano-containers determined from the TG curves are
9.41 wt% and 12.58 wt%, respectively. In addition, the mass loss of Gr
and Gr/LDH after 650 °C is caused by the thermal decomposition of
graphene49,50.

Figure 5 shows the XPS survey spectra of Gr and Gr/LDH. The
existence of the O1s peak (532.5 eV) is due to the weak adsorption of
oxygen-containing groups (–OH) on the surface of Gr65. The weak
adsorption is merely physical and does not alter the hybridization
form of carbon atoms66. Compared with Gr, the XPS spectrum of Gr/
LDH not only exhibits C1s peak and O1s peak but also shows two
featured peaks of the deposited CoFe–LDH at 707 eV and 794 eV,
which are attributed to Fe2p and Co2p, respectively67. The high-
resolution C1s spectra of Gr contain two types of carbon bonds: the
sp2 carbon peak centered at 284.6 eV and the π–π* shake-up peak at
291.7 eV68. In contrast, the high-resolution C1s spectra of Gr/LDH
show two peaks at 285.5 eV and 286.3 eV, which correspond to sp3 C
and C–O bonds69. The appearance of sp3 C and C–O bonds confirms
the interaction between Gr and LDH.

Supplementary Fig. 4 displays the release curves of MBT from
LDH@MBT and (Gr/LDH)@MBT in 3.5% wt% NaCl solution with dif-
ferent pH values. Results show that both LDHs and Gr/LDH micro/nano-
containers exhibit different release behaviors of MBT under pH values of 3,
7, and 11, respectively.At pH = 3, the rapid and significant release ofMBT is
mainly due to the dissociation of LDHs.At pH7and11, the release behavior
depends on the exchange of interlayer anions MBT− with chloride ions in
the solution. Therefore, when the corrosive medium is initially diffused but
has not yet caused a corrosion reaction, the inhibitor MBT− is released by
exchanging with corrosive chloride ions. But when the subsequent

Fig. 2 | Morphology of different samples. a–c SEM and a1–c1 TEM images of a, a1 Gr, b, b1 Gr/LDH obtained under optimization condition and c, c1 Gr/LDH after
ultrasonic oscillation for 2 h.
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electrochemical corrosion reactions cause a local pH drop, the layered
structure of LDHs will collapse, which makes large amounts of inhibitors
rapidly released.

Supplementary Fig. 5 shows XRD patterns of LDH@MBT and (Gr/
LDH)@MBT after immersed in 3.5% wt% NaCl solution. The result shows
that the interlayer spacing of LDH@MBT and (Gr/LDH)@MBT decreases
and the corresponding 2θ value of (003) and (006) crystallographic plane
increases when MBT− is replaced by Cl−, which is consistent with the
literature70.

The MBT loading amounts of LDHs and Gr/LDH micro/nano-
containers determined from the above release curves after 7 days of
immersion are as high as 8.82 wt% in LDH@MBT and 13.16 wt% in
(Gr/LDH)@MBT, which is consistent with the results determined from
the TG curves. The high loading capacity of Gr/LDH is related to its
own rough morphology. Predictably, the Gr/LDH micro/nano-con-
tainers have combined advantages of the physical barrier property (Gr
and LDH), the on-demand release of inhibitors, and the uptake of
chlorides (LDH), which ensures the passive and active protecting
capabilities of coatings.

Corrosion protection properties of micro/nano-containers-
embedded coatings
To objectively and directly evaluate the protective performance of the
obtained PVB coatings, optical photos of scratched and intact samples
immersed in 3.5 wt% NaCl solution were taken, respectively, as shown in
Fig. 6 and Supplementary Fig. 6. For the pure PVB sample (Fig. 6a and
Supplementary Fig. 6a), after only 3 days of immersion, obvious corrosion
products aggregated around the scratch, and the corrosion continued to
intensify during the whole immersion period. This indicates that the un-
doped PVB coating cannot effectively prevent corrosive mediums from
penetrating the surface of the metal substrate because of the poor barrier
property. Similarly, as shown in Fig. 6b, c, PVB/Gr and PVB/LDH samples
also exhibit poor corrosion protection ability. This is related to the uneven
dispersion of graphene or LDH in PVB resin, which will be discussed in
more detail in a later section. As to PVB/(Gr/LDH) sample (Fig. 6d),
although pitting corrosion occurs after immersion of 30 days, the corrosion
product accumulation is significantly decreased. The above results confirm
that the PVB coatings lacking corrosion inhibitors cannot provide long-
term corrosion protection for metal substrates.

Fig. 3 | Surfacemorphology analysis of samples. a, bHRTEM images and corresponding elemental mapping analysis of Gr. c, dAFM images (inset is thickness attribution)
of Gr and Gr/LDH.
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Fig. 4 | Structures of different micro/nano-containers. a XRD patterns, b FTIR spectra, c Raman Spectroscopy, and d TG curves.

Fig. 5 | XPS spectra. C1s spectra of a Gr and b Gr/LDH, insets: corresponding survey XPS spectra.
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Incorporation of corrosion inhibitors into the PVB coatings can indeed
improve the corrosion resistance of copper substrates. However, for PVB/
MBT, PVB/(Gr@MBT), and PVB/(LDH@MBT) samples (Fig. 6e–g), after
120 days of immersion, corrosion products began to extend and accumulate
around the scratch. PVB/(Gr/LDH@MBT) exhibits the best protection
performance among all samples, and no rust spots are visible on the copper
surface even after 180 days immersion (Fig. 6h). In addition, observation on
intact coating samplesduring thewhole immersion test is consistentwith that
on the artificially scratched coatings, and PVB/(Gr/LDH@MBT) still has no
obvious corrosion after immersion for 180 days (Supplementary Fig. 6h).

The excellent corrosion protection performance of the PVB coatings
doped with Gr/LDH composite pre-capsulated withMBT is also evidenced
by the copper ion dissolution test of defected samples. The copper dis-
solution rate significantly decreases from 3.37 µg d−1 on pure PVB to 2.02,
3.18, 1.35, 0.94, 1.09, 1.51 and 0.21 µg d−1 on coatings dopedwith Gr, LDH,
Gr/LDH, MBT, Gr@MBT, LDH@MBT, (Gr/LDH)@MBT, respectively
(Fig. 7). After the PVB coating being doped with (Gr/LDH)@MBT, its
copper ion dissolution rate declines by about 94%.

Supplementary Fig. 7 displays SEM images and EDS analysis of
scratched coatings on pure copper immersed in 3.5 wt% NaCl solution for
180 days. It can be seen that all samples except the PVB/(Gr/LDH)@MBT
sample have an obvious accumulation of corrosion products in the

Fig. 6 | Optical images of the scratched coatings on pure copper immersed in 3.5 wt% NaCl solution during 180 days. a Pure PVB, b PVB/Gr, c PVB/LDH, d PVB/(Gr/
LDH), e PVB/MBT, f PVB/Gr@MBT, g PVB/LDH@MBT, h PVB/(Gr/LDH)@MBT.

Fig. 7 | Copper ion dissolution rates measured after the scratched samples were
immersed in 3.5 wt% NaCl solution for 180 days. (Mean ± standard deviation).
a Pure PVB, b PVB/Gr, c PVB/LDH, d PVB/(Gr/LDH), e PVB/MBT, f PVB/
Gr@MBT, g PVB/LDH@MBT, h PVB/(Gr/LDH)@MBT.
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scratched area. EDS-mapping results show that Cu and C elements are
predominantly detected within and outside the scratch of the PVB/(Gr/
LDH)@MBT sample, respectively, indicating that the sample still has good
corrosion resistance for up to 180 days of immersion. But for the other
samples, element Cu is detected not only within to the scratches but also in
the surrounding area. Additionally, as themain component of the coatings,
element C shows discontinuous distribution on the surfaces of these sam-
ples, which is attributed to the blistering or peeling of coatings and the
spreading of corrosion products. The SEM images and EDS-mapping
results agree with those of the immersion test.

EIS measurements were used to quantitatively evaluate the corrosion
resistance of intact coating samples in 3.5 wt% NaCl solution. Figure 8a–c
shows the bode modulus, phase angle plots, and Nyquist diagrams,
respectively, of different samples after 180 days of immersion. PVB/(Gr/
LDH)@MBT sample has the highest impedance values among all intact
coating samples, the highest diameter of the semicircle, and the phase angle
value of this sample is near −90° in a wide frequency range. This result
indicates that the PVB/(Gr/LDH)@MBT sample still maintains its excellent
barrier property after immersion for up to 180 days.

As shown in Fig. 9a, except for the PVB/(Gr/LDH)@MBT sample, the
low-frequency impedancemodulus (|Z|lf, at 0.01Hz) values of other samples
present a continuous decreasing tendency during the whole test period,
reflecting the gradual deterioration of barrier performance of the coatings.
The |Z|lf of PVB/(Gr/LDH)@MBT sample exhibits the highest value and

maintains a stable value of around 1010Ω cm2 over the whole immersion of
180 days. EIS datawere alsofitted by ZView software using proper equivalent
electrical circuits (EECs), as shown inFig. 9b.Here,Rs,Cc,Rpo,Cdl,Rct, andZw
denote solution resistance, coating capacitance, electrolyte resistance in
micropores of the coating, double-layer capacitance, charge transfer resis-
tance, and Warburg-diffusion impedance, respectively. When conducting
fittingwork, all capacitance elementswere replacedwith constant phase angle
elements (CPEs)71. The impedance of a CPE is defined by the following
equation:

ZCPE ¼ Y�1
0

ð jωÞn ð5Þ

Where Y0 is the magnitude of the CPE, ω is the angular frequency, and n
refers to the dimensionless index. Cc and Cdl were calculated from the
following Eqs. 6 and 7, respectively72,73:

Cc ¼ Y
1
n
0 �

Rs � Rpo

Rs þ Rpo

 !1�n
n

ð6Þ

Cdl ¼ Y
1
n
0 �

Rs � Rct

Rs þ Rct

� �1�n
n ð7Þ

Fig. 8 | EIS results of different coating samples after being immersed in 3.5 wt%NaCl aqueous solution for 180 days. a Impedancemodulus, bphase angle bode plots, and
c Nyquist diagrams.
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Fitting parameters are shown in Supplementary Tables 1 and 2. The
Chi-square values of all samples range from 10−4 to 10−3, and all the fitting
errors are less than 5%. These results indicate the selected EECs are
appropriate and reliable. It is well known that Cc is commonly used to
evaluate the water uptake in polymer coatings. Usually, a lower Cc value
means betterwater impermeability and lowerwater uptake. Figure 9c shows

that the pure PVB coating presents the highest Cc value and the lowest Rpo
value among all samples during the whole period of 180 days of immersion,
showing that this coating has the worst physical barrier performance. This
phenomenon implies that corrosivemediumwater can easily penetrate into
theun-dopedPVBcoating through internal defects. PVB/(Gr/LDH) sample
has lowerCc and higherRpo values than pure PVB, PVB/Gr, and PVB/LDH

Fig. 9 | Analysis of EIS results. a Evolution of low-frequency impedance modules (measured at 10 mHz) of intact coatings with immersion time in 3.5 wt% NaCl aqueous
solution. b Equivalent electrical circuit models for PVB coatings on pure copper. c–f Variations of CC, Rpo, Cdl, and Rct during the whole testing time.
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samples, which suggests that the addition of Gr/LDH composite micro/
nano-containers can be a better remedy for internal defects of PVB coating
(Fig. 9d). After 180 days of immersion in 3.5 wt% NaCl solution, the PVB
coating embeddedwith (Gr/LDH)@MBTstillmaintains thehighest valueof
Rpo and the lowest value of Cc, manifesting that this coating has the best
impermeability to corrosive medium water.

Cdl is commonly used to estimate the number of active corrosion sites
inmetal/electrolyte interfaces. In general, the active protecting performance
of a coating is evaluated by the values of itsCdl and Rct. As shown in Fig. 9e,
the Cdl values of different samples during the middle and later stages of the
experiment are arranged as follows: PVB > PVB/LDH> PVB/Gr > PVB/
(LDH@MBT) > PVB/(Gr/LDH) > PVB/(Gr@MBT) > PVB/MBT > PVB/
(Gr/LDH@MBT). For Rct values (Fig. 9f), the order is reversed. The Rct and
Cdl values of PVB, PVB/Gr, PVB/LDH, and PVB/(Gr/LDH) samples keep
falling and rising, respectively, which demonstrates that the corrosion
progress in meta/coating interface cannot be inhibited due to the lack of
corrosion inhibitors. MBT-containing coatings have higher Rct values than
MBT-free coatings. As expected, the PVB/(Gr/LDH@MBT) sample dis-
plays the highest Rct and the lowestCdl values among all samples, and Rct of
this sample presents a rising tendency over the whole immersion of
180 days, indicating a continuous ‘self-healing’ effect.

Discussion
The PVB coatings encapsulated with Gr/LDH micro/nano-containers
exhibit satisfactory corrosion performance, which is the result of their
passive and active protecting capabilities. Generally, the corrosion proce-
dure can be divided into two main stages, involving the initial infiltration

anddiffusionprocess of corrosivemedium(such asCl−,H2O, andO2) in the
coating matrix and the following corrosion reaction stage at the metal/
coating interface.

Thepassive protectionperformanceof a coating,whichdepends on the
barrier ability against the penetration of corrosion ions, is of vital impor-
tance in the first stage. For container-based coatings, their barrier properties
aremainly determined by two factors: one is the dispersion quality ofmicro/
nano-containers in the coatingmatrix, and another is the physical shielding
abilities of the doped micro/nano-containers themselves.

Top-view SEM images of different PVB coatings are shown in Fig. 10a.
It can be clearly seen that the Gr orGr@MBTnanosheets severely aggregate
in PVB resin, which is attributed to the strong van derWaals forces among
Gr nanosheets74. Similarly, the uneven distribution and obvious aggregation
of LDH or LDH@MBT nanoparticles are also observed on the surface of
PVB/LDH or PVB/(LDH@MBT), respectively, which is caused by the
formation of intermolecular hydrogen bonds between different LDH
nanoflakes. However, Gr/LDH or (Gr/LDH)@MBT composites are well-
distributed in PVB resin, indicating their excellent compatibility with PVB
coatings. This result is attributed to the fact that LDH nanoflakes grow
vertically and uniformly on both sides of Gr (Fig. 2b), which not only
weakens van der Waals forces among Gr sheets but also avoids the self-
agglomeration of LDH. In addition, the resulting Gr/LDH composite has a
larger contact area with PVB resin, so there are more hydrogen bonds
between the deposited LDH nanoflakes and the resin backbone, which can
improve their compatibility.

As shown in Fig. 10b, numerous micro-pores are observed inside the
pure PVB and PVB/MBT samples due to the fast evaporation of solvent

Fig. 10 | SEM images of coatings. Top-view a and cross-section. b SEM images of different coatings.
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during the curing process, which means that corrosive medium can diffuse
and penetrate through holes and cracks quickly. Incorporatingmicro/nano-
containers in the PVB matrix can curb the abovementioned phenomenon,
but defects or holes are still noticeable in PVB/Gr, PVB/LDH, PVB/
Gr@MBT, and PVB/LDH@MBT coatings. Agglomerated micro/nano-
containers are found inside these coatings, which is consistent with the
results of top-view SEM images. The cross-sectionmorphology of PVB/(Gr/
LDH@MBT) is dense and free of visible cracks and holes, indicating superb
barrier qualities. This phenomenon also demonstrates the good compat-
ibility of Gr/LDH micro/nano-containers with PVB coatings.

The particle size ofmicro/nano-containers has a great influence on the
protectivepropertiesof coatings.Theparticle sizesofGr, LDH, andGr/LDH
powder fall within the range of 750–4100 nm, 1200–3500 nm, and
900–2300 nm, respectively (supplementary Fig. 8a). The particle size of Gr/
LDH has an average of 1470 nm, which is smaller compared to the average
particle size of Gr (1700 nm) and LDH (1980 nm). The particle size dis-
tributions of the three samples (Gr, LDH, andGr/LDH) inwater,methanol,
and PVB/methanol are shown in Supplementary Figs. 8b–d. It is evident
that Gr/LDH exhibits the narrowest particle size distribution and the
smallest average size in every liquid phase.

The sedimentation behavior of different micro/nano-containers in
resin solution is studied during aging. After only 7 days, serious sedi-
mentation is observed on PVB solution doped with LDH micro/nano-
containers, regardless of the encapsulation ofMBT (Supplementary Figs. 9e,
f). There is no sedimentation phenomenon in PVB solution dopedwith Gr/
LDH and (Gr/LDH)@MBT composites (Supplementary Figs. 9g, h) even
after 300 days. This result also confirms the excellent dispersibility of Gr/
LDH. But this work and the related literature cannot accurately explain at
this stage whyGr/LDH iswell dispersed75. The reasonwhy the preparedGr/
LDH composites can interact well with the polymeric chains of coating will
be the focus of future research.

The physical shielding abilities of Gr/LDH composite micro/nano-
containers highly depend on the synergistic barrier functions provided by
Gr and LDH. The values of WVTR and OTR can intuitively reflect the
barrier performance of PVB coatings to resist the infiltration and diffusion
of H2O andO2, as shown in Fig. 11. Comparedwith blank PVB coating, the
(Gr/LDH)@MBT-doped PVB coating has a decrease of 91.3% and 68.5% in
WVTR and OTR values, respectively, which makes the biggest decline
among all coatings in this work. The WVTR and OTR values of Gr- or
LDH-doped PVB coatings are slightly lower than those of blank PVB
coating but much higher than those of PVB coating incorporated with Gr/
LDHmicro/nano-containers. In addition, there is no significant difference

in OTR andWVTR values of these micro/nano-containers before and after
loading corrosion inhibitors. The above results are consistent with those of
Rpo and Cc, both indicating that although the addition of traditional gra-
phene or LDH nanosheets cannot effectively improve the barrier perfor-
mance of PVB coatings, the Gr/LDH composite obtained by combining the
traditional Gr and LDH by EAT endow PVB coatings with superior barrier
performance. Therefore, the excellent shielding properties of Gr/LDH
micro/nano-containers themselves, as well as their uniform dispersibility in
PVBresin, interpret the greatly improvedpassiveprotecting capability of the
(Gr/LDH)-doped PVB coatings.

The active protecting performance of a coating, which depends on the
on-demand release of corrosion inhibitors from the doped micro/nano-
containers, is crucial in the following corrosion reaction stage. In fact, during
the gradual diffusion of the aggressive mediums to the metal surface, the
doped (Gr/LDH)@MBT composites rely on their ion-exchange properties to
release inhibitors while capturing the corrosion ions such as Cl− and SO4

2−.
Furthermore, once corrosive mediums inevitably reach the copper/coating
interface, inhibitors (MBT) are timely released from Gr/LDH micro/nano-
containers triggered by pH changes of the local corrosion area to form pro-
tective layers on the metal surface. Therefore, the corrosion reaction is
inhibited in a short time.

The loading amounts of corrosion inhibitors inmicro/nano-containers
also have a great effect influence on the active protection properties of
coatings. In fact, MBT can be not only intercalated into the interlayer of
LDH but also adsorbed on the surface of LDH and Gr76. Table 1 shows the
elemental analysis results, and it can be calculated that the MBT loading
amount of Gr is only 0.83 wt%, suggesting low adsorption of MBT on Gr.
Therefore, the high loading amount of MBT should be attributed to the
special structure of Gr/LDH. Supplementary Fig. 10 shows the nitrogen
adsorption–desorption isotherms of LDH and Gr/LDH. The BET surface
area of LDH and Gr/LDH was measured to be 46.12m2 g−1 and
96.58m2 g−1, respectively. The larger BET surface area endowsmicro/nano-
containers with higher MBT-loading capability.

In addition, the superior anti-corrosive performance of the PVB/(Gr/
LDH@MBT) sample should be traced to the method for preparing free-

Fig. 11 | WVTR and OTR of different coatings. (Mean ± standard deviation). a PVB, b PVB/Gr, c PVB/LDH, d PVB/(Gr/LDH), e PVB/MBT, f PVB/Gr@MBT, g PVB/
LDH@MBT, h PVB/(Gr/LDH@MBT).

Table 1 | Results of elemental analysis by CHN mode

Sample name C/wt% H/wt% N/wt% MBT/wt%

Gr 98.74 0.12 0.028

Gr@MBT 99.16 0.15 0.097 0.83
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standingGr/LDHnanosheet using EAT. TheOcontent of graphene used in
this study is 0.92% (Table 2), which is much lower than that in graphene
oxide (33.58%) and reduced graphene oxide (17.84%). Moreover, graphene
was also employed to prepare Gr/LDH composite by hydrothermal meth-
ods. The corresponding SEM images were added in supplementary Fig. 11.
SEM images show that there are no LDHs nanoflakes on the surface of the
graphene nanosheet. Therefore, such a low content of O can not play a
major role in the stabilization of the graphene particles in an aqueous
solution and act as nucleation sites for the precipitation reactions and for-
mation of LDHs. The core of the electrochemically assisted deposition
technique (EAT) is the efficient electron transfer between the working
electrode and the graphene nanosheet. These results prove that EAT pro-
vides the sustained driving force for the deposition of LDH, which ensures
the dense, uniform, and strongly adherent growthof LDHnanoflakes on the
surface of Gr. Thus, the obtained Gr/LDH micro/nano-container can be
loaded with corrosion inhibitors in high amounts.

For the purpose of comparison, GO/LDHmicro/nano-containers
were also prepared by traditional hydrothermal method. SEM and
AFM images (Supplementary Fig. 12) show that the dispersion of
LDHs nanoflakes on the surface of the graphene nanosheet is non-
uniform, which may be related to the alkalinity of the whole solution
during preparation. The thickness of the resulting LDHs nanoflakes is
limited due to the lack of a continuous driving force for the growth of
LDHs nanoflakes (Supplementary Fig. 12c, d). In addition, the WVTR
and OTR values of PVB/(GO/LDH) coatings are about 3.3 and 2.8
times than those of PVB/(Gr/LDH) coatings, respectively (Supple-
mentary Fig. 13). As shown in Supplementary Figs. 14 and 15, for the
copper substrate coated with PVB/(GO/LDH@MBT) coatings,
obvious corrosion products accumulate after 80 days of immersion. All
the above results indicate that the Gr/LDH micro/nano-containers
prepared by EAT can impart polymer coatings with better protective

performance compared to GO/LDH micro/nano-containers synthe-
sized by traditional hydrothermal method.

Based on the above analysis, a possible protection mechanism of Gr/
LDH micro/nano-containers is illustrated in Fig. 12. The Gr/LDH micro/
nano-container exhibits a sandwich structure, with dense LDHs nanoflakes
on both lower and upper surfaces of inert Gr. Gr/LDH exhibits larger pore
volume and pore size, which not only ensure the loading amount of MBT
but also reduce its diffusion resistance. On one hand, graphene nanosheets
and LDHs nanoflakes synergistically build a ‘labyrinth effect’ inside the
coating, further lengthening the diffusion path of corrosive mediums, such
as Cl−, H2O, andO2. On the other hand, as aggressive ions diffused into the
coating/metal interface, corrosion inhibitors can be released from the
interlayer galleries of LDHs and impede the corrosion of metal substrate by
substituting the aggressive ions.

In summary, Gr/LDH micro/nano-container was synthesized by
electrochemically assisted sol–gel deposition technique (EAT). The
obtained Gr/LDH composite has a sandwich-like nanostructure: Gr
nanosheet is the middle layer of this structure, while LDHs nanoflakes with
thicknesses up to ~70 nm are uniformly covered on both the upper and
lower surfaces of the Gr nanosheet. The PVB coatings (10–14 μm)
embedded with MBT-encapsulated Gr/LDH micro/nano-containers exhi-
bit excellent passive and active protecting capabilities and can still protect
copper substrates from corrosion after being immersed in 3.5 wt% NaCl
solution for more than 180 days. EAT solves the problem that LDHs
nanoflakes tend to self-agglomerate during nucleation and growth and
makes it possible to use inert graphene (rather than graphene oxide) as the
substrate to prepare Gr/LDH composite.

Methods
Materials and chemicals
Graphene was obtained from XFNANO (Nanjing XFNANO Technology
Co., Ltd., China). Cobaltous nitrate hexahydrate (CoNO3·6H2O, AR), ferric
nitrate nonahydrate (Fe(NO3)3·9H2O, AR), sodium nitrate (NaNO3, AR),
ethanol (AR) and methanol (AR) were purchased from Aladdin.
2-Mercaptobenzothiazole (MBT, 98%), sodium chloride (NaCl, AR), and
polyvinyl butyral (PVB, 15.0–18.0 mPa.s, butyral 70-75%) were obtained
from Sinopharm Chemical Reagent (Beijing Co. Ltd.). Pure copper sheets
(supplied by Quanfu Metal Co., Ltd., China) were cut to 40mm× 25mm
with a thickness of 1.5mm.

Electrosynthesis of Gr/LDH and LDHmicro/nano-containers
The electrodeposition process was conducted in a three-electrode cell using
a CHI 760E potentiostat (Chenhua Co., Ltd., China). The electrolyte con-
tained 100mL H2O, 0.85 g NaNO3, 1.46 g CoNO3·6H2O, and 0.61 g
Fe(NO3)3·9H2O. To obtain a homogeneous suspension, 80mg graphene
was ultrasonicated and dispersed in the above solution. The electro-
deposition was performed by chronoamperometry measurement with
deposition potential ranging from −0.7 to −1.3 V (vs. Ag/AgCl), and
deposition time varied from 10 to 40min. Thereafter, the solution was
centrifuged at 8000 rpm for 10min and washed with deionized water three
times. The productswere then vacuumdried at 80 °C for 6 h andnamedGr/
LDH. Similarly, the LDH nanosheets were prepared through the same
electrodeposition process without the addition of graphene.

Loading of MBT inhibitors
In total, 300mgGr/LDH or LDHwas added to the 0.1MMBT-containing
solution (pH = 9) and left under stirring for 24 h. The products were
obtained by centrifugation at 10,000 rpm for 20min and further drying for
8 h and were named (Gr/LDH)@MBT or LDH@MBT, respectively.

Preparation of PVB coating systems
For comparison, eight different coatings were prepared, including pure
PVB, PVB/Gr, PVB/LDH, PVB/MBT, PVB/(Gr@MBT), PVB/
(LDH@MBT), PVB/(Gr/LDH@MBT). 45mg micro/nano-containers that
had been ground in a ball mill were mixed with 3 g PVB powder in 30mL

Table 2 | Results of elemental analysis by O mode

Sample name C/wt% O/wt%

Gr 98.76 0.92

GO 62.72 33.58

rGO 81.53 17.84

Fig. 12 | Anticorrosion mechanism. Schematic illustration of self-healing effect of
the coatings doped with Gr/LDH micro/nano-containers.
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methanol and agitated vigorously for 12 h. The treated PVBwas dip-coated
on a pure copper surface (4 cm × 2 cm× 0.1 cm) by a dip-coater with a
pulling rate of 0.5 cm/min.The coated copper substrateswere curedat 45 °C
in an oven for 36 h. The cured coating thickness wasmeasured as 16 ± 2 μm
by an eddy-current coating thickness gauge (Qnix 8500, Germany).

Instruments and characterizations
The shapes, morphologies, and structures of micro/nano-containers and
coatings were observed by transmission electron microscopy (TEM, HT-
7700, Hitachi, Japan), scanning electron microscopy (SEM, SU 8010, Hita-
chi, Japan), high-resolution transmission electron microscopy (HRTEM,
JEM 2100 F, JEOL, Japan), atomic force microscopy (AFM, Multimode 8,
Bruker, Germany). The crystal and chemical structures of micro/nano-
containers were analyzed by Fourier transform infrared (FT-IR) spectro-
scopy (Nicolet 6700, Thermo Scientific, USA), Raman spectroscopy
(Lab.HR800, Jobin Yvon, France), thermogravimetric analysis (TGA,
STA409PC, METZSCH, Germany), element analysis (Elementar Vario
MICRO cube, Germany) and X-ray diffraction (XRD, Rigaku SmartLab, 40
KV, 40mA)withCuKα radiation. Thenitrogen adsorption–desorption tests
were performed on Micromeritics ASAP 2020 analyzer. The concentration
of MBT inhibitors released from micro/nano-containers in solution was
measured by UV–vis spectrometer (TU-1901, PERSEE, China). The water
vapor transmission rate (WVTR) of different composite coatings was
measured by a Water vapor permeability tester (MOCON).

Corrosion performance evaluation
Electrochemical impedance spectroscopy (EIS) was used to evaluate the
corrosion resistance of as-prepared coatings in 3.5 wt% NaCl solution. The
measurements were performed on a VersaSTAT 3 F (AMETEK, USA)
workstation with a three-electrode system, using an Ag/AgCl (saturated
KCl) electrode, a platinum foil electrode, and intact coating samples as
reference, counter, and working electrodes, respectively. The EIS data were
collected from 100 kHz to 10mHz with 20mV amplitude sinusoidal vol-
tage. The edge areas of intact coating samples were sealed with paraffin, and
the exposed areas for the EIS test were unified to 2.0 cm × 2.7 cm.

To reduce the time that the immersion test takes, a chloride ion
accelerated corrosion test was carried out on the scratched coating samples
(defeated size: 0.1mm× 10mm) in 3.5 wt% NaCl solution. The number of
copper ions dissolved from scratched coating samples was measured by an
atomic absorption spectrometer (AA800, PerkinElmer, USA).

Data availability
All data generated or analyzed during this study are included in this pub-
lished article, and any additional data that support the findings of this study
are available from the corresponding author upon reasonable request.
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