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To improve the artcorrosion performance and mechanical properties of waterborne epoxy, we
synthesized new {CQDs andntroducedheminto the coating to prepare8QDs/EP. Based on SEM,
Micro FT-IR, EIS, NSS, adhesion Tester, and LSCM, the 4@mnm corosion resistance, mechanical,
and fluorescence properties of@QDs/EP were studied carefullfhe crosssectional SEMresuls
indicated that NCQDs could improve the internal crelgsking density and reduce the pore size ef N
CQDs/EP. EIS results showdtht composite coating could provide excellent-antrosion to steel in

both 3.5 wt% NaCl solution and simulated seawater. The highest impedance valGOQRINEP was

still maintained ail0® Wcn? after 30 d immersion. dCQDs also enhanced the adhedimnte, and the
highest value was 6.8 MPa. Meanwhile, th€RQDs/EP fluorescence intensity was increased with the
appearance of {CQDs. Hence, this work can provide theoretical support for developing new epoxy
coatings and accelerate the industrial appbcadf longterm coatings.
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1.INTRODUCTION

Steel is widely used in all walks of life because of its excellent strength, plasticity, elasticity, and
low price[1-3]. Steel is called the skeleton of industry. With the deep exploitation of marine resources,
steel consumption is also surgin§teel is used extensively imanufacturing ships, exploration
instruments, and offshore platforrfdd. However, steel egpment is susceptible to corrosion in harsh
marine environments, especially in the South China Sea. Unlike other regional corrosicrotypsmn
in the South China Sea is highly saline and alternately wet andndagdition to causing substantial
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ecaromic losses, corrosion can cause serious safety accjefisHow to effectively slow down the
corrosion rate of metals waa complex problem for researchers. The mainramtosion techniques
include corrosion inhibitorf7-10], organic coatingfll1, 12] internal optimization of metal structures

[13], and cathodic protectiofi4]. Organic coatings are widely used among the above technologies
because of their low price, versatility, and variety. In addition, chromates are often added to coatings as
reinforcing agents to enhance the cowagiesistance of the coating.

As the awareness of environmental protection increases, toxic and harmful additives are
gradually banned15]. Green and eefriendly waterborne epoxy coatingsate been extensively
developed. However, waterborne coatings possess poor mechanical properties in the marine
environment, which causes them to blister and peel easily. Microcracks and microporosity are producec
in waterborne coatings during service, radgctheir corrosion resistance. Researchers generally
reinforce waterborne epoxy coatings by introducing additives, such adinvemsional materials and
mesoporous silica. Based on fluorinated rGO andC8@ prepared a waterborne epoxy coating with
long-term corrosion resistanf&6]. Macro and micro electrochemistry analyzed the impact of composite
materials in coatings. However, the author ignored that rGO may cause galvanic corrosion after coating
damage. Schriver found that the intact coatindb giaphene showed excellent corrosion resistance for
copper[17]. Unfortunately, galvanic corrosion occurred between graphene and copper after the coating
was damagedhus accelerating the corrosion rate of¢bpper Galvanic corrosion also appears on the
steel surfaceDing achieved the directional arrangement &f @ the waterborne coating by laylayer
spray to solve this problefh8]. At the same time, the corrosion resistance of the composite coating was
also strengthened. Byawing ZIF-8 on the GO surface in situ, Li improved GO dispersion and reduced
galvanic corrosion probabilitjd 9]. Using micreelectrochemistry, Li found that the composite coating
possessed reliable sdéiéaling properties. In addition to twddmensional materials, m@sorous
nanosilica is commonly used in composite coatings. Wang introduceeplieb@nthroliné-amine
(PhenNH2) and cetyltrimethylammonium bromide (CTAB) into mesoporous silica under alkaline
conditions andhen prepaed composite epoxy coati®fR0]. EIS results showed that PhNIiH2 and
CTAB enhanceheanticorrosion and selfiealing propertiesf composite coatings

Nitrogendoped carbon quantum dots-@MQDs) contain many advantages, such as good water
solubility, excellent optical properties, and ddendly [21]. N-CQDs are also superior corrosion
inhibitors for steel in different environments. Ren preparedoped carbon dots in a hydrothermal
reactor with salicylic acid and ur¢22]. Then, they explored the ammdrrosion effect of NCQDson
steel in a harsh solutioil€onsidering theexcellentcompatibility between carbon quantum dots and
epoxy resin, they also possess the potential to be used in epoxy coatings.

Under the hydrother mal reacti on abpedZXatddn f
quantum dots (NCQDs) using ktartaric acid and @henylenediamine. Based on the EIS aedtral
salt spray test (NSSihe longterm corrosion resistance of the composite coating was studied in depth.
In addition to considering the influence fCQDs concentrations on the composite coativey,also
examired the antcorrosion performancef the composite coating in natural seawater. Meanwhile, we
also studied the impact of various concentratiorSQDs on coating mechanical properties. Combined
with the LSCM, the fluorescence characteristics of the composite coatings were also explored. Finally,
we used SEM/EDS to explore the steel morphology change and element distribution. Undoubtedly, this
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work can provide theoretical guidance for developieg and efficient epoxy coatings and promote the
industrial application of longerm coatings.

2. EXPERIMENTS AND MATERIALS

2.1 Materials

L-tartaric acid(99.99%) and &henylenediamine (99.5%) were purchased from Shanghai
Aladdin Biochemical Technology Co., LTD, ChirMeanwhile, other reagents also came from the same
company and were used without further treatment. siinellated seawater contained 23d¢8 NacCl,

5.029 g/L MgC#, 4.01g/L NaSQy, 1.14g/L. CaCP, 0.699g/L KCI, 0.172g/L NaHCQs, 0.100g/L KBr,
0.0254g/L. H3BO3, 0.0143g/L SrClk, 0.0029/L NaF and deionized water

The coating metal was Q235 steel obtained from a local dealer. The elements of Q235 steel were
0.22% C, 1.4% Mn 0.35% Si, 0.0 S, 0.04% P, and 97.94% Fe. The sample size used for

electrochemical tests was 1*1*1 gmwhile the size used for the neutraltsspray test was 10*8*0.2
cne,

2.2 Preparation and detection of-RQDs

2.2.1 Preparation of NCQDs

The NCQDs were obtained based on the conventional hydrothermal synthesis mettrbarit
acid and Gphenylenediaminenfeight ratiowas 2:3 were added to a 50 ml Teflon liner (with stainless
steel shell) and were heated to 170 for 5 h
then purified for 24 h by dialysis bags (1000 Da). Finally, the powder was obtained after rotary
evapordéion and freezalrying.

2.2.2 Structural Characterization of-8QDs

The structure of NCQDs was identified via Fourier Transform Infrared SpectrometedRy.T
The FFIR acquisition step was 0.5 cnd and the wave number range was 4000'¢an500 cmit. A
Transmission Electron Microscope (TEM) was used to study the morphological distribution and size of
N-CQDs. The experiment selected copper mesh as the carrier for sample observatiomayAn X
diffraction spectrometer (XRIB100) was used to determine@QDs crystal state and morphology. The
chemical structure of NLQDs was tested by a doutidleam ultraviolevisible spectrophotometer (FU
1901).
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2.3 Preparation of coating

The additional amounts of -RQDs in 10 g epoxy coating were 0.01 g, 0.03g, and 0.05g
respectively. To ensure uniform dispersion e€CRQDs in the emulsion, the mixed phase was placed in
the blender and ran at 600 r/min for 30 s. The curing agent was added and ran at 600 r/min for 30 s, 150
r/min for 1 min, and 3500 r/min for 3 miim this casethebubble in the coating/as removed as much
as possibleUnder the shear force, the composite coating was coated on the electrode and salt spray
sample surface using a 50 um linear coating ftoshould be noted thatll substrate for coating&P
and NCQDs/EP)in this work was Q235 steelhen, the preparetbatingson steelwere dried at room
temperature for one week and were marked as &CRQNs/EP, 0.3 NCQDs/EP, and 0.5 ICQDs/EP.
The same process prepared pure epmatingon Q235steelas the blank control group.

24 Characteristics of coating

SEM (S4800, HITACHI) was used to observe different ceesdions to understand the influence
of N-CQDs on coatings structure. The fluorescent effect of various coatings was completed by a
biological laser scanning confocal microscope (LEICA, TCS SP5). The wavelength of ultraviolet light
was A = 405 nm in this work. Then, t h he3bh e s i
steelmatrix was tested via the PosiTest AT Adhesion tester. Miro-infrared spectroscopy (Micro
FTIR Cary660+620) was used to study the composition changes of EP and composite coatings before
and after immersion.

2.5 Anti-corrosion investigation

The anticorrosion performance of coatings was explored with a {blestrode system
containing a working electrodedating onQ235 stegl a counter electrode (platinum sheet), and a
reference electrode (saturated calomel electrode). For the consistency of the results, all the
electrochemical tests were completed in Modi{&h Solartron. The test frequency range wag-10°
Hz, and the disturbance signal was 20 mV sine wave.

A 5 cm cross scratch was made on the sample surface with a scalpel, then placed in a neutral sa
spray box and photographed regularly. It was wodting that the concentration of salt mist was 8 wt%
NaCl solution.

3. RESULTS AND DISCUSSION
3.1 Performance analysis ofGQDs

3.1.1 NCQDs morphology characterization

The XRD spectrum of NCQDs was shown in Fig. 1a. According to the PDF card quieey, t
diffraction peak of NCQDs was 206 =22.032°, and t-@G@Dslayert t i c
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spacing was significantly greater than that of graphene (0.34 nm), indicating that the introduction of N
and O atoms in NCQDs increased the layer spacingoforphous carbon compounds.
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Figure 1. The image of NCQDs: (a) XRD Spectrum, (b) TEM.

TEM image characterized the morphology and size-@QDs, as shown in Fig. 1b.-Q8QDs
showed an amorphous spherical structure of 2~6 nm. Combined withettzeterization of the structure
and properties of NCQDs, it was demonstrated that the carboniz€d@Ds were quantusrsized with
good water solubility and fluorescence characteristiagas worth noting that this was common to all
carbon quantum dots.

3.1.2 Structural Analysis of-8QDs

Fig. 2a showed the UV¥is and FFIR spectra of NCQDs. It could be seen from the #H that
the peak at 749 crhwas caused bytheocaf-p | ane bending vibration of
peaks at 3108 cthand 1461 cmst ood for -NH/ -OH and @3]NThestr e
characteristic peaks of C=0 and C-'@nd4228a@mtlIt hi n ¢
could be seen in Fig. 2b that the absorption characteristic peak€QfD$ were located at 270 nm and
322 nm.The270nma bsor pti on peark* wtarsa ndsuiet itoon tohfe tmthe co
the 322 nm peak wasthem* el ect r o ni ccbythe G=N IsondtinMDs. c au s e
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Figure 2. UV-Vis and FFIR spectra of NCQDs: (a) UVVis, (b) FT-IR.

3.2 The characteristics of coatings

The crosssectional morphologies of EP and 0.3Ds were shown in Fig. 3. As shown in Fig.
3a, various pores aratacks were observed inside the pure EP, implying weak barrier performances. In
other words, the corrosion medid2O, CI ions) could quickly reach and corrode the metal through
holes and cracks he crosssectional morphology of 0.3-8QDSEP was compact, and no apparent
holes and cracks were found in Fig. 3his result indicated that the-GBQDs could improve the cross
linking pointsand crosdinking density of the resin and reduce the pore size of the-inb&sg network
[24]. In this case, it is difficult for the corrosion media to reach the metal surface through the composite
coating.

Figure 3. The crosssectional morphologies of EP and 0.30QDSEP.

Microscopic infrared testing was further usedetglore the subtle changes in the interior of
coatings before and after service, which was displayed in Fig. 4. The prominent peaks of the epoxy
coating included the stretching vibration peaksQ@ifls (2955.1 cmt and 2875.5 cm), the stretching
vibration peak of C=0 (1742.9 ct), and the epoxy based characteristic peak (910:9.d@ompared
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with the 0 d and 30 d FIR spectra of EP, there was no noticeable change in the position and intensity

of peaks. These phenomena indicated that the pure EP sstriactare and chemical composition were

consistent after 30 d immersion. Moreover, no molecular chain breakage was seen in Fig. 4a, indicating

that the epoxy coating was intalitCQDs/EPcoatingon steelFig. 4b) exhibited the same result as EP,
which gated that NCQDs/EP structure was also unchanged. It was worth noting traiahegon steel
still showed water absorption behavior when immersed in NaCl solution.
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Figure 4. FT-IR spectra ofa) EP and(b) 0. 3 NCQDs/EP after 0 and 30 d electrochemical test in 3.5
wt% NaCl solution.

3.3 Corrosion resistance analysis

Electrochemical tests were used to investigdie longterm corrosion resistance of the
composite coatingn steein 3.5 wt% NaCl solutionAs shown in Fig. 5, the lofrequency impedance
values ofall coatngs on steelvere maintained at about 1/ cn? at 1 d, which indicated that both EP
and NCQDs/EPcoatings on steadxhibited the best corrosion resistance at the beginning of service.
The maximum phase angle (about 90°) betweé&ran0 16 Hz wasalso illustrated above faf25, 26]
Due to the crosBnking density and the physical shielding performance ofcttegingon steelbeing
improved by NCQDs (0.1, 0.3, 0.5), the initial lefvequency impedance value ofGQDs/EPcoating
on steelwas higher than pure E®ating on steel
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Figure 5. Bode modulus and phase plots of EP ar@QDs/EPcoating on steammersed in 3.5 wt%
NaClsolution for 1 d.
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Figure 6. Bode modulus and phase plots of EP ar@QDs/EPcoating on steammersed in 3.5 wt%
NacCl solution for 5 d.

As shown in Fig. 6, the loMrequency impedance values of EP andCRDs/EP were still
maintained at about 1@V cn? after 5 d immersion. This result indicated that all coatings effectively
protect the metal during sheidgrm service. The 0.5 QDs/EPcoating on stegampedance value was
less than 1DW cn? due to the aggregation of-GBQDs in the coating. In short, gigmeration of N
CQDs decreased the physical barrier of the coating to corrosive f2&didnterestingly, the low
frequency impedance value of 0.30QDs/EPcoating on stealvas similar to 1 d and still more than
10° Wen?.

As shown in Fig. 7, the lovirequency impedance values of aHdQDs/EPcoating on teelwere
maintained at about $®cn? at 10 d, and 0.3 }LQDs/EPcoating on steelalue became thisighest.
Compared with Fig. 6, the impedance value of 0:6QDs/EP coating increased to° M cn?, which
could be explainetly the corrosion inhibition of 0.54€QDs inthe coating on steg28]. In this case,
N-CQDs could capture water molecules in the coating and temporarily improve the corrosion resistance.
Unlike N-CQDs/EP coating on steelthe lowfrequency impedance of EP coatiog steeldropped to
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10° Wen?, indicating that pure EBbating on steekas challenging to block the penetration of corrosive
media in longterm service. In other words, the corrosion media ppatesl into the metal surface, which
was also the reason for the change of maximum phase angle (about 90°) bebted®*19z.
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Figure 7. Bode modulus and phase plots of EP ar@QDs/EPcoating on steammersed in 3.5 wt%
NaCl solution for 10 d.
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Figure 8. Bode modulus and phase plots of EP ar@QDs/EPcoating on steammersed in 3.5 wt%
NaCl solution for 15 d.

As shown in Fig. 8, all NCQDs/EPcoating on stedbw-frequency impedance values were kept
at about 1&W cn? at 15 d, whileEP coaing on steedecreased to T0V cn?. At the same time, the
phase angle value of EP reduces significantly 40 These phenomena indicated thaERDs could
dramatically improve coating corrosion resistance by enhancing the coating compactnessntonsiste
with the crosssectional morphologies in Fig. 3.

Similar to Fig. 8, all NCQDs/EPcoating on steelow-frequency impedance values did not
change significantly and remained & W cn? in Fig. 9. This phenomenon indicated thalCi)Ds
could providereliable protection for Q235 steel in lotgrm service. Interestingly, the EBating on
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steelimpedance values between 15 d and 20 d were similar, related to the protection of corrosion
products film on the metal surfaf29].

10
= EP <100
93 « 0.1 N-CQDs/EP §
< . 0.3N-CQDS/EP | D 80
g 81 Ny, 7 0-5N-cQDs/EP §
E 7 2 60- L]
5 >
2 6l S 40- & s
N @ ,;-‘? & EP
o 5/ & 201 » 0.1 N-CQDs/EP
= = 0.3 N-CQDS/EP
4] & o v 0.5N-CQDS/EP

102 10" 10° 10" 102 10% 10* 10% 102 10 10° 10" 102 10° 10* 10°
log (f/ Hz) log (f / Hz)

Figure 9. Bode modulus and phase plots of EP ar@QDs/EPcoating on steammersed in 3.5 wt%
NacCl solution for 20 d.
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Figure 10.Bode modulus and phase plots of EP ar@QDs/EPcoating on steeimmersed in 3.5 wt%
NaCl solution for 25 d.

As shown in Fig. 10, lovirequency impedance values of 0.10QDs/EP and 0.5 iQDs/EP
were less than 20V cn?, while the value of 0.3 MCQDsEP coating on steekas still more than fonv
cm?. This result indicated that the coating modification by 0-8@Ds was the most successful and
more likely to be applied in the industry. The knequency impedance value of E@ating on steelas
less than 1DWcn?, which implied that the coating had completely lost its abiditprotectQ235 steel
[30].

After 30 d immersion, all Bode modulus and phase plots of EP &D@QDs/EPcoating on steel
were displayed in Fig. 11. It should be noted that theflequency impedance values of®QDs/EP
coating on steelvere kept at a high level, which meant thatCRDs/EP could provide adequate
protection for Q235 steel in lortgrm serviceln contrast, the lowirequency impedance value of EP
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coating on steelvas no more than 20V cn?. Furthermore, the EP phase plot could observe two
maximum values (twadime constants). This phenomenon indicated that it was difficult for pure EP
coating on geelto maintain longterm corrosion resistance in 3.5 wt% NacCl solution. The excellent anti
corrosion performance of-BQDs/EPcoating on steetould be explained from two sides. On the one
hand, the NCQDs could fill the holes in the coating and enhance coating compactness. On the other
hand,the NNCQDs could act aa corrosion inhibitor to adsorb dhe steel surfacéo form a protective

film, preventing contact between corrosion media@Bd85 steesubstratg31].
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Figure 11.Bode modulus and phase plots of EP ar@QDs/EPcoating on steemmersed in 3.5 wt%
NacCl solution for 30 d.

Table 1 Some crucial electrochemical parametgr&P and NCQDs/EP immersed in 3.5 wt% NacCl
solution at various times.

Immersion Time  Sample R Ret C Cul
(d) - Q &m Q ém(pFAHc(uFIHc
EP 25x1¢  8.1x10 4.2x10%° 4.7x10%°
1 0.1 NCQDS/EP 25x10  25x1® 5.0x10%° 1.2x10%°

0.3 N-CQDs/EP  3.3x1C 45x10 2.9x101° 4.5x10%9°

0.5 N-CQDs/EP  3.7x10 1.6x10 2.9x10'° 53x10%"

EP 8.2x10 7.5x1¢ 5.9x10% 3.2x10°

5 0.1 NCQDs/EP 2.2x1¢  3.9x10 7.2x10° 3.4x10%
0.3 N-CQDsS/EP 4.6x1¢  9.4x1¢ 1.6x10° 3.5x10%

0.5 N-CQDs/EP 1.4x10¢  9.2x1¢ 2.2x10° 4.6x10%

EP 7.7x10 45x1¢ 8.1x10° 5.8x10°

10 0.1 N-CQDs/EP  3.0x1C 35x10 4.2x10%° 2.3x10%°
0.3 N-CQDs/EP  5.0x1C 1.1x10 1.3x10'° 2.8x10%°

0.5 NCQDs/EP 8.6x1¢  1.7x10 4.6x10° 7.3x10%

EP 3.1x10 9.3x1¢  6.6x10° 6.5x108

15 0.1 N-CQDs/EP  1.4x1C 1.3x10 4.5x10° 9.2x10°
0.3 N-CQDsS/EP  5.4x1C 8.6x1¢  9.6x10° 2.2x10%°

0.5 N-CQDs/EP  7.7x1C 24x10 1.4x10%° 45x10

20 EP 2.5x10¢ 4.2x16¢  3.6x10° 7.9x107
0.1 N-CQDsS/EP 2.9x1¢  9.2x10¢ 4.2x10° 7.5x10°
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0.3 N-CQDsS/EP 1.4x1¢  1.2x10 1.3x10° 2.7x10%

0.5 N-CQDs/EP  6.8x1¢  9.7x1¢ 4.6x10° 5.5x10%

EP 3.4x10 2.2x160 2.9x10° 5.3x10°

25 0.1N-CQDs/EP 2.2x1¢  8.0x1C 4.4x10° 7.9x10°
0.3 N-CQDs/EP 1.2x1¢  9.5x1¢ 8.2x10° 4.3x10°

0.5 N-CQDs/EP  5.6x1¢  8.1x1¢ 4.6x10° 7.6x10

EP 1.6x10 2.2x100 3.6x10° 4.0x10°

30 0.1 NCQDs/EP 29x1¢  87x1¢ 1.6x10'! 5.9x10°
0.3 N-CQDs/EP 2.8x1¢  83x1¢ 8.8x10° 5.3x10°

0.5 N-CQDs/EP  1.9x1(¢  8.9x1¢ 5.4x10° 4.3x10

In order to analyze the corrosion resistance of composite coatings tos@2Bth detail, some
crucial electrochemical parameters were calculated and displayed in TAslesHown in Table 1, all
coating on the steel was intact, which exhibited higlnd R: values. Meanwhile, thes@nd G values
were low, and the lowest ¢Gralue was 5.3xI8' y F "% indicating 0.5 NCQDS/EP processed the
excellent diffusion resistance abil{§2]. With the prolongation of immersion time, theaRd Rt values
of EP decreased faster. After immersion for 30 dari@ R; values vere less than 20W cn?, which
implied that EP lasthe ability to protect steelnterestingly, the resistance value of composite coating
on steel remained at 1OV cn? (30 d) corresponding to their excellent corrosion resista@rethe
contrary, theCrand G value of composite coating on steel was still smaller than EP, which indicated
that composite coating on steel could effectively inhibit the diffusion of corrosive m¢aaim

3.4 Salt spray corrosion

Salt spray corrosion is one of the most common and destructive corrosion behaviors of metals in
the marine environment. Therefore, the neutral salt spray test (NSS) is also a simple and effective
technique to evaluate the lotgrm corrosion resistance obatings. The essential criteria of NSS are
the accumulation of corrosion products and the degree of coating swelling.

Before NSS, a 5 cm long scratch was artificially made on the coating surface. Optical
photographs of EP and 0.3GQDs/EPcoating orsteelat different times were given in Fig. 12. As can
be seen from the 48 h NSS results, brown rust appeared, mnBR.3 NCQDs/EPcoating on steel
scratched area, while the corrosive degree was milder in the latter. This phenomenon was attributed tc
the penetration of aggressive iohk@, O,, and Ci) into the matrix, causing the metal oxidation reaction
[34]. With the extension of the NSS test to 72 h, many corrosion products accumulated on EP scratch.
Meanwhile, ERcoating on steadlso swelled and parated from the Q235 steel surface. When the NSS
reached 96 h, corrosion media diffusion to metal surface intensified, leading to further fall off of EP. In
short, the EP failed to offer protection for Q235 steel. Compared with EP -CQD$/EPcoating m
steelshowed tinily corrosion products at the scratches, and there was no coating swelling or peeling.
This result indicated that l8QDs played a vital role in composite coatingghen the coating was
damaged, NCQDs could form a shielding film on the Q& steel surface, inhibiting the diffusion of
corrosive media (water, Dand Cl) [35]. The NSS results were consistent with the electrochemical
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impedance data, demonstrating thaCRDs/EP could improve the lorigrm corrosion protection of
coatings.

0.3 N-CQDs

Oh

24h

96h

Figure 12. Optical photographs of EP and 0.30@QDs/EPcoating on stealnder salt spray conditions
for different times.

3.5 Mechanical properties

The adhesion force in the coating/substrate interface is one of the key indexes to evaluate the
anticorrosion abilly of coatings. As shown in Fig. 18)e adhesion force of pure EBating on steel
was 4.3 MPawhich was the smallest in all test coatingsr the compositeoatings on steel the
adhesion force value of 0.1-GIQDs/EP, 0.3 NCQDs/EP, and 0.5 CQDs/EP vas 5.2 Mpa (121%),
6.8 MPa (158%), and 6.2 Mpa (144%), respectively. In other word3QNs nanocomposites could
improve the adhesion strength between the epoxy resin and Q235 steel. Moreover, the high adhesio
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force between EP/steel meant that the coatiasg difficult to peel off from the metal surface, which also
corresponded to high corrosion resistance.

The mechanism for high adhesion force HCIQDs/EPcoating on steatould be explained from
two aspects. On the one hand, carbon quantum dots comldémrdination compounds with Fe atoms,
improving the bonding force between the coating/steel. On the other h&®@QDN could increase the
crosslinking density and the physical/chemical interactions of epoxy re#imately improving N
CQDs/EPcoatingon steeldhesion force.

=

]

|l

Adhension strength (MPa)
© 2N WA OO N

EP 0N 03N 0.5N
Figure 13. Adhesion force of EP, 0.1-RQDs/EP, 0.2 NCQDs/EP, and 0.51CQDs/EP.

3.6 Fluorescence characteristic of coatings

Bi ol ogical LSCM investigated the fluoresce
ultraviolet light. As shown in Fig. 14a, weak fluorescence was detected in the pure EP due to the
interaction between the benzene rings in the epoxy resin. With the appearanC&QafsNn Figs. 14b
to d, the fluorescence intensity of theQQDs/EPcoating on teelwas increased, and the phenomenon
became evident with the increase e€Ds concentrations. This feature might aid in the early detection
and prevention of coating cracl3s].
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Figure 14. The biological LSCM plots of EP (a), 0.1-GIQDs/EP (b), 0.2 MCQDs/EP (c), and 0.5-N
CQDs/EP (d).

3.7 Anticorrosion of coatings in simulated seawater
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Figure 15.Bode modulus and phase plots of EP and 0GQDs/EP immersed in simulated seawater.

EIS tests were carried out on EP and 0-8QDs/EPcoating on steaimmersed in simulated
seawater to simulate the South China Sea environmenshown in Fig. 15, @ lowfrequency
impedance value of EP dropped frd@ Wcn? to 10° Wen? (about two orders of magnitude) in 10 d,
while the impedance reduction of 0.30QS/EP was slight. In addition, a second time constant appeared
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in EP phase angle after immersion10rd, indicating that the corrosion media penetrated to steel surface
and caused corrosion reactions. In conclusion, @CGANDs/EP exhibited excellent corrosion resistance
in simulated seawater.

3.8 Corrosion morphology

The SEM and EDS of steel afterghag off EP and 0.3 NCQDs/EPcoating on steelvere
displayed in Fig. 16. Obvious corrosion pits and products appeared on steel surface after peeling off EP
indicating poor corrosion resistance of the EP. As shown in EDS mapping, the enriched O and ClI
elements on the steel surface also demonstrated the unsatisfactamgreogion ability of EP. In other
words, the corrosive media diffused to the steel surface, accelerating the corrosion reaction. Interestingly
slight corrosion products were observedtiom steel surface protected by 0.8QDs/EP. Meanwhile,

O and CI elements were not enriched on the steel surface in EDS mapping. These phenomena indicat
that 0.3 NCQDs/EPcoating on steetould excellently inhibit the diffusion of corrosive media. This
result was consistent with EIS and NS8eaning 0.3 NCQDs/EP possessed superior corrosion
resistance and impermeability.

O0yrbe Kal '

100

Figure 16. The SEM and EDS of steel after peeling off EP and\B@GQDs/EP.
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4. CONCLUSION

In this work,we synthesized MCQDs usind--tartaric acid and phenylenediamin®r the first
time. N-CQDs/EP composite coatings on steel were prepared basedC@DN and EPCombining
EIS, NSS, adhesion Tester, and LSCMCRDs/EP composite coatings' lobgrm corrosion resistance,
mechanical, and fluorescence properties were studied intensively. The main results were given as
follows.

1. The crosssectional morphologies indicated thatQ®Ds could increase thepoxy resin's
crosslinking points and densitgnd reduce the pore size of the crlisking network.

2. Based on the EIS results, the ldegm corrosion resistance ofGIQDs/EP was confirmed.

At the same time, 0.34€QDs/EP exhibited the best antirrosion performance various composite
coatings.The lowfrequency impedance value of 0.30QDs/EPcoatingon steelwas still maintained
at about 181 cn? after 30 d immersion.

3. Adhesion tests showed that@QDs could significantly improve the adhesion force of the
coding, and the highest value was 6.8 MPa. Moreover, H@&JDs/EPcoatingon steelfluorescence
intensity was increased with the appearance-afQDs.

4. N-CQDs/EP also exhibited excellent corrosion resistance in simulated seawater, consistent
with EIS resits in 3.5 wt% NacCl solution.
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