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Thuy Duong Nguyen a, Alice Belfiore f, Thi Xuan Hang To a, Marie-Georges Olivier b,f,*

a Institute of Materials Science, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay, Hanoi, Vietnam
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A B S T R A C T

Three acyl thiosemicarbazides, namely picolinoyl N4-phenylthiosemicarbazide (HL1), salicyloyl N4- 
phenylthiosemicarbazide (HL2), and anthraniloyl N4-phenylthiosemicarbazide (HL3), were synthesized and 
structurally characterized. Their corrosion inhibition performance on zinc substrates in 0.1 M NaCl solution was 
evaluated using polarization curves and electrochemical impedance spectroscopy (EIS). The interactions between 
the inhibitor molecules and the substrate surface, as well as the resulting corrosion products, were investigated 
using X-ray photoelectron spectroscopy (XPS), field-emission scanning electronic microscopy (FE-SEM), and 
energy dispersive X-ray spectroscopy (EDS). Density functional theory (DFT) calculations were further employed 
to elucidate the relationship between the electronic properties of the compounds and their inhibitor mechanism. 
Electrochemical measurements confirmed that HL1, HL2, and HL3 acted as mixed-type inhibitors, with a pre
dominant effect on the anodic dissolution of zinc. The inhibition efficiency of HL1 significantly increased from 
46.47% at 1.0 × 10–5 M to 97.22% at 1.0 × 10–3 M, while at the same concentration (1.0 × 10–3 M), HL3 

provided the highest protection efficiency (98.59%), followed by HL2 (97.82%) and HL1. Surface character
ization and theoretical analysis revealed strong zinc-inhibitor interactions at the metal/oxide-solution interface, 
reflected by adhesion energy (Eadh) and summation of bond orders (SBO) calculations. The enhanced corrosion 
resistance of the zinc substrates was ascribed to the formation of zinc ion-inhibitor coordination complexes at the 
interface, which effectively hindered chloride ion penetration. Moreover, the superior performance of HL3 was 
rationalized by its stronger electron-donating character, as indicated by molecular electrostatic potential (MEP) 
and Fukui function analyses, and its stronger adhesion to oxidized zinc surfaces, supported by the most negative 
Eadh (–3.55 eV), the highest SBO (2.55), and the favorable alignment of its HOMO level with the valence band of 
ZnO.

1. Introduction

Zinc is an essential non-ferrous metal widely used in civil construc
tion, the automotive sector, and various industrial applications [1]. A 
substantial portion of zinc and its alloys is applied for coating and 
galvanizing ferrous metallic articles [2]. The corrosion behavior of zinc 
alloys and galvanized steel has been investigated in different corrosion 

environments, including acidic, alkaline, near-neutral medium, and 
marine environments [2–5]. Previous works found that ZnO, Zn(OH)2, 
Zn5(OH)8Cl2⋅2H2O, and Zn5(OH)6(CO3)2⋅H2O were main insoluble 
corrosion products of zinc after exposure to corrosive 
chloride-containing environments [2,5,6]. These corrosion products can 
accumulate on zinc surfaces and provide corrosion protection depending 
on their structure, morphology, solubility, and compactness [2]. 
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However, in corrosive chloride-containing environments, localized 
corrosion occurs on surface of zinc and its alloys, producing cavities and 
grooves beneath the corrosion product layer, which could accelerate the 

corrosion of zinc substrates [2,3].
The utilization of organic and inorganic compounds as inhibitors has 

proven highly effective, as they either adsorb onto surface or chemically 
interact with metal to form a protective barrier against corrosive envi
ronments [7–10]. Organic compounds containing potential donor atom 
(s) such as P, N, O, or S, along with multiple bonds in their structures, 
typically act as efficient corrosion inhibitors [11,12]. Theoretical studies 
provided molecular-level insights into inhibitor-metal interactions at the 
interface, thereby offering crucial information for understanding inhi
bition mechanisms [13,14]. It is generally believed that the mechanism 
involves the donation of lone pairs from heteroatoms and π-electrons 
from multiple bonds to the vacant d-orbitals of corroded metals, 
resulting in the formation of surface metal-inhibitor complexes. Subse
quently, the substrate surface becomes covered and shielded from cor
rosive media [13,15].

Thiosemicarbazide and its derivatives, containing potential donor 
atoms such as hard O, soft S, and borderline N, could effectively inhibit 
metal corrosion in aggressive media [16–20]. Recently, the inhibitory 
behavior of several thiosemicarbazide derivatives against steel alloy 
corrosion in acidic environments has been examined [16–18]. These 

Scheme 1. Acyl thiosemicarbazides used in the present work: picolinoyl N4-phenylthiosemicarbazide (HL1), salicyloyl N4-phenylthiosemicarbazide (HL2), and 
anthraniloyl N4-phenylthiosemicarbazide (HL3).

Scheme 2. Syntheses of the acyl thiosemicarbazides HL2 and HL3.

Fig. 1. Molecular structure of the asymmetric unit of HL2. The dotted lines 
present hydrogen bonds.

Table 1 
Selected experimental and calculated bond lengths/ Å in HL2.

Anti Exp. Cal. Syn Exp. Cal.

C10–O10 1.227 
(5)

1.226 C10A–O10A 1.243(5) 1.244

C10–N1 1.357 
(6)

1.391 C10A–N1A 1.345(5) 1.393

N1–N2 1.390 
(5)

1.393 N1A–N2A 1.385(5) 1.394

N2–C3 1.362 
(6)

1.404 N2A–C3A 1.349(6) 1.408

C3–S5 1.673 
(5)

1.661 C3A–S5A 1.702(4) 1.659

C3–N4 1.331 
(6)

1.404 C3A–N4A/ 
C3A–N4B

1.350(11)/ 1.331 
(10)

1.406

Fig. 2. Potentiodynamic polarization curves of zinc in 0.1 M NaCl solution 
without inhibitor (a), and with 1.0 × 10–5 M HL1 (b), 1.0 × 10–4 M HL1 (c), 1.0 
× 10–3 M HL1 (d), 1.0 × 10–3 M HL2 (e), 1.0 × 10–3 M HL3 (f).
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studies demonstrated that these compounds behaved as mixed-type in
hibitors, with their effectiveness in enhancing substrate corrosion 
resistance increasing at higher concentrations [16–18]. Furthermore, 
thiosemicarbazide derivatives have been shown to significantly improve 
corrosion resistance in aluminum, magnesium, and copper alloys under 
various experimental conditions [19–21]. It is believed that this 
considerable improvement is attributed to the adsorption of these 
compounds onto the metal surface through interactions involving 

heteroatoms [16,19]. However, despite their proven effectiveness on 
various metal substrates, the corrosion inhibition performance of thio
semicarbazide derivatives on zinc alloys and galvanized steel remains 
largely unexplored, and has been studied primarily in acidic media. The 
behavior of thiosemicarbazide derivatives on zinc-based substrates in 
neutral saline environments, which are critical for many practical ap
plications, has not been systematically investigated. In this context, the 
present work provides a comprehensive evaluation of three acyl 

Fig. 3. Nyquist plots for the corrosion of zinc in 0.1 M NaCl solution without inhibitor (a), and with 1.0 × 10–5 M HL1 (b), 1.0 × 10–4 M HL1 (c), 1.0 × 10–3 M HL1 

(d), 1.0 × 10–3 M HL2 (e), 1.0 × 10–3 M HL3 (f).
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thiosemicarbazides derived from pyridine, phenol, and aniline building 
blocks (Scheme 1) as corrosion inhibitors for zinc substrates in neutral 
saline solution. Both experimental and modeling approaches were 
employed to elucidate the complex corrosion inhibition behavior of the 
inhibitor candidates. Electrochemical techniques, including polarization 
curves and EIS, were used to assess the inhibition efficiency of the 
compounds. Surface characterization of zinc substrates after immersion 
in saline solution, with and without the compounds, was conducted 
using XPS and FE-SEM/EDS analyses to examine the morphology and 
nature of surface protective film. DFT simulations were performed to 
reveal cooperative contributions involved in inhibition actions, consid
ering molecular electronic and spatial features, adsorption behavior, 
and underlying intermolecular interactions. Supportive theoretical 
studies further enabled a deeper understanding of the 
structure-performance correlations within the studied acyl 

thiosemicarbazides and may provide guidance for the future design of 
novel inhibitors against metal corrosion.

2. Materials and methods

2.1. Materials

Industrial zinc (Vietchem, Vietnam) with following chemical 
composition: Zn (96.16%), C (2.41%), and O (1.43%) was used for this 
study. Zinc plates with a surface area of 1 cm2 were sealed with resin. 
Prior to the corrosion tests, all samples were abraded sequentially with 
100, 400, 800, and 1200 grit SiC papers, then rinsed with water, and 
ethanol (EtOH), and finally dried.

Fig. 4. Bode plots for the corrosion of zinc in 0.1 M NaCl solution without inhibitor (a), and with 1.0 × 10–5 M HL1 (b), 1.0 × 10–4 M HL1 (c), 1.0 × 10–3 M HL1 (d), 
1.0 × 10–3 M HL2 (e), 1.0 × 10–3 M HL3 (f).
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2.2. Spectroscopic characterization

Melting points were measured in open capillary tubes using a STU
ART SMP3 apparatus (Bibby Sterilin, UK). IR spectra were recorded on a 
Shimadzu IRAffinity-1S spectrometer in the range 400- 4000 cm–1. NMR 
spectra in DMSO-d6 were obtained on a Bruker Avance IIITM HD 500 
MHz multinuclear spectrometer. ESI mass spectra were taken with either 
an LTQ Orbitrap XL (Thermo Scientific) or an X500 QTOF (SCIEX) in
strument. All MS results were reported as m/z assignments. Elemental 
analysis for C, H, N, and S was performed on a Heraeus vario EL 
elemental analyzer. The spectroscopic data, including IR, NMR, and MS 

spectra, and corresponding signal assignments (Table S1 and S2) are 
provided in the Supplementary Information.

2.3. Preparation of acyl thiosemicarbazides

Picolinoyl N4-phenylthiosemicarbazide (HL1) was synthesized ac
cording to a standard method [22,23]. The acyl thiosemicarbazides 
containing phenol and aniline moieties were prepared following a 
similar procedure. Under a nitrogen atmosphere, phenyl isothiocyanate 
(1.2 mL, 0.01 mol) was added dropwise to a solution of the corre
sponding carboxylic acid hydrazides, namely 2-hydroxybenzohydrazide 
(1.52 g, 0.01 mol) or 2-aminobenzohydrazide (1.51 g, 0.01 mol), in 
absolute EtOH (30 mL). The reaction mixtures were refluxed for 1 h and 
then cooled down to room temperature. During these processes, the pure 
products were deposited as colorless solids, which were washed several 
times with EtOH, and finally dried in vacuo.

Salicyloyl N4-phenylthiosemicarbazide (HL2): Colorless solid. 
Melting point: 156.5◦C. Yield: ~64% (3.67 g). Elemental analysis: 
Calcd. for C14H13O2N3S: C, 58.52; H, 4.56; N, 14.62; S, 11.16%. Found: 
C, 58.72; H, 4.64; N, 14.26; S, 10.97%. IR (KBr, cm–1): 3197(s, ν(OH)) +
ν(NH)), 3063(m), 2964(w), 1657(s, ν(C=O)), 1641(s), 1606(s, 
ν(C=C)ar), 1534(s, Thioamide I), 1476(s), 1450(m, Thioamide II), 1351 
(w), 1310(w), 1269(w), 1233 (m, Thioamide III), 1210(m), 1148(m), 

Table 2 
The circuit fitted parameters.

Medium Exposure time (h) CPEf  

(Ω–1 sn cm–2)
nf Rf (Ω cm2) CPEdl  

(Ω–1 sn cm–2)
n Rct (Ω cm2) |Z|10mHz (Ω cm2) IE (%)

0.1 M NaCl 2 - - - 2.96 × 10–5 0.85 3594 3452 -
6 1.96 × 10–5 0.75 2129 6.24 × 10–3 0.80 708 2077 -
24 2.13 × 10–5 0.75 1971 6.19 × 10–3 0.80 615 2067 -

0.1 M NaCl + 1.0 × 10–5 M HL1 2 - - - 2.79 × 10–5 0.80 8072 7164 -
6 - - - 2.26 × 10–5 0.81 9315 9050 -
24 4.52 × 10–5 0.7 260 6.41 × 10–5 0.90 4571 3887 46.47

0.1 M NaCl + 1.0 × 10–4 M HL1 2 - - - 2.72 × 10–5 0.88 63620 59613 -
6 - - - 2.97 × 10–5 0.90 56880 54420 -
24 - - - 3.30 × 10–5 0.89 17670 16600 85.36

0.1 M NaCl + 1.0 × 10–3 M HL1 2 - - - 2.03 × 10–5 0.86 296800 177987 -
6 - - - 2.23 × 10–5 0.86 271300 166674 -
24 - - - 2.43 × 10–5 0.87 93200 82128 97.22

0.1 M NaCl + 1.0 × 10–3 M HL2 2 - - - 1.79 × 10–5 0.85 339400 195098 -
6 - - - 1.83 × 10–5 0.85 325100 188853 -
24 - - - 2.19 × 10–5 0.85 118600 99097 97.82

0.1 M NaCl + 1.0 × 10–3 M HL3 2 - - - 9.84 × 10–6 0.87 423200 203884 -
6 - - - 1.74 × 10–5 0.87 321100 183557 -
24 - - - 2.06 × 10–5 0.86 183700 141132 98.59

Fig. 5. EECs for fitting the EIS data.

Fig. 6. The |Z|10 mHz and Rct values of zinc in 0.1 M NaCl solution without inhibitor (a), and with 1.0 × 10–5 M HL1 (b), 1.0 × 10–4 M HL1 (c), 1.0 × 10–3 M HL1 (d), 
1.0 × 10–3 M HL2 (e), 1.0 × 10–3 M HL3 (f).
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1100(w), 1033(w), 933(w), 900(m), 827(w), 773(w), 749(s, ν(C=S)), 
692(s), 641(m), 566(w), 481(w). 1H NMR (DMSO-d6, ppm): 11.88 (s, br, 
1H, N4H); 9.87 (s, br, 2H, N1H, OH); 7.89 (s, 1H, phenol); 7.48 (s, br, 1H, 
phenol); 7.42 (t, J = 7.5 Hz, 2H, phenyl); 7.34 (t, J = 7.5 Hz, 2H, 
phenyl); 7.16 (t, J = 7.5 Hz, 1H, phenyl); 6.96 (d, J = 7.5 Hz, 1H, 
phenol); 6.93 (t, J = 7.5 Hz, 1H, phenol). 13C{1H} NMR (DMSO-d6, 
ppm): 181.0 (C=S); 169.0 (C=O); 159.6 (phenol); 139.2 (phenyl); 
134.1, 128.9 (phenyl), 128.2 (phenol), 125.9 (phenol), 125.1 (phenyl); 
119.0, 117.2, 115.3 (phenol). ESI+ MS (m/z): 310.0601 (calcd. 
310.0621), 100% [HL2 + Na]+. Single crystals suitable for X-ray 
structure determination were acquired by slowly evaporating filtrate at 
ambient temperature.

Anthraniloyl N4-phenylthiosemicarbazide (HL3): Invory solid. 
Melting point: 187.7◦C. Yield: ~62% (3.55 g). Elemental analysis: 
Calcd. for C14H14ON4S: C, 58.72; H, 4.93; N, 19.57; S, 11.20%. Found: C, 
58.92; H, 5.14; N, 19.36; S, 11.07%. IR (KBr, cm–1): 3318(m, ν(NH2)), 
3273(m, ν(NH)), 3160 (m, ν(NH)), 3058(w), 2971(w), 1668(s, ν(C=O)), 
1617(s, δ(NH2)), 1594(m, ν(C=C)ar), 1536(s, Thioamide I), 1509(s), 
1488(s), 1449(m, Thioamide II), 1368(m), 1334(m), 1310(m), 1267(m, 
Thioamide III), 1221(m), 1181(m), 1104(w), 1029(w), 963(m), 903(w), 
771(m, ν(C=S)), 744(m), 718(w), 692(m), 646(w), 615(w), 577(w), 500 

(w). 1H NMR (DMSO-d6, ppm): 9.75 (s, 1H, N4H); 9.56 (s, 1H, N1H); 
7.70 (d, J = 7.5 Hz, 1H, aniline); 7.50-7.42 (m, 2H, phenyl); 7.32 (t, J =
7.5 Hz, 2H, phenyl); 7.19 (t, J = 7.5 Hz, 1H, aniline); 7.15 (t, J = 7.5 Hz, 
1H, phenyl); 6.73 (d, J = 7.5 Hz, 1H, aniline); 6.52 (t, J = 7.5 Hz, 1H, 
aniline). 13C{1H} NMR (DMSO-d6, ppm): 181.6 (C=S); 168.8 (C=O); 
150.4 (aniline); 139.4 (phenyl); 132.8 (aniline); 129.2, 128.6, 128.2, 
126.2, 125.3 (phenyl), 122.6, 116.6, 114.7, 112.1 (aniline). ESI– MS (m/ 
z): 285.0805 (calcd. 285.0815), 100% [HL3 – H]–.

2.4. X-ray crystallography

Intensity data for the diffraction of HL2 were collected at 293 K on a 
Bruker D8 Quest diffractometer using a TRIUMPH monochromator with 
Mo Kα radiation (λ = 0.71073 Å). The APEX3 software was exploited for 
data reduction [24], while the data was corrected for absorption using 
the SADABS program [25]. Structure was solved and refined by the 
SHELXT and SHELXL 2014/7 programs [26,27]. The molecular struc
tures were represented using the program OLEX2–1.5 [28]. Summary of 
crystallographic data and structure calculations is presented in Table S3.

2.5. Surface characterization

The top morphology of zinc substrates after immersion in saline so
lution with and without inhibitors was studied via FE-SEM (S4800, 
Hitachi). Elemental compositions of the surface samples were detected 
by EDS at an accelerating voltage of 20 kV.

The surface products formed on zinc substrate after immersion in 
saline solution containing acyl thiosemicarbazides (HL) were analyzed 
by XPS (PHI VERSAPROBE 5000) using Al Kα radiation (1486.6 eV). 
Measurements were performed with an X-ray source operating at 50 W 
and a beam diameter of 200 µm. Atomic compositions were calculated 
from peak areas applying a Shirley baseline correction.

Fig. 7. Surface morphology of zinc after 24 h immersion in 0.1 M NaCl solution without inhibitor (a, b), and with 1.0 × 10–5 M HL1 (c, d), 1.0 × 10–4 M HL1 (e, f), 1.0 
× 10–3 M HL1 (g, h), 1.0 × 10–3 M HL2 (i, k), 1.0 × 10–3 M HL3 (l, m).

Table 3 
EDS analysis of the element composition on the zinc surface after 24 h exposure 
to 0.1 M NaCl solution in the absence and presence of HL inhibitors.

Medium Element content (wt%)

Zn C N O S

0.1 M NaCl 81.83 2.81 - 15.36 -
0.1 M NaCl + 1.0 × 10–5 M HL1 82.17 4.99 0.43 12.24 0.17
0.1 M NaCl + 1.0 × 10–4 M HL1 89.12 6.04 0.69 3.83 0.32
0.1 M NaCl + 1.0 × 10–3 M HL1 89.83 6.42 0.86 2.45 0.44
0.1 M NaCl + 1.0 × 10–3 M HL2 90.06 6.09 0.84 2.60 0.41
0.1 M NaCl + 1.0 × 10–3 M HL3 89.89 6.18 0.87 2.66 0.40
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2.6. Electrochemical tests

The corrosion protection of zinc substrate in saline solution, with and 
without inhibitors, was investigated via EIS and polarization curves by 
using a VSP 300 Biologic. A three-electrode system was employed, 
consisting of an Ag/AgCl (saturated KCl) reference electrode, a platinum 
mesh counter electrode, and a working electrode with an exposed sur
face area of 1 cm2. The EIS test was performed between 100 kHz and 10 
mHz with an amplitude perturbation of 10 mV. Polarization curves were 
obtained with potential range from 0.03 V to –0.30 V and –0.03 to +0.30 
V versus open circuit potential (V vs. Ag/AgCl) at a scan rate of 0.2 mV 
s–1. Electrochemical tests of all samples were repeated three times. 
Impedance spectra were analyzed using the commercial software 
ZSimpWin, and the inhibition efficiency (IE) after 24 h of immersion was 
calculated using the following equation [29]: 

IE(%) =
(
Rinh

all − R0
all
)/

Rinh
all × 100% 

where R0
all and Rinh

all
(
Rall = Rf +Rct

)
represent the overall corrosion 

impedance of zinc substrates in blank saline solution and inhibitor- 
containing solutions, respectively.

2.7. Theoretical calculations

The structure of HL2 in the gas phase was optimized using DFT at the 
PBE-D3(BJ)/def2-TZVP level of theory [30–33] implemented in the 
ORCA 5.0 package [34]. Both syn and anti conformations arising from 
the relative orientation of the –OH and –C=O groups were considered. 
Frequency calculations were performed to confirm the nature of the 
optimized structures. Molecular electrostatic potential (MEP) surface 

were computed both at a finite DFT level using the Gaussian 16 package 
[35], and at a periodic DFT level using the Vienna Ab initio Simulation 
Package (VASP) [36,37]. Fukui indices were evaluated at the 
B3LYP/def2-TZVP level of theory [30–33] using Gaussian 16 [35]. HL1, 
HL2, and HL3 molecules were first fully optimized in their neutral states, 
followed by single-point calculations of the corresponding anionic and 
cationic species without geometry reoptimization. The electrophilic 
(f(–)), nucleophilic (f(+)) and radical (f(0)) Fukui indices were determined 
from the resulting charge differences using the UCA-Fukui (v2.1) code 
[38]. The interaction between the three acyl thiosemicarbazides (HL1, 
HL2, and HL3) and the zinc surface was further investigated at a 
quantum-chemical level. All calculations were performed at a periodic 
DFT level using the VASP [36,37]. The projected augmented wave 
(PAW) scheme was applied with a plane wave cutoff of 500 eV. The PBE 
functional was employed for exchange-correlation with van der Waals 
interactions described using the Grimme correction (DFT-D3 method) 
[33]. Since the experimental XPS spectra pointed to oxidation of the zinc 
surface after 24 h exposure (Zn-O, Zn-OH signatures), both pristine Zn 
and zinc oxide surfaces were considered in the calculations. The (0001) 
Zn surface and (10-10) ZnO surface, i.e., the stoichiometric non-polar 
facet of ZnO with a thickness of four layers were built. A similar 
orthogonal Zn (ZnO) unit cell of lattice parameters a = 13.11 (12.95) Å, 
b = 13.62 (10.44) Å, and c = 35.00 Å was used for the three systems. The 
inhibitor molecule and the first top Zn (ZnO) layer were allowed to relax 
prior to interface property calculations. Atomic charges and bond orders 
were computed using the DDEC6 scheme [39,40].

Fig. 8. High-resolution XPS spectra of C 1 s for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M HL2 (b), 
and 1.0 × 10–3 M HL3 (c).
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3. Results and discussion

3.1. Syntheses and structural characterization of acyl thiosemicarbazides

The synthesis and characterization of picolinoyl N4- 
phenylthiosemicarbazide (HL1) have been recently reported [23]. The 
two compounds, salicyloyl N4-phenylthiosemicarbazide (HL2) and 
anthraniloyl N4-phenylthiosemicarbazide (HL3), were obtained in fair 
yields by reflux of equimolar amounts of phenyl isothiocyanate with the 
corresponding carboxylic acid hydrazides in absolute ethanol (Scheme 
2).

The expected chemical compositions of HL2 and HL3 were indicated 
by elemental analysis and by the presence of the fragments [HL2 + Na]+

and [HL3 – H]–, respectively, in the corresponding mass spectra (Fig. S4, 
S8). The IR spectra of both compounds (Fig. S1, S5) exhibited intense 
absorption bands around 1650 cm–1 ascribed to νC=O stretches. The C=S 
stretching vibration was detected by bands in the 710-760 cm–1 region 
[41], whereas three additional characteristic bands of the thioamide 
group (HN–C=S), namely thioamide I, thioamide II and thioamide III 
[41–44], were also observed in the spectra of HL2 and HL3. Specifically, 
absorptions around 1534, 1450 and 1233 cm–1 in the case of HL2 were 
assigned to thioamide I, II and III, respectively, while in HL3 the cor
responding bands appeared surrounding 1536, 1449 and 1267 cm–1 [44,
45]. The appearance of distinctive bands for C=O and C=S groups 
together with the missing of absorptions above 3500 cm− 1 and near 
2600 cm− 1 revealed the ketone-thioketone tautomers of the compounds 
in the solid state. The NH groups were identified not only by broad 
absorptions in the range 3300-3100 cm–1 within the IR spectra, but also 
by the most downfield broad singlets in the proton NMR spectra (Fig. S2, 
S6) [22,46]. The remaining signals correspond to protons in the phenyl 

and phenylene rings, consistent with resonances in the typical aromatic 
region. In the 13C{1H} NMR spectra, signals for aromatic carbons were 
found between 110-150 ppm, while the downfield signals around 180 
and 160 ppm were assigned to the C=S and C=O groups, respectively 
[47–49]. Thus, the expected compositions and structures of the acyl 
thiosemicarbazides were strongly confirmed by the supportive spectro
scopic data. In the case of HL2, such results were ascertained by X-ray 
structure determination. The compound crystallized in the triclinic 
space group P1 with two crystallographically independent molecules in 
the asymmetric unit. These molecules interacted via intermolecular 
hydrogen bond between the amide N4H group and the carbonyl O10 
atom (Fig. 1). Selected bond lengths are listed in Table 1.

Both molecules in the asymmetric unit adopted twisted conforma
tions. In particular, the dihedral angles between mean planes of the 
salicyolyl and thiosemicarbazide moieties in the molecule labeled with 
suffix A and in the second molecule were 79.77(6)◦ and 88.14(4)◦, 
respectively. Similar conformational features were found in structures of 
acyl 4-phenylthiosemicarbazides recently reported [23,50,51]. The 
pronounced double-bond character of C–Ocarbonyl and C–S bonds 
strongly confirmed the ketone-thioketone tautomeric form of HL2 in the 
solid state, which could be pointed out from the IR spectroscopic results. 
Additionally, the delocalization of π-electron within the 
carbonyl-thiosemicarbazide skeleton was evidenced by the partial 
π-bond character in the N–N and C–N bonds (Table 1). It is noteworthy 
that, in the asymmetric unit, two independent molecules exhibit distinct 
conformations determined by the relative orientation of the –OH and 
–C=O groups. The molecule labeled with suffix A adopts syn configu
ration, while the other displays the anti conformation. Similar confor
mations have been reported for acyl thiosemicarbazides [23,51]. The 
presence of two conformational isomers in the crystal structure could 

Fig. 9. High-resolution XPS spectra of N 1 s for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M HL2 (b), 
and 1.0 × 10–3 M HL3 (c).
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result from a slight difference in the relative stability of the two forms. In 
order to obtain convincing evidence for this stability difference, the 
isomerization free energy between the syn and anti forms of HL2 was 
calculated using DFT. The optimized structures showed good agreement 
with the X-ray crystallographic data (Table 1 and Fig. S9). The isomer
ization free energy at 298 K is approximately 25 kJ mol–1, favoring the 
syn isomer. This energy difference could be compensated by 
crystal-packing forces [52].

3.2. Corrosion inhibition of thiosemicarbazide derivatives on zinc in 
saline solution

In this research, the corrosion behavior of zinc in a neutral chloride 
environment was examined, as such conditions promote localized 
corrosion. While the Tafel method is limited to determining the average 
uniform corrosion rate, it cannot be employed to assess localized 
corrosion [10,53]. Moreover, using a low scan rate (0.2 mV s–1) may 
introduce current bias, leading to inaccurate current density estimates 
[10]. Thus, polarization curves were utilized to qualitatively assess the 
corrosion behavior of zinc in 0.1 M NaCl solution in the absence and 
presence of HL compounds.

To evaluate the concentration effect of HL1, polarization curves were 
recorded after 24 h immersion in NaCl solution containing varying HL1 

concentrations (0 - 1.0 × 10–3 M) (Fig. 2). Relative to inhibitor-free 
solution, the curves showed a marked decrease in both anodic and 
cathodic current densities, suggesting that HL1 suppressed both anodic 
zinc dissolution and the cathodic reduction process [54,55]. A further 
continuous decrease in current density with increasing HL1 concentra
tion demonstrated improved inhibition efficiency at higher concentra
tions within the studied range. On the anodic curve, the emergence of a 

plateau with increasing HL1 concentration suggested that adsorption of 
more HL1 molecules produced a denser barrier at zinc interface, thereby 
retarding anodic dissolution [56,57]. Moreover, observation of a slight 
positive shift in the corrosion potential confirmed that HL1 can act as a 
mixed-type inhibitor with predominant influence on the anodic disso
lution of zinc.

The inhibiting impact of HL1 concentration on the corrosion 
behavior of zinc in saline solution was further studied by EIS (Fig. 3 and 
4). The Nyquist plots of samples immersed in HL1 solutions presented 
larger capacitive arc radii compared to the sample in inhibitor-free so
lution, with a significant rise in arc radius as HL1 concentration 
increased (Fig. 3). The marked increase in |Z| values at lower fre
quencies in the presence of HL1 (1.0 × 10–5 - 1.0 × 10–3 M) was clear 
evidence that the organic compound enhanced corrosion resistance of 
zinc in saline solution. Interestingly, at higher HL1 concentrations, the 
semicircle diameter expanded markedly, and the Bode phase diagram 
(Fig. 4) revealed higher absolute values of the phase angle. This obser
vation may be associated with the adsorption of HL1 molecules on the 
zinc surface, thereby restricting metal dissolution [58]. Additionally, at 
higher HL1 concentrations, the corrosion protection of the substrate 
became more effective. In detail, the |Z|10mHz values of the samples 
exposed to electrolyte solution containing 1.0 × 10–3 M HL1 increased 
by approximately 50-fold and 35-fold after 2 h and 24 h of immersion, 
respectively (Table 2).

To further clarify the corrosion behavior of zinc in saline solution 
with and without HL1, different electrochemical equivalent circuits 
(EECs) were used to fit the EIS results (Fig. 5). The fitted parameters are 
presented in Table 2. The fact that after 2 h of immersion, all samples 
showed only one time constant, proved the fitness of the model 
Rs(CPEdlRct) (Fig. 5a), consisting of the solution resistance (Rs), the 

Fig. 10. High-resolution XPS spectra of S 2p for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M HL2 

(b), and 1.0 × 10–3 M HL3 (c).
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charge transfer resistance (Rct), and the double-layer capacitance 
(CPEdl). The Rct values in the presence of 1.0 × 10–5, 1.0 × 10–4, and 1.0 
× 10–3 M HL1 were 8072, 63620, and 296800 Ω cm2, respectively. Such 
values were much larger than those of the inhibitor-free solution, indi
cating that HL1 could excellently shield zinc during the initial 2 h of 
immersion [59]. For zinc exposed to inhibitor-free solution for 6 and 24 
h, two time constants were observed, and the Rs(CPEf(Rf(CPEdlRct))) 
model was applied to fit EIS results (Fig. 5b). Here, Rs is the solution 
resistance, Rf and CPEf relate to the film resistance and capacitance of 
the layer of corrosion products, while Rct and CPEdl associate with the 
charge transfer resistance and double-layer capacitance. The sharp 
decline of Rct values in inhibitor-free solution to 708 and 615 Ω cm2 after 
6 and 24 h, respectively, confirmed the susceptibility of zinc to corrosion 
in saline solution. In contrast, zinc samples immersed in HL1-containing 
solutions exhibited only one time constant after 6 h, and their Rct values 
remained nearly constant in comparison with those after 2 h. After 24 h, 
two time constants at medium and low frequencies were detected in the 
case of solution containing 1.0 × 10–5 M HL1 (Fig. 5b), for which the 
Rs(CPEf(Rf(CPEdlRct))) model was suitable. However, after 24 h of im
mersion, only one time constant was observed for the samples exposed 
to electrolyte solutions with 1.0 × 10–4 and 1.0 × 10–3 M HL1. Notably, 
after 24 h, the IE of 1.0 × 10–3 M HL1 reached 97.22%, markedly higher 
than at lower concentrations (85.36% for 1.0 × 10–4 M and 46.47% for 
1.0 × 10–5 M). The considerable increase in Rct and IE values with rising 
HL1 concentration and immersion time (Table 2 and Fig. 6) was prob
ably associated with more extensive adsorption of HL1 molecules on the 
zinc surface, effectively blocking available active sites and isolating the 
substrate from the aggressive media [54].

Based on the corrosion inhibition performance of HL1 at different 
concentrations, the inhibitory effects of 1.0 × 10–3 M HL2 and HL3 on 

zinc substrate in saline solution were additionally investigated by elec
trochemical measurements. Similar to HL1, the sharp decrease in current 
density and the slight positive shift in corrosion potential observed in the 
presence of 1.0 × 10–3 M HL2 and HL3 compared with the inhibitor-free 
solution, demonstrated that these compounds also act as mixed-type 
inhibitors, primarily hindering the anodic reactions (Fig. 2) [58]. At 
the concentration of 1.0 × 10–3 M, HL1, HL2, and HL3 all intensified the 
inhibitory effect, giving rise to more considerable reduction in anodic 
current density. Meanwhile, the fall of cathodic current density in the 
presence of all inhibitors revealed their simultaneous regulation on the 
kinetics of the cathodic reaction [55]. Remarkably, both cathodic and 
anodic current densities were lower for HL2 and HL3 than for HL1, 
pointing out that HL2 and HL3 were more effective corrosion inhibitors.

The inhibition efficiency of HL2 and HL3 was also studied by EIS at 
different exposure times (Figs. 3 and 4). Similar to HL1, the |Z| values at 
lower frequency became larger upon the addition of HL2 and HL3 

(Table 2 and Fig. 6). However, during the exposure period, the phase 
angles of samples in electrolyte solutions containing HL2 and HL3 were 
higher than those found with HL1. The considerably high |Z|10mHz 
values of samples with HL2 and HL3 were likely attributed to the greater 
stability of their adsorbed molecules on the zinc surface compared with 
HL1. As with the saline solution with 1.0 × 10–3 M HL1, only one time 
constant was found for zinc substrate in the presence of 1.0 × 10–3 M 
HL2 and HL3 during the exposure time, supporting the Rs(CPEdlRct) 
model (Fig. 5a). It was believed that the presence of HL2 and HL3 was 
responsible for a substantial increase in Rct and a gradual decrease in 
CPEdl values compared with the inhibitor-free solution, confirming their 
effectiveness in corrosion protection (Table 2). At the same concentra
tion and after the first 2 h, HL3 presented the highest Rct values among 
the three inhibitors (Fig. 6). After 6 h, the Rct values of HL3-containing 

Fig. 11. High-resolution XPS spectra of O 1 s for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M HL2 

(b), and 1.0 × 10–3 M HL3 (c).
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solution decreased significantly, whereas, those of HL2 exhibited only a 
slight decline. However, after 24 h, the Rct values of all inhibitors 
remarkably decreased. Despite this reduction, the order of Rct remained 
HL3 > HL2 > HL1 at the same concentration, reflecting their relative 
stability. At 1.0 × 10–3 M, HL2 and HL3 demonstrated superior corrosion 
protection, with inhibition efficiencies of 97.82% and 98.59%, respec
tively, compared to 97.22% for HL1. The adsorption of HL molecules on 
the zinc surface initially prevented direct contact with the corrosive 
environment, thereby increasing Rct values. However, chloride anions 
could diminish this adsorption, leading to desorption and the initiation 
of pitting corrosion [2,13]. Such influence would be the reason for the 
lower Rct and |Z|10mHz values during prolonged exposure. Overall, the 
EIS results confirmed that HL1, HL2, and HL3 provided excellent 
corrosion protection for zinc substrate after 24 h, with HL3 showing the 
highest anti-corrosion ability at the same concentration.

3.3. Surface composition analysis

The surface morphologies of zinc substrates after 24 h exposure in 
0.1 M NaCl solution without and with HL inhibitors were examined by 
FE-SEM (Fig. 7), while the surface compositions were analyzed by EDS 
(Table 3). After 24 h of immersion in the inhibitor-free solution, 
corrosion products with a micro-porous structure formed and covered 
the entire zinc surface (Fig. 7a and b). The elevated O wt% in the EDS 
spectrum confirmed the deposition of a great amount of oxygen- 
containing corrosion products [2]. In the presence of 1.0 × 10–5 M 
HL1, crystalline spherical corrosion products were observed (Fig. 7c and 
d), the detection of N and S elements in EDS (Table 3) exposed the 
adsorption of HL1 molecules onto the zinc surface. The higher O content 
under this condition was further indicative of the formation of zinc 

oxide/hydroxide layers. By contrast, in solutions containing 1.0 × 10–4 

and 1.0 × 10–3 M HL1, there was no severe corrosive attack by the 
medium (Fig. 7e–h), coinciding with the appearance of only one time 
constant in the Bode plots. Although selective corrosion was still 
noticeable at these concentrations, its extent decreased with increasing 
HL1 concentration. The corresponding EDS data (Table 3) presented the 
lower O but higher N and S contents, confirming enhanced adsorption of 
HL1 molecules on the zinc surface, which impeded chloride attack and 
thus, effectively suppressed corrosion. Similarly, the zinc surfaces 
exposed to 1.0 × 10–3 M HL2 and HL3 also showed minimal corrosion 
damage (Fig. 7). In fact, the zinc substrates with HL2 and HL3 appeared 
slightly smoother than those with HL1, agreeing with their higher 
corrosion resistance realized in the EIS results. Although organic in
hibitor films formed by adsorption of HL1, HL2, and HL3 were not 
visually distinguishable, the nearly intact zinc surfaces and the content 
of N and S elements in EDS results validated the adsorption of inhibitor 
molecules and their protective function (Table 3).

XPS analysis was employed to study in more detail the chemical 
composition and interactions of protective films formed on zinc after 24 
h of immersion in 0.1 M NaCl solution with 1.0 × 10–3 M HL1, HL2, and 
HL3. The full-range XPS spectra of zinc surfaces in the presence of HL 
inhibitors revealed the presence of carbon, nitrogen, sulfur, oxygen, and 
zinc elements (Fig. S10). The detection of nitrogen and sulfur confirmed 
the adsorption of HL molecules and the formation of HL-containing 
films on the zinc surface.

The high-resolution C 1 s spectra displayed four main peaks corre
sponding to four different types of C atoms on zinc surface after exposure 
to inhibitor solutions (Fig. 8). The most intensive peak of C 1 s at about 
284.7 eV was related to C–C/C=C bonds from organic compounds [60,
61]. The other three peaks at about 288, 287.2, and 286.5 eV correspond 

Fig. 12. High-resolution XPS spectra of Zn 2p3/2 for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M 
HL2 (b), and 1.0 × 10–3 M HL3 (c).
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to C–N, C–O, and C–S of bonds of the inhibitors, respectively (Fig. 8) [60,
61]. Notably, the absence of C–metal bonds in the C 1 s spectra of all 
samples proved the lack of interaction between zinc ions and carbon 
atoms.

The N 1 s spectra of all samples exhibited two peaks around 399.8 eV 
and 398.2 eV, attributed to nitrogen atoms in the functional groups N–H 
and N–C, respectively, of the inhibitor molecules (Fig. 9) [60,61]. The 

peak intensity corresponding to the N–C bond in HL1 was higher than in 
HL2 and HL3. It seems that this discrepancy was due to the pyridinyl ring 
within HL1 molecule (Scheme 1). In addition, all samples exhibited a 
peak at around 401.5 - 402.0 eV, which is at a higher binding energy 
than N–H bonds. Since higher binding energy is associated with a larger 
degree of oxidation, this peak could be assigned to N–metal bonds (i.e. 
Zn–N bonds) [62,63]. Specifically, the coordinative bond between N 

Fig. 13. High-resolution XPS spectra of Zn LMM for the zinc substrate surface after 24 h exposure to 0.1 M NaCl solution with 1.0 × 10–3 M HL1 (a), 1.0 × 10–3 M 
HL2 (b), and 1.0 × 10–3 M HL3 (c).

Fig. 14. MEP surfaces computed at (b) finite and (c) periodic DFT levels. Isovalues are set from –5e–2 (red) to +5e–2 (blue).
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donor atoms and zinc centers reduced the electron density of the N 
atoms and subsequently, leading to an increase in binding energy [62,
63].

The S 2p spectra of all samples displayed asymmetrical and broad 
signals, ascribing to two distinct chemical states S 2p1/2 and S 2p3/2 

(Fig. 10) [12,55]. The peaks at around 164.0 eV (S 2p1/2) and 162.7 eV 
(S 2p1/2), corresponding to C=S bond, indicated the presence of HL1, 
HL2, and HL3 molecules on the zinc surface after exposure to 0.1 M NaCl 
solution containing inhibitors [55,64]. Additionally, a shoulder peak 
around 161.5 - 162.0 eV verified a chemical interaction between S atoms 
and the zinc surface [55]. This interaction can be attributed to coordi
nation involving the lone pairs of S atoms and the unoccupied outer 
orbitals of Zn centers. The absence of a signal near 167 eV in the S 2p 
spectra of all samples further demonstrated that sulfur atoms in the in
hibitor molecules were not oxidized during the exposure time.

The O 1 s spectra of all samples exhibited three peaks (Fig. 11). The 
peak at about 529.4 eV implied O-metal bonds (O–Zn) from zinc oxide 
[55,65]. The main O 1 s peak, located around 532.0 eV, was assigned to 
hydroxide groups originating from zinc hydroxide or adsorbed water 
molecules [65]. A third peak at approximately 534.0 eV was related to 
O–C bonds [66].

In the Zn 2p3/2 spectra, two peaks at around 1021.5 eV and 1022.5 
eV belonging to Zn–O bonds of zinc oxide and Zn–OH bonds of zinc 
hydroxide, respectively, indicated the formation of a ZnO/Zn(OH)2 
mixture on the zinc surface (Fig. 12) [56,65]. In addition, Zn LMM Auger 
spectra were employed for a more in-depth examination of the oxidation 
state of zinc on the surface of all samples (Fig. 13). The peak at around 
494.5 eV was attributed to metallic zinc and/or zinc in a low oxidation 
state, essentially close to Zn(0) [55,67]. Peaks at higher binding energy 
were due to oxidized zinc species (Zn(II)) [67]. The ZnO/Zn(OH)2 for
mation on zinc surface in chloride solution could account for the main 
peak at around 498.0-498.5 eV [55,68]. A shoulder observed around 
500.0 eV, exhibiting a higher binding energy than the zinc oxide peak, 
has also been reported in previous studies. It was showed that the ZnO 
peak shifts toward higher binding energy in electrolyte solutions con
taining organic compounds [7,57,68]. Based on the N 1 s and S 2p 
spectra, the shoulder at around 500.0 eV detected after immersion in the 
HL-containing solutions may be associated with the interaction between 
zinc and/or zinc oxide with HL molecules, resulting in the formation of 
Zn(II)(HL)n complexes.

3.4. DFT calculations

Additional theoretical studies were performed to elucidate the 

Fig. 15. Comparison of f(–) Fukui indices for the three compounds (HL1-blue, HL2-red, and HL3-green). Atom labelling is arbitrary but was kept consistent among the 
three molecules for comparison. Atom #24 corresponds to the site bearing the substituent group specific to each compound: Npyridine (HL1), C–OH (HL2) and 
C–NH2 (HL3).

Table 4 
Computed interface properties of HL1, HL2, and HL3 on zinc and zinc oxide 
surface: adhesion energy (Eadh), charges on molecules (Qmol), and summation of 
bond orders (SBO) with contributions of C, N, and S atoms.

Structure Eadh Qmol SBO

(eV) (e) Total C N S

HL1 on Zn –2.01 +0.174 1.99 0.81 0.19 0.57
HL1 on ZnO –2.22 +0.185 1.40 0.50 0.28 0.29
HL2 on Zn –2.20 +0.184 2.13 0.91 0.10 0.57
HL2 on ZnO –1.94 +0.104 1.02 0.49 0.18 0.04
HL3 on Zn –2.24 +0.206 2.09 0.60 0.22 0.69
HL3 on ZnO –3.55 +0.362 2.55 1.21 0.70 0.02

Fig. 16. PDOS of HL/(10-10) ZnO surface, with ZnO (blue) and HL (black). The 
top of the valence band of ZnO was used as energy reference.
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nature of the inhibitor-metal interactions and to clarify the reactivity 
trends among HL1, HL2, and HL3. Although gas-phase optimization of 
HL2 indicated that the syn conformation is more stable than the anti 
form, it is noteworthy that, for HL2 and analogous acyl thio
semicarbazides containing potential donor atom(s) within the acyl 
moiety, the anti isomer is typically responsible for coordination with 
transition metal ions, leading to the formation of stable metal complexes 
[23,51,69]. Therefore, the anti conformations of HL1, HL2, and HL3 

were considered in subsequent studies. The electron distribution and 
reactive regions of the isolated organic compounds were analyzed using 
frontier molecular orbital (FMO) and molecular electrostatic potential 
(MEP) analyses. The HOMOs (Fig. S11) were mainly localized on the 
sulfur atoms, which explains the negligible variation in HOMO energy 
across the three compounds regardless of the substituent groups. In 
contrast, the LUMOs (Fig. S11) are localized on the functionalized aro
matic rings, and their energy increased in the order HL1 < HL2 < HL3, in 
accordance with the electron-donating strength of the substituents (–OH 
in HL2 and –NH2 in HL3). Since the inhibitors act as electron donors 
toward the metal surface, the shape and energy of the HOMO are 
particularly relevant. The similarity in HOMO energies among the three 
molecules suggests that the distinctive inhibition performance of HL3 

does not originate from inherent features of the isolated molecules.
MEP calculations performed at both finite and periodic DFT levels 

yielded consistent results, showing electron-rich regions (red) localized 
on the carbonyl and thiocarbonyl moieties (Fig. 14). Notably, the 
contrast between electron-rich (red) and electron-poor (blue) regions 
was more pronounced for HL3, which can be correlated with its higher 
reactivity.

Electrochemical measurements and surface characterization strongly 
suggested robust zinc-inhibitor interactions at the metal/oxide-solution 
interface. From a molecular perspective, such strong interactions can be 
attributed to charge transfer from the electron-rich moieties of HL 
molecules to the Zn/ZnO surface, that is, an electrophilic attack from the 
surface. The electrophilic Fukui (f(–)) indices (Table S4, S5, and S6) 
further supported this interpretation, indicating that the reaction pri
marily involves the sulfur atom, which displays by far the largest f(–) 

value (Fig. 15). This observation is consistent with the localization of the 
HOMO (Fig. S11) on the sulfur atom, which acts as the main electron 
reservoir of the HL compounds. The three principal reactive sites were 
identified as: (a) the sulfur atom, (b) the para carbon atom of the phenyl 
ring, and (c) the nitrogen atom of the thioamide group. Interestingly, 
HL3 exhibited larger f(–) indices around both the heteroatom substituent 
on the phenylene ring (position (e)) and its para carbon atom (position 
(d)). These features likely enable both aromatic rings and the hetero
atom of HL3 to interact more effectively with the surface compared to 
HL1 and HL2.

In addition to analyzing the electronic structures of the inhibitors, 
their interaction with zinc and zinc oxide surfaces was also investigated 
at the theoretical level using the computational methodology outlined in 
Fig. S12 and S13. The adsorption energy was computed on the relaxed 
HL/ZnO and HL/Zn interfaces according to the following equation: 

Eads = EHL/surf −
(
EHL + Esurf

)

where EHL/surf is the total energy of the interface, and EHL and Esurf are 
the total energy of the isolated molecule and surface, respectively, in 
their interface geometries.

The three acyl thiosemicarbazides HL show similar adsorption en
ergies on the zinc surface with values of –2.01, –2.20, and –2.24 eV for 
HL1, HL2, and HL3, respectively. These results confirmed the interaction 
of the inhibitors and their anchoring on the surface, which was sug
gested by the EDS analysis. The anchoring strength has been also eval
uated by computing the summation of bond order (SBO), i.e. the sum of 
bond order for all atomic pairs involving one atom of the molecule and 
one atom of the surface. In the case of adsorption on zinc, the SBO 
reaches a value close to 2 for all cases. A deeper gaze into atomic 

contributions revealed a significant contribution of S-Zn pairs, reflecting 
the strong interaction between sulfur atoms and the top-layer zinc 
atoms, as also evidenced by XPS measurements. Indeed, the Zn atom 
interacting with sulfur atom was shifted upward by about 0.5 Å along 
the z-axis relative to the surface plane. Carbon atoms also contributed 
considerably to the SBO. In this case, no specific bonds formed, but a 
significant overlap occurred between the aromatic carbon rings and the 
top Zn atoms. Interestingly, HL3, which is the compound presenting the 
best corrosion inhibition properties, showed a different SBO contribu
tion profile compared with HL1 and HL2 (Table 4). The discrimination 
between HL3 and HL1/HL2 became even more significant when 
considering the oxidized zinc surface (modeled as pure ZnO). Moving 
from a pure metal to a pure oxide surface induces only a modest vari
ation in the adsorption energy (0.20-0.25 eV) for HL1 and HL2, while 
HL3 displayed a substantial increase of 1.3 eV, indicating stronger 
anchoring. For HL1 and HL2, the contribution of carbon atoms to the 
SBO decreased by nearly 50%, while HL3 showed the opposite trend. 
Meanwhile, the contribution of sulfur atoms to the SBO became negli
gible for all compounds and did not play any role in anchoring on the 
oxide surface. Based on those results, the superior inhibitor properties of 
HL3 compared with HL2 and HL1 may be attributed to its enhanced 
anchoring ability when the metal surface starts to be oxidized. This 
property enables HL3 to form a more stable protective film which pre
vents the surface for further corrosion.

The projected density of states (PDOS) of the HL/ZnO interfaces was 
also examined, as these systems displayed a large variation in the 
amplitude of charge transfer (Fig. 16). It is interesting that in the case of 
HL3, the HOMO level was found to align with the valence band of ZnO, a 
feature not perceived for HL1 and HL2. This alignment correlates with a 
shorter interfacial separation, which promotes stronger hybridization 
between the orbitals of HL3 and those of the oxide (Table S7). These 
results strongly support the higher adsorption energy and bond order 
values obtained for HL3 compared to HL1 and HL2 (Table 4).

3.5. Discussion

Immersion of zinc substrate in saline solution initiates zinc dissolu
tion, as shown in Eq. (1) [2]. Simultaneously, the cathodic reaction in
volves oxygen reduction (Eq. (2)) [2,59]. The resulting Zn2+ ions 
subsequently react with OH– ions to form precipitates such as Zn(OH)2 
and ZnO (Eq. (3) and (4)) [2,59]. However, previous studies have re
ported that ZnO formed in NaCl solution contains numerous defects and 
large voids, which significantly reduce its corrosion resistance. There
fore, a marked decrease in |Z|10 mHz and Rct values was observed for zinc 
after 24 h exposure to saline solution (Table 2). 

Zn → Zn2+ + 2 e− (1)

O2 + 4e− + 2H2O → 4OH–                                                             (2)

Zn2+ + 2OH– → Zn(OH)2                                                               (3)

Zn(OH)2 → ZnO + H2O                                                                  (4)

All three candidates exhibited inhibitory activity against the short- 
term corrosion of zinc substrates in the chloride-containing environ
ment. XPS and EDS analyses confirmed that the protective films formed 
through coordination between the N, O, and S donor atoms of the in
hibitor molecules and Zn2+ ions. The complex formation mechanism 
likely involves hydroxide species generated in the cathodic region via 
oxygen reduction (Eq. 2), which subsequently react with the organic 
inhibitors. Specifically, deprotonation of the hydrazide NH groups 
yielded {L}– and {L}2– anions, which then coordinated with Zn2+ cen
ters to form stable complexes [23,51]. The resulting coordination 
complexes were anchored onto the native oxide layer, thereby rein
forcing ZnO stability. These films acted as an additional barrier that 
suppressed chloride ion penetration into the underlying zinc surface 
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beneath the ZnO/Zn(OH)2 layers, ultimately enhancing corrosion 
resistance [55].

Noticeably, EIS results demonstrated that all three inhibitors 
improved the corrosion resistance of zinc in NaCl solution, with com
parable impedance values during the first 6 h (Table 2). However, after 
24 h, HL3 clearly outperformed HL1 and HL2 at the same concentration, 
showing the highest impedance and charge transfer resistance values 
(Table 2). This behavior can be explained by the DFT studies on the 
inhibitors in isolated and metal/metal oxide-interacted states. While the 
three molecules displayed relatively similar adsorption energies on the 
metallic zinc surface, HL3 with pronounced electronic structure 
exhibited a much stronger anchoring ability on oxidized zinc surfaces 
(Table 4). This enhanced anchoring promoted the persistence and 
compactness of the inhibitor film, thereby stabilizing the ZnO/Zn(OH)2 
layers and effectively hindering chloride ion penetration. The strong 
correlation between the EIS observations and the DFT predictions 
highlighted that the exceptional inhibition performance of HL3 origi
nated from its ability to form a more robust and durable interfacial layer 
once the zinc surface became partially oxidized.

4. Conclusion

This work presents the first systematic investigation of three acyl 
thiosemicarbazides as corrosion inhibitors for zinc substrate in 0.1 M 
NaCl solution using electrochemical, surface analyses and thereotical 
calculations. Polarization curves confirmed that these organic com
pounds functioned as mixed-type inhibitors with predominant anodic 
control. The anti-corrosion efficiency of zinc substrate improved with 
increasing HL1 concentration, while at the same concentration, HL3 

exhibited the strongest inhibitory effect, with the overall order of 
effectiveness being HL3 > HL2 > HL1. SEM surface analyses revealed 
smoother and less damaged zinc surfaces in the presence of the in
hibitors, while XPS confirmed the adsorption of inhibitor molecules and 
their zinc complexes on the surface. These experimental findings were 
further supported by DFT simulations, which showed that although the 
three inhibitors exhibited comparable adsorption energies on the 
metallic zinc surface, HL3 with its better electron-donating nature dis
played a significantly stronger anchoring ability on the oxidized zinc 
surface. This enhanced interaction accounts for its superior film stability 
and long-term inhibition performance observed in EIS. The strong con
sistency between theoretical predictions and experimental data high
lights the decisive role of electronic structure in governing inhibitor 
efficiency, thereby confirming acyl thiosemicarbazides as promising 
candidates for zinc protection in neutral chloride media.

Appendix A. Supplementary data

CCDC 2346486 contains the supplementary crystallographic data for 
compound HL2. The data can be obtained free of charge via http://www 
.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystal
lographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
+441223 336 033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary 
data associated with this article can be found, in the online version, at 
….
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