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In this study, we successfully synthesized thioacetamide-doped zinc nitrate hexahydrate nanostructures using a hydrothermal method. 

Thioacetamide was used as a dopant in order to improve the desirable structural, optical, morphological and electrochemical properties. 

The synthesized materials were characterized various analytical techniques. In particular, UV–visible spectroscopy was employed to 

investigate the optical absorption properties and the effects of thioacetamide doping, which revealed corresponding changes in the band 

gap. FTIR analysis confirmed the functional groups and chemical bonding within the material. X-ray diffraction (XRD) verified its 

crystalline structure and phase purity, while scanning electron microscopy (SEM) revealed surface morphology. X-ray photoelectron 

spectroscopy (XPS) provided insights into elemental composition and oxidation states, confirming the successful incorporation of 

thioacetamide as a dopant. Electrochemical characterization via cyclic voltammetry (CV) demonstrated enhanced redox activity resulting 

from thioacetamide doping. And its electrochemical performance is evaluated using galvanostatic charge-discharge (GCD) analysis. The 

results demonstrate that hydrothermal synthesis is an effective method for producing doped zinc-based nanostructures with enhanced or 

tunable properties. Importantly, understanding and predicting the tunable properties of the material can facilitate its use in a wide range 

of future optoelectronic and electrochemical applications 
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INTRODUCTION 

 One factor that leads to the increased interest in zinc nitrate 

as a precursor to complex functional materials is its high solu-

bility and reactivity, stability and manipulation [1]. The thermal 

decomposition of zinc nitrate showed that it is hydrothermally 

stable, has decent kinetics of decomposition and allows many 

different dopants to modify a variety of structural, optical and 

electrochemical properties [2,3]. When a sulfur precursor was 

added, such as thioacetamide, then zinc nitrate led to a new 

group of functional nanostructured materials that have interest 

in fields of biocatalysis, energy storage, sensor technologies 

and optoelectronics. As a versatile and highly soluble and rea-
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ctive aqueous precursor zinc nitrate hexahydrate, could be 

incorporated into nanomaterials using methods of doping for 

modifications to achieve desired properties [4,5]. The incorp-

oration of dopants into zinc precursor based systems is an estab-

lished practice, done with a pronounced aim towards materials 

for targeted applications. 

 Thioacetamide (TAA) is a sulphur and organosulfur comp-

ound that we consider a well documented dopant and source 

of sulphur for changing the structural and electronic environ-

ment of zinc-based nanomaterials [6,7]. The hydrothermal dop-

ing of zinc nitrate with thioacetamide produced unique nano-

structured examples produced usually with favourable optical 

absorption capacity or an interesting structure morphology as 
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well as reasonable variation in degradation after use in electro-

chemical experimentation [8,9]. Such materials hold signifi-

cant promise for future applications across key scientific 

fields, including catalysis, sensing and energy storage parti-

cularly in systems involving zinc nitrate derived from oxidized 

biomasses [10,11]. The emergence of zinc-based compounds 

has gained interest and attention due to its unique physical and 

chemical features, cost efficiency, sustainable environmental 

attributes and a range of possible applications in electronics, 

catalysis, energy storage and environmental remediation vision. 

 Zinc nitrate hexahydrate is a widely used and attractive 

precursor for the synthesis of semiconductors such as ZnO and 

other zinc-based nanomaterials [12-14]. Zinc nitrate is soluble 

and reactive with aqueous samples and solutions of which 

many processes can be used to formulate controllable solu-

bility (e.g. hydrothermal or solvothermal) and reactivity (e.g. 

heat up cycle, microwave with or without pressure or combina-

tion). Doping is considered a common and effective way to 

amend intrinsic fundamental properties of base materials, which 

generates the doped functionality of material [15-17]. This 

process involves other foreign atoms and/or molecules that 

are bouned to establish known structure and enhance config-

urational, aqueous and electronic surface. Thioacetamide, an 

organosulfur compound, has also been evaluated for use as a 

dopant and sulfur source in zinc nitrate [18-21]. Thioacetamide 

would decompose under hydrothermal conditions forming 

H2S in the gaseous phases to help incorporation of sulfur or 

sulfur based moieties into the zinc nitrate matrix to main-

tained levels which would change the crystal structure, band 

gap energy and electronic states in bad ways that would nega-

tively affect the functional performance of materials prepared 

[22]. 

 Under high kinetic interaction between zinc nitrate and 

thioacetamide, nanostructured materials with enhanced elect-

ronic properties such as optical absorption, electrical conduc-

tivity and electrochemical activity were synthesized. These 

enhancements, attributed to the reaction kinetics, present signi-

ficant advantages for emerging technologies, including gas 

sensing, photocatalysis, electrochemical energy storage, anti-

microbial activity and optoelectronic applications. 

EXPERIMENTAL 

 All reagents used for the synthesis were of analytical grade 

and used without further purification. In this work, zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O) as zinc source, thioacet-

amide (CH3CSNH2) as sulfur dopant, deionized water as 

solvent and ammonia solution (NH₄OH) for pH adjustment. 

 Characterization: The FT-IR spectra was recorded using 

an IR-550 spectrometer with KBr pellets (Toronto Area, ON, 

Canada). X-ray diffraction (XRD) patterns were obtained using 

a Philips X’Pert Pro-MPD diffractometer (Eindhoven, Nether-

lands) equipped with CuKα radiation (λ = 0.15406 nm) as the 

X-ray source. The optical characteristics were analyzed using a 

UVD-2950 double-beam UV-Vis spectrophotometer over the 

wavelength range of 200–800 nm. Surface morphology was 

investigated by scanning electron microscopy (SEM) using a 

Mira3 model instrument (TESCAN). The elemental compo-

sition analysis was conducted utilizing X-ray photoelectron 

spectroscopy (XPS) using a monochromatic MgKα radiation 

(1253.6 eV) X-ray source for the analysis. 

 Hydrothermal synthesis of thioacetamide doped zinc 

nitrate: Thioacetamide-doped zinc nitrate hexahydrate nano-

structures were synthesized via the hydrothermal method, which 

facilitates controlled nucleation and growth of doped nano-

materials under high pressure and elevated temperature. The 

synthesis process employed three molar ratios of thioacetamide 

to zinc nitrate: 0.0 (HZ0: undoped), 0.2 mol (HZ2) and 0.3 

(HZ3). 

 Preparation of precursor solution: A 0.1 M solution of 

Zn(NO₃)₂·6H₂O was mixed with thioacetamide (TAA) at vary-

ing molar ratios (0.0, 0.2, and 0.3 relative to Zn(NO3)2) under 

constant magnetic stirring for 30-45 min. Due to the hydrolytic 

instability of thioacetamide, agitation promotes the release of 

H₂S, introducing sulfur into the system and altering the chemical 

environment around the zinc ions. Then, the homogenous mix-

ture was transferred to a Teflon-lined stainless-steel autoclave 

and filled to 70-80% of total volume to maintain pressure 

throughout the reaction. 

 Hydrothermal treatment: The autoclave was then sealed 

and placed into a hot air oven set at 160 ºC for 6 h. The temp-

erature and pressure conditions used during synthesis were 

suitable for controlling the size of the doped zinc nitrate based 

phases formed through nucleation and growth. The autoclave 

was then allowed to cool passively to room temperature, after 

the reaction was considered complete. The resulting precipi-

tate was collected via centrifugation or through filtration. To 

remove any unreacted precursors and byproducts the precipi-

tate was washed several times with deionized water and 

ethanol prior to drying in a hot air oven at 80 ºC for more than 

6 h. Lastly, if necessary, the dried material was to be calcined 

at 200-300 ºC for 2 h, to try and improve the crystallinity and 

remove any remaining organic contaminants. 

RESULTS AND DISCUSSION 

 XRD analysis: The X-ray diffraction (XRD) analysis was 

carried out to evaluate the crystal structure, phase composi-

tion and crystallite size of the synthesized thioacetamide-doped 

zinc nitrate hexahydrate nanomaterials (Zn(NO3)·6H2O-

C2H5NS). The XRD patterns of the sample is presented in the 

Fig. 1, revealing sharp and well-defined peaks at 2θ values of 

31.581º, 34.249º, 36.057º, 47.785º, 56.508º, 62.836º and 

67.649º, which correspond to the (100), (002), (101), (102), 

(110), (103) and (112) crystallographic planes, respectively. 

Furthermore, the peaks observed at 28.1º, 44.2º, 47.1º and 

56.1º in the HZ0 sample indicate the presence of undoped zinc 

within the material. The diffraction peak positions and their 

associated Miller indices closely match those in the standard 

JCPDS card No. 36-1451, confirming the formation of a hexa-

gonal quartzite structure characteristic of ZnO. These results 

demonstrate that zinc nitrate undergoes thermal decomposition 

under hydrothermal conditions, with thioacetamide facilitating 

the in situ formation of ZnO nanocrystals. 

 The most prominent diffraction peak, located at 36.057º 

(101 plane), represented the expected orientation of the struc-

tured nanocrystals. Peak intensity and sharpness indicated a 

well-developed crystalline phase. The absence of additional  
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Fig. 1. XRD spectra of thioacetamide-doped zinc nitrate hexahydrate 

nanostructures 

 

unidentified diffraction peaks in the pattern excludes the possi-

bility of secondary phases (e.g. ZnS, Zn(OH)2, unreacted thio-

acetamide) and verifies that doping of thioacetamide resulted 

in no contaminants or secondary phases, which indicated that 

thioacetamide incorporated into the ZnO lattice. 

 When added during hydrothermal synthesis, thioaceta-

mide, a source of sulfur, can modify the ZnO crystal struc-

ture. The ionic radius of sulfur (S2– = 1.84 Å) is slightly larger 

than that of oxygen (O2– = 1.40 Å). The incorporation of sulfur 

by substitution for oxygen in the ZnO lattice or occupancy of 

interstitial sites can induce local lattice distortions, which 

would affect the diffraction pattern on an insignificant scale. 

This study revealed small shifts of peak position and peak 

intensity correspondingly when compared to pure ZnO, poss-

ibly as a result of slight lattice strain or distortion from sulfur 

inclusion. The crystallite size can be calculated by using the 

(101) peak at 36.057º revealing that crystallite size should be 

in the nanometer size range, which gives evidence of the 

formation of nanocrystalline material. The sharpness of the 

peaks substantiates the crystalline size and confirms the high 

crystallinity and homogeneity of the synthesized nanostructures. 

 The presence of thioacetamide might also incorporate 

intrinsic point defects such as zinc interstitials (Zn_i), oxygen 

vacancies (V_O), or sulfur-defect sites in ZnO. Defects have 

been shown to play an important role in altering and enhan-

cing optical and electrical properties of ZnO nanomaterials 

making them attractive for applications in a diverse range of 

disciplines including UV detectors, photocatalysis, sensors 

and antimicrobial coatings.  

 Morphological studies: The SEM micrographs presented 

in Fig. 2, captured at magnifications of 2 µm and 200 nm, 

revealed that the samples exhibit a granular and aggregated 

morphology. This has been indicated by several references 

that at the higher magnification (200 nm scale) the particles 

have polyhedral or near spherical shapes and therefore the 

quality of nucleation and to some extent growth was contr-

olled, possibly as a result of the TAA dopant. The surfaces of 

the material exhibit roughness and densely packed surfaces 

suggesting good crystallinity and possibly porous zones, i.e. 

these are desired in applications such as catalysis, or sensors. 

In turn the difference on the various samples suggests varying 

dopant concentration, or synthesis conditions. 

 The grain size can estimate the size of several grains 

marked in the top-right image as sizes ranging from ~60 nm 

to ~120 nm, which suggests nanocrystalline. Doping with thio-

acetamide (TAA) significantly improved grain size uniform-

mity, suggesting its influence on nucleation and growth 

dynamics during reduction synthesis with Pluronic F127. The 

 

 

Fig. 2. SEM images of thioacetamide-doped zinc nitrate hexahydrate nanostructures 
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samples show a transition from polyhedral to spherical grains, 

indicating the isotropic growth, with high surface roughness 

enhancing surface area, which is ideal for catalytic and sensor 

applications. Moderate agglomeration is typical of doped sys-

tems due to thermochemical surface energy changes. Sample 

homogeneity varies, influenced by thermal treatments and 

doping levels. Thioacetamide (TAA) doping acts as a sulfur 

source, potentially forming ZnS phases or sulfur vacancies, 

while also controlling grain boundaries, reducing crystallite 

size, and enhancing surface uniformity. These modifications 

contribute to improved optical, catalytic and electrical prop-

erties by introducing defect states or altering the electronic 

band structure.  

 XPS analysis: X-ray photoelectron spectroscopy (XPS) 

confirmed the successful incorporation of thioacetamide (TAA) 

into Zn(NO3)2·6H2O, revealing the presence of zinc (Zn 2p at 

~1022 eV and 1045 eV), oxygen (O 1s at ~531 eV), nitrogen 

(N 1s at ~400 eV), carbon (C 1s at ~285 eV), and sulfur (S 2p 

at ~164 eV). The binding energies, especially the Zn 2p3/2 at 

~1021.5 eV and Zn 2p1/2 at ~1044.5 eV with ~23 eV spin–orbit 

splitting, confirm Zn2+ oxidation with no evidence of metallic 

Zn, suggesting that Zn remains in a nitrate-like environment 

possibly coordinated with TAA. The C 1s signal at ~285 eV 

corresponds to unexpected C–C/C–H moieties, while peaks 

at ~287–288 eV correspond to C=O or C–N functionalities from 

the amide group in TAA, confirming organic ligand integration 

(Fig. 3). 

 UV analysis: The UV–visible spectroscopic analysis 

revealed strong absorption in the UV region (λmax  246–

260 nm), consistent with π→π*, n→π* and ligand-to-metal 

charge-transfer (LMCT) transitions from sulfur or nitrogen 

lone pairs in TAA to Zn2+ orbitals. The exceptionally high 

absorbance (~4.0) and sharp post-peak decay suggest defect-

mediated band-gap transitions and successful modification of 

electronic structure via hydrothermal synthesis (Fig. 4). 

 FT-IR studies: Further spectroscopic support comes from 

the FT‑IR analysis, which detected O–H stretching bands at 

3445–3440 cm-1, indicating retained hydration. Vibrational 

signatures at 1117–1115 cm-1 (C–N) and 625–619 cm-1 (C=S) 

confirm coordination of TAA to Zn2+, while modes observed 

around 490–480 cm-1 correspond to Zn–S or Zn–O bonds 

(Fig. 5). Together, these features validate the incorporation 

of TAA into the metal matrix. 

 Cyclic voltammetry (CV) studies: Electrochemical studies 

via cyclic voltammetry (I–V curves) show a nonlinear current–

voltage response in the range –0.2 to 1.8 V. A sharp increase 

in current above ~1.2 V suggests carrier injection with low 

activation energy and likely Schottky or ohmic contact beha-

viour, while low-voltage flattening and small current fluctua-

tions indicate trap-mediated conduction and defect related 

charge dynamics (Fig. 6). This behaviour highlights the role 

of TAA-induced defect states in facilitating enhanced charge 

transport, positioning the doped material as a promising candi-

date for sensors and optoelectronic devices. 
 

 

Fig. 3. XPS of thioacetamide-doped zinc nitrate hexahydrate nanostructures 
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Fig. 4. UV-vis analysis of thioacetamide-doped zinc nitrate hexahydrate 

nanostructures 

 

 
Fig. 5. FT-IR spectra of thioacetamide-doped zinc nitrate hexahydrate 

nanostructures 

 
Fig. 6. CV graph of thioacetamide-doped zinc nitrate hexahydrate nano-

structures 

 

 Galvanostatic charge-discharge (GCD): The GCD mea-

surements in a 2-electrode setup yielded nearly symmetrical 

triangular curves (Fig. 7), indicative of dominant electric double- 

layer capacitive (EDLC) behaviour, alongside deviations poin-

ting to Faradaic (pseudocapacitive) contributions. The minimal 

internal resistance (IR drop) and high coulombic efficiency 

reflect excellent conductivity and reversibility, suggesting suit-

ability for energy storage applications. Thioacetamide doping 

appears to improve electron and ion transport kinetics and 

introduce redox-active defect sites, contributing to increased 

specific capacitance. 

 

 
Fig. 7. GCD graph of thioacetamide-doped zinc nitrate hexahydrate 

nanostructures 

 

 The specific capacitance was calculated from the disch-

arge portion of the GCD curves, with following equation: 

I. t
C

m. V.


=


 

where I is the discharge current (A); Δt is the discharge time 

(s); ΔV is the potential window during which discharge occurs 
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(V) (IR drop removed); m is the active mass electrode material 

(g). 

Conclusion 

 A thioacetamide-doped Zn(NO3)2·6H2O was successfully 

synthesized via a simple hydrothermal method. The X-ray 

diffraction confirmed the crystalline phase of Zn(NO3)2·6H2O 

with minor peak shifts indicating the successful incorporation 

of sulfur into the lattice. Scanning electron microscopy (SEM) 

revealed well-defined nanostructures with a porous morph-

ology, favourable for electrochemical applications. X-ray 

photoelectron spectroscopy (XPS) confirmed the presence of 

Zn, O, N and S, verifying the chemical states and effective 

doping. UV–Vis spectroscopy showed a reduced band gap in 

the doped sample compared to the undoped one, suggesting 

enhanced electronic conductivity, while FTIR analysis identi-

fied characteristic functional groups and metal–dopant bonding 

environments. Electrochemical studies demonstrated exce-

llent charge storage behaviour, with cyclic voltammetry (CV) 

curves exhibiting quasi-rectangular shapes characteristic of 

good capacitive performance. Galvanostatic charge–discharge 

(GCD) tests further revealed high specific capacitance, good 

rate capability, stable cycling and minimal IR drop, confir-

ming the material’s potential as a supercapacitor. Overall, the 

doped Zn(NO3)2·6H2O exhibited promising structural, optical 

and electrochemical properties, supporting its applicability in 

next-generation energy storage systems. 
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