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Barium carbonate (BaCO₃) nanostructures were synthesised by a hydrothermal route in 

the absence and presence of cetyltrimethylammonium chloride (CTAC) as a cationic 

surfactant, and the resulting powders were examined by X-ray diffraction (XRD), 

Fourier-transform infrared spectroscopy (FTIR), and field-emission scanning electron 

microscopy (FE-SEM). Single-peak Scherrer analysis applied to the most intense 

reflection yielded crystallite sizes of approximately 94 nm and 55 nm for the surfactant-

free and CTAC-treated samples, respectively, while averaging over the ten strongest 

reflections gave 43 nm and 34 nm. To remove the bias associated with selecting a single 

peak, the diffraction patterns were further analysed by Williamson–Hall and size–strain 

(Halder–Wagner) treatments, which converged on D ≈ 75 nm and ≈ 21 nm and on D ≈ 

32 nm and ≈ 19 nm for the two samples, respectively. Least-squares refinement of the 

orthorhombic witherite cell (Pmcn) returned a = 5.287 to 5.317 Å, b = 8.926 to 8.905 Å, 

and c = 6.446 to 6.453 Å, indicating an anisotropic surface strain rather than a uniform 

cell expansion. A Harris texture analysis showed a marked preferential growth on the 

(111) plane (TC ≈ 6.5) for the CTAC sample. The carbonate vibrations observed at 1440,

860, and 690 cm⁻¹ in both samples were verified by the FTIR data. Scientists concluded

that the slight intensity variations in the data were caused by the interaction between

carbonate chemicals and surfactants. The surfactant-free powder had irregular

agglomerates, which transformed into plate-like crystallites that retained limited

agglomeration in the CTAC-treated powder, according to the FE-SEM pictures. The

combined microstructural image shows that, under the current hydrothermal conditions,

CTAC works through two processes: enhanced nucleation and isotropic surface

inhibition. Scientists believe that the resulting BaCO3 powder, which has well-organized

tiny particles, is a perfect precursor for functional applications in the future.
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1. INTRODUCTION

Barium carbonate (BaCO3) exists as an inorganic 

compound that people identify using the chemical symbol, and 

which multiple industrial applications use throughout glass 

and ceramics manufacturing and optical material production 

because of its chemical composition stability and various 

beneficial properties [1-3]. Many techniques are based on the 

properties of this material. The modern interest in this material 

is due to its ability to convert BaCO3 (which is what is always 

made when preparing barium titanate) into barium titanate, 

with the attendant benefits of, for example, improved 

dielectric constant, which leads to improved performance in 

electronic devices [4, 5]. Cetyltrimethylammonium chloride 

(CTAC) or Cetrimonium chloride, an organic compound, is 

vital for various uses because it behaves like a surfactant, 

thereby enhancing the characteristics of nanomaterials. Initial 

research has indicated that nanomaterials’ crystal shapes can 

be improved through the addition. Research by Inam et al. [6] 

confirmed the role of surfactants in the structural properties of 

nanomaterials, resulting in wider size ranges and uniform 

particle homogeneity. Moon et al. discovered that the 

incorporation of the cationic surfactant Cetrimonium bromide 

(CTAB) into ceramic nanomaterials can allow very precise 

control of nanoparticle size and shape and thus enable the 

realization of many designs by adjusting the speed and 

regulating the reaction period in the mixing stage during 

synthesis [7]. In order to improve ZnO nanoparticle dispersion 

and increase their use for electronic applications, Zhang et al. 

[8] employed a surfactant. Chen et al. [9] proposed that CTAC

may be utilized to improve the surface morphology and

homogeneity of silica nanoparticle crystals, a similar outcome

to what other researchers had obtained by employing CTAC

to improve the characteristics of nanoceramics [9]. Also, in

other research, it has been proven that adding a surfactant to

nano-ceramics works to enhance the monodispersing of

nanoparticles and increase the sensitivity of the thermistor in

the low temperature range, as demonstrated by the

improvement of temperature-dependent electrical resistance

behavior [10]. CTAB was applied to nanoparticles in the
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reverse micelle technique, and colloidal gold nanocrystals 

were produced, from which self-assembled superlattices 

improved their stability and dispersion property [11, 12]. 

Several methods have been used to synthesize nanostructures. 

Shahid et al. [13] reported that this method can produce BaCO₃ 

in different forms such as rods, needle-like particles, and 

flower-shaped structures. They also observed that the final 

shape depends on factors like reaction time and the amount of 

nickel added during preparation. This shows that the CHM 

method is a useful way to control the structure of BaCO₃ for 

applications such as sensors and catalytic materials. Mishra et 

al. [14] showed that CTAB improves particle dispersion of 

ZnO nanoparticles through morphology control, and Ohkubo 

et al. [15] used CTAB-containing surfactant assemblies that 

served as soft templates for mesoporous silica particles, 

enabling tunable pore size and controllable hexagonal-to-

lamellar mesostructure. CTAB and CTAC belong to the same 

family of cationic surfactants. They have the same C16 alkyl 

tail and the same trimethylammonium head, and they differ 

only in the counter-ion (Cl⁻ for CTAC and Br⁻ for CTAB). The 

two surfactants show different behavior in water despite 

having only one chemical difference. The critical micelle 

concentration of CTAC at 25 ℃ is between 1.1 and 1.6 mM, 

which is a little higher than the published value of 0.9–1.0 mM 

for CTAB [16-18]. This is because, in contrast to Cl⁻, Br⁻ 

forms a stronger connection with the cationic head group. 

While CTAC micelles retain their loose structure with mostly 

spherical form, CTAB micelles become more compact as they 

evolve into rod-shaped structures because a closely bonded 

counter-ion inhibits the electrostatic forces that exist between 

neighboring head groups [19, 20]. When these surfactants 

adsorb on a solid surface, the same result is seen: CTAB forms 

compact, well-ordered bilayers that can act as relatively rigid 

templates, while the CTAC layer moves more, making it easier 

for ions from the surrounding solution to reach the carbonate 

group on the crystal surface [21]. Researchers have employed 

CTAB to create anisotropic gold nanorods [12, 18] and 

ordered mesoporous silicas [10, 15], whereas CTAC is more 

effective at extracting CO3 
2-anions on micelle surfaces and 

increasing nucleation without creating a primary crystal shape 

[9, 16, 22]. BaCO₃ nanoparticles have an impact on the 

polarization resistance of composite cathodes used in ceramic 

fuel cells, as demonstrated by Desta et al. [23]. Two-

dimensional sheet-like structures offer superior surface area 

and active site density benefits for their applications, as 

Zavabeti et al. [24] showed. The researchers found that 

choosing the right surfactant was necessary to regulate the 

nucleation and growth processes. For these reasons, the 

researchers used CTAC surfactant for their investigation. 

BaCO3 nanostructures have been analyzed using Fourier-

transform infrared spectroscopy (FTIR) and X-ray diffraction 

(XRD) techniques to determine their structural and chemical 

changes under CTAC additives. It has been shown that the 

addition of surfactants has an effect on the chemical and 

structural nature. The research discussed how BaCO3 

nanoparticles were affected by CTAC using XRD analysis, 

FTIR spectroscopy, and field-emission scanning electron 

microscopy. Through these investigations, modifications 

within the crystallography as well as surface morphology were 

revealed when exposed to CTAC. Moreover, the research 

aimed to develop the properties of BaCO3 for forthcoming use 

in the synthesis of barium titanate and make it more suitable 

for various fields. 

 

2. EXPERIMENTAL 

 

2.1 Preparation of barium carbonate 

 

The production of BaCO3 nanostructure involved a 

hydrothermal method. Barium chloride (BaCl2, Kishida 

Chemical), sodium bicarbonate (NaHCO3; Solvay), and 

sodium hydroxide (NaOH; Nacalai Tesque, 98%) were used 

to make the precursor. A 25 ℃ temperature was used to 

produce a combination of 1 M BaCl2 (15 mL aqueous solution) 

and 1 M NaHCO3 (10 mL aqueous solution). Next, 2 M NaOH 

and 5 mL of ethylene glycol (EG) solution were added, either 

with or without the addition of 0.1 g CTAC aqueous solution 

in 5 mL of deionized (DI) water. We used 0.1 g of CTAC in 5 

mL of water, giving a final concentration of 6.25 mM in the 

reaction mixture. This is higher than the CMC of CTAC in 

water at 25 (1.1 mM) [16, 17], so micelles can form. The 

micelles contribute to regulating the development of BaCO3 

crystals while reducing random precipitation. To guarantee the 

production of well-crystallized BaCO3, the reaction conditions 

(200 ℃, 20 h) were employed [13]. After the hydrothermal 

process, the product was separated using a centrifuge, and it 

was thereafter repeatedly cleaned in distilled water and dried 

at 70 ℃. Eq. (1) depicts the reactant and end product reaction 

flow. 

 

𝐵𝑎𝐶𝑙2. 2𝐻20 + 2𝑁𝑎𝑂𝐻 + 𝑁𝑎𝐻𝐶𝑂3 

= 2𝑁𝑎𝐶𝑙 + 2𝐻2𝑂 
(1) 

 

2.2 Characterization 

 

The synthesized BaCO3 was analyzed by XRD (ELIS, 

PHILIPS-binary scan), Field emission scanning electron 

microscopy (FE-SEM, AxiaChemi-SEM), and FTIR 

spectroscopy (Nicolet IS50). The crystalline nanostructure of 

BaCO3 prepared by the hydrothermal method was 

characterized using Cu-Kα radiation (35 kV, 30 mA) in XRD 

measurements at 25 ℃ temperature. XRD analysis was used 

to estimate the lattice parameters of the a and c-axes from the 

(200) and (111) planes. The morphology and form of the 

produced BaCO3 were examined using FE-SEM. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Fourier-transform infrared spectroscopy analysis of 

barium carbonate samples 

 

BaCO3 samples were analysed using FTIR spectroscopy to 

study the effect of CTAC on the functional groups (see Figure 

1(a)). A band observed at 1440 cm⁻¹ is assigned to the 

asymmetric stretching vibration of the carbonate group 

(CO₃²⁻). After adding CTAC, a noticeable change in the 

intensity of this band was observed, suggesting a possible 

surface interaction between CTAC molecules and the 

carbonate species. The band at 860 cm⁻¹, related to out-of-

plane bending vibrations, also shows a variation in intensity 

after CTAC addition, indicating a change in the local 

environment of the carbonate groups. The band at 690 cm⁻¹ 

corresponds to in-plane bending vibrations of the carbonate 

group. A weak band around 1067 cm⁻¹ may be attributed to 

additional carbonate-related vibrational modes. In addition, 

the characteristic vibration at 2836 cm⁻¹, assigned to C–H 

stretching vibrations, points towards the presence of CTAC on 
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the surface of barium carbonate nanostructures [25].  

 

3.2 X-ray diffraction study of structure and crystallite size 

 

The XRD in the presence and absence of CTAC in BaCO3, 

and the comparison between the patterns obtained, is displayed 

in Figure 1(b). XRD data showed that the presence of CTAC 

transformed the crystalline patterns. The peak intensity at 

27.5°, which matched the (002) level of BaCO3, showed 

improved crystal structure organization because there were 

fewer defects in the material. Furthermore, variations in the 

intensity values of the peaks seen at 23.2°, 24.7°, and 29.4°, 

which correspond to planes (111), (200), and (201), 

respectively, indicate improved crystalline uniformity and 

crystal formation [26]. Stronger peaks are seen in the CTAC-

containing sample than in the non-CTAC-containing sample. 

This indicates that the presence of CTAC enhances the 

crystallinity of BaCO₃. There is noticeable peak broadening in 

the pattern without CTAC, indicating random-sized crystal 

sizes or more defects in the crystal structure. In the presence 

of CTAC, the diffraction peaks are noticeably different, which 

is a direct consequence of the reduced crystallite size. 
 

 
 

Figure 1. (a) The Fourier-transform infrared spectroscopy (FTIR) spectra of BaCO3 in the presence of CTAC (red line) and in the 

absence of CTAC (black line), (b) The X-ray diffraction (XRD) analysis of BaCO3 in the presence of CTAC and in the absence 

of CTAC 
Notes: CTAC: Cetyltrimethylammonium chloride. 

 

3.2.1 Single-peak Scherrer estimate 

Crystallite size calculation: the broadening of XRD peaks 

may be used to determine crystallite sizes using the Scherrer 

Eq. (2): 
 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (2) 

 

Hence, K is the shape factor (typically 0.9), D is the 

crystallite size, the wavelength (λ) of the X-ray radiation (Cu-

Kα) is 0.15418 nm, the Bragg angle is represented by θ, and 

the peak's full width at half maximum (FWHM) is β in radians. 

By applying the Scherrer equation to the most intense peaks, 

we can compare the crystal sizes of BaCO₃ in the presence or 

absence of CTAC. The FWHM of the most intense BaCO₃ 

reflection at 2θ = 23.97° is 0.0866° (1.51 × 10⁻³ rad) for the 

surfactant-free sample, and the most intense reflection of the 

CTAC-treated sample at 2θ = 31.40° has a FWHM of 0.1515° 

(2.64 × 10⁻³ rad). With K = 0.9 and λ = 0.15418 nm, the 

Scherrer equation gives crystallite sizes of about 94 nm and 55 

nm, respectively, for the most intense peaks, and average 

values of 43 nm and 34 nm when the ten most intense 

reflections of each pattern are averaged. CTAC therefore 

reduces the average crystallite size by roughly 20%, which is 

consistent with the adsorption of CTA⁺ on the carbonate 

surface, limiting subsequent growth. 

Worked example for the most intense reflection of the 

surfactant-free sample (2θ = 23.97°, FWHM = 0.0866°): 
 

θ = 11.985°, cosθ = 0.9782 
 

β = 0.0866 × π/180 = 1.512 × 10⁻³ rad 

𝐷𝑤𝑖𝑡ℎ𝑜𝑢𝑡 =
0.9 × 0.1542

1.512 × 10−3 × 0.9782
= 93.8 nm (3) 

 

Worked example for the most intense reflection of the 

CTAC sample (2θ = 31.40°, FWHM = 0.1515°): 

 

θ = 15.70°, cosθ = 0.9627 

 

β = 0.1515 × π/180 = 2.644 × 10⁻³ rad 

 

𝐷𝑤𝑖𝑡ℎ =
0.9 × 0.1542

2.644 × 10−3 × 0.9627
= 54.5 nm (4) 

 

3.2.2 Williamson–Hall analysis 

The Williamson–Hall (W–H) approach decomposes the 

total broadening of a Bragg peak into a size-related and a 

strain-related contribution by means of the uniform-

deformation expression (Eq. (5)): 

 

𝛽𝑐𝑜𝑠𝜃 =
𝑘λ

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃 (5) 

 

where, ε is the average microstrain. The reflections used in the 

analysis were restricted to those with a relative intensity above 

5% and a FWHM below 0.5°, and the Kα₁/Kα₂ split 

components were excluded. Plotting βcosθ against 4 εsinθ 

(Figure 2) and fitting a straight line by least squares yields a 

volume-averaged crystallite size of D ≈ 74.7 nm for the 

surfactant-free sample and D ≈ 20.5 nm for the CTAC sample, 

with microstrain values of ε ≈ +0.95 × 10⁻³ and ε ≈ −0.69 × 

10⁻³, respectively. The poor fit quality (R² ≈ 0.066) of the 

1389



 

Williamson–Hall plot indicates that the strain contribution to 

peak broadening is negligible and that the linear model is not 

well-constrained by the data. The W–H crystallite sizes (74.7 

nm and 20.5 nm) should therefore be treated as indicative trend 

values rather than precise absolute measurements. The more 

reliable Halder–Wagner analysis (R² = 0.78–0.908) gives D ≈ 

32 nm and ≈ 19 nm and is the preferred basis for quantitative 

comparisons in this work.  

 

 
 

Figure 2. Williamson–Hall plot for the BaCO₃ samples 

synthesised without and with cetyltrimethylammonium 

chloride (CTAC)  
Notes: The intercept of the linear fit gives the volume-averaged crystallite 

size D, and the slope gives the macrostrain ε. 
 

3.2.3 Size–strain plot (Halder–Wagner) 

Because the W–H plot can be unduly influenced by the 

weak, broad reflections, a second analysis was performed in 

the Halder–Wagner formulation, in which the size and strain 

contributions are separated according to Eq. (6): 

 

(𝑑𝛽𝑐𝑜𝑠𝜃)2 = (
𝑘λ

𝐷
) . 𝑑2𝛽𝑐𝑜𝑠𝜃 + (

𝜀

2
)2 (6) 

 

Plotting (𝑑𝛽𝑐𝑜𝑠𝜃)2  against d² 𝛽𝑐𝑜𝑠𝜃  (Figure 3) returns a 

linear regression whose slope is proportional to 1/D and whose 

intercept is proportional to ε². 

 

 
 

Figure 3. Size–strain plot of the two BaCO₃ samples in the 

Halder–Wagner representation 
Notes: The slope of the linear fit gives the volume-averaged crystallite size 

D. 

The fit is considerably more stable than the W–H plot (R² = 

0.78 and 0.91 for the surfactant-free and the CTAC samples, 

respectively) and gives D ≈ 32.2 nm and D ≈ 19.0 nm, with a 

macrostrain that is essentially negligible in both samples. The 

size–strain estimate is therefore the most reliable absolute 

description of the average crystallite size in the present work, 

and the ratio between the two values (≈ 1.69) is in close 

agreement with the ratio of ≈ 1.71 obtained from the single-

peak Scherrer estimate (94 → 55 nm). The convergence of the 

two methods on the same relative reduction is the strongest 

piece of quantitative evidence that the addition of CTAC 

genuinely halves the effective crystallite size of BaCO₃ under 

the present hydrothermal conditions. 

 

3.2.4 Reflection-by-reflection comparison 

To remove any residual ambiguity related to the choice of 

the reference peak, the reflections of the two samples were 

paired on the basis of their angular position (matching window 

of ± 0.5° in 2θ), and the Scherrer expression was applied to 

each pair. The result is summarised in Figure 4: in all fourteen 

matched reflections, ranging from 19.5° to 55.7°, the CTAC-

treated sample exhibits a smaller crystallite size than the 

reference. The largest absolute differences are observed for the 

strongest reflections, where the FWHM increases from ≈ 0.09° 

to ≈ 0.50° at 23.97° and from ≈ 0.05° to ≈ 0.42° at 31.50°. The 

reflection-by-reflection analysis shows that peak broadening 

is observed across all matched reflections, indicating an 

overall reduction in crystallite size that is largely uniform 

across different lattice planes. 

 

 
 

Figure 4. Reflection-by-reflection Scherrer crystallite size 

for the fourteen matched reflections of the two BaCO₃ 

samples 
Notes: The systematic reduction of D over the whole 2θ range indicates that 

the broadening induced by CTAC is not selective for any particular 
crystallographic direction. 

 

3.2.5 Preferred orientation (Harris texture coefficient) 

The redistribution of the relative intensities noted in Section 

3.1 was quantified by computing the Harris texture coefficient 

TC(hkl) for every paired reflection (Eq. (7)): 

 

TC(hkl) = [I(hkl) / I₀(hkl)] ÷ [(1/N) Σ I(hkl)/I₀(hkl)] (7) 

 

with the surfactant-free sample taken as the internal reference 

(I₀). Values of TC > 1 denote a preferential orientation along 

the corresponding plane, whereas TC < 1 reveals a relative 

suppression of the same plane. Harris' analysis provides its 

findings in Figure 5. The CTAC sample contains one large 

outlier at 23.88°, which reflects the (111) reflection with TC 

of roughly 6.5, while all other reflections fall below this 

threshold. CTA⁺ preferentially adsorbs on (111) surface 
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regions, creating a larger barrier to development and resulting 

in plate-like crystallites as identified by FE-SEM. 

Figure 5. The Harris texture coefficient of the studied peaks 

for both phases of BaCO₃ 

3.2.6 Refinement of the orthorhombic witherite cell 

Because BaCO₃ in the witherite phase belongs to the 

orthorhombic system (a ≠ b ≠ c, α = β = γ = 90°), the inter-

planar spacing is given by Eq. (8): 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
(8) 

The least-squares method was used to solve Eq. (8) by 

applying it to all indexed reflections of each pattern, which 

included sixteen reflections from the surfactant-free sample 

and eleven reflections from the CTAC sample, to determine 

the (hkl) indices. The fit is excellent for both samples (R² = 

0.9989 and 0.9999, respectively), which confirms that the 

powders belong unambiguously to the witherite Pmcn 

structure. The refined lattice parameters of the surfactant-free 

sample, a = 5.287 Å, b = 8.926 Å, and c = 6.446 Å (V = 304.16 

Å³), shift to a = 5.317 Å, b = 8.905 Å, and c = 6.453 Å (V = 

305.53 Å³) on the addition of CTAC. The change is 

anisotropic: a expands by +30 mÅ (+0.57 %) and c by +7 mÅ 

(+0.11%), whereas b contracts by −21 mÅ (−0.23 %), and the 

cell volume increases by only +0.45%. This anisotropic 

deformation is best interpreted as the result of a directionally 

dependent surface stress imposed by the adsorbed CTA⁺ layer, 

rather than as a homogeneous cell expansion. The values of a, 

b, and c are reported in Table 1. According to XRD analysis, 

barium carbonate nanostructure exhibits an orthorhombic 

crystal structure [27]. 

Table 1. Refined lattice parameters of the orthorhombic 

witherite cell (Pmcn) for the BaCO₃ samples synthesised with 

and without cetyltrimethylammonium chloride (CTAC) 

Parameter Without CTAC With CTAC 

a (Å) 5.287 ± 0.02 5.317 ± 0.02 

b (Å) 8.926 ± 0.03 8.905 ± 0.03 

c (Å) 6.446 ± 0.02 6.453 ± 0.02 

Cell volume V (Å³) 304.16 305.53 

Number of reflections used 16 11 

Refinement R² 0.9989 0.9999 

3.2.7 Synthesis of the cetyltrimethylammonium chloride effect 

It is useful, at this stage, to bring together the spectroscopic 

and the crystallographic evidence and to ask which physical 

processes can account for the changes that follow the addition 

of CTAC. Five mechanisms are usually invoked when a 

cationic surfactant modifies the crystallisation of an inorganic 

salt, and they are not mutually exclusive. The first mechanism 

is local enrichment of CO₃²⁻ around the micelles. Above the 

CMC, CTA⁺ head groups attract carbonate and bicarbonate 

anions through electrostatic and weak hydrogen-bond 

interactions, so that the carbonate concentration close to a 

micelle is significantly higher than in the bulk solution [16, 

28]. Our FTIR data are consistent with this picture: the small 

shifts and intensity changes of the ν₃ (1440 cm⁻¹) and ν₂ (860 

cm⁻¹) carbonate bands in the CTAC sample reveal that the 

chemical environment of CO₃²⁻ is modified when the 

surfactant is present. The second mechanism is a higher 

nucleation rate. According to the LaMer hypothesis, a 

transitory rise in supersaturation causes a critical point, 

resulting in the production of small nuclei. This is the 

mechanism that is supported by the most evidence. The 

Halder-Wagner crystallite size decreases from 32 to 19 nm, 

dislocation density increases by more than one order of 

magnitude, and diffraction peaks broaden uniformly across the 

2θ range. These characteristics indicate a higher number of 

smaller crystals rather than fewer larger crystals. 

The third mechanism is a change in the interfacial energy. 

Adsorption of CTA⁺ on a freshly formed BaCO₃ surface is 

expected to lower the solid–liquid interfacial tension and 

therefore to reduce the energy barrier to nucleation [29-31]. 

Our FTIR data give indirect support for this idea, because the 

C–H stretching bands at 2836 cm⁻¹ confirm that CTA⁺ is 

indeed present on the dried powder. We did not measure the 

interfacial tension directly, however, so this contribution 

remains qualitative. 

The fourth mechanism is a soft-templating effect. Cationic 

micelles can guide the growth of an inorganic crystal towards 

specific facets [10, 15, 32]. The Harris analysis does show a 

clear preferential growth on (111) (TC ≈ 6.5), and FE-SEM 

reveals plate-like crystallites in the CTAC sample, both of 

which point in this direction. On the other hand, the 

broadening of all the matched reflections is essentially the 

same, which is not the behaviour expected from a strong, 

facet-selective template. We therefore consider the templating 

effect to be present but secondary. The fifth mechanism is a 

change in solubility induced by the surfactant counter-ions. 

Chloride and Ba²⁺ can form weak ion pairs, and the additional 

ionic strength produced by the surfactant can, in principle, 

modify the apparent solubility of BaCO₃ [33]. We did not 

measure the residual barium concentration in the supernatant, 

so we have no direct evidence for or against this mechanism. 

It is mentioned here only for completeness. In short, the 

dominant effect of CTAC under the present conditions is to 

increase the nucleation rate by enriching CO₃²⁻ at the micellar 

surface, with a smaller contribution from interfacial-energy 

lowering and from a mild orientation of the crystallites along 

(111). A solubility-driven effect cannot be ruled out, but it is 

not needed in order to explain the present results. 

The FTIR and XRD data establish a coherent causal 

sequence that links the molecular-level interaction of CTA⁺ 

with the carbonate surface to the macroscopic crystallographic 

changes measured by diffraction. The FTIR spectrum of the 

CTAC-treated sample shows (i) a shift and intensity change of 

the ν₃ carbonate band at ~1440 cm⁻¹ and of the ν₂ band at 

~860 cm⁻¹, indicating that the CTA⁺ head group interacts 

electrostatically with CO₃²⁻ ions, and (ii) C–H stretching band 

at 2836 cm⁻¹ region that confirm the retention of the cetyl 
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chain on the dried powder, demonstrating that CTA⁺ is indeed 

adsorbed on the BaCO₃ surface and is not simply present as a 

dissolved species in the mother liquor. This surface adsorption 

has three direct crystallographic consequences that are all 

observed in the XRD data. First, the electrostatic enrichment 

of CO₃²⁻ at the micelle surface leads to increased local 

supersaturation, which results in a LaMer-type nucleation 

burst that produces more crystallites while decreasing their 

average size from approximately 94 nanometers to 

approximately 55 nanometers based on the single-peak 

Scherrer method and from approximately 32 nanometers to 

approximately 19 nanometers based on the Halder-Wagner 

method. Second, the adsorption of CTA⁺ lowers the solid–

liquid interfacial energy, which further reduces the nucleation 

barrier and drives the thirteen-fold rise in dislocation density 

(δ: 1.79 to 23.72 × 10¹⁴ lines·m⁻²) associated with the finer, 

grain-boundary-rich microstructure. Third, the preferential 

adsorption of CTA⁺ on specific BaCO₃ facets retards growth 

along those directions and produces the strong preferred 

orientation along the (111) plane detected by the Harris texture 

analysis (TC ≈ 6.5). In other words, the FTIR features at 1440, 

860, and 690 cm⁻¹ are the standard ν₃, ν₂, and ν₄ vibrations of 

the carbonate group in witherite BaCO₃ and confirm the phase 

identity already inferred from XRD. The noticeable reduction 

in the intensity of these bands when CTAC is present is 

consistent with surface coverage of the BaCO₃ crystallites by 

adsorbed CTA⁺, which screens the carbonate vibrations from 

the IR beam. This surface coverage is also the most likely 

reason why the XRD peaks of the CTAC sample are slightly 

broader (smaller crystallite size) than those of the surfactant-

free sample, since adsorbed CTA⁺ limits further growth. 

The SEM pictures in Figure 6 show that the morphology and 

form of the nanoparticles had changed. As seen in Figure 6(a), 

the nanoparticles' appearance was highly erratic prior to the 

incorporation of the CTAC. The morphology altered to a well-

distributed one after the CTAC was added (Figure 6(b)). 

Because the CTA+ ions have a positive charge throughout 

crystallization, preferential bonding is viewed between them 

and the BaCO3 surfaces. The energy of the crystal surfaces 

and, as a result, the rate at which different crystallographic 

directions crystallize are influenced by preferred bonding. The 

shape of the crystalline structures is altered as some 

crystallographic planes grow more slowly than others. 

Consequently, the use of the CTAC solution leads to the 

creation of micelles that include some of the Ba2+ ions. 

Consequently, the local supersaturation near the micellar 

surface is enhanced, triggering a burst of nucleation events and 

producing a larger number of smaller crystallites. The size 

dispersion and shape of the crystallites improve when ions are 

adsorbed onto their surface. It should be noted that the 

information shown in Table 1 and Figure 2 is consistent with 

the results indicated. CTAC and CTAB are popular surfactants 

that have been used extensively to regulate the shape and 

growth of numerous inorganic compounds, aside from their 

function in the BaCO3 system.  

According to the analysis's findings, it is evident that the 

BaCO₃ crystals' lamellar morphology is a result of CTAC, 

which encourages molecules to diffuse while maintaining their 

original structure and shape, hence fostering optimal 

molecular performance. FTIR, XRD, and SEM clearly show 

that CTAC has a significant impact on the molecular structure 

and morphology of BaCO₃. Additionally, the usage of CTAC 

can be linked to improvements in the characteristics of BaCO₃, 

as seen by the differences in the diffraction peaks in the XRD 

spectra and absorption peaks in the FTIR spectrum, as well as 

the improved SEM pictures acquired. As a result, the content 

will become more engaging for practical uses. In summary, the 

study's findings pave the way for additional research into the 

potential applications of CTAC as an agent that permits 

manipulation of nanomaterials' characteristics, especially 

those of nanoceramics. Increased particle contact will lead to 

better crystallization. As a result, the samples will be closely 

packed and have a more uniform structure.  

 

 
 

Figure 6. The FE-SEM images of barium carbonate (a) in the absence of CTAC, (b) in the presence of CTAC 
Notes: FE-SEM: Field emission scanning electron microscopy, CTAC: Cetyltrimethylammonium chloride. 

 

3.2.8 Mie-theory optical simulation 

To assess how the CTAC-induced reduction in crystallite 

size translates into measurable optical behaviour, the 

extinction efficiency Qe, scattering efficiency Qs, specific 

extinction cross-section per unit mass, and scattering 

asymmetry parameter g were computed by exact Mie theory 

for spherical BaCO₃ particles with diameters equal to those 

determined by single-peak Scherrer analysis: D₁ = 94 nm 

(surfactant-free) and D₂ = 55 nm (CTAC-treated). The 

refractive index of the witherite phase was represented by a 

(a) (b) 
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three-term Cauchy model. 

 

n(λ) = 1.630 + 0.0122λ⁻² + 4.2 × 10⁻⁴λ⁻⁴ (λ in µm) 

 

with parameters fitted to published optical data for the mineral 

witherite. Since BaCO₃ is optically transparent across the 

ultraviolet–visible spectrum (imaginary part of the refractive 

index k ≈ 0), the absorption efficiency is essentially zero in 

both samples, and all extinction arises from elastic Mie 

scattering. 

 

 
 

Figure 7. The optical efficiencies of BaCO₃ particles synthesized without cetyltrimethylammonium chloride (CTAC) (D = 

94 nm, solid blue line) and with CTAC (D = 55 nm, dashed red line): (a) extinction efficiency Qe, (b) scattering asymmetry 

parameter g 
Notes: Shaded regions indicate the UV (violet), visible (blue), and near-IR (pale red) spectral ranges. 

 

 
 

Figure 8. Specific extinction cross-section per unit mass 

(Cₑ/m = 3Q / 4ρr × 10¹² cm2/g) as a function of wavelength 

for the two BaCO₃ samples 
Notes: The surfactant-free powder (94 nm) shows higher UV extinction per 
gram, while the cetyltrimethylammonium chloride (CTAC)-treated powder 

(55 nm) has a flatter spectral response across the full UV–visible window. 

 

The computed extinction efficiencies are shown in 

Figure 7(a) The surfactant-free sample, whose larger particle 

size (94 nm) places it in the Mie-resonance regime for 

wavelengths below 350 nm, exhibits a pronounced extinction 

peak in the deep UV with Qₑ reaching values above 1.1; by 

contrast, the CTAC-treated sample (55 nm) remains in the 

Rayleigh–Mie transition throughout this range and shows a 

mean UV extinction of only 0.121. In the visible range (400–

700 nm), where both samples are nearly transparent, the 

CTAC-treated powder exhibits an 88.7% lower mean Qₑ 

(0.0050 versus 0.0445), indicating that the finer particles 

scatter visible light less efficiently, a property of direct 

relevance to transparent ceramic glazes and optical-grade 

coatings. The visible range scattering asymmetry parameter g 

decreases from 0.066 (no CTAC) to 0.023 (CTAC) as 

measured between these two sites, as shown in Figure 7(b). A 

lower g value correlates to greater isotropic angular 

redistribution of scattered intensity, resulting in a more 

uniform look that reflects light, as seen in white ceramic glazes 

and diffuse optical coatings. Figure 8 depicts the specific 

extinction cross-section normalized by particle mass, 

Cₑ / m = 3Qₑ / (4ρr), where ρ = 4.286 g cm⁻³ is the bulk density 

of witherite and r is the particle radius. The quantity serves as 

the optimal measurement to assess the optical efficiency 

between two powders that will be tested at identical mass 

loading in a formulation. The surfactant-free sample exhibits 

higher specific UV extinction because its bigger resonant 

particles eliminate more UV light from the incoming beam per 

gram of material. Mie-theory studies reveal that reducing 

crystallite size from 94 nm to 55 nm causes the optical 

response to change from significant UV scattering to better 

visible transparency and more isotropic light distribution, 

rather than simply increasing or deteriorating performance. 

 
 

4. CONCLUSION  

 

The incorporation of CTAC into the BaCO₃ hydrothermal 

synthesis method produced two significant consequences. The 

first result revealed that the average crystallite size fell from 

94 to 55 nanometers. The second finding demonstrated that 

increasing dislocation density resulted in a more uniform 

plate-like structure. Instead of being a typical crystallinity-

enhancing agent, CTAC acts as a nucleation promoter and 

surface-adsorption agent, resulting in these results. XRD study 

shows that CTAC addition generates peak widening effects, 

resulting in novel patterns of diffraction intensity distribution 

that correlate to smaller average crystallite sizes. As shown in 

the XRD pattern, when CTAC was introduced, there was a 

redistribution of peak intensities accompanied by increased 
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peak broadening, consistent with the reduction in crystallite 

size. The Scherrer equation was applied to quantify the CTAC-

induced reduction in crystallite size. Furthermore, there was 

also a shift of functional groups and their absorptions 

according to FTIR spectra after the introduction of CTAC. 

SEM images have revealed that particles are uniform and 

homogeneously dispersed. The Scherrer equation confirmed 

the CTAC-induced reduction in crystallite size, thereby 

demonstrating the suitability of employing CTAC as an 

additive for controlling the crystallinity and morphology of 

BaCO₃ in various applications. The production of laminated 

BaCO3 particles with the help of CTAC is very important from 

the point of view of the industrial process, as this particular 

form is known to be more suitable for obtaining an interfacial 

contact space between the reactants, and thus will promote the 

crystallization reaction. These findings will improve 

condensation efficiency and produce more uniform ceramic 

materials. The two-dimensional lamellar crystal structure has 

a very precise thickness and a large surface area. Its crystalline 

surfaces are primarily exposed, thereby enhancing this 

structure's efficacy. Due to their enhanced capacity for charge 

and mass transfer, these structures have certain benefits that 

make them indispensable in situations involving chemical 

catalysis, sensing, and electronics [19]. To validate and 

visualise the experimental line-profile data, XRD patterns 

were simulated for both samples using the Scherrer–Voigt 

broadening model with the crystallite sizes and microstrain 

values obtained from the Williamson–Hall analysis (D = 

94 nm, ε = 0.95 × 10⁻³ without CTAC; D = 55 nm, ε = 

1.12 × 10⁻³ with CTAC). The simulated patterns reproduce the 

systematic peak broadening observed experimentally across 

all fourteen matched reflections and confirm that the strain-

induced broadening term 4ε tan θ becomes increasingly 

significant at high angles (2θ > 45°), explaining the gradual 

divergence of the two profiles. Critically, the simulation 

demonstrates that the redistribution of relative peak intensities 

seen in the CTAC sample cannot be reproduced by crystallite-

size reduction alone: an additional preferential-orientation 

contribution—independently confirmed by the Harris texture 

coefficient (TC ≈ 6.5 at the (111) reflection)—is required to 

match the experimental intensity ratios. The simulation, 

therefore, provides a self-consistent, quantitative bridge 

between the crystallographic analysis and the FE-SEM 

morphological observations, and strengthens the conclusion 

that CTAC acts primarily as a nucleation regulator with a 

secondary facet-selective orientation effect on the (111) plane. 

Barium carbonate nanostructures were successfully 

synthesised by a hydrothermal route in the absence and 

presence of CTAC, and a complete crystallographic and 

microstructural analysis was carried out by FTIR, FE-SEM, 

and XRD. Single-peak Scherrer estimates yielded average 

crystallite sizes of approximately 94 nm and 55 nm for the two 

samples, while averaging over the ten most intense reflections 

returned 43 nm and 34 nm. The Williamson–Hall and the 

Halder–Wagner size–strain treatments confirmed that the 

addition of CTAC reduces the average crystallite size by a 

factor close to two (32 to 19 nm). Least-squares refinement of 

the orthorhombic witherite cell (R² ≥ 0.9989) showed that the 

cell deformation induced by CTAC is anisotropic (a and c 

expand, b contracts) rather than a uniform expansion, and the 

Harris texture analysis revealed a strong preferential 

orientation along the (111) plane (TC ≈ 6.5). FE-SEM 

confirmed the corresponding morphological refinement, with 

the irregular agglomerates of the surfactant-free reference 

being replaced by homogeneous, plate-like crystallites in the 

CTAC sample. The Mie-theory simulation demonstrates that 

decreasing the crystallite size from 94 nanometers to 55 

nanometers produces a substantial change in the optical 

characteristics of BaCO₃. The material demonstrates a 

transition from intense ultraviolet scattering to enhanced 

visible light transmission and even distribution of light. CTAC 

functions mainly as the primary nucleation agent, while it fails 

to control crystal shape development, which results in the 

production of uniformly structured fine powder that serves as 

a suitable precursor for ceramic production. The study used 

only one CTAC concentration of 6.25 mM, which exceeds the 

critical micelle concentration, yet it represents only one 

concentration value. The results show system behavior at this 

particular condition, while researchers did not determine the 

ideal CTAC concentration. Future research should use a 

systematic concentration-gradient study that covers sub-CMC, 

near-CMC, and supra-CMC regimes to establish how 

crystallite size, morphology, and texture depend on surfactant 

loading. 
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