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ARTICLE INFO ABSTRACT
Keywords: An innovative, safe, cost-effective, and eco-friendly multi-walled carbon nanotubes (MWCNTSs)-
ZnO:MWCNT nanocomposites assisted Zinc oxide (ZnO) nanocomposites (NCs) were synthesized using a low-temperature so-

Rietveld refinement
Burstein—moss effect
Resolution ratio, anti-counterfeiting

lution combustion method followed by ex-situ ultrasonication. The X-ray diffraction (XRD) and
field-emission scanning electron microscope (FESEM) results revealed that MWCNT doping did
not affect the phase structure; however, a decrease in average crystallite size was observed, from
48.14 nm to 37.07 nm. Ultraviolet-visible (UV) spectroscopy studies revealed an increase in
optical bandgap with MWCNTs doping. The photoluminescence (PL) spectra at different excita-
tion wavelengths showed maximum emission at 364, 369 and 362 nm, attributed to the near-
band-edge emission of ZnO. The ZnO:MWCNT NCs were successfully used to investigate latent
fingerprints (LFPs) on both porous and non-porous surfaces. These NCs showed excellent stability
under humidity, temperature and mechanical abrasion tests. Further analysis highlights the
average ridge spacing of 0.236 mm with a resolution ratio of 4.24 ridges/mm on porous surfaces,
and on non-porous surfaces, it was noted as 0.251 mm, yielding a resolution ratio of 3.98 ridges/
mm, confirming significant image resolution. These outcomes indicate that these high-
performance ZnO:MWCNT NCs have potential applications in LFPs detection.

1. Introduction

Forensic science involves the application of scientific methods to investigate criminal activities and analyse evidence for legal
proceedings [1]. Among its many disciplines, fingerprint (FP) analysis, known as dactyloscopy, remains one of the most reliable
methods for personal identification [2]. FPs are unintentionally left at crime scenes by offenders and are generally classified as plastic,
patent and latent fingerprints (LFP) [3].

LFPs are formed by sweat secretions from the eccrine, apocrine and sebaceous glands [4] and are unique and remain unchanged
throughout an individual’s lifetime. These FPs are analysed at three hierarchical levels. Level I features include general ridge flow
patterns such as arches, whorls and loops. Level II features comprise ridge endings, bifurcations, islands and lakes [5,6]. Level III
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Table 1
A comparative study of the present work and the previously reported NCs for LFP detection.
Material Method Crystallite PL Excitation PL emission CIE CCT Substrates LFP detection Reference
size (nm) wavelength (nm) wavelength (nm) (K)
LayCaZnOs: 1mol% Er®* Solution combustion 50.60 378 549 (0.3158, 5753 Paper, OHP, Al foil, plastic, Level I, II and III [11]
0.6636) steel, glass
CaY,Sbo(Zn04)3:10 mol% High-temperature solid- 10.4 407 610 (0.585, 0.414) 5674 Steel, plastic, glass Up to level III [12]
Sm>* state method
BaTiO3:2 mol Ultrasound-assisted 36 387 574 (0.3346, 5403 Green leaf, plastic sheet, pen Only fingerprint [13]
% Dy>* sonochemical 0.3407) edge, TV remote, mobile images
screen
Cag sW04:0.5 mol% Sm>* Solid-state reaction 42.13 250 640 (0.635, 0.364) 2114 Al foil, stapler, spoon Only the [14]
fingerprint
image
TiOy: 1 mol% Ce>* Solution combustion 26 396 544 (0.3582, 4563 Al foil Level I, IT and IIT [15]
0.3951)
PVA/Gd;03: 5 mol %Eu>" Solution casting route 32 394 710 - 4396 Glass, Al foil, stainless steel Level I and 11 [16]
NaYF4:20 %Yb, 2 %Er, 15 Hydrothermal method 27.32 980 nm (laser 655 - - Glass, table, paper, iron Level [, IT and III [17]
%Fe UCNPs irradiation) sheet, credit card
SrZrOs3: 5 mol% Sm>+ Solution combustion 48 403 609 (0.6362, 2724 Mobile screen Level I, II and III [18]
technique 0.3633)
Zn .95 Cu 0,05 O Co-precipitation 18.48 325 478 - - Wood sheet, metal scale, Level I, II and IIT [19]
nanoparticles method book wrapper, plastic sheet,
coin
ZnO Chemical precipitation 23.7 325 606 - - Al foil, black glass, clear Level I and IT [20]
glass, steel
NaYF4:20 %Yb, 2 %Er, 30 Hydrothermal method 180 980 (NIR) 653 (0.523, 0.451) - Glass, plastic, ceramic tile, Level I, II and III [21]
% Mn tron sheet, paper, banknotes
Y,SrZnOs: 20 mol% Eu®* Self-igniting 50 393 (near UV) 595 (0.630,0.369) 1160 Porous, semi-porous and non- Level I, II and III [22]
combustion 465 612 porous
Y,05: 7 mol%Fe3* Solution combustion 18 266 383 (0.1830, 10628 Leaf, Al foil, marble Level [, IT and III [23]
method 0.4491)
Ca,InTa0g:0.40Eu®* High-temperature solid- 54.8 395 613 (0.327, 0.339) 5748 Al foil, glass, paper, plastic Level I, II and III [24]
state reaction
Zn0:4 wt% MWCNT Solution combustion + 37.68 260 363 (0.156, 0.023) 1756 Glass sheet, acrylic sheet, Level [, IT and III Present
Ultrasonication wood, granite, Al foil work
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features, including pore structure, ridge shapes, creases, scars and warts, provide the most detailed information for individual iden-
tification [7]. Since LFPs are invisible to the naked eye, their visualisation requires enhancement techniques.

There are many studies, like traditional black powders, ninhydrin or DFO (1,8-diazafluoren -9-one), used by forensic investigators
in revealing LFPs. But as they are larger in size compared to nanocomposites, they exhibit limited capability in revealing ridge details,
are effective only on porous surfaces such as paper and cardboard and require necessary temperature and humidity controls for
visualising LFPs [8]. Moreover, DFO compounds contain toxic and carcinogenic substances that are harmful to forensic examiners [9,
10]. These limitations prompted the researchers to explore various alternatives for visualising LFPs. One such approach involves the
application of luminescent powders. When these powders are dusted onto the LFPs, they adhere to them and glow under ultraviolet
light of different wavelengths, allowing for the examination of intricate details of the LFPs.

Many rare-earth doped metal oxide NCs used as luminescent powders have demonstrated superior optical properties compared to
bulk metal oxides in visualising LFPs. Table 1 shows a comparison of several hosts doped with rare earth elements and metal oxides,
along with the level of visualising FPs on various surfaces. Among the metal oxides, ZnO is the most extensively studied owing to its
non-toxic nature, wide bandgap, high exciton binding energy (~60 meV) and ability to function as a transparent conductive oxide [20,
25]. These properties make ZnO highly suitable for applications in photocatalysis, gas sensing, solar cells, LEDs, and forensic sciences
[20,27]. While rare-earth-doped metal oxide NCs have demonstrated superior optical properties compared to bulk, the high cost and
short supply of rare-earth elements have driven an urgent need for sustainable alternatives [26,28]. Carbon nanotubes (CNTs),
particularly MWCNTs, have emerged as promising nanomaterials due to their exceptional electrical, optical and biological properties
[29]. These are widely used in photocatalysis, gas sensing, energy storage, anti-fouling coatings, construction materials and display
technologies [30-35].

Recent studies support the use of MWCNT as dopants. Ahmadipour et al. report that the mixing of 0.2 wt% MWCNT to calcium
copper titanate exhibits the highest dielectric permittivity and the lowest dielectric loss for electronic device applications [36]. Jazi
et al. prepared ZnO/MWCNT NCs for biomolecule detection, exhibiting high performance in glucose detection [37]. Ardani et al.
investigated polyaniline-MWCNT NCs via the ultrasonic method, showing excellent photocatalytic performance with 7 wt% MWCNT
[38]. Zargar et al. synthesized MWCNT-ZnO thick films via a sol-gel screen printing method for LED applications [39].

Despite these advancements, research on ZnO:MWCNT NCs for anti-counterfeiting and forensic applications has remained unex-
plored. Therefore, this work aims to study the effect of varying MWCNT concentrations on the optical properties of ZnO nanoparticles.
ZnO:MWCNT NCs with various amounts of MWCNT were synthesized and systematically used for the visualisation of LFPs on various
porous and non-porous surfaces. The results of the study are expected to present an innovative, cost-effective, sustainable alternative
for high-resolution visualisation of LFP to existing commercial powders and rare-earth-doped NCs.

2. Experimental section
2.1. Materials

The chemicals Zinc nitrate hexahydrate (Zn(NOs3)2.6H20, 98 % pure) and oxalic acid (CoH204.2H20, 99 % pure) were purchased
from LOBA Chemie Pvt. Ltd and Molychem company, respectively. MWCNTs (99 % pure) were procured from Vedayukt India Private

Limited. Double-distilled water and ethanol were used as the solvents in the chemical reactions. All the chemicals were of utmost
purity, hence used without any further refining.
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Fig. 1. Flowchart illustrating the combustion synthesis of ZnO and ZnO:MWCNT NCs.
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Fig. 2. XRD patterns of ZnO, MWCNT and ZnO:MWCNT NCs.

2.2. Synthesis of ZnO: xMWCNTs (x = 0, 2, 4, 6, 8 and 10 wt%) nanocomposites

A low-temperature solution combustion method was used to synthesize the ZnO nanoparticles. Zinc nitrate hexahydrate and oxalic
acid were used as the oxidiser and fuel, respectively. MWCNTs were used as the dopant.

Initially, the oxidiser and the fuel, both possessing low decomposition temperatures, were dissolved separately in distilled water
using a magnetic stirrer for 30 min. Subsequently, the solutions were combined into a single beaker, allowing the fuel to complex with
metal ions, thus promoting a uniform mixture and were stirred for an additional 30 min. The resulting solution was then placed in a
preheated muffle furnace at 300 °C. An exothermic reaction occurred during which nitrates were oxidised, releasing nitrogen (N»),
oxygen (O3) and water vapours, while the fuel acted as a reducing agent, releasing carbon. The resulting voluminous, foamy and fluffy
material was transferred to a crucible and calcined at 500 °C for 2 h in a muffle furnace to enhance crystallinity and eliminate residual
organic impurities.

The synthesized ZnO nanoparticles were then used to prepare ZnO:xMWCNT (x = 0, 2, 4, 6, 8 and 10 wt%; denoted as ZP, ZC2, ZC4,
7C6, ZC8 and ZC10, respectively) NCs. Due to the hydrophobic nature of MWCNTSs, they do not disperse easily in water. Therefore,
ethanol was used as the solvent in an ex-situ synthesis approach to prepare the various compositions. The ex-situ ultrasonication
method is chosen for synthesizing ZnO: MWCNT NCs due to its simplicity, efficiency and ability to provide excellent dispersion of ZnO
nanoparticles onto MWCNTs without subjecting the delicate nanostructures to harsh conditions that may occur in in-situ synthesis
methods. Ultrasonication produces intense local forces in the liquid, effectively breaking up any nanoparticle agglomerates and
dispersing both components, ensuring uniform contact and better coverage of ZnO on the MWCNT surface. The ex-situ ultrasonication
largely preserves the original crystal structure of ZnO and minimises the formation of defects at the ZnO: MWCNT interface. The high

Table 2
Crystallite size of pristine ZnO and ZnO:MWCNT NCs.
Sample Average crystallite size D (nm) Dislocation density (8 x10~> nm~?2) Micro strain
DS Method W-H Method DS Method W-H Method (ex107%)
yAd 25.69 48.14 1.59 0.43 1.61
ZC2 23.77 36.97 1.83 0.73 1.32
ZC4 22.98 37.68 1.97 0.70 1.49
ZC6 24.17 38.52 1.77 0.67 1.35
ZC8 24.92 41.14 1.67 0.59 1.40
ZC10 23.68 37.07 1.84 0.72 1.34
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Fig. 3. Williamson-Hall plot of ZnO:MWCNT NCs.

crystal quality ensures good material stability, which is essential for investigating LFPs. Excess or uncontrolled defect formation, as in
in-situ synthesis methods, can degrade the nanocomposite stability and performance of NCs. In this method, the samples were
ultrasonicated at 50 °C for 1 h. The resulting dispersions were then dried in a hot-air oven at 60 °C for 1 h to remove moisture. A
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detailed synthesis flowchart of the nanocomposites is illustrated in Fig. 1.

2.3. Material characterization

The XRD patterns were analysed using an Empyrean diffractometer with Cu-Ka radiation (A = 0.154 A), and diffraction patterns
were measured within a 26 range of 10° - 80° with a step size of 0.02. The morphological analysis was done using a FESEM HITACHI
SU6600 microscope, and elemental compositions of the samples were examined employing an energy dispersive spectrometer. The
vibrational chemical bonding between elements was assessed using a Fourier transform infrared spectroscopy (FTIR) PerkinElmer
Spectrum Two FT-IR spectrometer, monitored at room temperature, covering a range of 400-4000 em™!. The Raman studies were
conducted to confirm the dispersion of MWCNT in ZnO:MWCNT NCs using a Horiba Scientific spectrometer. The optical excitation
wavelength for each sample was determined at room temperature, using a UV AU-2703 Systronics Limited spectrophotometer. A
xenon lamp served as the excitation source with ethanol as the solvent for this measurement. The PL spectra were measured on a
SHIMADZU RF-6000 spectrofluorophotometer.

2.4. Visualisation of LFP techniques

To visualise LFPs, volunteers were instructed to wash their hands thoroughly with soap and water. They were then asked to rub
their fingers gently against their forehead or nose to transfer sebaceous secretions and subsequently press their fingers onto different
surfaces (glass sheet, acrylic, aluminium foil, granite and wood) for 3-5 s. The LFP impressions were then developed using the powder
dusting technique. The NCs ZC4 and ZC8 were used as fluorescent dusting powders, applied with a soft feather brush. The developed
FP images were obtained under both normal daylight and UV light at 365 nm.

3. Results and discussion

3.1. Structural analysis

The crystallinity of MWCNT, ZnO nanoparticles and ZnO:xMWCNT NCs was studied using the XRD technique. The XRD spectra of
the prepared samples measured at room temperature are as shown in Fig. 2. The peaks present at the planes (100), (002), (101), (102),
(110), (103), (200), (112) and (201) of the prepared samples match well with the ICDD data card no. 00-36-1451 [20]. The diffraction
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Fig. 4. Rietveld plot of a) ZnO, b) ZC4, c¢) ZC8 and d) crystal structure of ZnO.
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Table 3

Rietveld refined parameters of ZnO and ZnO:MWCNT NCs.
Compound ZnO ZC4 ZC8
Number of space group 186 186 186
Hermann-Mauguin symbol P63mc P63mc P63mc
Hall symbol P6c-2c P6c-2c P6c-2c
Crystal system Hexagonal Hexagonal Hexagonal
Bravais lattice P P P
Density (g/cm?) 5.681 5.714 5.654
a=b(;\) 3.2520 3.2521 3.2527
c(.&) 5.2102 5.2105 5.2112
a=p(" 90 90 90
v©® 120 120 120
Volume (A%) 47.7171 47.7250 47.7481
R,% 8.88 9.83 11.9
Ryp% 11.6 12.0 13.7
Re% 7.29 7.32 8.01
%2 2.521 2.675 2.949

Fig. 5. FE-SEM micrographs of a, b) MWCNT, c, d) Pristine ZnO and e, f) ZnO: 8 wt% MWCNT NCs.
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peaks of MWCNT at (002) and (100) planes are in good agreement with the JCPDS card no. 25-0284 [30]. The absence of additional
peaks in the diffraction pattern confirms that the phase purity and crystalline structure of ZnO remain unaltered even after doping with
MWCNT. However, a slight shift toward higher angles in the diffraction peaks was observed at doping concentrations of 6 wt% to 10 wt
% of MWCNT. This could be attributed to the interaction between ZnO and MWCNT occurring at the surface rather than penetrating
deep into the crystal structure of the ZnO nanoparticles.

The value of the average crystallite size (D) of the NCs was calculated using Debye-Scherrer’s (DS) equation,

kA

:/)’ cos 0 O

where ‘k’ represents an empirical constant, ) is the wavelength of the X-ray source, § is the full width at half maximum (FWHM) in
radians for all (hkl) indexed peaks and 0 (in %) is the Bragg’s diffraction angle position of all the peaks. The calculated values of
crystallite size for the prepared samples are listed in Table 2. The use of Debye-Scherrer’s equation for crystallite size estimation
ignores lattice strain and considers crystallite size effects only due to all XRD peak broadening [48]. This limitation in the present study
was addressed by using Williamson-Hall (W-H) analysis to calculate crystallite size, dislocation density, and microstrain. The equation
that can represent the effect of crystallite size and micro strain on FWHM is given by

pcos@=¢(4sin @) +% 2)

Where g is the FWHM (in radians), € is the Bragg angle of the peak, ¢ is the strain ascribed to the NCs, 4 is the X-ray diffraction
wavelength, and D is the crystallite size. As the above equation represents a straight line, hence 4 sin @ is plotted along the x-axis and

p cos 6 is plotted along the y-axis as shown in Fig. 3. The slope of the line gives the strain (¢) and (%) the intercept of this line gives the

crystallite size D. The dislocation density is calculated using the following equation
1
Dislocation density,d = o 3)

The summary of the crystallite size, dislocation density and micro-strain calculated from the DS method and WH-analysis is shown
in Table 2. The variation in the crystallite size with increasing dopant concentration was mainly considered as a result of peak
broadening, as the DS method does not consider lattice strain. In contrast, the increased crystallite size values obtained from the WH
analysis can be attributed to the inclusion of micro-strain effects. The variation in the dislocation density and micro strain presented in
Table 2 is due to the defects generated in the crystal structure with increasing MWCNT concentration.

To investigate the structural attributes of the NCs in greater detail, the Rietveld refinement approach was used with FullProf
software. A strong correlation between the generated XRD pattern with the experimental one is observed. The crystallite size of the ZC4
sample is smaller than that of pristine ZnO, while the crystallite size of ZC8 increased following MWCNT doping compared to the other
samples. Hence, these samples were considered for further studies. The XRD data for these samples were refined using Rietveld
refinement methods, which are shown in Fig. 4(a-c). The Pseudo-Voigt peak profile function was employed for optimal refinement.
The observed and calculated patterns are shown in red and black colour line curves, respectively. The blue and green colour lines
represent the difference between observed and calculated values and Bragg’s position, respectively. The reliability factors for the
ultimate calibration coefficients R, Rup, Chi? and other parameters are detailed in Table 3. By employing the refined values, a packing
diagram was generated with VESTA software and is displayed in Fig. 4d.
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Fig. 6. EDAX micrographs of a) pristine ZnO and b) ZnO:MWCNT NCs.
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Fig. 8. Raman spectra of MWCNT, ZnO and ZnO:MWCNT NCs.

The increase in y? values observed with higher doping concentrations can be analysed as a result of changes in the diffraction
pattern, primarily due to local strain and defects due to the increased concentration of MWCNT. These defects can modify the crystal
lattice, resulting in peak broadening and a slight shift in diffraction peaks. However, the refinement fit parameters Ry, Ryp and x2 show
a minor increase with doping, but remain within widely accepted ranges for high-quality powder XRD refinements. As reported in
previous literature studies, the acceptable 2 thresholds range from ~1 to 4 % for a good fit [40-42]. The y? values for the present study
vary between 2.5 and 2.95, which is in the acceptable range. The refined patterns do not show any extra peaks, indicating that the
structure remains homogeneous with increased dopant concentration.

3.2. Morphological analysis

The FESEM micrographs of MWCNT, pristine ZnO and ZnO:xMWCNT NCs materials are shown in Fig. 5. Fig. 5(a and b) illustrated
at different scales represent MWCNT as a nano-tube like structure. Fig. 5(c and d) at various scales revealed the pristine ZnO nano-
particles as agglomerated porous polygonal-shaped nanoparticles. The structure of pristine ZnO contains pores that indicate the release
of gases such as NO5 and CO5, during synthesis. Fig. 5(e and f) depicts the FESEM images of ZnO:MWCNT NCs composed of 92 wt% ZnO
and 8 wt% MWCNT. The images indicated that the interaction between ZnO nanoparticles and MWCNT occurred mainly on the surface
but not within the deeper crystal structure of ZnO nanoparticles, which supports the absence of additional peaks as observed in the
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Table 4

Photometric properties of MWCNT and ZnO:MWCNT nanocomposites.
Sample CIE CCT CP CCT (K) Eg (eV)

X Y w v’ %

MWCNT 0.338 0.487 0.166 0.537 - 5377 3.96
zp 0.156 0.023 0.211 0.07 97.63 1757 4.01
ZC2 0.157 0.022 0.213 0.068 97.76 1763 3.88
7C4 0.156 0.023 0.211 0.071 97.63 1756 3.97
ZC8 0.156 0.024 0.21 0.071 97.37 1754 4.0
ZC10 0.157 0.022 0.212 0.071 97.76 1762 6.0

XRD analysis.

3.3. Elemental analysis

The energy dispersive X-ray analysis (EDAX) is a commonly used technique for identifying the composition of elements contained
in the sample. The synthesis of ZnO: MWCNT NCs was confirmed through EDAX analysis. Fig. 6a reveals EDAX spectra peaks for Zn and
O, authenticating that no other impurities were found in pristine ZnO. And Fig. 6b Shows the peak for Zn, C and O, indicating the
uniform doping of MWCNTSs within the Zn-O matrix. The inset table represents the percentage elemental compositions of the prepared
samples. These results confirm the formation of both pure and doped NCs, supporting the results from XRD and FESEM for further

investigations.

3.4. Infra-red spectroscopy analysis

The FTIR spectroscopy is one of the robust characterisation techniques for examining the functional groups and the arrangements of
structural units in the synthesized samples. The FTIR spectra of the synthesized samples were obtained at room temperature within the

10
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spectral range of 400-4000 cm ™" as illustrated in Fig. 7. The FTIR spectra are mainly divided into two regions, the fingerprint region
and the functional group region. The fingerprint region below 1500 cm ™! is unique to the molecular structure of each compound. The
region above 1500 cm ™! provides information about the functional groups present in the structure of organic compounds. Fig. 7a
depicts the FTIR spectra of MWCNT. The peak at 1445 cm ™ is assigned as a unique characteristic of MWCNT [43,44]. Fig. 7b depicts
the FTIR spectra of ZnO:MWCNT NCs. The peak positions in the range of 450-620 cm ™ correspond to the Zn-O stretching vibrations
[45,46]. Further, the peaks observed in the range 1410-1640 cm ™! are attributed to the C-O and C=0 symmetric stretching modes.
This provides the evidence for the adsorption of MWCNTs with Zn—O. The broad absorption bands observed in the range of 3450-3580
em ™! are assigned to the antisymmetric stretching vibrations of O-H hydroxyl groups [47].

3.5. Raman spectral analysis

Raman spectra of MWCNT, ZnO and NCs with 4 wt% and 8 wt% MWCNT were represented in Fig. 8. The D-band at 1346 cm ™! and
G-band at 1576 cm™! confirm the unique bands of MWCNTs and represent disordered defects and carbon layer in the MWCNTs [31].
The characteristic peaks of the synthesized ZnO are in agreement with standard wurtzite ZnO [45,48]. From Fig. 8, it can also be
observed that the Raman spectra corresponding to the ZnO:MWCNT NCs exhibit the representative peaks of both ZnO and MWCNT
[39]. The absence of any additional peaks in the Raman spectra is consistent with XRD, FESEM and FTIR results, confirming the
formation of low-defect NCs.

3.6. UV-Vis absorption spectral analysis

The optical characteristics and energy bandgap of ZnO:MWCNT NCs are evaluated using UV-Vis spectroscopy across a wavelength
range of 250-700 nm. To obtain the absorbance spectra, the MWCNT, the pristine ZnO and their NCs were ultrasonically dispersed in
ethanol. The UV-Vis absorbance spectra of these findings are shown in Fig. 9a. The absorption bands for ZC4 and ZC8 samples were
observed in the UV region (273 nm).

The Wood-Tauc’s relation,

(ahv)" =k (hv — Ey) (€]

is used to determine the bandgap energy. Here, ‘@’ stands for absorption coefficient and ‘hv’ for photon energy at a specific wavelength,
‘k’ for energy-independent constant, ‘Eg’ for the material’s energy bandgap and ‘n’ for transition type. For indirect and direct forbidden
transitions, the value of n might be assigned as n = 1/3 or 2/3, respectively. For allowed direct or indirect transitions, n = 1/2 or 2.
Since the synthesized NCs exhibit direct bandgap energy transitions, n = 2 is used in the above relation [51]. The numerical value of
the bandgap corresponds to the intercept of the linearly fitted graph of (ahv)? plotted on the y-axis against hv on the x-axis as illustrated
in Fig. 9b. The obtained values are listed in Table 4.

The noticeable differences in bandgap values confirm the formation of ZnO:MWCNT NCs. The bandgap tends to decrease as the
concentration of MWCNT increases. This alliteration in the bandgap is a result of the quantum confinement effect. The optical
characteristics of any NC material can be influenced when the particle dimensions approach the exciton radius, causing electrons and
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Fig. 11. (a), (c) and (e) PL emission spectra (b), (d) and (f) normalized emission spectra of ZnO and ZnO:MWCNT NCs excited at wavelengths
260,275 and 290 nm.

holes to be constrained to a narrow potential well [48-50]. Moreover, the observed variation in bandgap values can be elucidated by
the Burstein-Moss (B-M) effect, where at elevated dopant concentrations the Fermi level migrates into the conduction band, resulting
in absorption transitions arising between the valence band and the Fermi level in the conduction band, which is generally observed
between the valence band and the bottom of the conduction band. The anomalously high bandgap value (6.0 eV) found in highly doped
samples, such as ZC10, cannot be explained by surface defects alone. Although the B-M effect describes the increase in apparent
bandgap with doping as it fills the conduction band states, pushing the Fermi level higher, this effect has certain restrictions.

At moderate MWCNT doping (ZC6 or ZC8), the bandgap tuning follows the B-M band filling effect. However, at very high doping
(ZC10) at the interface leads to electron tunnelling and carrier saturation, pushing the semiconductor into a degenerate state [51-53].
As a result, the filled conduction band states cause a B-M shift, resulting in an increased bandgap value (6.0 eV) as represented
schematically in the following Fig. 10.

Apart from this, the variation in band gap values may be attributed to increased surface defects due to doping, lattice strain,
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Fig. 12. a) CIE chromaticity diagram 1931 and b) CCT chromaticity diagram 1976 of ZnO and ZnO:MWCNT NCs.

Table 5
A comparative study of CIE and CCT values from the present study, compared to those of rare-earth-doped ZnO nanophosphors for LFP detection.
Sample CIE CCT Emission LFP Substrates LFP ridge details Reference
coordinates X) colour method
ZAO:7mol%Eu* (0.610,0.385) 1341 Orange- Powder Aluminium foil Core, island, short ridge, hook, [62]
red dusting bifurcation, double bifurcation,
bridge, scar, sweat pore
ZnO:La3+ (2mol%) (0.226, 6118 Blue-green Powder Wood, mobile, bottle Pocket whorl, crossing, plain arch [63]
0.338) dusting
InGaZnO4:2mol% (0.614, - Red Powder Aluminium foil, bank  Right loop, delta, bifurcation, island, [64]
Eu®t 0.383) dusting note, weight paper, ending, short ridge, scars, sweat
iron, glass pores
CaY,Sby(Zn0y)3:10 (0.585,0.414) 5674 Red Powder Steel, plastic, glass, Ulnar loop, loop, spur, bifurcation, [65]
mol%Sm>+ dusting paper money termination, bridge, sweat pore,
crease
ZnLay(Si04)30: 20 (0.646, 5233 Red Powder Aluminium foil, Delta, right loop, bifurcation, ridge [66]
mol%Eu®" 0.354) dusting glass, paper, plastic ending, sweat pores, crease
LayCaZnOs:1 mol% (0.316, 5753 Green Powder Paper, OHP, Core, short ridge, ridge end, [671
Er3t 0.663) dusting aluminium foil, bifurcation, cross over, enclosure,
plastic, steel, glass eye, hook, delta, dot, independent
ridge, scar, sweat pores
RGO/ZnO:1Eu®* - - Powder Leaf, aluminium foil, Core, delta, loop, cross over, double [68]
dusting glass bifurcation, incipient ridges, dot,
hook, ridge end, bifurcation,
encloser, sweat pores
Zn0:8 wt%MWCNT (0.152, 2223 Green Powder Glass Sheet, acrylic Whorl, bifurcation, island, lake, Present
0.084) dusting sheet, granite, short ridge, trifurcation, bridge, work

aluminium foil, wood

loop, ridge ending, double
bifurcation, delta, creases

crystallite size and shape and oxygen vacancies.

3.7. PL spectral analysis

PL spectroscopy is one of the most used analytical methods to study the emission properties of ZnO and ZnO:MWCNT NCs. The
fundamental principle behind PL spectroscopy is that an electron gets excited from the valence band to the conduction band, followed
by the energy being released as the electron returns to its ground state through radiative recombination. This electronic transition
process provides important information on the purity of the sample, energy bandgap and defects associated with the sample.

The PL spectra of the synthesized ZnO and ZnO:MWCNT NCs were recorded at room temperature with an excitation wavelength of
260, 275 and 290 nm, as shown in Fig.(a), (c) and (e), respectively. The normalized emission spectra shown in Fig. 11(b)-(d) and (f)
represent emission peaks at 364, 369 and 362 nm are purely attributed to the near-band-edge emission of ZnO. Additionally, peaks
observed at 385, 387 and 390 nm correspond to shallow donor-acceptor pair recombination near the ZnO band edge. Since these
emission peaks lie within the UV region of ZnO, no specific defect states were detected in the PL measurements [54-56].

The variation in PL intensity observed with the addition of MWCNT is primarily due to changes in near-band-edge recombination
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Fig. 13a. Digital images of LFPs captured on different non-porous and porous surfaces under daylight and UV-365 light.

dynamics and bandgap tuning. These PL results support the absence of additional peaks in XRD analysis. The absence of specific defect
states in the PL spectra implies that the variation in the emission is due to band structure modification rather than defect states with an
increase in MWCNT concentration. Moreover, the absence of excess defects in the sample was achieved by using the ex-situ ultra-
sonication method for synthesizing the nanocomposites. These low-defect NCs exhibited excellent stability against humidity, tem-
perature and mechanical abrasion tests, making them a promising candidate for visualising latent fingerprints.

3.8. Photometric properties analysis
The effectiveness of a phosphor in producing colour can be assessed using colour coordinates and correlated colour temperature
(CCT). The extent of a light source’s coolness, neutrality, or warmth is determined by its CCT values. Commercial lighting typically

uses cool colour sources with CCT levels exceeding 5000 K. In contrast, household appliances usually have CCT values below 5000K
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Fig. 13b. Detailed analysis of the developed LFP on the porous surface (wood) 1. Whorl, 2. Bifurcation, 3. Island, 4. Lake, 5. Short ridge, 6.
Trifurcation, 7. Bridge, 8. Loop, 9. Ridge ending, 10. Double bifurcation, 11. Delta and 12. Creases.

and are typically termed as warm [55].
The CCT values of the samples were determined using McCamy’s empirical formula as given by Ref. [57],

CCT= — 437n° + 3601n? — 6861n + 5514.31 (5)

In this formula, the difference (x-y) represents CIE coordinates, ‘n’ signifies the ratio of x-x. to y-y., which denotes the inverse slope

line; and x.-y. indicates chromaticity epicentres with the values x, = 0.332 and y. = 0.186. From the following equations [58], the u’
and v’ variables can be evaluated

U= A Vo= % ©
—2x+12y+3 —2x+12y+3

The color purity of the prepared NCs was calculated using the following equation

Vs — x0)% + (s — yi)?
(od — xi)? + (yd — yi)®

Colorpurity =

x 100% (7)
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Fig. 13c. Detailed analysis of the developed LFP on the non-porous surface (glass sheet) 1. Arch, 2. Bifurcation, 3. Lake, 4. Bifurcation, 5. Bridge, 6.
Scar, 7. Ridge ending, 8. Delta, 9. Eye, 10. Trifurcation, 11. Ridge ending and 12. Short ridge.

where (xi, yi) are the coordinates of the illuminant point, (xs:0.310, ys:0.316) are the source of light coordinates, and (xd:0.175,
yd:0.005) are the dominant wavelength coordinates. The color purity of the prepared NCs is summarized in Table 4. The high color
purity and low CCT values imply that these NCs might be suitable for warm white LED fabrication [59-61].

As per the CIE 1931 standard, Fig. 12a represents the CIE profile for the prepared composites. The acquired colour coordinates are
found to be located within the cyan region. The CCT framework for the optimised phosphor is illustrated in Fig. 12b. A comparative
table of CIE and CCT values from the present study, with the rare-earth-doped ZnO nanophosphors for LFP detection, is shown in
Table 5. Overall, studies have shown that rare-earth-doped nanophosphors exhibit f-f transitions of dopant ions, display colour-
specific, sharp, narrow emission bands, have lower contrast fingerprints, degrade upon thermal treatment, and are suitable for se-
lective colour imaging only. On the other hand, the ZnO:MWCNT nanocomposites exhibit defect levels and interfacial charge transfer,
high-intensity green emission, strong ridge visibility under UV exposure, and high thermal stability, making them suitable for
multifunctional broad-band visualisation. Owing to the high cost and limited availability of rare-earth elements, MWCNT-doped
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Fig. 14. Environmental stability tests conducted under various conditions.
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Fig. 15. Pixel intensity profile of the LFP.
nanocomposites offer a cost-effective and sustainable alternative for LFP detection.

3.9. Latent fingerprint (LFP) analysis

Human fingers have plenty of oil and sweat glands on their skin, which naturally produce fingerprints when they come into contact
with objects. Sweat and sebum are continuously released during physical activity, which aids in transferring these materials to objects,
causing FPs to form. Lipids, amino acids, chlorides and phosphates are among the complex mixture of organic and inorganic materials
that make up these prints. To enhance the interaction between fingerprint residues and detection materials, phosphor powder is coated
on the sebaceous secretions.

FPs were collected from the donors on different porous and non-porous surfaces like wood, aluminium foil, glass, acrylic sheet and
granite. Based on the excellent properties of the synthesized ZnO:xMWCNT (x = 4,8 wt%) nanocomposites, they were effectively used
for visualising LFPs. FPs were successfully detected on glass, aluminium foil, granite, acrylic and wood substrates using ZC4 and ZC8
nanocomposites as shown in Fig. 13a.

From the illustrations, all three levels of LFPs — the whorl, bifurcation, island, scar and ridge end are revealed. Fig. 13b. Displays a
detailed analysis of the developed LFP on the porous surface (wood). Fig. 13c illustrates a detailed analysis of the developed LFP on the
non-porous surface (glass sheet). Further, the stability of the prepared powders was assessed by ageing the LFPs up to 4 months, and
they displayed comparable brightness. Based on the results obtained to investigate the detailed images of level I, level II and level III
ridge characteristics in LFPs, it can be suggested that the synthesized nanocomposites can be efficiently used for investigating LFPs on
various porous and non-porous surfaces.

The environmental stability tests were conducted under different humidity levels, mechanical abrasion conditions and tempera-
tures and displayed the results in Fig. 14. Under humidity conditions and during mechanical abrasion tests (water wash), the presence
of MWCNT in the nanocomposites shows a hydrophobic nature, preventing the water droplets from adhering to the fingerprints. This
hydrophobic character of MWCNT enhances the durability of the nanocomposites. The thermal stability tests revealed that the visi-
bility of the fingerprints increased with the temperature rise, showing that the nanocomposites are highly thermally stable.

The Fig. 15 shows the quantitative studies on ridge spacing that were conducted using ImageJ software. This study considered the
pixel intensity profiles of fingerprints collected from both porous and non-porous surfaces. The average ridge spacing for fingerprints
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collected from porous surfaces was found to be 21 pixels (~0.236 mm), and that for non-porous surfaces was found to be 22.3 pixels
(~0.251 mm). The resolution ratio for a fingerprint on a porous surface was found to be 4.24 ridges/mm, and that of a non-porous
surface is 3.984 ridges/mm. These results align with the present literature [69]. The high-density fingerprints reveal the donor as a
female [70].

4. Conclusion

The ZnO:MWCNT NCs synthesized via low-temperature solution combustion and ultrasonication were used to visualise LFPs. The
reduced size of the nanocomposites revealed the ridge characteristics up to levels I, II and III. The details of the developed LFPs
subjected to environmental stability tests, including varying humidity, temperature, and mechanical abrasion, were discussed in
detail. The average ridge spacing of 0.236 mm and 0.251 mm, and a resolution ratio of 4.24 and 3.984 ridges/mm, revealed the gender
of the donor. The CIE, CCT, and colour purity values of NCs make them a promising candidate for the fabrication of warm LEDs.
Overall, studies indicate that MWCNT doping can be a suitable alternative for rare earth elements to enhance the luminescent
properties of nanocomposites.
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