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Abstract

Zinc oxide in nanometric dimensions, thanks to its optical properties, is an oxide of great interest for its potential use as
a revealing agent for latent fingerprints. In this article we present the synthesis and characterization of ZnO nanoparticles
obtained by two methods and it uses in revealing of latent fingerprints on non-porous surfaces. The nanoparticles synthetized
present an atomic Zn:O ratio of 0.99 and 1.15 when precipitation and combustion in solution method were used, respec-
tively. Both samples show a hexagonal arrangement (wurtzite) according to the X-ray diffraction and Raman spectra. Raman
results show a shift at 439 cm™! corresponding to the E, (high) mode of the ZnO crystalline hexagonal wurtzite structure.
Transmission electron microscopy images show that nanoparticles with smaller average diameters are obtained by chemical
precipitation (17.2+10.8 nm) than combustion in solution (73.4 + 6.0 nm). Samples presented a narrow band gap of 3.69
and 3.59 eV, values higher than that reported for the bulk material (3.37 eV). The photoluminescence spectrum showed a
characteristic ultraviolet emission peak around 387 nm and green emissions peaks from ZnO when excitation wavelength
of 325 and 488 nm were experiment, respectively. Finally, ZnO nanoparticles were used to reveal latent fingerprints on
non-porous surfaces using a 325 nm laser. Fingerprint development is better on black glass surface when using precipitated
ZnO. However, Fingerprints are better observed in aluminum foil when ZnO obtained by combustion in solution is applied.
The results show that it is possible to use ZnO nanoparticles obtained by both methods as latent fingerprint revealing agents.
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Introduction

For decades the identification of people has been used
through the development and study of fingerprints. The use
of this technique, together with the decoding of DNA, is
one of the greatest discoveries in forensic sciences. When a
crime is carried out, it is important to identify the individual
who committed it by collecting evidence at the scene, in
order to find the culprit.

The most important evidence that can be collected at a
crime scene are deoxyribonucleic acid (DNA) traces and
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latent fingerprints (LFPs) [1]. However, contamination or
loss of DNA and LFP prior to collection could affect the
analysis of this evidence [2, 3]. For this reason, forensic
science has evolved in recent years, improving methods and
techniques for the scientific research of important material
(evidence) related to a criminal act [4]. In crime scene inves-
tigation, LFPs are the first evidence that must be collected
and revealed for the identification of a suspect [4—8]. Foren-
sic science presents many methods to detect and improve the
acquisition and development of LFPs [9—-18]. The simplest
conventional method for developing LFPs at a crime scene
is to apply a fine powder to fingerprints left on non-porous
surfaces [15-19]. After removing excess of fine dust, par-
ticles adhering to the ridges of the print are examined to
find unique patterns that allow an individual to be identi-
fied. However, this current method has still limitations such
as low sensitivity, little selectivity and poor contrast [20,
21]. To eliminate or reduce these problems, advances in
nanotechnology have allowed the use of a certain class of
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nanoparticles whose luminescent characteristics allow better
development of LFPs [20-23].

There are many doped or undoped metal oxides nano-
particles that have a variety of applications extending from
antibacterial, biomedical, environmental, photocatalytic
and of course LFP revealing. Among these compounds we
can mention the un-doped oxides of aluminum (Al,O3) [22,
24], cerium (CeO,) [25], copper (CuO) [24], iron (Fe,0;,
Fe;0,) [20, 25-27], rare earth elements (EuO, Y,0,) [20,
23, 28, 29], silicon (Si0,) [20, 22, 23, 30-32], tin (SnO)
[33], titanium (TiO,, Ti,05) [20, 23, 25, 34-36], and zinc
(ZnO) [22, 23, 25, 33, 37-48]. On the other hand, to improve
the optical properties of these oxides, researchers have
explored the possibility of incorporating doping elements
into their structure [49, 50]. For doped oxides we can men-
tion doping agents such as cobalt—nickel (Co-Ni:TiO,) [51],
copper—zinc—cobalt (Cu-Zn—Co:Fe,05) [52], chromium
(Cr:CoO) [53] and Yttrium (Y:CoO, Y:ZnO) [45, 53].

Alternatively, taking advantage of their interesting opti-
cal properties, zinc oxide nanoparticles (ZnO NPs) seem to
be an interesting alternative to be used as revealing LFPs
[43, 54-58]. In fact, if the ZnO structure presents crystal-
lographic defects, it is possible to observe visible lumines-
cence around 580 nm by exciting the sample with ultraviolet
light (300—400 nm). Due to this phenomenon, it is possible
to detect and observe LFP in the green range of the vis-
ible light spectrum [59]. However, research on the use of
undoped ZnO nanoparticles to reveal LFPs on non-porous
surfaces such as aluminum [37, 40, 60], stainless steel [42]
and clear glass has been limited [25, 37, 39, 42, 44]. And in
the case of dark glass, they are almost non-existent.

Many methods for obtaining ZnO nanostructures can be
found in the literature [48, 61]. Nevertheless, combustion in
solution [39, 62—-64] and chemical precipitation [38, 65-69]
are the easiest methods to carry out because they do not
require sophisticated equipment. In precipitation process, the
synthesis parameters such as type of reagents, temperature,
pH and reaction time can influence the morphology and size
of the nanoparticles. While oxidizing agents can do the same
in combustion in solution synthesis. The size and morphol-
ogy of ZnO Nps can influence their optical properties and

therefore their potential application as fingerprint develop-
ers. In the case of precipitation method, Pramanik et al. [40]
and Verma et al. [42] have proposed a synthesis using zinc
acetate and zinc chloride respectively; but zinc nitrate has
not been reported as a reagent to synthesize ZnO Nps that
have been tested in LFPs development. While Deepthi et al.
[39] has reported the synthesis of ZnO Nps by combustion in
solution using Barbituric acid, 1,3-Dimethylbarbituric acid
and 2-thiobarbituric acid as oxidants. There are no reports of
the use of glycine in this type of synthesis to obtain ZnO Nps
that were subsequently used to develop LFPs. In order to
evaluate whether there is any influence on the optical proper-
ties of the synthesized ZnO Nps, zinc nitrate was proposed
as a source of zinc ions and glycine as an oxidizing agent for
the proposed synthesis methods.

This article summarizes the results of the synthesis and
characterization of ZnO NPs obtained by two synthesis
methods: chemical precipitation in aqueous medium and
combustion in solution. As well as their evaluation in the
development of LFPs on different non-porous surfaces (alu-
minum, stainless steel, clear glass and dark glass).

Experimental Section
Materials Used

Experimental materials and apparatus are supplied in Sup-
porting Information. The chemicals used in this study are
presented in Table 1.

Synthesis of ZnO NPs

For chemical precipitation, solutions of zinc nitrate (0.02 M)
and sodium hydroxide (0.4 M) were used [70]. 25 ml of
solution containing the zinc ions was placed in a beaker
where a stoichiometric amount (K*/Zn*?, 1:1) of potassium
nitrate (0.1 M) was added. 25 ml of sodium hydroxide solu-
tion was dropped at 1 mL/s, maintaining the pH and tem-
perature reaction at 11 and 60 °C under stirring (400 rpm),
respectively. During this time, the formation of ZnO Nps

Table 1 List of chemical

N . Chemical Reagents
reagents with chemical formula,

Chemical formula Molecular

Purity (%) Suppliers

= - mass (g/
purity, and suppliers, used as
. mol)

raw materials
Acetone CH;(CO)CH;4 58.08 >99.5%  Honeywell Riedel-de Haen
Ethanol C,H;OH 46.068 99.5 J.T. Baker
Glycine NH,CH,CO,H 75.067 99 Riedel-de Haen AG Seelze-Hannover
Potassium nitrate ~ KNO; 101.1032 99.5 Scharlau
Sodium hydroxide =~ NaOH 39.997 >99 Merck
Zinc nitrate Zn(NO5),.6H,0O 297.48 >98 Sigma-Aldrich (Darmstadt, Germany)
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takes place through two parallel processes: nucleation and
continuous growth of nuclei [67, 71]:

, _
Zn% +2(0H),, 5 Zn(OH), 1)
Zn(OH)y, +2(0H);, | S Zn(OH)Z,, @
ZH(OH)i(:lq) s ZrlO(s) + 2H2O(1) + 2OH(_'flq) 3)

Once the reaction (3) was completed (around 2 h), the col-
loids were centrifuged at 6500 rpm using a microcentri-
fuge (Eppendorf 5804, Germany). The nanoparticles were
washed two times with MilliQ-water (Millipore, Germany).
The product obtained was gently dried in an oven at 60 °C
for 24 h.

For combustion in solution, an amount of zinc nitrate
(~5 g) and glycine (~ 3 g) were dissolved in 20 ml of water
under continuous magnetic stirring [39]. The roles of zinc
nitrate and glycine are to be a source of zinc, and fuel and
oxidant, respectively. The viscous mixture was then placed
in a porcelain crucible and placed in a muffle preheated to
500 °C. After approximately 2 min, combustion takes place,
giving way to the formation of ZnO nanostructures [72, 73]:

2 —_
270t +4CH,(NH,)COy,,

area electron diffraction (SAED) and Raman spectroscopy.
The average nanoparticle size as well as their morphology
are assessed by transmission electron microscopy (TEM).
While the optical properties were evaluated by ultravio-
let—visible (UV-Vis) and photoluminescence spectroscopy
(PL).

Collection and Development of LFPs

LFPs were provided by a single female participant. To
avoid any interference due to dust, she gently washed her
hands with soap and dried them with a hand dryer. Next
the volunteer placed and pressed her index finger during
5 s on previously cleaned non-porous surfaces (aluminum
foil, black glass, stainless steel and clear glass). These
surfaces were selected because they are frequently found
at crime scenes. The surfaces were cleaned with a swab
moistened with acetone/ethanol. The surfaces were then
dried in a desiccator, to be placed on a Petrie dish to pre-
vent dust adsorption on their surface. The ZnO Nps were
gently applied on the surfaces using a fine commercial
brush No. 2230 from Loreal following the procedure pro-
posed by Choi et al. [74]. After, LFPs were developed by

A
+ 90, = 2Zn0) + 8COy,) + 8H,0(4) + 2Ny, “

Once combustion is completed, the crucible is removed from
the muffle. The ZnO Nps obtained were gently placed in a
vial for subsequent characterization.

Characterization Techniques

The chemical composition was determined by Scanning
Electron Microscopy-Energy Dispersive Spectroscopy
(SEM-EDS). The crystallographic nature was evaluated
by X-ray diffraction (XRD); additional information on the
chemical structure and crystallinity is provided by selected
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irradiation with ultraviolet light (325 nm) (Fig. 1). Images
of the LFPs sprinkled with ZnO Nps on different surfaces
were obtained using the 40X optical zoom in full high
definition (HD) of a digital camera (Canon Power Shot
SX410 IS). For these tests, a commercial ZnO particles
sample as a reference material was used.

UV light
360 nm

=

lii?”

Fig. 1 Methodology used to impregnate non-porous surfaces containing latent finger prints with ZnO nanoparticles; and its subsequent develop-

ment with UV light (360 nm)
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Results and Discussion
SEM-EDS Analysis of ZnO Nps

The EDS spectra and the elemental compositions of oxy-
gen and zinc of the ZnO nanoparticles are presented in
Fig. 2. For the three samples, the K and L emission peaks
of zinc (K, =8.630 keV and L,=1.012 keV) and oxygen
(K,=0.525 keV) are observed. Any peaks of contami-
nating element are not observed. The C emission peak
(K,=0.277 keV) is due to the sample holder tape.

The Zn:O atomic ratio calculated from the EDS analysis
varied from 0.99 and 1.36. For reference material, ZnO
nanoparticles obtained by precipitation and combustion in
solution were 1.36 [75, 76], 0.99 [77-79] and 1.15 [64],
respectively. In view of the theoretical value of the Zn:O
ratio=1, we can affirm that with method-2 the ZnO Nps
present an oxygen deficit during its formation process
(Eq. 4). The elemental mapping of each sample shows a
homogeneous distribution and overlap images of zinc and
oxygen atoms, evidencing the formation of ZnO (Fig. 2).

XRD Analysis of ZnO Nps

Figure 3a, c, e show the XRD spectra of ZnO NPs samples.
The identified (100), (002), (101), (102), (110), (103) and
(112) diffraction plane families coincide with the hexago-
nal phase of wurtzite-type zinc oxide (Joint Committee on
Powder Diffraction Standards, JCPDS card no. 36-1451)
[64, 76, 79-86]. Likewise, no additional diffraction peaks
belonging to another compound formed are observed.
Therefore, we can confirm that ZnO has been formed by
both methods. Furthermore, selected-area electron diffrac-
tion pattern allows us to confirm the wurtzite-like hexago-
nal crystal structure of ZnO Nps (Fig. 3b, d, f). The SAED
micrographs show the bright spots indicating the crystalline
nature of the reference material and the material prepared
by both synthesis routes [87, 88]. The bright spots, which
coincide with an almost circular pattern of concentric rings,
reflect the polycrystalline nature of the ZnO nanoparticles
[89-95]. The concentric circles were indexed to the (100),
(101), (102), (110), (103) and (112) diffraction planes cor-
responding to the JCPDS card 36-145 for the ZnO wurtzite
structure [40, 60, 85, 87-89, 91, 96, 97]. According to the
results obtained with the selected area electron diffraction
(SAED) pattern, the d-spacing values of 2.81, 2.48, 1.91,
1.63, 1.46 and 1.36 A correspond to the hexagonal phase of
ZnO [66, 86—88]. Similar SAED were previously reported
by others authors [60, 66, 71, 85, 86, 8§9].

The XRD data of the samples were subjected to Riet-
veld refinement using Topas program, employing the
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background function of Chebyschev [98, 99]. The input
data to a refinement include the space group (P6;mc),
atomic positions, site occupancies (0.33333 and 0.66667),
and lattices parameters (a=3.2490 and ¢ =5.2060) [100].
All Rietveld refinement factors such as, goodness of fit
(Xz), and various R-factors such as Bragg factor (Ry),
expected factor (Rexp)s profile factor Rp) and weighted
profile factor (Ry,p) are summarized in the Table 2. The
X2 is around 2.0 for the commercial sample and ZnO Nps
obtained by combustion in solution revealing high quality
of the fit. We can observe that an excellent agreement was
found between the experimental spectra and the calculated
values [101, 102]. During Rietveld refinement we have
considered that size broadening has only the Lorentzian
component [103], potential profile broadening due to strain
and defects are not considered. The estimated size of the
nanocrystal was determined by Rietveld refinement [98].
The results are presented in Table 2.

Raman Analysis of ZnO Nps

Raman spectra of ZnO NPs measured under 633 nm excita-
tion are show in Fig. 4. Raman spectra show a main peak at
439 cm™! and small peaks at 334 and 391 cm™'. The second-
order Raman mode, E,(high) characteristic of the hexagonal
structure of wurtzite-type ZnO is observed at 439 cm™! [40,
104, 105]. Small peaks situated at 202 and 583 cm™! are
assigned to the second-order vibrations [104], and the E,;
of longitudinal optical (LO) second-order Raman scatter-
ing [106-108], respectively. It is further observed that the
second-order Raman process is assigned to the peak that
appears around 330 cm™! [40, 79, 104, 105, 109]. It is also
observed that transverse optical (TO) modes with A, sym-
metry appear at 391 cm™! [105, 108]. Then, all bands in the
Raman spectra can be assigned to wurtzite ZnO [105]. A
summary with all vibrational modes is presented in Table 3.

TEM Analysis of ZnO Nps

The Fig. 5 shows the TEM micrographs of ZnO NPs. It can
be noted that smaller nanoparticles were synthesized by
method-1 ($p=17.2 nm=+10.8 nm) [110-112], compared
to method-2 (¢=73.4 nm=+6.0 nm) [112]. The ZnO NPs
obtained have different particle size distributions. With
method-1, a size distribution that varies from 5.0 to 62.8 nm
is obtained (Fig. 5a), while with method-2 the particles
range between 66.5 nm to 86.5 nm (Fig. 5b). Method-1 pro-
duces smaller ZnO Nps but with a larger size distribution.
The ZnO Nps obtained are smaller than those obtained by
Pramanik et al. [40] and Verma et al. [42] with the same
methodology. In the case of method-2, the nanoparticles
obtained are larger but present better control of the particle
size (narrower size distribution). In this case the ZnO Nps
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Fig.2 SEM figures, EDS

spectra, chemical composition

and mapping with the ele-

ment (Zn and O) distribution
of ZnO nanoparticles obtained
by a chemical precipitation, b
combustion in solution, and ¢

commercial sample
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Fig.3 XRD spectra with peaks, crystal lattices and selected area
(electron) diffraction (SAED) of ZnO nanoparticles obtained by a, d
chemical precipitation, b, e combustion in solution, and ¢, f commer-

obtained are larger than those obtained by Deepthi et al.
[39]. Finally, Fig. 5c shows that the commercial sample is
composed of larger particles with a size distribution from 48
to 390 nm and an average diameter of 184.4 nm +82.0 nm
(Fig. 5¢). Regarding morphology, it is observed that the ZnO
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cial sample. Spectra were obtained over the range 260 = 25-70° using
a step size of 0.03° and counting time of 10 seconds per step

NPs obtained by method-1 are poorly defined, some of them
are hemispherical; while those obtained by method-2 are
almost square. This can be explained because the forma-
tion of ZnO Nps by method-1 is carried out by a nucleation
process and a continuous growth of nuclei. In the case of
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Table 2, Av;r age diamcter ’ Method applied Mean diameter® (nm)  Crystallite Ry Ry R R, x>

crystallite size and Rietveld size® (nm) P P P

refined structural parameters

of ZnO nanoparticles samples Chemical precipitation 17.2+10.8 237 3.030 247 675 1033 418

obtained by different synhesis  Combustion in Solution  73.4£6.0 81.1 2603 372 429 573 154
Commercial 184.4+82.0 258.4 0.573 470 434 548  1.17
#Obtained by TEM

PCalculated using the Rietveld refinement

Fig.4 Raman spectra recorded 100000
at an excitation wavelength of

633 nm for ZnO nanoparticles 90000 -
synthesized by chemical precip-

itation, combustion in solution, 80000 A

and commercial sample. Spectra
were acquired for 10 s with 3
accumulations using a laser
power was kept at 29.3 pW

70000

60000

Counts

50000

40000

30000

20000

10000

=—7n0 (method 2)
= Commercial
=—7n0 (method 1)

583

method-2, ZnO Nps are obtained in a single step [72]. Since
the method-2 reaction is extremely fast, the growth process
takes place in the solid residue of combustion [73]. There-
fore, slightly larger particles should be attributed to aggre-
gation or superposition of small particles [113]. Table 2
summarizes the crystallite size values obtained by Rietveld
refinement and the average diameter sizes calculated from
TEM images [98].

UV-Vis Analysis of ZnO Nps

The UV-Vis spectra for the reference sample and the
prepared ZnO samples are presented in Fig. 6. The refer-
ence sample presents a small peak at 379 nm (3.27 eV)
[114-116]; while the prepared ZnO nanoparticles by
method-1 and method-2 show a small absorption at 372 nm
(3.34eV) [66, 115,117, 118] and 373 nm (3.32eV) [119],
respectively. The UV emission band, which is well known
as the near band-edge emission (NBE) band, is located
around 380 nm [40, 120, 121]. This emission is generated

600 700 800

RAMAN Shift/cm™

by the free-exciton recombination and the visible region
known to be deep-level emission appearing due to the
structural defects and impurities in the structures [90].
Other absorption peaks have not been observed. Similar
aspects have been reported previously [25, 40, 65, 121].
This would indicate a blue shift respect to bulk ZnO
(A=368 nm; 3.37 eV) and this could be attributed to the
effects of confinement [122], because the prepared samples
are made up of nanoparticles.

The absorbance measured by UV-Vis was used
to determine the E, value using the Tauc’s formula,
(ahv)l/” =A(hv —Eg) [121]. Where a is the absorption
coefficient, h is Planck’s constant, v the frequency of the
incident photons, A is a constant, n is the transition prob-
ability (n=1/2 for a direct transition semiconductor) and
E, is the band gap energy [66, 76, 123-125].

Comparing the two synthesis methods, it was deter-
mined that E, decreases with increasing crystallite size
[116]. Indeed, the bandgap value of the ZnO nanoparti-
cles systematically decreased (red shift) from 3.688 to
3.591 eV. This coincides with the increase in the size of

@ Springer



70 Page8of24 B. Flores et al.

Fig.5 TEM images, particle size distribution and mean diameter of »
ZnO nanoparticles obtained by a chemical precipitation, b combus-
tion in solution, and ¢ commercial sample. An ethanolic solution
containing a small amount of nanopowder was deposited on a carbon-
coated TEM copper grid. TEM images were obtained using a Philips
CM20-Ultra Twin microscope operating at 200 kV (Philips; Eind-
hoven, The Netherlands)

the crystallites [125]. The reference sample shows a band-
gap of 3.464 eV, a lower value expected due to its larger
particle size.

Photoluminescence Analysis of ZnO Nps

Commercial sample

206
332
391
439
583

In a ZnO structure there can be three different types of
intrinsic defects: vacancy, interstitial and antisite [126]. In
this case, we have the zinc vacancies (V,,), oxygen vacan-
cies (V,), zinc interstitial (Zn;), oxygen interstitial (O;),
zinc antisite (Zng) and antisite of oxygen (O,). The opti-
cal properties of ZnO nanostructures could be examined
by photoluminescence (PL), as exaggerated emissions can
be observed due to defect densities and oxygen vacancies
[86]. Typical PL spectra of ZnO structures show two char-
acteristic emissions due to excitonic states (near-ultraviolet
region, 200-400 nm) and structural defects, oxygen vacan-
cies and impurities (visible region, 400—650 nm) [40, 122].
The broad emission band is attributed to deep defects such
as oxygen vacancies, Vq (~1.62 eV), oxygen interstitials, O;
(~2.28 eV), oxygen anti-sites, Oy, (~2.38 eV), zinc inter-
stitials, Zn; (~2.90 eV) and zinc vacancies, V,, (~3.06 eV)
[38, 40, 127]. On the other hand, it is possible to observe
the orange luminescence (OL) and the yellow luminescence
(YL) due to the radiative recombination of localized elec-
trons with holes trapped deeply in the oxygen interstitials
(Oy) located around 2.14 and 2.2 eV below the conduction
band, respectively [122, 128].

The PL spectra under excitation of wavelength 325 nm
(~3.82¢eV), 488 nm (~2.54 eV) and 514 nm (~2.41 eV)
at room temperature are shown in Fig. 7. For the ZnO NPs
obtained by method-1, a broad emission peak is observed in
the visible region at 606 nm (2.05 eV) and 593 nm (2.09 V)
when excitation light of 325 and 488 nm were used, respec-
tively. In both cases, the emission peaks are due to a Zn; to
O, transition. When lower energy excitation light (514 nm) is
applied, 4 peaks in the range of 525 nm (2.36 eV) to 555 nm
(2.24 eV) are clearly observed. These emissions are attrib-
uted to the transition between oxygen vacancy (V) and
interstitial oxygen (O;) [129, 130]. Likewise, two not very
defined absorptions are reported at 623 and 640 nm. These
emissions were ascribed to oxygen interstitials [130]. For the
sample obtained by method-1, the characteristic emission
peak of ZnO NPs located close to 380 nm is not observed.

The PL spectra of ZnO NPs obtained by method-2 as well
as the commercial reference sample exhibit an emission in

Combustion in solution

202
334
391
439
583

Raman shift (cm™")
Chemical reduction

197
332
395
439
582

Table 3 Vibration modes observed in the Raman spectra of ZnO nanoparticle samples

Inactive Raman mode, E, (low)
E, (High), E, (Low)

A, (TO)

Vibrational mode
E, (High)
E, (LO)
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Fig.6 a UV-Vis spectra of synthesized ZnO NPs by chemical precipitation, combustion in solution and commercial sample. The recorded spec-
tra screened in the wavelength range 300-800 nm. b Band gap energy of ZnO nanoparticles
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Fig.7 Room temperature PL spectra of ZnO nanoparticles obtained
by chemical precipitation, combustion in solution and commercial
sample under excitation of wavelength a 325 nm, b 488 nm and ¢ 514

the ultraviolet region when the samples are under 325 nm
excitation [71]. For the ZnO NPs prepared by method-2,
the PL spectra show a sharp peak at 387 nm (3.21 eV) and
a broad peak emission at 623 nm (1.99 eV). The first is
attributed to near-band-edge (NBE) emission due to radia-
tive recombination of free excitons [40, 90, 124, 129, 131].
While the second is attributed to defects such as oxygen
vacancies [38, 128]. Similar to the results shown for the sam-
ple obtained by method-1, when a 514 nm excitation source
is used, the ZnO Nps prepared by method-2 show 4 defined
peaks between the range of 525 and 555 nm. nm, which are
attributed to the transition between the Zinc vacancy and
interstitial oxygen [47]. While, for the commercial sample,
only a small shoulder at 565 nm is observed. Furthermore,
in the PL spectrum at 488 nm of the commercial sample, an
emission band centered at approximately 778 nm (1.59 eV)
in the near-infrared (NIR) region was observed. This unex-
pected pure NIR peak at 778 does not conform to any energy
difference of band-to-band transition and defect levels, there-
fore, the origin of this NIR peak is considered to be related

@ Springer
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nm. The recorded spectra screened in the wavelength range 350-880
nm. Spectra were acquired for 10 s with 3 accumulations

to the change of Fermi energy level of ZnO [132]. Previous
reports have confirmed that surface morphology, presence of
impurities, different ratio of Zinc and Oxygen, crystal orien-
tation could influence the work function of ZnO [71]. On the
other hand, it is possible to attribute this behavior to the size
of the particles in the sample. Wang et al. [105] reported an
interesting peak at 759 nm (1.63 eV) in PL spectra for ZnO
samples that had been annealed at 1000 °C, demonstrating
that it is possible to observe this type of emissions for large
particles. For the three samples, no emissions are observed
in the blue region.

The crystal size confinement and surface impacts of ZnO
Nps not only influence the bandgap but also influence the
different optical transitions [132]. This has been evidenced
with PL, since different emissions are observed for each
sample of ZnO Nps constituted by different average sizes
and different synthesis methods [133-137].

On the other hand, many authors indicate that the mecha-
nism of the defects related to the visible luminescence of
ZnO remains controversial and needs extensive debate and
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Table 4 Emission lengths of

Excitation uv Visible emission Sample
the PL spectra of the ZPO. wavelength
Nps samples under excitation NBE Green Yellow Orange Red
of wavelength 325, 488 and
514 nm 325 nm 606 nm ZnO (method-1)
488 nm 593 nm
514 nm 525 nm 623 nm
530 nm 640 nm
546 nm
555 nm
325 nm 387 nm 623 nm Zn0O (method-2)
488 nm 517 nm 620 nm
569 nm
514 nm 526 nm
530 nm
546 nm
555 nm
325 nm 387 nm 559 nm 750 nm Zn0O (commercial)
488 nm 509 nm 599 nm
527 nm
514 nm 565 nm

in-depth analysis [126, 138]. A summary of these results is
presented in Table 4.

Application to LFPs Detection

Because LFPs are poorly visible to the naked eye, it is neces-
sary to use a chemical reagent for their development. In the
1970s, LFPs were developed with AgNO;. However, later
other chemical inputs such as ninhydrin and iodine were
used [23]. On the other hand, in addition to the specific
chemical reagent, it is possible to use different development
methods depending on the surface where the LFP has been
left. The most commonly used methods are summarized in
Table 5. Although the powder dusting technique has some
drawbacks, it remains the widely used technique because
it is simple to apply and requires minimal training. In fact,
in the last two decades, research has been carried out with
various nanoparticles in order to improve the quality of LFP
development (Table 6). The first nanoparticles used were
Au, CdSe and ZnO, followed by those of carbon NPs, con-
jugate polymers, electrodeposition of metal (EDM) NPs,
quantum dots, rare earth metal (REM) NPs and Si0O,. How-
ever, Au, SiO, and ZnO NPs have been found to be the most
used nanoparticles for the enhancement of latent fingerprint
quality [22].

Following the methodology proposed by Choi et al. [41],
LFPs were collected on various non-porous surfaces. The
LFPs were recorded on aluminum foil, black glass, clear
glass and stainless steel. ZnO Nps applied to the studied sur-
faces are possibly impregnated by a hydrophobic interaction
between them and the sebaceous residues of the LFP [139].

In addition to mechanical adhesion forces, physisorption and
chemisorption phenomena contribute individually or simul-
taneously to the adhesion of ZnO Nps onto LFPs deposited
on non-porous surfaces [140]. The palms of the hands have
apocrine, eccrine and sebaceous glands that, through secre-
tions, leave LFPs on non-porous surfaces. These residues
are composed of water, inorganic and organic compounds
(0.5%) [141-144].

The main inorganic components are inorganic salts con-
taining bicarbonate, bromide, calcium, chloride, fluoride,
iodide, iron, phosphate, potassium and sodium [6]; while the
main organic compounds are some amino acids, lipids (cho-
lesterol, fatty acids, glycerides, long-chain fatty acid esters,
squalene, sterols and other lipid esters), proteins and some
sugars [6, 145]. Among the most abundant amino acids fre-
quently found in LFPs we can mention alanine, aspartic acid,
glycine, histidine, ornithine, serine, threonine and valine [6,
142, 146]. However, over time, small volatile molecules in
the LFP residues will be lost through evaporation; while
other organic compounds such as long-chain fatty acids,
lipids, sterols and inorganic salts will remain present on non-
porous surfaces for a longer period of time [140, 147]. Then,
the chemical interaction (chemisorption) with the ZnO Nps
will be mainly with these substances.

Amino acids have aromatic rings, carboxyl and amino
groups that are active sites to interact with external mol-
ecules [148]. Previous studies on the interaction between
ZnO materials and amino acids have shown that tyrosine
has the highest binding energy (7 kJ mol™"), a value compa-
rable to that of hydrogen bonds in a protein (~ 6 kJ mol™")
[149]. This type of interaction is possible since tyrosine and
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Table 5 (continued)

Disadvantage

Advantage

Procedure

Method

Competent Personnel is needed

Can be applied on wetted surfaces

Physical process of coating LFPs with very a

Vacuum metal deposition

thin metal film under high vacuum

Fingermark Requires pretreatment

A high-grade fingermark can be visualized

Process in which the surface containing the

Matrix-assisted Laser Desorption

LFP is analyzed by MALDI-MSI

Tonization Mass Spectrometry Imaging

(MALDI-MSI)

Adapted from Chadwick et al. [10], Christofidis et al. [11] and Gomes et al. [6]

tryptophan interact with ZnO Nps through their aromatic
ring, indole group and phenol, respectively [150]. On the
other hand, interactions of ZnO nanorods with peptides
were favorable according to the negative estimated values
of Gibbs free energy change, AG (—6 and — 8.5 kcal mol™)
and high binding affinity values, K, (> 10* M~1) [151]. This
confirms that ZnO Nps can adhere by chemisorption to
amino acids and peptides of LFPs deposited on non-porous
surfaces.

In the case of physisorption, Do et al. [152] found that the
nature of the adsorption of phosphate ions on ZnO nanorods
was spontaneous (AG=-8.63 kJ mol™"), which would cor-
roborate the easy incorporation of ZnO Nps to LFPs on non-
porous surfaces. In the process of chemisorption, the elec-
tronic structure of the linking molecules or atoms changes,
forming covalent or ionic bonds. While in physisorption,
no changes occur in the structure of the chemical bonds.
This behavior can be explained by the weak van der Waals
forces that occur between the adsorbent and adsorbed sub-
stances. Whether by one mechanism or another, the ZnO
Nps remain adhered to the LFPs deposited on non-porous
surfaces. The details of LFPs ridges are generally described
in a hierarchical order at three levels: level 1 (pattern), level
2 (minutia points) and level 3 (pores and ridge contours)
[153-157, 170].

The LFPs on the surfaces were examined with UV light
(360 nm). Afterwards, the LFPs developed on the surfaces
were photographed (Fig. 8). The excitation of the nanoparti-
cles with UV light gives rise to the luminescent process [60].
The colors emitted by the three samples of ZnO NPs allowed
visualizing the furrows and bifurcations of the LFPs [25, 33,
37, 40, 41, 158]. Acceptable contrast between fingerprints
and background is observed on aluminum foil, clear glass
and stainless-steel surfaces (Fig. 8). In contrast, LFPs on the
black glass surface appear imprecise.

In Fig. 8 it can be seen that all LFPs show a form of whorl
fingerprint, which corresponds to one of the three general
categories (level 1: global fingerprint pattern) [157]. In addi-
tion, it is observed that with all ZnO samples it is possible to
identify the pattern core (level 2) of the LFPs on all surfaces.
Although, it is less evident on clear glass surface with the
commercial ZnO sample (Fig. 8b). The ZnO Nps samples
(method-1) and (method-2) show level 2 patterns (core and
bifurcation) for all surfaces. Furthermore, the ZnO Nps
sample (method-1) allows the identification of other level
2 patterns (island and ending ridge) on the black and clear
glass surfaces (Fig. 8b, ¢). On the other hand, this ZnO Nps
sample allows us to observe sweat pores (level 3) on alu-
minum, clear glass and stainless-steel surfaces (Fig. 8a—c).
The results are summarized in Table 7.

Conversely, the best performance of LFP development
with ZnO Nps (method-2) is found on black glass and alu-
minum surfaces with an ending ridge and island pattern
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Table 6 Summary of fingerprint detection on various surfaces with the prepared ZnO Nps and compared with other nanoparticles reported in the

literature

Nanoparticles Mean diameter (nm) Synthesis method Substrate References

Ag 10.66 +1.22 nm, Chemical reduction Porous paper [179]

12.50+2.64 nm,
14.44+2.68 nm

Au 2.5 Chemical reduction Glass slide, plastic, tin foil [174]

Au 3 nm Sputtering Clear glass, paper, plastic [173]

Au 12.5+2.4 nm Chemical reduction Non bleached paper, low density polyethyl-  [171]
ene (LDPE), bags and polypropylene (PP)
sheets

Au-Ag 2-3nm Multimetal deposition ~ Paper [172]

Au-ZnO - Multimetal deposition  Plastic [59]

BiOCl:Dy** Ba®* (co-doped) — Solid-state reaction Plastic lid [180]

CaAl,O,:X (X=Tb%>*, Ce>*, 26-36 nm Combustion Plastic sheet, glass marble, stainless steel, [178]

K™, Lit, Na*) ceramic tile, wood

CdSe/ZnS 3nm Multimetal deposition  Paper [172]

CeO, 3.1 nm Co-precipitation Clear glass [25]

Fe, 05 11.1 nm Co-precipitation Clear glass [25]

Fe;0,@8Si0,-CdTe 30 nm Co-precipitation Glass slide, black plastic, ceramic, black [32]
paper, banknote, period table and leather

Fe;0,, Fe;0,@Ag 120-150 Co-precipitation Paper, plastic, metal, leather [170]

SiO, 90.2+4.7 Microemulsion Aluminum, foil, transparent, polypropylene  [177]
plastic, green polyethylene plastic

SiO, (funcionalized) 72.9 nm Reverse microemulsion Aluminum foil, transparent PP film, green [175, 176]
PE film

SiO, (funcionalized) 94.6 nm, 95.2 nm Chemical process Glass, polystyrene [30]

TiO, 4 nm Sol-gel Clear glass [25]

Y,0;:Eu** 80-120 nm Precipitation Metal, plastic, and glass [28]

Y,0;5:Fe 17-23 nm Combustion in solution Leaf, aluminum, marble [31]

YVO,:Eu 40 Hydrothermal Transparent glass [29]

ZnO 17.2+10.8 Precipitation Aluminum foil, black glass, stainless steel, Current study
clear glass

ZnO 73.4+6.0 Combustion in solution Aluminum foil, black glass, stainless steel,

clear glass

(level 2). While on clear glass and stainless steel, level 3 pat-
terns are observed: sweat pores and wrinkles, respectively.
The best result obtained for commercial ZnO is observed
on the stainless-steel surface. Though, these results only
reached patterns of level 2. A comparison of the results
obtained with previous studies that have also used ZnO
Nps are presented in Table 8. It is observed that previously
tested undoped ZnO Nps samples have sizes less than 50
nm, except those reported by Verma et al. [42] and Zargham
et al. [44]. It can be seen that the ZnO samples prepared
by method-1 and method-2 can reveal LFPs on non-porous

@ Springer

surfaces in a similar way to that reported previously, includ-
ing dark glass.

On the other hand, in addition to being potential LFP
developers, the synthesized ZnO nanoparticles could be used
in other applications. Among its potential uses we can men-
tion biomedical [46—48, 159-162], antibacterial [45, 85, 86,
85-86, 159-161], anticancer activity through induction of
cancer cell apoptosis [46, 159-162], antifungal [87, 160,
161], anti-inflammatory drugs [88, 159-161], antioxidant
[45, 84, 88], drug delivery [46, 160, 163], nanobiosensors
[164-169] and photocatalytic applications [45, 55, 63, 85,
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Fig.8 Reveal of the LFPs impregnated with ZnO nanoparticles obtained by chemical precipitation, combustion in solution and commercial sam-
ple on non-porous surface of a aluminum foil, a black glass, ¢ clear glass and d stainless steel. Surfaces were illuminated with a 360 nm laser

86, 113]. However, it will be necessary to implement specific Limitations of this Study
tests to determine the effectiveness of the ZnO nanoparticles
prepared in each of the previously mentioned applications.  Although it has been proven that the ZnO Nps obtained by

chemical precipitation (method-1) and combustion in solu-
tion (method-2) can be used as potential LFP developers on
non-porous surfaces, we have not been successful in testing

@ Springer
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Table 7 Detail of LFP detection levels in the substrates evaluated and compared with those reported in the literature.

Sample Mean diameter (nm) Synthesis method Fingerprint recognition system Ref.

Aluminum foil Black glass Clear glass Stainless steel

ZnO 12 Hydrothermal Level I - Level I - [37]
Level I Level I
ZnO 27-54 Precipitation Level I - - - [40]
ZnO 20, 23 and 45 Green Level I - - - [60]
Level I
Level 11T
ZnO 25-100 Green - - Level 1 - [44]
ZnO 46 Microemulsion - - Level I - [25]
ZnO 5 Combustion in solution — - Level I - [39]
Level I
Level 11T
ZnO 85-225 Precipitation - - Level I Level I [42]
Level I Level I
ZnO (method-1) 17.2+10.8 Precipitation Level I Level I Level I Level I Current study
Level I Level I Level I Level I
Level III Level 11T
Zn0O (method-2) 73.4+6.0 combustion in solution  Level I Level I Level I Level I
Level I Level I Level I Level I
Level 11T Level 11T
7ZnO (commercial) 184.4+82.0 - Level I Level I Level I, Level I
Level I

Table 8 Comparison of size, type of synthesis method and substrates of ZnO Nps evaluated in the present research with previously reported
works

Nanoparticles Mean diameter (nm) Synthesis method Substrate References
ZnO 5-23 Combustion in solution Clear glass [39]
ZnO 12 Hydrothermal Aluminium, clear glass, leaves, glass, metal tools [37]
ZnO 12.8 Hydrothermal Aluminum foil, glass slide, magnetic strip of debit card, plastic [37]
speaker, touch screen of mobile phone, and touchpad of laptop
Zn0O 13 Precipitation Cellophane tape [41]
Zn0O 14.75 Precipitation glass, glossy cardboard, plastic [33]
ZnO 20, 23 and 45 Green Aluminium [60]
Zn0O 27-54 Precipitation Aluminium, transparent tape, aluminum sheets, hard plastic, and  [40]
floor marble
ZnO 25-100 Green Clear glass, tin, wood [44]
ZnO 85-225 Precipitation Clear glass, stainless steel, black sheet, chair Handle, copper [42]
sheet, keylock, phone screen, wooden piece, ATM card, mar-
ble, steel, plastic box, glass slide, wooden table
ZnO 46 Microemulsion Clear glass [25]
ZnO 17.2+10.8 Precipitation Aluminum foil, black glass, stainless steel, clear glass Current Study
ZnO 73.4+6.0 Combustion in solution Aluminum foil, black glass, stainless steel, clear glass
ZnGa,OyMn  7-44 Microwave Glass, glossy card, paper [171]
ZnO:La 1320 Combustion in solution Wood, mobile, bottle, pocket whorl [181]
ZnO:N 40-50 Precipitation Aluminum (foil, rod, sheet), compact disc, magazine paper, iron  [172]
disc
Zn0-Si0, 329 Heating Calculator, cardboard, glass, glazed wrapper, laptop, metallic [173]

can, plastic
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Zn0O (method 1)
a)

Hard Plastic

Zn0O (method 2)

Zn0 (commercnal)

Zn0 (method 1)

2

Untreated Wood

Zn0 (method 2)

Zn0 (commercial)

Fig. 9 Reveal of the LFPs impregnated with ZnO nanoparticles obtained by chemical precipitation, combustion in solution and commercial sam-
ple on porous surface of a plastic and b wood. Surfaces were illuminated with a 360 nm laser

them on porous surfaces such as untreated wood and plastic
(Fig. 9). Figure 9 shows unclearly the fingerprints deposited on
porous surfaces. On hard plastic surface it is only possible to
observe in a general way (level I) the fingerprint with the ZnO
Nps (method-2). While only a slight stain is observed on the
untreated wood with the ZnO Nps (method-1). Unfortunately,
the possibility of losing organic substances that compose the
LFPs deposited on porous surfaces is high. In fact, few studies
on plastic surfaces using ZnO Nps as fingerprint revealers have
been reported successfully [37, 40, 42, 43].

Conclusion

In this work, ZnO Nps have been prepared by using chemi-
cal precipitation (method-1) and combustion in solution
(method-2). Both synthesis methods allow obtaining hexag-
onal wurtzite-type ZnO crystal structures with mean diam-
eters of 17.2 nm+ 10.8 nm (method-1) and 73.4 nm +6.0 nm
(method-2). Semispherical and semi-square ZnO NPs where
obtained when the method-1 and method-2 were applied.
The band gap value of ZnO Nps obtained by method-1
(3688 eV) and method-2 (3591 eV) were higher than that of
the bulk material (3.37 eV) which verifies the confinement
effect due to the decrease in particle size. PL indicated the

@ Springer



70 Page 18 of 24

B. Flores et al.

presence of crystalline defects since emissions are observed
in the visible range. It is possible to observe the LFPs on the
non-porous surfaces studied, since level 2 and level 3 pat-
terns of the fingerprint recognition system can be visualized.
The ZnO Nps obtained can be used to reveal LFPs on alu-
minum, stainless steel, clear and black glass surfaces. How-
ever, it is necessary to improve the photo taking technique.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10876-025-02770-w.
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