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Colorimetric detection of platinum (IV) ions based on triangular silver
nanoprism particles in aqueous environmental sample
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Silver nitrate (AgNO,), trisodium citrate dihydrate (C;H;Na;O, - 2H,0), sodium borohydride (NaBH,), and
L-ascorbic acid (C{HgO4) were combined in distilled water to create a triangular silver nanoprism particle
(AgNPRP) solution. UV-visible (UV-vis) spectroscopy at wavelengths of 350—460 nm and 580-700 nm was
observed, and as a result of them, the successful formation of the triangular AgNPRPs was confirmed. The
prepared silver nanoprism particles were characterized by X-ray diffraction(XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy(SEM), and transmission electron microscopy(TEM)
and employed for the colorimetric detection of platinum(IV) ions in an aqueous solution containing Pt**
ions. The color of the aqueous silver nanoprism particle solution, containing Pt** ions, changed from blue
to light brown before turning colorless. Using UV-vis spectrophotometry, the detection limit of the Pt**
ion concentration was determined to be 6.23 uM in an aqueous solution of silver nanoprism particles. The

proposed method was applied for detecting Pt**

ions in tap water samples.
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INTRODUCTION

Owing to their importance in environmental protection,
the selective recognition of heavy and transition metal ions
has been an important topic of study attention during the
last few decades'. One of these, platinum (Pt) ions, is
extensively used in chemistry, especially in Pt-catalyzed
processes that release a significant amount of Pt pollutants
into the environment®. Therefore, it is necessary to quic-
kly and easily monitor the presence of Pt species in the
environment due to the sudden rise in Pt ion compounds
and the toxicity associated with Pt ions®.

With the widespread use of Pt (II) and Pt (IV) in chemi-
cal industries, an increasing number of platinum ions enter
into the water system, which can potentially impact the
environment and harm human health® 7. Therefore, we
must pay attention to the determination of Pt ** ions as
a trace element®. Traditional methods have been employed
to detect platinum ions, including atomic absorption
spectrometry (AAS)’, spectrophotometry’® !, and induc-
tively coupled plasma mass spectrometry (ICP-MS)® 1213,
Although these methods are accurate and sensitive, they
require professional technicians or expensive instruments,
and they are not suitable for field monitoring®. Therefore,
more economical, selective, and rapid detection methods
of platinum (IV) ions are necessary and are needed to
gain qualitative and quantitative information for real-time
analysis in analytical sciences™ ' 15,

Recently, nanomaterials have become popular in many
fields because of their unique electronic, optical, magnetic,
and photocatalytic properties'®. Colorimetric detection
methods based on nanomaterials have attracted great
attention because of their distinctive advantages, such
as simplicity and low cost® ™!, Moreover, the need for
developing sensitive and selective sensors for the detection
of low amounts of heavy metal ions from environmental
samples has greatly increased'® 2. As a result, the ap-
proach presented in this study illustrates the colorimetric

detection of Pt (IV) ions and can be used as a quick and
portable test for the practical detection of Pt (IV) ions
in an outdoor setting. The Pt (IV) ions can be found in
wastes produced from mining facilities and mine leachates.
During the dissolution process of the wastes including other
metals, since oxidative reagents are used, Pt (IV) ion is
favored in the leaching solutions®. Therefore, colorimetric
detection of Pt(IV) ions is needed more than Pt(II) ions
from these wastewater upon Pt(IV) detection compared
to Pt(IT) detection®*2%. One of the promising application
fields for triangular silver nanoprism particles (AgNPRPs)
is the detection of metal ions for environmental monito-
ring"®. Our group has developed a colorimetric detection
method that uses triangular AgNPRPs to detect Pt (IV)
ions in an aqueous solution.

MATERIALS AND METHODS

Materials

Calcium chloride dihydrate (CaCl, - 2H,0, =98%,
EP) was supplied by DC Chemical Co. Ltd. Lead (II)
nitrate (Pb(NO;),, 299%, EP), manganese (II) sulfate
monohydrate (MnSO, - H,0O, =98%, EP), silver nitrate
(AgNO;, =299.8%, GR), and trisodium citrate dihydrate
(CHsNa;0, - 2H,0, =99%, EP) were purchased from
Samchun Chemicals. L-ascorbic acid (C;HgOq4, =99.5%,
ACS), sodium borohydride (NaBH,, =99%, Reagent plus),
chloroplatinic acid hydrate (H,PtCl, - xH,O, =99.9%,trace
metals basis), copper chloride (CuCl,, 299%, Reagent
plus) and magnesium chloride hexahydrate (MgCl, - 6H,0,
299.5%, ACS) were purchased from Sigma-Aldrich.

Instruments

The crystal structure of the samples was analyzed by
powder X-ray diffraction (XRD; Bruker, D8 Advanced,
A = 15418 A) at 40 kV, 40 mA, with 26 angles from
35 to 85° and a scan rate of 0.2 sec/step at increments



of 0.02. The X-ray photoelectron spectroscopy (XPS)
was utilized to evaluate the elemental composition and
ionic states of the surface. (Thermo Fisher Scientific,
NEXSA).The absorption spectra of the samples were
recorded using a UV-vis spectrophotometer (Shimadzu
UV-1691 PC). The surface morphologies of the samples
were recorded using scanning electron microscopy (SEM;
JEOL Ltd., JSM-6510) at an accelerating voltage of 10
kV. Transmission electron microscopy (TEM) and High-
-resolution transmission electron microscopy (HR-TEM;
JEOL Ltd., NEO ARM) were carried out at an accele-
ration voltage of 100 kV-300 kV for the analysis of the
morphology and crystallographic structure of the sample.

Preparation of triangular AgNPRP solution

In 20 mL of distilled water, 1.8 x 1072 M silver ni-
trate (AgNO;), 1.7 x 10 M trisodium citrate dihydrate
(CsHsNa,0, - 2H,0), and 0.05 x 102 M sodium bo-
rohydride (NaBH,) solution were combined to create
the seed solution. The growth solution was created
by combining 20 mL of 1.7 x 10" M trisodium citrate
dihydrate (C(H;Na;O, - 2H,0) solution, 0.14 mL of 1.0
x 10" M silver nitrate (AgNO;) solution, and 0.1 mL
of 1.0 x 10 M L-ascorbic acid(C,HgO;) solution. Sub-
sequently, 20 mL of the growth solution and 1.0 mL of
the seed solution were mixed and agitated for 20 min
to create the triangular AgNPRP solution?’.

Selective detection of Pt** jon in various metal cations
using AgNPRP as a colorimetric detector

All the experiments were performed at room tempera-
ture. 150 uL of 14 ppm Pt** aqueous solution was added
to 2500 uL of triangular AgNPRP solution. The mixed
solution was stirred for 5 min. The selective detection
of Pt** ion in aqueous triangular AgNPRP solution was
investigated by naked eye and UV-vis absorption spec-
troscopy. Other ions, such as Ca**, Mg**, Pb**, Cu’*,
and Mn?* were also tested in the same manner described
above to confirm the selective detection of Pt** ions.

Detection of Pt ** jons at various concentrations

The Pt** ion solutions were prepared at various
concentrations ranging from 0 to 14 ppm. The above-
mentioned 150 ul. of each different concentration of
Pt** ion solutions, which were each increased by 2 ppm,
were added, respectively, to the vial containing 2500 uL
of triangular AgNPRP solution. After the mixture was
stirred for 5 min, the color change and detection of Pt**
ions were monitored with the naked eye and UV-vis
absorption spectroscopy.

Detection of Pt ** ions in real tap water samples

Tap water collected in a part of Seoul was first filled
using a filter paper with a pore size of 1 um, and Pt**
ion solutions, which have various concentrations from
0 to 14 ppm, were prepared in real tap water. 150 uL
of each different concentration of Pt** ion solutions,
which were each enhanced by 2 ppm, were then mixed
with 2500 uL of aqueous triangular AgNPRP solution.

Subsequently, the color change and detection of Pt**
ions were observed with the naked eye and UV-vis ab-
sorption spectroscopy.
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RESULTS AND DISCUSSIONS

Characterization of triangular AgNPRPs

Figure 1 shows the UV-vis spectrum of the triangular
AgNPRPs. The triangular AgNPRPs were successfully
prepared, as indicated by the peaks at 350-460 nm and
580-700 nm*”. The two peaks in the 350460 nm and
580-700 nm ranges may be assigned to the in-plane
quadrupole resonance and the in-plane dipole plasmon
resonance of the triangular AgNPRPs, respectively.
The in-plane quadrupole resonance was related to the
width, and the in-plane dipole plasmon resonance was
dependent on the edge length of triangular AgNPRPs.
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Figure 1. UV-vis spectrum of the triangular AgNPRPs

Powder XRD was used to investigate the crystal
structure and crystallite size of the triangular AgNPRPs
(Fig. 2). The peaks at 20 = 38.14°, 44.20°, 64.57°, 77.49°,
and 81.77° correspond to the (111), (200), (220), (311),
and (222) planes of triangular AgNPRPs, respectively
(JCPDS card No. 04-0783). In Fig. 2, the reflections pres-
ent in the XRD pattern indicated crystal face-centered
cubic (fcc) crystalline silver, respectively (JCPDS card
No. 36-1451)%. According to the XRD results, triangular
AgNPRPs were successfully synthesized. The crystallite
size of the triangular AgNPRPs was determined using
the Scherrer formula, D = k - /P - cosB, where D is the
crystallite size, A is the wavelength of Cu-Ka radiation
(taken as 0.154178 nm), k is the shape factor (taken as
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Figure 2. XRD pattern of the triangular AgNPRPs
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Table 1. The average crystallite size of the triangular AgNPRPs estimated using the Scherrer equation. (AgNPRPs: Triangular silver
nanoprism particles, FWHM: Full Width at Half Maximum)

Compound Plane (h k1) 2 0 (degree) FWHM (degree) Crystallite size (nm)
111 38.14 0.45 19.49
200 44.20 0.47 19.04
AgNPRPs 220 64.57 0.53 18.51
311 77.49 0.50 21.26
222 81.77 0.47 23.34
Average 20.33

0.89), 26 is the angle between the incident and scattered
X-rays, and f} is the full width at half maximum (FWHM).
The average crystallite size of the triangular AgNPRPs
was measured to be approximately 20.33 nm (Table 1).

An X-ray photoelectron spectroscopy (XPS) measu-
rement was carried out to analyze the electron state of
the Ag that exists within the triangular silver nanoprism.
As shown in Fig. 3, two peaks were observed at 367.28
and 373.28 eV which are attributed to Ag3ds and
Ag3ds of elemental silver in the triangular Silver
nanoprism®” *. The splitting of the 3d doublet of
Ag is 6.0 eV, indicating the presence of metallic Ag,
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Figure 3. XPS spectrum of Ag 3d in the triangular Ag NPRPs

which provides strong evidence for the formation of
a triangular silver nanoprism.

As shown in Fig. 4(a) and (b), transmission electron
microscopy (TEM) measurements were carried out to
characterize the morphology and particle size of the
triangular Ag NPRPs. With TEM, the particle size is
measured, whereas with XRD, it can be only measured
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Figure 4. Typical TEM image (a) and HRTEM image (b) of triangular Ag NPRPs

‘l. e

the crystallite size, which is different from particle size.
When the average crystallite size of the triangular Ag-
NPRPs in Table 1 was compared to the particle size
in Figure 4(a), the particle size has to be larger than
crystallite size, because a particle can be constituted by
several crystallites.

TEM images of Ag nanoparticles are presented in
a triangular shape in Fig. 4 (a). HR'TEM image of an
individual triangular AgNPRP in Fig. 4(b) shows that
the nanoparticle is crystalline because the lattices of the
Ag crystals can be observed. The lattice fringe spacing
measurements indicate that the regular lattice spacing
of d = 0.23 nm is consistent with the (111) plane in
the face-centered cubic (fcc) structure of the Ag NPs?,

Selectivity and sensitivity detection of Pt** ions

As shown in Fig. 5(a) and (b), for the triangular
AgNPRP selective colorimetric detection of metal ions,
different metal cations such as Pt**, Ca**, Mg?*, Pb**,
Cu?*, and Mn**, were initially screened by exposing
the colloidal AgNPRP solution to each of these metal
ions (14 ppm) and visually monitoring the color change
in solution.(Fig. 5(a)). Only the color of the AgNPRP

Table 2. Color change of various metal ions using triangular
AgNPRP solution

Metal ions Color change (Y/N)
ca” No
Mg”* No
Pb** No
cu™ No
Mn** No
Pt™ Yes (Blue to colorless)

solution after Pt** ions were added, changed from blue
to colorless, as shown in Fig. 5(a) and Table 2.

Fig. 5(b) showed that the optical absorbance spectra
of AgNPRP solution and each sample contained in dif-
ferent kind of metal cations such as Pt**, Ca’*, Mg**,
Pb’*, Cu?*, and Mn? ions with AgNPRP colorimetric
probe. The location of the surface plasmon resonance
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Figure 5. (a) Visual color change, and (b) UV-vis absorption
spectra showing SPR peaks of triangular AgNPRPs
and shifts for detection upon addition of different
metal ions (Pt**, Ca®*, Mg?*, Pb**, Cu®*, and Mn”")
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Figure 6. SEM image for triangular AGNPRPs (a) in the absence
of Pt** ions, (b) in the presence of Pt** ions, and (c)
the approximate yield of AgNPRPs

(SPR) peak shift of various metal cations did not change,

except for Pt** ions®'. This indicates that Pt** ion is se-

lective for the AgNPRP solution. Also, the colorimetric
detection of Pt** ions and various metal ions in several
different water samples based on triangular AgNPRP was

compared with previous research findings in Table 3%,

Fig. 6 shows the morphological surface changes of the

Ag nanoparticles (NPs) before and after the addition of

Pt** ions. When Pt** ions were absent, the Ag NPs in

Fig. 6(a) exhibited a triangular prism shape. In contrast,

it can be observed from Fig. 6(b) that the Ag NPs exhib-

ited a spherical shape after Pt** ions were added. These
results indicated that the chemical reaction may proceed
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Table 3. Comparison of colorimetric detection conditions of
ions based on triangular silver nanoprism particles with
other studies

Detection Limit of
] Sample detection References
metal ion
(M)
Ba? Tap water 74 32
cr* River water 3.6x107° 33
N2 Real water, Lake 0.05 34
water
Tap water,
Hg** Drinking water, 0.03 35
Lake water
pt* Tap water 6.23 This work
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Figure 7. (a) Visual color change, and (b) UV-vis absorption
spectra for detection of Pt** ions at various concen-
trations from 0 to 14 ppm in triangular AgNPRPs
solution

according to the change in the shape of the Ag NPs with
the addition of the Pt** ion solution. In Fig. 6(c), by
observing the image of the scanning electron microscope
(SEM) of the synthesized AgNPRPs, it may be that the
approximate yield of AgNPRPs was about 66%.

The sensitivity of the colorimetric detection of Pt** ions
with triangular AgNPRPs was investigated using both
the colorimetric response (Fig. 7(a)) and UV-vis spectra
(Fig. 7(b)). The photographic image of the triangular
AgNPRP solution color varied depend on the with Pt**
ion concentrations (0-14 ppm), as shown in Fig. 7(a).
The color change of the triangular AgNPRP solution as
the concentration of Pt** ions increased to approximately
14 ppm could be observed to become colorless when
compared to the control (without Pt**); however, the
color change of the triangular AgNPRP solution could
not be observed at 2 ppm, the concentration of Pt**
ions in Fig. 7(a).

Fig. 7(b) showed that the optical absorbance spectra
of the triangular AgNPRP solution and distilled water
sample contained different concentrations of Pt** ion
used on AgNPRP colorimetric probe. According to in-
creasing the concentration of Pt** ion, the peaks were
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disappeared between 580-700 nm and the peaks intensity
between 350—460 nm decreased.

Detection of Pt ** ions in real water samples

For the quantitative detection of Pt** jons in actual
water samples, the potential efficacy of the triangular
AgNPRP for the Pt** detection test was further expanded
and proven in tap water’®. Fig. 8(a) shows photograph
of the AgNPRP-based colorimetric probe for real-time
detection of Pt** ions in tap water at various concentra-
tions ranging from 0 to 14 ppm.

The color of solution in the bottle changed from blue
to light brown before turning colorless. The results in
Fig. 8(a) indicated that AgNPRP-based colorimetric
probe exhibited excellent sensitivity at a concentration
of 14 ppm for Pt** ions in tap water. These results in-
dicated that AgNPRP based colorimetric probe can be
used for detection of Pt** ion in real tap water samples.
Fig. 8§(b) showed that the optical absorbance spectra of
the AgNPRP solution and tap water samples containing
various concentrations of Pt** ion used in the AgNPRP
colorimetric probe. As the concentration of Pt** ions
increased from 0 to 14 ppm, the peaks between 580-700
nm faded, and the intensity between 350-460 nm dimin-
ished. The limit of detection (LOD) is one of the key
characteristics for validating the effectiveness of a sens-
ing probe. Figure 9 illustrates the linear relationship
between the difference of absorbance intensity (A a) and
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Figure 8. (a) Visual color change, and (b) plot of optical
absorbance for various concentrations (0-14 ppm)
of Pt** ions in real tap water samples
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Figure 9. Linear plot absorbance intensity difference at wave-
length 585 nm towards Pt** ions concentration

Pt** ion concentration (ppm), represented by the equa-
tion y = 0.0238 x, where ‘y’ and X’ to the Pt** ion con-
centration. The absorbance intensity difference showed
linearly with the increasing concentration of Pt** ranging
from 0 to 14 ppm. The LOD for Pt** ions, determined
using the developed sensing probe, was approximately
6.23 uM. It was calculated by LOD=3.3 X (0/s), where
o is the standard deviation of the sample, s is the linear
plot’s slop, resulting in 3.3 X (0.0448/0.0238) equal to
6.23 uM. The linear regression coefficient (R?) of 0.766
was obtained for the concentration of Pt** ranging from
0 to 14 ppm. The limits of detection of various metal
ions using AgNPRPs are compared in Table 3.

The colorimetric detection mechanism of Pt**

triangular AgNPRPs

Ascorbic acid and trisodium citrate are responsible for
reducing Ag'* to Ag(0) and forming AgNPRPs®. Addi-
tionally, these reductants serve as capping agents for the
stability of AgNPRP. Furthermore, the Pt** ion has a higher
reduction potential than Ag'*, resulting in a spontaneous
redox reaction of 4Ag + 2Pt** — 4Ag* + Pt,>*.

Oxidation of Ag’ to Ag'* changes from blue to color-
less, which means that the triangular AgNPRPs (blue)
changes into Ag'" ions (colorless) as was seen when the
colorless AgNO; was put in an aqueous solution. This
redox reaction is the basis for colorimetric detection of
Pt** ions by triangular AGNPRPs. Most transition met-
als, alkali metals, and alkaline earth metals have lower
reduction potentials than Ag'*, which prevents them
from oxidizing Ag’ of AgNPs to Ag'* ion, but the Pt**

ions using

P
A 47 Ny
¥ v
AgNPs (Ag*)
Colorless
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Figure 10. Colorimetric detection mechanism for Pt*" ions using triangular AgNPRPs via redox reactions, as proposed schematically



ion has a higher reduction potential than Ag'*, thus
allowing for highly selective Pt** ion analysis. We sug-
gest a mechanism shown in Fig. 10 for Pt** colorimetric
detection by redox reaction in the mixture based on this
reduction potential chemistry. In addition, Pt** ion has
a higher reduction potential than Ag* ion, and thus Pt**
ion can be changed Ag’ of AgNPRPs into Ag'* ion. The
role of triangular AgNPRPs is as an oxidation agent in
detecting Pt** ions in tap water samples.

CONCLUSIONS

The triangular AgNPRPs were characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HR-TEM) and U V-vis spectroscopy
which were employed for colorimetric detection of Pt**
ions in an aqueous solution containing Pt** ions.

There are multiple benefits associated with this ap-
proach for the Pt** ions detection method.

First, using triangular AgNPRPs in an aqueous sample,
this approach could be used to monitor Pt** ions by
colorimetric detection.

Second, this method simplifies operations and lowers
analytical costs because it does not require complicated
or expensive instruments. Third, this method can be used
directly without modification. Fourth, this technique fa-
cilitates the colorimetric detection of concentrations as
low as 6.23 uM by UV-vis spectroscopy and allows for
the rapid and sensitive detection of Pt** ion.

Lastly, this method exhibits good sensitivity for Pt*
ions, regardless of the various metal ions already pre-
sent in the aqueous solution. The future direction and
perspectives for this potential of triangular AgNPRPs
for detecting Pt** ions in tap water samples may be
used in the application of the probe to sense Pt** ions
in biological and environmental samples.
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