
Vol.:(0123456789)1 3

https://doi.org/10.1007/s13538-022-01129-0

GENERAL AND APPLIED PHYSICS 

A Paper‑Based Colorimetric Sensor for Highly Sensitive and Selective 
Detection of Multi‑metal Ions in Water

Anoop Singh1 · Prerna Mahajan1 · Asha Sharma1 · Aamir Ahmed1 · Sonali Verma1 · Bhavya Padha1 · Sandeep Arya1 

Received: 21 November 2021 / Accepted: 4 May 2022 
© The Author(s) under exclusive licence to Sociedade Brasileira de Física 2022

Abstract
In this article, we present a  NaYF4:Eu3+-based ultrasensitive colorimetric detection technique and demonstrate its successful 
implementation for the detection of four metal ions in water. The developed colorimetric sensors demonstrated exceptional 
stability in 100% aqueous solution and showed distinct absorption spectrum signals and significant color differences for  Cu+2, 
 Mn+2,  Co+2, and  Mo+4. Additionally, an attempt is made to detect heavy metal ions from mixtures of two or three metals. In 
that scenario, we also noticed distinct colors for distinct combinations. A simple test strip was developed for visual monitoring 
of four metal ions with a detection limit approximated by the naked eye. This suggested that colorimetric approach enables fast, 
sensitive, and portable detection of various metal ions, indicating a significant potential for on-site rapid water quality analysis.

Keywords Sensor · Nanostructure · Water · Optical properties · Absorption

1 Introduction

In the twenty-first century, the safety and maintenance of 
the quality of drinking water are a great challenge. Water 
is important for all living beings on earth, and its quality 
has decreased significantly due to chemical pollutants. Due 
to increased industrial and agricultural expansion in recent 
years, large amounts of hazardous and carcinogenic heavy 
metal ions have been discharged into the environment [1–3]. 
Mining and sewage discharge have also led to an increase 
in the concentration of heavy metal ions in water [4–6]. The 
heavy metals have high atomic weight and density. These 
are non-biodegradable, possess high solubility in water, and 
get easily absorbed into the living organisms. Heavy met-
als are considered the major chemical pollutants and have 
existed since centuries. Cross-contamination of heavy met-
als, which involves the presence of numerous or even distinct 
species of harmful heavy metal ions, is also becoming more 
prevalent in hydrological environments [7], posing a major 
hazard to ecological systems and organisms [8]. The heavy 
metals include arsenic (As), lead (Pb), mercury (Hg), nickel 
(Ni), zinc (Zn), cadmium (Cd), cerium (Ce), chromium (Cr), 

manganese (Mn), molybdenum (Mo), copper (Cu), iron (Fe), 
etc. [9, 10]. Some of the heavy metal ions like chromium 
(III) and iron are required by the living organisms in traces, 
but an increased intake leads to serious consequences. Heavy 
metals when accumulated in the human body can cause can-
cer and damage the liver, kidney, lungs, reproductive sys-
tem, DNA, etc. [11, 12]. Long exposure to heavy metal ions 
has also resulted in diseases like minimata and Parkinson’s 
disease [11]. As a result, precise identification and quanti-
fication of heavy metal ions, as well as their speciation, are 
critical. However, the complicated hydrological environment 
makes it extremely difficult to detect and analyze ground-
water contamination effectively [13]. The high solubility 
of these metals in water also adds to the problem. Exist-
ing analysis techniques, like atomic absorption, emission, 
and mass spectroscopy, are dependent on costly and time-
consuming field sampling and laboratory testing procedures 
[14], which place stringent requirements on the storage and 
transportation of delicate water samples. Additionally, the 
majority of detection techniques are capable of measuring 
only the overall concentration of metal ions, whereas specia-
tion analysis involves extensive pretreatments such as oxi-
dation, reduction, or the inclusion of additives [15]. These 
techniques are also time-consuming, costly, and require 
expertise. The development of a unique detection method 
capable of rapid, simple, and portable on-site recognition 
of numerous metal ions and polyvalent metal speciation 
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analysis is critical. Colorimetric approaches have emerged 
as a viable alternative to spectroscopy-based methods due 
to their ease of use, low cost, and rapid response time [16]. 
Colorimetric detection of metal ions can be detected directly 
with the naked eye or monitored using a portable UV–vis 
spectrophotometer, eliminating the need for time-consuming 
instrumental analysis [17]. The colorimetric probe of tiny 
molecules, in particular, sparked increased interest since it 
contains several recognition sites and is capable of concur-
rently recognizing different metal ions.

Herein, we provide an ultrasensitive colorimetric detection 
approach based on  NaYF4:Eu3+ and illustrate its successful 
application to the detection of four metal ions, i.e.,  Cu+2, 
 Mn+2,  Co+2, and  Mo+4 in water. Additionally, heavy metal 
ions are also detected in combination of two or three met-
als. A simple test strip with a detection limit approximated 
by the naked eye was created for visual monitoring of four 
metal ions. This study demonstrated a rapid and ultrasensitive 
detection of a variety of metal ions, implying a substantial 
potential for on-site speedy water quality examination.

2  Material and Methods

2.1  Synthesis of  NaYF4:Eu Nanoparticles

For the synthesis of  NaYF4:Eu nanoparticles, yttrium oxide 
 (Y2O3), europium oxide  (Eu2O3), sodium fluoride (NaF), and 
hydrochloric acid (HCl) were used as precursor materials. 
1.45 g  Y2O3 in 32 ml HCl and 0.56 g  Eu2O3 in 8 ml HCl 
were dissolved under constant stirring and heating in two 
separate beakers. Afterwards, mixing of both the solutions 
was done followed by the addition of 40 ml EDTA. Ammo-
nia solution was added dropwise for maintaining pH 2. This 
solution was poured into 120 ml NaF solution and left undis-
turbed for 1 h. Centrifugation was performed to collect the 
nanoparticles, which were then washed several times with 
deionized water and ethanol and dried in an oven at 95 °C.

3  Results and Discussion

3.1  Structural Characterization

Synthesized  NaYF4:Eu nanoparticles exhibited the XRD 
pattern as displayed in Fig. 1a. The peaks of  NaYF4:Eu 
have been observed at 2θ angles of 29.22°, 31.74°, 45.5°, 
46.61°, 52.84°, 53.71°, 54.35°, 55.04°, and 58.01° corre-
sponding to (110), (101), (201), (210), (002), (300), (211), 
(102), and (301) planes. Due to the sharpness of the XRD 
peaks, the produced nanoparticles were determined to be 

highly crystalline [18, 19]. According to the JCPDS File 
No. 28–1192, the relative intensity and position of all dif-
fraction peaks could be easily correlated to the pure hex-
agonal NaYF4 [20]. The result indicates that the sol–gel 
approach is suitable for the preparation of doped  NaYF4 
nanoparticles with a pure hexagonal phase. The crystal-
lite size is calculated using Debye–Scherrer equation as 
shown in Eq. (1).

where D, λ, β, and 2θ represent the average crystallite 
size, X-ray wavelength, full width half maxima, and dif-
fraction angle, respectively [21]. As computed from the 
aforementioned equation, the average crystallite size of 
the prepared  NaYF4:Eu nanoparticles is roughly 60 nm.

3.2  Morphological Characterization

FESEM image of  NaYF4:Eu nanoparticles  is shown in 
Fig. 1b. The image clearly shows that the prepared nano-
particles have a spherical shape and a uniform size. The 
acquired results are consistent with the average particle 
size determined by XRD analysis. The results demonstrate 
that  NaYF4:Eu nanoparticles are formed successfully.

3.3  Elemental Composition and Functional Group 
Studies

The EDS spectra as shown in Fig. 1c revealed the pres-
ence of four elements, including Na, Y, F, and Eu. This 
provided further proof that the prepared sample was 
 NaYF4:Eu, which is also verified by XRD analysis. The 
results were validated, showing that Eu was dispersed 
inside  NaYF4 uniformly and was well-doped. Addition-
ally, the weight and atomic percentages of the different 
elements are included in the inset of EDS graph.

Figure 1d shows the FTIR spectrum of the prepared nano-
particles in the wavenumber range of 500–4000  cm−1. The 
broad band centered at around 3109  cm−1 could be related 
to the O–H stretching vibration [22]. A small absorption 
peak at 2821  cm−1 was observed that verifies the presence of 
symmetric vibrations of  CH2 stretching modes [23]. A weak 
band at 2006  cm−1 is related to the C-H stretching mode. 
The vibration of the carboxylic group is responsible for the 
occurrence of peaks at around 1752  cm−1 and 1400  cm−1. 
The peak at 1079  cm−1 corresponds to C-O stretching mode. 
In the measured range, there is no observable vibrational 
peak attributable to the host lattice  NaYF4.

(1)D = 0.9�∕�cos�
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3.4  Synthesis of  NaYF4:Eu Deposited Paper‑Based 
Colorimetric Sensors

Firstly, eight different solutions were prepared by dis-
solving 0.15  g of each of the eight chosen chemicals 
(i.e., 1-Cd(NO3)2, 2-Mg(CH3COO)2·4H2O, 3-PbCO3, 
4-Co(NO3)2, 5-MoO3, 6-Cu(CH3COO)2, 7-Ni(NO3)2·6H2O, 
and 8-C4H6MnO4) in distilled water (50 mL). Some chemi-
cals dissolved completely in DI water after heating. After-
wards, a piece of photo paper was taken, and the solution 
of  NaYF4:Eu (0.1 g) with ethanol (20 mL) was deposited 
on it. After 2 h, the samples were completely stuck with 
the paper. Forty milliliters of each solution was added on 
the uncoated and  NaYF4:Eu-coated paper. Out of eight, 
two metals showed significant change in color (4-Co+2, 
6-Cu+2), and for the remaining two metals, less change in 
color (5-Mo+4, 8-Mn+2) on the paper is observed which is 
shown in Fig. 2a. Out of four metal solutions which show 
change in color, we make six combinations of solution by 
mixing two, four combinations by mixing three, and one 
combination by mixing all four, which is clearly shown in 

Fig. 2b−d, respectively. The combination of different metal 
ions is shown in Table S1 (Supplementary Information). It is 
observed that in all the combinations, the color of uncoated 
paper is significantly different from the  NaYF4:Eu-coated 
paper when we add 40 mL of each solution on different piece 
of paper.

3.5  UV–vis Analysis

We proceeded to examine the variance in color change that 
occurs to different metal ions in a solution of DI water using 
a UV–vis spectrometer. The band illustrated in Fig. 3 was 
assignable to intermolecular charge-transfer transitions 
due to the addition of  NaYF4:Eu in the solution of various 
metal salt in DI water. It was noticed that a wide range of 
spectral modifications, as well as different color transforma-
tions, occurred when  Mn+2 and  Mo+4 were added. It should 
be noted that the absorbance changes as a result of these 
two metal ions were quite different from one another. The 
UV–vis analysis of  Cu+2 and  Co+2 is not required because 
the color change is directly observed through naked eyes.

Fig. 1  a XRD, b FESEM, c 
EDS, and d FTIR of  NaYF4:Eu 
nanoparticles
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4  Conclusions

We have successfully synthesized  NaYF4:Eu nanoparticles 
via sol–gel method. The prepared nanoparticles were then 
characterized using characterization techniques like XRD, 

FESEM, EDS, and FTIR. As an attempt of visual field detec-
tion, simple test strips have been successfully developed over 
which  NaYF4:Eu nanoparticles were deposited, and these 
strips were applied to visual monitoring of four metal ions 
(viz.  Cu+2,  Mn+2,  Co+2, and  Mo+4) by the naked eye. The 
developed sensor possesses good selectivity and sensitivity. 
This study indicates a significant potential for on-site rapid 
water quality analysis using  NaYF4:Eu3 nanoparticles.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13538- 022- 01129-0.

Data Availability Data will be made available on reasonable request.
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