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Sunlight-induced photoreduction of Cr(VI) to Cr(III) in
wastewater by nitrogen-phosphorus-doped carbon dots
Anshu Bhati 1, Satyesh Raj Anand1, Deepika Saini1, Gunture1 and Sumit Kumar Sonkar 1

Cr(VI) is a known toxic and non-biodegradable pollutant that results from multiple industrial processes, and can cause significant
environmental damage if it is not removed from wastewater. However, it can be reduced to Cr(III), which is less toxic and can be readily
precipitated out and removed. Here, a fast and facile single-step technique is reported for the synthesis of nitrogen–phosphorus doped
fluorescent carbon dots (NP-CD) using a domestic microwave, as a potential photocatalytic material. Under natural sunlight, a simple
photocatalytic experiment reveals that the NP-CD are highly efficient for the quantitative reduction of Cr(VI) to Cr(III) in synthetic
contaminated water, in a linear range from 10 ppm (in approximately 10min) to 2000 ppm (in approximately 320min) by increasing
the sunlight irradiation time followed by its removal by precipitation. NP-CD exhibit high recyclability of up to six cycles without any
apparent loss in photocatalytic activity, demonstrating NP-CD as a potential photocatalyst material for Cr(VI) water treatment.
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INTRODUCTION
Since their discovery, photoluminescent carbon dots (CD)1 are being
researched all over because of their sustainable-advantageous
applications and ease of fabrication.2,3 CD are offering a vast viable
platform for many potential applications, such as bioimaging,
sensing, photocatalysis, LED, and photovoltaic.2,3 The elemental
compositions of CD modified with the long-known method of
“doping” that involves the use of heteroatoms and metallic salts as
dopants. Doping is a well-established method for articulating the
optical and electrical properties of semiconductor nanoparticles.2,4

Many reports are available stating that the doped-CD show
remarkable results in terms of better quantum yield over the blue-
green5 and red6,7 region of the visible spectrum along with its novel
applications. Few groups have reported the doping of nitrogen (N)
and phosphorus (P) to form nitrogen-phosphorous doped carbon
dots (NP-CD), using hydrothermal,8–10 solvothermal,11 and micro-
wave12–15 assisted methods with the different precursor materials.
NP-CD used for several applications such as for sensing Hg2+,10 as a
nano-carrier of anticancer drug16, imaging purpose8,12–14,16, oxygen
reduction,17 intercellular Fe3+ sensor,8 fluorescence sensing of living
cells,13 and in the flourescence sensing of reactive oxygen and
nitrogen species.9 Presently, the doping of the CD are used to
articulate its potential properties, with a huge expectation of the
exploration of its newer prospects. For instance, in the field of water
treatment18,19 via aqueous phase photocatalysis,6,7,20 which has
been barely investigated. As per the general understanding, the
heavy-metal-ion contamination in water is a severe threat, which
indeed demands a viable, sustainable approach for its efficient
sensing followed by its removal. For the same, sunlight-induced
photocatalysis can be considered as a promising approach for the
photodegradation of environmental pollutants.21,22 The fabrication
of novel nano-structured-materials with unique physical/chemical
properties along with high efficiency towards the photocatalysis are
the crucial step and required much attention.6,7,18,23

Beyond the conventional existing applications of CD, the
present work investigate a newer perspective of NP-CD, using
the natural sunlight for photoreduction of toxic Cr(VI) to Cr(III),
followed by precipitation of Cr(III) salt. The toxic non-
biodegradable24 pollutant Cr(VI) is a well-known by-product of
many industrial processes, like electroplating, paint making,
leather tanning, and others, was discarded in the wastewater.25

Cr(VI) is continuously damaging the aquatic system and shows
devastating consequences.26 Compared to the Cr(VI), Cr(III) is less
toxic and can easily be precipitated out or adsorbed by the
already existing methods.27 So the conversion of Cr(VI) to Cr(III)
followed by its simple precipitation is always in high demand.
Nevertheless, it could be a sustainable approach, if the same can
be performed under the presence of natural sunlight6,7,18,23.

RESULTS AND DISCUSSION
A single-step process presented here describe the facile synthesis of
the NP-CD from the pool of imidazole (source of nitrogen (N)),
phosphoric acid (source of phosphorus (P)) and polyethylene glycol
(source of carbon (C)), via the simplest method of microwave
charring for ~4min. The as-synthesized blue fluorescent NP-CD
utilized for the aqueous phase photoreduction of Cr(VI) to Cr(III)
under the presence of natural sunlight. Compared to artificial light,
natural sunlight shows its significant contribution towards the
photoreduction of the Cr(VI) to Cr(III) concerning the time required
for the photoreduction is shown in Table 1, which also includes
synthesis time for the fabrication of nano-carbons in comparison
with the existing reports. Furthermore, the Cr(III) was also
precipitated out by the NaOH solution to get treated water from
the synthetic contaminated water.

Spectroscopic characterization
The absorption spectrum, (Fig. 1a) shows peaks at ~210 nm and
~270 nm that correspond to the transitions associated with π–π*
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(C=C) and n–π* (C= N/P), respectively. The photographic images
of the NP-CD in daylight and under the UV light illumination are
shown in Fig. 1b. The blue emitting NP-CD show the excitation
wavelength dependent flurorescence emission (Fig. 1c), situated
mostly between the blue and green region (~360 to ~540 nm) of
the visible spectrum, having the highest emission intensity at
~443 nm (excited at 380 nm), and possesing a quantum yield
value of ~15%.28 In addition, the photostability of NP-CD was
investigated for 5 h at the excitation wavelength of 380 nm and it
shows good photostability (Fig. 1d) without any apperent loss in
the emission intensity.
The possible identification of the surface functionalities29,30 of

the NP-CD was carried out by X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FTIR). XPS
spectrum of NP-CD (Fig. 2a) shows the signature peaks associated
with four elements; carbon (C1s), oxygen (O1s), nitrogen (N1s), and
phosphorus (P2p and P2s) at ~284.4 eV, ~532.1 eV, ~399.8 eV,
~132.6, and ~188 eV, respectively. The inset of Fig. 2a shows a
tabular data for the elemental composition from the XPS survey
scan. Figure 2b–e shows the high-resolution short scanned XPS
spectra of C1s, N1s, P2p, and O1s, respectively after deconvulation.
Short scanned C1s analysis after deconvulation as displayed in Fig.
2b, showing the presence of six different peaks located at 283.4,
284.2, 284.8, 285.6, 286.2, and 288 eV corresponding to the
presence of different binding states of carbon as C=C, C–C, C–N/P,
C–O, C=N, and C=O, respectively.31,32 After deconvulation short
scan of N1s show three major peaks at 398.9, 400.6 eV and 402 eV
corresponding to the C=N–C (pyridinic N), C–N–H (pyrollic N), and
C=N (graphitic N), respectively (Fig. 2c). Similarly, The P2p short
scan after deconvulation shows two peaks at 134.5 eV and
133.5 eV corresponding to the presence of the P–O and P–C,

respectively (Fig. 2d).9 The short scan for O1s region after
deconvulation shows the presence of three major peaks at
532.9 eV, 532.3 eV and 531.1 eV corresponding to the presence of
C=O/C=N, C–O, and O–N/P, respectively (Fig. 2e).33 FTIR results
(Fig. 2f) show a broad band from 3484 to 3200 cm−1 correspond-
ing to the N–H (sharp end) and O–H stretching vibrations.12,16,34

The doublet at ~2925 and ~2873 cm−1 correspond to the C–H
stretching vibrations.34 The medium band at ~1745 cm−1 and
~1643 cm−1 correspond to C=O and C=C stretching vibrations.
The medium band at ~1456 cm−1 and ~1351 cm−1 correspond to
C=N and C–N stretching vibrations, respectively.34–36 The medium
and sharp peaks ~1068 cm−1 and ~940 cm−1 correspond to the
C–O, P–O–C stretching vibrations. The bands between ~600 cm−1

and ~500 cm−1 correspond to the aromatic stretching,12,16,17,35,37

along with presence of the signature peaks of –P–O–C– and
=N–C– confirming the doping of N and P in the NP-CD. The
presence of different type of functional groups confirmed by the
FTIR spectra of NP-CD were also in accordance with binding
suggested by the XPS spectra. Additionally, to understand the
distribution of the different elements especially, the N and P
within the carbonized matrix of NP-CD. We did a XPS analysis
concerning the percentage composition of the different elements
at three different places in the same sample and presented the
data in the form of standard error as C (52.85 ± 0.36)%, O (30.23 ±
0.13)%, N (5.55 ± 0.06)%, P (11.36 ± 0.33)%.

Microscopic analysis
Transmission electron microscopy (TEM) was used to observe the
morphology of NP-CD (Fig. 3). The TEM image of NP-CD (Fig. 3a),
shows well dispersed spherical particles with the corresponding
size distribution analysis in Fig. 3b. Gaussian fitting of the size

Fig. 1 a UV-Vis spectrum; b photographic image in daylight and UV light; c excitation dependent fluorescence emission spectra (excited from
300 nm to 580 nm with the increment of 20 nm towards the higher wavelength) and d photostability at 380 nm excitation for 5 hr of NP-CD

A. Bhati et al.
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Fig. 3 a TEM image of NP-CD; and b its corresponding size distribution; c HRTEM image of NP-CD highlighted with yellow circles showing the
arrangements of graphitic packing as interplanar fringes; d HRTEM image showing the interplanar arrangements of NP-CD

Fig. 2 a XPS survey scan of NP-CD with its corresponding short scan of b C1s; c N1s; d P2p and e O1s; f FTIR spectra
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distribution curve shows that the average size of the NP-CD is
9.5 nm with the standard deviation of 3.3 nm. The High-resolution
TEM (HRTEM) image in Fig. 3c shows the graphitic fringes
encircled with the yellow circles. Figure 3d is the HRTEM image
of NP-CD, which shows the interplanar layers of the graphitic
carbon of 0.22 nm.

Sunlight Induced photocatalytic reduction of Cr(VI) and plausible
mechanism
Using the potassium dichromate as a source of Cr(VI) to prepare
the synthetic contaminated water, NP-CD were used here for the
aqueous phase photocatalytic reduction of Cr(VI) to Cr(III) under
the influence of natural sunlight. The important prospect of the
present finding ascribed towards the photoreduction of variable
concentrations of Cr(VI) (10 ppm–2000 ppm) to its respective Cr(III)
using the same dose of the photocatalyst. The effects of NP-CD
and sunlight on photocatalysis were shown in the Fig. 4a. The
adsorption–desorption equilibrium was attained via sonicating for
30min in the daylight (Fig. 4a, b) and afterwards the Cr(VI) was
kept under the sunlight, and after every 10 min the photo reduced
solutions were collected for the UV–Vis analysis. The residual Cr(VI)
concentrations after the photoreduction were investigated by the
UV–Vis spectrometer at 540 nm wavelength with the help of di-
phenyl carbazide (DPC) assay.6,38,39 In the absence of NP-CD (black
line-Fig. 4a) and the sunlight (red line-Fig. 4a), there was almost
negligible changes in the initial concentration of Cr(VI). While after
the addition of the NP-CD in the presence of sunlight (blue line-
Fig. 4a) almost complete photoreduction of the Cr (VI) (400 ppm)
had been achieved within the ~110min. Additionally, the same
Fig. 4a shows that NP-CD exhibited only ~10% of adsorption. The
quantitative evaluation of Cr(VI) reduction by NP-CD was
performed using different concentrations (10, 50, 100, 400, 1000,
2000 ppm) of Cr (VI) with the same catalyst dose (0.07 mgmL−1)
just by increasing the sunlight irradiation time. The continuous
decrease in the initial concentration of Cr(VI) represented as C/Cο
with the time under the sunlight irradiation is shown in Fig. 4b.
The photocatalytic reduction of Cr(VI) by NP-CD follows pseudo-
first-order kinetics with a significant R2 value (Fig. 4c). The rate
constant and it’s corresponding half-life for different Cr(VI)
concentration were shown in Fig. 4d. The plausible mechanism
for the photocatalytic Cr(VI) reduction by NP-CD, has been
displayed in Fig. 4e. Under the influence of sunlight irradiation,
holes and electrons are generated in the valence and conduction
bands of NP-CD (equation (i)). Further, the photo induced holes
react with water molecules to generate highly reactive H+ (as
shown in equation (ii)). The photo induced electrons were initially
reacting with the Cr(VI) present near the periphery of the NP-CD as
shown in equation (iii). These highly reactive protons and
electrons cumulatively reduce Cr(VI) to Cr(III) as shown in equation
(iv). The overall mechanism is showing schematically to under-
stand the plausible reason for the photocatalytic reduction of toxic
Cr(VI) to less toxic Cr(III). Nevertheless to state about the
requirement of the acidic pH, as with the increase in pH towards
basic side decreases the photoreduction efficiency of NP-CD40.
The Cr(III) has been separated from the water by the precipitation
in the form of the hydroxides of Cr(III) after the addition of NaOH
solution.41

Effect of the contents of N, P on the photoreduction ability of NP-
CD towards Cr(VI)
To investigate the effect of N and P content on the photoreduc-
tion ability of NP-CD, a control set of experiments was performed
using single dopant material such as only N and only P charred
with the same amount of polyethylene glycol (control sample)
under the similar experimental conditions as being used for the
synthesis of NP-CD. Figure 5a shows the prominent effect of
combined doping of N-P compared to the un-doped (CD) and

singly doped CD as (N-CD and P-CD). As well as, the effect of the
amount of the reactant has also been investigated on the
photoreduction efficiency by changing the reactant concentration
to optimize the reaction conditions and obtain the maximum
efficiency of photocatalyst. Figure 5b–d shows the effect of
varying concentration of each reactant compared to the control
(NP-CD). From the Fig. 5b–d it was concluded that the reactant
mixture of 3 g imidazole, 10 mL phosphoric acid and 10mL
polyethylene glycol was the best composition for the fabrication
of NP-CD for its potential application in photocatalytic reduction
of Cr(VI) to Cr(III). Additionally, under the sunlight irradiation,
Fig. 5e shows the extent of photocatalyst loading on the
photoreduction efficiency of NP-CD and as expected it was found
that on increasing the catalyst dose the rate of the photoreduction
becomes faster compared to the lower dose for the same
concentrations of Cr(VI) (400 ppm).42 When the dose was
0.14 mgmL−1 the time required for 400 ppm Cr(VI) reduction
was 20 min while at 0.07 mgmL−1 the time required for
photocatalytic reduction was 110 min. For the presented finding
a moderate amount of photocatalyst was being used (0.07 mg
mL−1). The NP-CD worked as a stable photocatalyst as observed
by its recyclability upto six cycles which shows 98% efficiency for
the 400 ppm Cr(VI), is demonstrated in Fig. 5f.

Effect of interfering ions
Further, to explore the possibilities of NP-CD in practical
application, the photoreduction ability of NP-CD has been
examined in the presence of many other interfering ions.
Experimentally separate solutions of the 100 ppm of different
interfering43 ions (as chloride (Cl−), sulfate (SO4

2−), nitrate (NO3
−),

phosphate (PO4
3−), ferrous (Fe2+), and calcium (Ca2+)) along with

a mixture that contains all the different interfering ions,43 were
mixed into the solutions of 400 ppm Cr(VI) under the similar
experimental conditions as discussed above. All the experiments
were carried out at the dose of photocatalyst (0.07 mgmL1) in
120min of sunlight irradiation. After performing the interference
study, a minimal decrease in the reduction efficiency of NP-CD
observed as shown in Fig. 6, with different interfering ions and
their corresponding mixture compared with the control set
containing 400 ppm Cr(VI) solution without any interfering ion.
The NP-CD shows an effective and efficient photocatalytic material
as the 100 ppm concentration of all the interfering ions and its
corresponding mixtures does not affect the photoreduction
abilities of NP-CD.
The present finding briefs about the synthesis and exploration

of NP-CD as an efficient material for aqueous phase photocatalytic
reduction of Cr(VI) to Cr(III) under the influence of natural sunlight.
Moreover, the less toxic Cr(III) was removed from the treated water
using a simpler process of precipitation. The ease in the
recyclability along with no apparent loss in the catalytic efficiency
could hold a large, prosperous future of these NP-CD in the field of
photocatalytic water remediation. In future, the detailed structural
characterization of NP-CD could further provide significant
potential as priority materials to execute many hidden applica-
tions of doped-CD towards the efficient removal of various toxic
inorganic and organic pollutants from the contaminated waste-
water. Additionally, a detailed and systematic study to find out the
wavelength dependence of the photodegradation efficiency could
beimmensely helpful in providing valuable insights into the
processes involved.

METHODS
Materials and reagents
All chemical reagents were of analytical grade, and used without further
purification.
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Fig. 4 a Plot of (C/Co) for the photoreduction of the 400 ppm of Cr(VI) by NP-CD under the different condition; b Plot of (C/Co) for Cr(VI)
photoreduction by NP-CD under different concentrations of Cr(VI); c pseudo-first-order linear fit data with different concentration of Cr(VI);
d rate constant and half-life graph for the different concentration of Cr (VI) and e schematic representation of plausible reaction mechanism of
photocatalytic reduction of Cr(VI) to Cr(III) under the sunlight irradiation by NP-CD
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Instrumentation
Perkin Elmer Lambda 35 spectrometer used for the UV–Vis absorption
spectra. Fluoromax 4 C.L.System were used for the photoluminescence
spectrometry analyses in aqueous solutions, ESCA+ omicron nanotechnol-
ogy oxford instrument were used for the XPS measurements. Bruker Vertex
70 FT-IR spectrophotometer were used for the recording of FTIR spectra
using KBr pellets. The morphology of the NP-CD were studied by the
Tecnai 20 G2 300 kV, STWIN model transmission electron microscope.
HRTEM analyses were done at 300 kV acceleration voltage.

Synthesis of NP-CD
The NP-CD were synthesized from the pool of the mixed reagents
containing 3 g of imidazole, 10 mL phosphoric acid and 10mL

polyethylene glycol (molecular weight ~400 g/mol) in a 100mL beaker.
A domestic microwave oven at 560W power was used to carbonize the
mixture after 10 min sonication. The transparent solution containing
(imidazole, phosphoric and polyethylene glycol), now turned into the dark
brown solution. The supernatant was then centrifuged at 6000 rpm for
15min to obtain a clear solution collected and dried on the water bath to
obtain NP-CD. Further, the as-synthesized NP-CD get neutralized with the
ammonia solution to remove the excess phosphoric acid followed by
repetitively washing with DI water for the preparation of the pallets for XPS
analysis. The synthetic procedure for the formation of different CD was the
same only the difference in the starting materials, Such as in CD (only PEG
was used), in the case of N-CD (imidazole + PEG) and for P-CD (phosphoric
acid + PEG) was used under the similar conditions used for the fabrication
of NP-CD. The QY of the NP-CD were calculated by the given formula.

Q ¼ Qr � I
Ir
� Ar
A
� \

2

\2
r
;

where Q is the QY, I is the measured integrated emission intensity, ∩ is the
refractive index of the solvent and A is the optical density. The subscript “r”
refers to the reference standard with known QY. Herein the quinine sulfate
was dissolved in 0.1 M H2SO4 as the reference standard with a known QY
of 0.54.

Photocatalytic activity measurement
The photocatalytic activity of NP-CD were investigated by the reduction of
the synthetic contaminated water from its orange colored Cr(VI) to green
colored Cr(III) in aqueous solution under direct irradiation of sunlight. A
stock solution of 2000 ppm Cr(VI) was prepared dissolving 1.42 g
potassium dichromate in the 250mL of DI water. The lower concentration
of the Cr(VI) was prepared by diluting the stock solution. In a typical
process, 3.5 mg of the NP-CD were mixed in the 50mL of different Cr(VI)
solutions and sonicated for 30min to obtain the adsorption–desorption
equilibrium, afterwards the solution were kept into the sunlight irradiation
for the photoreduction. To study the kinetic rate of the photocatalytic
reduction, we collected the 2mL of the samples at the time interval of
10minutes. The obtained samples were centrifuged and further diluted.
The diluted solution was treated with DPC assay6,38,39 to detect the Cr(VI)
concentration at 540 nm in the UV–Vis spectrophotometer.

Fig. 5 a Effect of the reactant contents of N and P on the working efficiency of the CD; b effect of imidazole; c effect of phosphoric acid; d and
the effect of polyethylene glycol; e effect of catalyst loading; f the photocatalytic performance up to six cycles by the recycling test on the
photoreduction efficiency of NP-CD on the 400 ppm Cr(VI) under the sunlight irradiation

Fig. 6 Photoreduction efficiency of NP-CD under the different
presence of the interfering ions Cl–, SO4

2−, NO3
−, PO4

3−, Fe2+ and
Ca2+ along with its mixture which contains 100 ppm of each the
interfering ionunder the presence of sunlight
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