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ABSTRACT: Fluorescent graphene quantum dots (GQDs) pre- Lignow%male e o el PL Excitation and Emission
co-doped GQDs

pared from low-cost and sustainable precursors are highly desirable
for various applications, including luminescence-based sensing,
optoelectronics, and bioimaging. Among different natural precursors,
the unique structural and compositional variety and the abundance
of aromatic carbon in lignin make it a unique and renewable
precursor for the green synthesis of advanced carbon-based materials
including GQDs. However, the inferior photoluminescence quantum
yield of GQDs prepared from natural precursors, including lignin,
limits their practical utility. Here, for the first time, we demonstrate . . . =
that the presence of heteroatoms in the innate structure of 350 400 450 500 650 600

lignosulfonate can be leveraged to derive in situ heteroatom-doped Wavelength (nm)

GQDs with excellent photophysical properties. The as-synthesized

lignosulfonate-derived GQDs showed compelling blue fluorescence with a high quantum yield of 23%, which is attributed to in situ S
and N doping as confirmed by using X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy analyses.
Assisted by the in situ doping, we further engineered the lignosulfonate-derived GQDs by incorporating a metal atom dopant to
derive an enhanced quantum yield of 31%, the highest for any lignin-derived GQDs. Moreover, fundamental photoluminescence
studies reveal the presence of multiple emissive centers, with edge states acting as dominant emission centers. Finally, we also
demonstrate the applicability of the luminescent, metal- and nonmetal-codoped lignin-derived GQDs as a highly selective sensor for
the sub-nanomolar level detection of mercuric ions in water.
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B INTRODUCTION advantageous to choose precursors that contain aromatic
rings in their native structure for GQD synthesis.

Lignin, the second most abundant biopolymer, with a highly
cross-linked structure composed of a phenyl-based skeleton, is
potentially an ideal precursor for the facile synthesis of
advanced materials with aromatic subunits such as GQDs.
Lignin can be categorized as alkali lignin, Kraft lignin,
hydrolyzed lignin, organosolv lignin, and lignosulfonates
based on the extraction process used. Different lignin forms
differ not only in their intricate structure but also in terms of
the elemental composition. Despite its promise, lignin is
critically underutilized, with ~98% of lignin produced annually
being used as a heat source.'” Of the remaining 2%, the

Graphene quantum dots (GQDs), because of their carbon-
based structure, demonstrate excellent material properties such
as high water dispersibility, ease of functionalization,
biocompatibility, and chemical inertness. Triggered by
quantum confinement effects, GQDs possess superior optical
and electronic properties that can be leveraged for bioimaging,
biosensors, drug delivery, luminescence-based contaminant
sensing, photocatalysis, solar cells, and light-emitting di-
odes.""® GQDs with a tailored structure can be synthesized
from their corresponding precursors through chemical
disproportionation, carbonization, or pyrolysis.”~ '’ However,
common synthetic precursors employed for GQD synthesis are
nonrenewable, expensive, and not eco-friendly. Hence, syn-
thesis of GQDs from sustainable and inexpensive precursors,
including biomass/food wastes and biomass byproducts, has
attracted significant research interest recently.''”'"Because
common biomass-derived materials (e.g,, cellulose) do not
contain aromatic rings, their conversion to GQDs requires
additional energy to form phenyl rings. Hence, it is
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majority is applied in low return-on-investment applications,
such as concrete admixtures, dispersants, and pellet binders.
Because of its environmental and economic advantages,
researchers started to exploit the aromatic content in lignin
to produce various chemicals and carbonaceous nanomaterials,
including carbon fibers, graphene, and carbon nanotubes.'? ™%
Recently, GQDs have also been synthesized from alkali lignin
through a simple reorganization and refusion of aromatics."
However, similar to other renewably resourced GQDs, lignin-
derived GQDs showed inferior properties compared to their
counterparts synthesized from synthetic precursors. For
example, the photoluminescence quantum yield (PLQY) of
alkali lignin-derived GQDs was 21%, lower than the PLQYs of
GQDs synthesized from nonrenewable precursors, thus
limiting their potential use.'

Heteroatom doping in the GQD lattice (i.e., the
introduction of noncarbon foreign atoms) is routinely
performed to enhance the quantum-enabled properties of
GQDs. Conventionally, doping is achieved through the
addition of the coreactants consisting of dopant atoms in the
synthesis process. In addition to influencing quantum confine-
ment, surface functional groups, and edge effects, heteroatom
doping is also known to introduce more active vacancies and
significantly alter GQD intrinsic characteristics. For example,
PL, one of the most exciting properties of GQDs, is known to
get amplified bzr doping GQDs with nonmetal or metal
heteroatoms.””*” Especially, the PLQY was significantly
increased upon doping because of the creation of new
defects/edge states in GQDs. >’ Though doping of GQDs
is practiced extensively, efforts to augment the properties of
lignin-derived GQDs through doping are in its infancy.
Previous studies on alkali lignin-derived GQDs by Ding et
al."” through N-doping and Wang et al.”® through S and N
codoping lead to a constant PLQY of 21%. The inadequacy of
simple doping strategies to increase the PLQY in lignin-derived
GQDs indicates that enhancing the PLQY in these systems is
not trivial. Typically, doping GQDs with different elements
(codoping) can significantly enhance their properties through
synergistic effects.””** Though codoping using different
nonmetals is frequently performed, studies on metal—nonmetal
codoping in the GQD matrix are minimal, probably because of
the increased complexity of the reaction.””*'~** Nonetheless,
codoping of metals and nonmetals in GQDs leads to superior
properties because of the creation of more defect sites, the
increased availability of vacant energy levels, and the
synergistic electron-donating/withdrawing ability of dopants.

To the best of our knowledge, the metal-nonmetal
codoping or simple metal atom doping is not explored
previously in lignin-derived GQDs. Because nonmetal doping/
codoping did not result in an increase in the PLQY of lignin-
derived GQDs, it is imperative to expand the doping to metal-
and nonmetal-codoping strategy. Here, for the first time, we
demonstrate that by coreacting lignosulfonate that contain
heteroatoms (S and N) in its structure’” and a metal precursor,
metal- and nonmetal-codoped GQDs with significantly
enhanced optical properties can be synthesized. The S and
N atoms present in lignosulfonate lead to in situ doping with S
and N, while the external metal precursor helps to integrate the
metal atoms. Because of the reported ability of manganese
(Mn) to enhance the photophysics of GQDs,”* Mn was
selected as a model metal dopant. By synthesizing lignosulfo-
nate-derived, in situ S and N-codoped GQDs (LGQDs) and
LGQDs containing Mn (Mn-LGQDs), we also investigated
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the emissive centers in the LGQDs with and without Mn
doping and, from a fundamental band structure point of view,
explained the observed changes in the luminescence properties.
The luminescence of GQDs is extremely sensitive to the ionic
environment of the solution, which can be used for detecting
the external ions in the ensemble. Hence, the GQDs can be
employed for the sensitive detection of contaminants in water
samples.””** ™’ Capitalizing on the excellent PL of the Mn-
LGQDs, we further illustrate their potential for the selective
sub-nanomolar detection of mercuric ions, a water contami-
nant with acute toxicity,40 in drinking water.

B MATERIALS AND METHODS

Materials and Chemicals. All chemicals and reagents used in this
work were commercially available, of analytical grade, and used as
received without any further purification unless otherwise specified.
Lignosulfonic acid sodium salt (MW ~52,000) was purchased from
Beantown chemicals, and precursor salts MnCl,, CuCl,, ZnCl,
AgNO;, CoCl,, NiCl,, FeCl,, Cd(NOs;),, MgCl,, CaCl,, Pb(NO,),,
and Hg(NO;), were purchased from Alfa Aesar. Nitric acid (70%)
was used for LGQD synthesis, and quinine sulfate (the standard
sample used for PLQY measurements) and HgCl, were purchased
from Millipore Sigma. Stock solutions of Hg**, Ag*, Ca**, Cd**, Co**,
Cu’, Fe*', Mg?*, Mn**, Zn”*, Ni**, and Pb** ions were prepared by
dissolving their corresponding metal salts in deionized (DI) water.
Ethylenediaminetetraacetic acid (EDTA) was purchased from
Millipore Sigma.

Synthesis of Doped GQDs from Lignin. The synthesis of both
LGQDs and Mn-LGQDs was performed by following a modified
hydrothermal method,"® as described below. It is to be noted that
there was a minor difference in the case of Mn-LGQD synthesis, in
which an additional Mn precursor salt was added to the reaction
mixture. For the LGQD synthesis, first, 3 g of lignosulfonic acid
sodium salt was dissolved in 15 mL of DI water. Then, S mL of nitric
acid was gradually added to that solution with continuous stirring.
The resulting dispersion was ultrasonicated for 12 h (at 40 kHz
frequency and 110 W) and diluted with DI water. The dispersion was
vacuum-filtered using a 0.22 pgm microporous membrane, and the
residue was redispersed in 40 mL of DI water to create a carbonized
precursor. Subsequently, the precursor solution was transferred to a
teflon-lined autoclave for the hydrothermal reaction at 200 °C. To
introduce Mn into the LGQDs, MnCl, was added (0.6—4% by
weight) as a coreactant into the hydrothermal reaction mixture. The
hydrothermal reaction parameters including temperature, duration,
dopant concentration, and so forth were varied to optimize the
reaction conditions. The hydrothermal reaction product was filtered
through a 0.22 ym microporous membrane to remove insoluble
carbon. The brown filtrate was then centrifuged at 20k rpm for 30
min, and the supernatant containing LGQDs was collected. Finally,
the supernatant with LGQDs was lyophilized and stored as a powder.

PL-Based Detection of Hg?* lons in Water Samples. For
mercuric (Hg?") ion-sensing studies, the LGQD sample solutions (0.1
mg/mL) were mixed with calculated amounts of Hg®* ions (in the
range of 2 nM to 1 yM), and the resultant changes in fluorescence
spectra were investigated. Similarly, for Mn-LGQDs (2% doping), a
pH of 5.5 and a solution concentration of 0.1 mg/mL were used,
where the maximum PL emission intensity was observed. The PL
spectrum was recorded by fixing the excitation wavelength (1,,) at
340 nm. In a typical experiment, the PL spectra of the LGQD/Mn-
LGQDs were first measured under an ideal excitation condition,
followed by the PL spectra measurement after the addition of Hg**
solution. Throughout this study, the volume of Hg** (different
concentrations) introduced into the LGQD/Mn-LGQD mixture was
kept constant to mitigate dilution-based effects. The dilution effect on
luminescence was evaluated by the addition of an equal volume of DI
water to the LGQD/Mn-LGQDs. The selectivity of Mn-LGQDs
toward Hg?* detection was investigated by studying the luminescence
spectra of the Mn-LGQD solution containing different metal ions
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Figure 1. (a) Schematic of the hydrothermal synthesis of LGQDs and Mn-LGQDs. (b) UV—vis absorption and PL emission spectra of LGQDs.
The inset shows a photograph of LGQDs emitting blue light when excited with a UV lamp. (c) XPS survey spectra of LGQDs and Mn-LGQDs and
(d) Raman spectra of LGQDs and Mn-LGQDs. (e) TEM image of Mn-LGQDs; scale bar is 20 nm. (Inset at the top right shows the histogram for
the Mn-LGQD size distribution, and the bottom inset shows the HRTEM image; scale bar is S nm). (f) AFM topography image of Mn-LGQDs;

scale bar is 500 nm. (Inset shows the height scan of the Mn-LGQDs indicated by the arrow).

prepared, as explained above. The PL spectrum of the Mn-LGQDs
was first measured under an optimal excitation wavelength of 340 nm.
Subsequently, a specific concentration of Hg*" solution (250 and
1000 nM) was added to the LGQD solution and the PL spectrum was
analyzed after the addition of the ions, to observe PL quenching. In
order to regain PL, we added stoichiometric amounts of EDTA
solution into the mixture and it was sonicated for 10 min. Finally, the
PL spectrum was remeasured to observe the increased intensity. After
PL regain experiments, we further tested the reusability of the GQD-
based sensors using 250 nM Hg** concentration. The sensing of low
and high concentrations of Hg** was also performed in tap water.

B RESULTS AND DISCUSSION

Our synthetic process, which converts lignosulfonate into
LGQDs with a designed architecture, follows a two-step
hydrothermal process that includes oxidative scission and
aromatic reintegration (Figure la).41 Here, the oxidative
scission was performed with nitric acid, and the resultant
lignosulfonate segments were further aromatically re-fused into
crystalline LGQDs via the hydrothermal treatment. A
coreactant (MnCl,) was added to the cleaved and carbonized
lignosulfonate fragments to incorporate Mn atoms in the
LGQD lattice for Mn-LGQD’s synthesis. When irradiated with
a UV lamp, the LGQD sample solutions emitted an intense
blue light because of the quantum confinement-induced band
gap effect, indicating the successful formation of GQDs. Figure
1b shows a representative absorbance and PL spectra of
LGQDs and a photograph of the blue light-emitting LGQD

solution (inset of Figure 1b). Previous studies suggested that
the hydrothermal process parameters can control the size,
surface chemistry, and resultant properties of GQDs.” Hence,
we systematically varied the process parameters that include
hydrothermal reaction temperature and time to tune the size
and surface chemistry of LGQDs and to optimize their PLQY,
which is a critical aspect of the study. First, we prepared
different LGQD samples at reaction temperatures of 160, 180,
200, and 210 °C by keeping the reaction duration (12 h)
constant. The PL measurements showed a maximum intensity
for the sample synthesized at 200 °C (Figure Sla). In a similar
study carried out at a constant reaction temperature of 200 °C
for different reaction durations, the maximum PL was observed
(Figure S1b) for a reaction time of 12 h. Thus, we confirmed
that a reaction temperature of 200 °C and duration of 12 h are
optimal for procuring LGQDs with superior PL. The PL
properties did not show a significant change when the initial
concentration of lignosulfonate was varied. For Mn-LGQDs,
we also investigated the effect of heteroatom concentration on
the PL intensity. Figure S2 shows the PL spectra of Mn-
LGQDs, with Mn doping percentage varied from 0.6 to 4%.
The dopant percentages referred here are the initial weight
percentage of dopant precursors introduced into the hydro-
thermal reaction. As shown in Figure S2, PL spectra
demonstrated a strong dopant concentration dependence.
From this figure, it is evident that the 2% doping of Mn yielded
the highest QY when compared to the other dopant
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Table 1. Atomic Percentages of Different Elements in Lignosulfonate, LGQDs, and Mn-LGQDs

element
N 1s
sample Cls O Is graphitic pyridinic S2p Mn 2p QY %
lignosulfonate 65.6 30.09 1.03 0.32 2.96 0
LGQD 67.87 24.93 4.33 0.56 2.31 0 23
Mn-LGQD 63.67 26.97 S.15 1.36 2.61 0.24 31.6
concentrations. The PLQY was found to be lower for graphenic structure and the defect density of LGQDs and Mn-

concentrations below or above 2%. The strong dopant
concentration-dependent PL demonstrated by Mn-LGQDs
suggests that even a minimal change in the dopant
concentration can substantially alter their optical activity. A
decrease in PL intensity was observed, as we increased the
doping percentage above the optimal doping. A similar PL
reiponse with doping was reported in the study by Kadian et
One of the mechanisms for an enhanced PLQY for
functlonahzed GQDs is the surface passivation of defects by
functional groups.””~* However, upon increasing the number
of dopants (Mn in the present case), the integration of dopants
into the GQD lattice can not only create more defects, but also
disrupt the passivation effects by metal coordination with the
functional groups. Hence, beyond optimal concentration of the
dopant, the newly created defects (which could function as the
quenching centers) in combination with the reduced surface
passivation lead to a decrease in the quantum yield.*>**~**

The GQD samples were analyzed using X-ray photoelectron
spectroscopy (XPS) to ascertain the success of doping. The
XPS survey scan of LGQDs demonstrated features at 167.72,
284.5, 398.58, and 532.14 eV, corresponding to the binding
energies of S 2p, C 1s, N 1s, and O 1s, confirming the presence
of C, O, N, and S in the LGQD (Figure lc), respectively.
Because the XPS analysis confirmed the existence of S and N
in the lignosulfonate precursor (Figure S3), it is prudent to
hypothesize that the use of lignosulfonate with S and N in its
native structure leads to the formation of in situ S and N-
doped LGQDs. It is worth noting that besides the S and N
atoms present in the lignosulfonate precursor, the N atoms
from the nitric acid treatment during ?mthesw also likely
contribute toward N doping in LGQDs.> The XPS survey
scan for Mn-LGQDs (Figure 1c), in addition to S 2p, C 1s, N
Is, and O Is, illustrated a feature at 642.29 eV corresponding
to Mn 2p, confirming the successful metal (Mn)—nonmetals
(S and N) codoping in the Mn-LGQDs. Table 1 shows the
atomic percentages of elements present in the lignosulfonate,
LGQDs, and Mn-LGQDs calculated from the XPS data. The
elemental quantification indicated a relatively lower carbon
content in the case of Mn-LGQDs compared to LGQDs
(Table 1). The observed lower carbon content could be
attributed to the replacement of C atoms in the lattice by
dopant atoms via substitutional doping (mostly O and N).
Hence, the XPS characterization results confirmed that aided
by in situ doping afforded by the lignosulfonate precursor, Mn,
S, and N atoms get incorporated into the Mn-LGQDs,
resulting in a metal—-nonmetal-codoped GQD system.

After confirming the successful formation of the doped
GQDs, the samples were analyzed using different microscopic
and spectroscopic techniques to derive in-depth understanding
regarding their morphology, structure, surface chemistry, and
photophysics. The XRD spectra of LGQDs showed a broad
peak at 20 = 26.5° (corresponding to the (002) plane),
indicating the presence of the graphitic lattice (Figure S4). The
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LGQDs were evaluated using Raman spectroscopy. The
Raman spectra of LGQDs and Mn-LGQDs (Figure 1d)
showed a prominent G-band at ~1570 cm™" corresponding to
the first-order scattering or the E,, vibrational mode of the sp

carbons, emphasizing the presence of graphenic regions. 9
Another prominent feature appeared in the Raman spectra at
~1375 cm™" called the D-band points to the disorder in both
LGQDs and Mn-LGQDs. Hence, Raman studies also
confirmed the conversion of the polymeric lignosulfonate
into LGQDs, complementing the XPS and XRD data. In
general, the intensity ratio (Ip/I;) of the D-band and G-band
is considered a quantitative measure of the defect density in
graphenic matrices. Our analysis indicated that the Ip/I; is
higher for Mn-LGQDs (1.17) when compared to LGQDs
(1.01). The higher Ip/I; ratio is plausibly due to the
introduction of a relatively higher number of defects in Mn-
LGQDs compared to LGQDs. Figure le,f shows the
morphological and topographical images of the Mn-LGQDs
obtained using TEM and AFM. The TEM image and its
corresponding size-distribution histograms (insets of Figures
le and SS) clearly show that Mn-LGQDs and LGQDs have an
average size of ~10 nm. The lattice-resolved HRTEM image
(inset of Figure le) depicts a characteristic (010) plane of the
graphitic lattice with an interplanar distance of 0.21 nm,
indicating the crystalline, graphenic nature of LGQDs and Mn-
LGQDs. The AFM topography and a representative height
scan profile for Mn-LGQDs (inset) are shown in Figure 1f.
The ~1 nm height calculated here indicates that Mn-LGQDs
consist of a maximum of three graphene layers. However, it
was previously reported that even single-layer solution-
dispersed GQDs can show height profiles up to 1 nm in
AFM.>° AFM images corresponding to LGQDs are shown in
Figure S6b. After evaluating the structural and morphological
properties of LGQDs, we probed the surface chemistry of
LGQDs and Mn-LGQDs using Fourier transform infrared
(FTIR) and high-resolution XPS. Figure S7 shows the FTIR
spectra of lignosulfonate, LGQD, and Mn-LGQD samples.
The presence of vibrational bands at 1600 cm™" (aromatic C=
C stretching vibration), 1091, 830, and 798 cm™" (the in-plane
and out-of-plane deformations of aromatic C—H) confirmed
the preservation of aromatic moieties during the conversion of
lignosulfonate to LGQDs. Furthermore, the C—O—C linkages
(ether) found in lignosulfonate did not exist in the IR
spectrum of LGQDs (and Mn-LGQDs), indicating the
cleavage of ether during the LGQD formation. The IR spectra
of LGQDs also showed a broad vibrational band at 3350 cm™
(OH vibration), 1637 and 1191 cm™! (C=O0 and C-0),
representing the edge functional groups, including ketones,
carboxylic acids, and alcohols.

Besides, LGQDs and Mn—LGQDs also exhibited a vibra-
tional feature at 1404 cm™, which could result from C—N or
§=0 v1brat10n, signifying the lattice incorporation of nitrogen
and/or sulfur.’ The peak observed around 1350 cm™! in
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Figure 2. High-resolution XPS spectra corresponding to C 1s, N 1s, S 2p, and O 1s of LGQDs (A1—A4) and Mn-LGQDs (B1—-B4).
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LGQDs and Mn-LGQDs is attributed to the stretching
vibration of C-SO,, confirming the presence of sulfur. It is
worth noting that sulfur, in general, is known to be
incorporated in the GQD lattice in the oxide form.*”*
Based on previous studies, we expect that introduction of Mn
dopant atoms into the graphitic lattice can occur either
through substitutional doping or binding of Mn atoms onto N
atoms.”*** In the first case, the Mn dopants are located ~1.20
c5 above the vacancy of the graphene lattice.”® Alternately, the
Mn doping in nitrogen-containing GQDs can occur through
the binding of Mn onto the doped lattice N atoms.”* Here, a
comparison of the FTIR spectrum between LGQDs and Mn-
LGQDs demonstrated the disappearance of the N—H bending
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peak at 1484 cm™, pointing to the N-aided anchoring of Mn in
Mn-LGQDs. Furthermore, the retention of higher N in Mn-
LGQDs than LGQDs, based on the XPS analysis, also supports
the N-assisted anchoring of Mn in Mn-LGQDs.

To assimilate a detailed understanding of individual
elements in LGQDs, including their oxidation states, the
high-resolution XPS scans of the elements (C, N, O, S, and
Mn) were recorded, deconvoluted, and analyzed. The high-
resolution scans of C 1s (Figures S8a and 2A1,Bl) for
lignosulfonate, LGQDs, and Mn-LGQDs were taken and
deconvoluted, which signifies the existence of four types of
carbons including graphitic carbon at 284.5 eV, C—0O and C—
N at 285.6 eV, C=0 at 287.3 €V, and carbon bound to sulfur
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Figure 4. Photoluminescence (PL) studies of LGQDs and Mn-LGQDs with optimized doping. Excitation wavelength-dependent 2D PL
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excitation of 340 nm. (C) Schematic of the Mn-LGQD band structure, depicting different possible excitation and emission transitions.

(C-SO,) at 286.53 eV. Notably, the C=C component is the
most intense peak among all deconvoluted peaks in all GQD
samples, implying the graphitic structure. Moreover, the
increased carbon content in LGQDs compared to lignosulfo-
nates is due to the cleavage of ether bonds and refusion into
the aromatic skeletons. The deconvoluted high-resolution
spectrum of N 1s indicated the existence of nitrogen in two
different configurations, namely, graphitic (basal plane) and
pyridinic (edge) N, represented by the components at binding
energies 405 and 398 eV, respectively (Figure 2A2,B2). The
pyridinic N peak at 398.5 eV may have covered the N—H peak
observed at ~401 eV.>" It is worth noting that the pyridinic
nitrogen content is more in Mn-LGQDs. The additional
electron pairs provided by the pyridinic N atoms to the 7 cloud
can result in the delocalization of electrons, thus potentially
contributing to enhanced photophysical properties in Mn-
LGQDs (discussed later).”> We also analyzed that the high-
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resolution sulfur spectrum and the S 2p feature at ~ 168.65 eV
confirm sulfur doping in the oxide-S form in LGQDs as well as
Mn-LGQDs (Figure 2A3,B3). The absence of 2p;,, (~164
eV) and 2p, , peaks (~165 eV) in the S2p spectra excludes the
possibility of sulfur existing in the thiophene form.”” For Mn-
LGQDs, we analyzed the Mn 2p region, which indicated that
Mn exists in the Mn?* state, bound to the N atoms in Mn-
LGQDs (Figure S9). After understanding the structure and
surface chemistry, we investigated the optical properties of
LGQDs and Mn-LGQDs. The optical properties of GQDs are
controlled by their size and electronic structure (e.g., band gap,
surface functional groups, and defect density).”® Because our
morphological and topographical analyses (via TEM and
AFM) indicated similar sizes for LGQDs and Mn-LGQDs, the
doping-induced changes in the electronic structure should
dictate their optical properties. We analyzed their absorption
and emission spectra to unravel the doping effect on the
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photophysical properties of LGQDs. The UV—vis absorption
spectrum of lignosulfonate demonstrated a peak below 300
nm, characteristic of the aromatic units (Figure S10).
Interestingly, the absorption spectrum of LGQDs (Figure
3a) showed two distinct absorption peaks around 270 and
>300 nm. The first peak (~270 nm) is due to 7—z* transition
of C=C bond (generally referred to as the core band).”” The
second absorption peak at >300 nm is a result of both the
n—7r* transitions of C—N, C—S, and C=0/C-0 groups and
the 7—z* charge—transfer transition of the GQD edge (edge
band).””*” Similarly, the UV—vis absorption spectra of Mn-
LGQDs also displayed two bands corresponding to the core
(<300 nm) and edge-band (>300 nm) transitions (Figure
3b,c). However, the wavelengths corresponding to the
maximum absorption (4,p,my) of the core and edge bands
for Mn-LGQDs showed a slight shift compared to the
corresponding peak maximum observed in the case of
LGQDs. It is to be noted that 7—z* (representing HOMO—
LUMO) transition typically corresponds to the band gap, and
therefore, the shift in 7—z* transition maximum should be a
consequence of band gap change that may occur because of
changes in GQD size and/or doping.”” Because the sizes of
LGQDs and Mn-GQDs were found to be almost identical, we
attribute the shift observed in the 7—z*band of Mn-LGQDs
compared to LGQDs to the band structure modifications due
to the introduction of Mn-dopant atoms.

To confirm the doping-induced band gap changes, we
compared the optical band gap values of both LGQDs and
Mn-LGQDs, which were calculated by employing the Tauc
relation on UV—vis absorption data (Figure 3d,e). The Tauc
relation®® used for the optical band gap calculation is given by

(aho)" = ay(hv — E,) (1)
where a, hv, a, E, and n are the absorption coefficient,
photon energy, a constant, optical band gap, and an empirical
constant, respectively. Here, o is obtained from the UV—vis
absorption spectrum measurements. Typically, n values of 1/2
and 2 are assumed for calculating the band gaps of direct and
indirect band gap semiconductors. Assuming LGQDs/Mn-
LQGDs are direct band gap materials,”® we used n = 1/2 in
this study. Figure 3d,e shows the (ahv)? versus ho graphs for
LGQDs and Mn-LGQDs. As shown in these graphs, the
optical band gap (E,) is given by the intercept of the linear fit
of the (ahv)* versus hv curves with the energy (hv) axis. The
optical band gaps estimated from these fits are 2.7 eV for
LGQDs and 2.8 eV for Mn-LGQDs. From our results, it is
clear that the introduction of Mn atoms resulted in a higher
band gap for Mn-LGQDs compared to LGQDs, and therefore,
we can confirm that the observed blue shift in the core-band
peak is due to the higher band gap of Mn-LGQDs. The
absorption peaks corresponding to edge transitions (Figure 3c)
also showed a similar trend, with a ~47 nm blue shift in Mn-
LGQDs compared to LGQDs. A schematic band diagram
depicting the HOMO—LUMO level positions and band gaps
for both LGQDs and Mn-LGQDs is presented in Figure 3f.
The exact energy values of the HOMO and LUMO for the
LGQDs and Mn-LGQDs were calculated from LSV scans, as
shown in Figure SI1. The corresponding calculations are
explained in $20 (Supporting Information).

To comprehend the doping-dependent luminescence, we
investigated the photoluminescence excitation (PLE) and
emission spectra (PL) of the LGQDs and Mn-LGQDs as a

16571

function of excitation wavelengths (4,) in the range of 280—
460 nm. Figure 4A1,B1 shows the corresponding PL spectra
contour maps with the Z scale bar, indicating the PL emission
intensity of LGQDs and Mn-LGQDs at each point in the
maps. From Figure 4A1,B1, it is clear that both spectral range
and the peak wavelength of the PL spectra (Aqpm,,) shift as a
function of .. The excitation-dependent emissive properties
of the LGQDs and Mn-LGQDs could be plausibly due to the
distribution of multiple emissive centers on the quantum dots.
Similar to the UV—vis absorption spectrum, the PLE spectrum
of LGQDs and Mn-LGQDs also consists of two characteristic
bands in the UV regime, with their peaks centered around
~290 and ~340 nm, which are ascribed to the core and edge
bands. It is to be noted that the small differences (stokes shift)
between the UV—vis absorption spectrum and PLE are
commonly observed in chemically prepared GQDs.”” The
coexistence of two PLE bands in LGQDs and Mn-LGQDs
further confirms the presence of multiple-emissive centers in
LGQDs (Figure 4A2,B2). Another similarity observed in the
PLE spectra of LGQDs and Mn-LGQDs is that the PLE peak
at ~340 nm has a higher intensity than the PLE peak at ~290
nm. The relatively higher intensity of the edge bands implies
that they are the dominant emissive centers in both LGQDs
and Mn-LGQDs. Subsequently, we investigated the PL spectra
of the LGQDs and Mn-LGQDs to validate the emissive
centers and the changes induced by doping. The PL intensity
maximum (Aep may) for LGQDs and Mn-LGQDs were
observed at 440 and 420 nm (blue-shifted), respectively,
when excited at 340 nm. Similar to the absorption spectrum,
the PL spectra (Figure 4A3,B3) also showed two coexisting
components (ascribed to the core and edge bands), again
confirming the presence of two emissive centers in LGQDs
and Mn-LGQDs. It is important to note that, in both PLE and
PL spectra, the doping resulted in significant changes in band-
II (edge-band transition) compared to band-I (core-band
transition). This is understandable because doping is known to
create edge states, which will play a significant role in PL.
Consistent with the absorption spectra, a blue shift was
observed for the edge band in Mn-LGQDs (Figure 4B3).
Besides the edge bands, the PL core bands also showed a shift
with doping. The core-band peaks (Figure 4A3,B3) in the case
of Mn-LGQDs show a blue shift in comparison to the core-
band peak of LGQDs. This shift can be attributed to the
modification of electronic band structure (e.g, shifts in
HOMO-LUMO levels) in Mn-LGQDs compared to
LGQDs via the introduction of dopant atoms in the graphenic
lattice, as observed in the band structure.””*’ It is worth noting
that PLE, in contrast to PL, did not show a considerable
increase in intensity with doping (Figure 3a) because the PLE
transitions correspond to transitions from the ground state
(Crx) to surface states. The doping-induced band structure
changes can show a profound effect on the PLQY, an
important metric used to represent the fluorescence efliciency
of LGQDs and Mn-LGQDs quantitatively. The PLQY values
for both these samples were estimated using the QY of quinine
sulfate as a standard (S21, Supporting Information). The
calculated QY for LGQDs is 23%, which is higher than those in
most of the previously reported works on lignin-derived GQDs
as well as some GQDs prepared from other precursors/
methods (Table S1). The high PLQY in LGQDs can be
ascribed to the in situ S and N doping effect due to the
presence of sulfur and nitrogen in the lignosulfonate precursor.
Similarly, the incorporation of Mn in Mn-LGQDs resulted in a
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Figure S. Fluorescence-based mercury detection studies using LGQDs and Mn-LGQDs. (a) PL spectra (4., = 340 nm) of Mn-LGQDs measured in
the presence of different concentrations of Hg*". (b) Plots of intensity ratio (F/F,) versus the concentrations of Hg’* in the case of Mn-LGQDs.
(c) PL emission spectra (1, = 340 nm) of LGQDs measured in the presence of different concentrations of Hg*". (d) Stern—Volmer plot for
LGQD and Mn-LGQD. (e) Variation in PL maximum of Mn-LGQDs before and after the addition of 10 M Hg** ions as a function of the pH
value. (f) PL responses of Mn-LGQDs to the different metal ions with and without Hg>".

substantially higher PLQY (estimated as 31%, which is ~35%
enhancement in PLQY compared to LGQDs), indicating the
effectiveness of metal—nonmetal codoping. The enhanced
PLQY observed for Mn-LGQDs in comparison to LGQDs
could be plausibly due to a synergistic effect of multiatom
doping and a relatively higher number of “defect sites”.” The
defects can potentially create new energy levels between C 7
and 7%, thus providing new electron transition pathways in the
band structure of Mn-LGQDs. The proposed energy-band
diagram for the Mn-LGQD system (shown in Figure 4C)
depicts the electronic absorption, interband crossing, and
radiative emission through the energy levels, including
HOMO-LUMO levels of carbon, surface states, antibonding
orbitals, and so on. All the possible radiative emission
transition pathways that could contribute to the observed
high PLQY in Mn-LGQDs are depicted in Figure 4C. Because
PLE corresponding to the core band is weak, the radiative PLE
should predominately occur from the defect levels created
because of Mn doping. Furthermore, we postulate that the
peak PLE in Mn-LGQDs is blue-shifted, as new defect levels
related to Mn doping are located closer to the C 7* level
Therefore, the electrons in the excited C z* state can now
transition to Mn #* via interband crossing and then relax to
the ground state via radiative emission. In addition, it has been
reported that metal doping can result in charge transfer,
accelerating the electron mobility on the GQD surface, and the
presence of valence electrons in the dopant metal could be
utilized to enhance the QY.°"* Figure S12 shows a schematic
band diagram of LGQDs depicting the possible excitation and
emission transitions. It is important to note that compared to
Mn-LGQDs, there are fewer number of edge states in LGQDs,
leading to a lower QY.

In addition to the changes in the material properties,
including electronic band structure and surface chemistry of
LGQDs/Mn-LGQDs, the solution’s pH can also influence the
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PL properties. Therefore, we investigated the effect of pH on
PL (Figure S13) for LGQDs and Mn-LGQDs. The results
indicated that the emission intensity remains relatively stable at
moderate pH, with a maximum PL observed at a pH of 5.
However, a reduced PL intensity was observed under strongly
acidic or alkaline conditions. The comparatively low PL at
extreme pH conditions could be due to the protonation and
deprotonation of functional groups at the edge of the Mn-
LGQDs (and LGQDs) and the resultant aggregation.4b63_65
In addition to the PLQY, a stable PL emission under
continuous irradiation is another important requirement for
practical applications.”*®” The PL spectra measured under
continuous irradiation showed a stable PL emission intensity,
indicating that LGQDs/Mn-LGQDs are resistant to photo-
bleaching (Figure S14).

The high PLQY coupled with stable luminescence at
moderate pH ranges suggests that Mn-LGQDs are suitable
for luminescence-based applications such as bioimaging and
biosensing. Here, we investigated the utility of Mn-LGQDs
and LGQDs with the maximum PLQY for sensing
contaminants present in water bodies. Considering the acute
toxicity of mercuric ions even at ultralow concentrations,"’
inorganic mercury was selected as the model contaminant. We
studied the changes in the PL spectra of Mn-LGQDs and
LGQDs after adding mercuric (Hg?*) ions to the Mn-LGQD
and LGQD solutions. The PL intensities of both LGQD and
Mn-LGQD systems decreased with an increase in the Hg*"
concentration. Figure Sa shows the corresponding Hg**
concentration-dependent PL emission spectra of Mn-
LGQDs. As shown, with an increase in the Hg** ion
concentration, the intensity of maximum emission peak (at
420 nm) in the PL spectra of Mn-LGQDs decreased without
any change in the peak position. The concentration-dependent
intensity changes confirm that the Mn-LGQDs with a high
PLQY can be leveraged as a sensitive reporter for detecting
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Hg®" ions in the solution. The decrease in PL emission
intensity followed a linear trend, as we increase the Hg*"
concentration in the Mn-LGQD solution in the range of 2—
100 nM (inset of Figure Sb). By plotting the changes in the
fluorescence intensity with concentration, the limit of
detection (LOD) is estimated to be 0.56 nM. This estimated
LOD of 0.56 nM is considerably lower compared to the LOD
values of other fluorescent probes reported previously (Table
S1). The existence of two linear regions with different slopes
can be seen for higher (200 nM to 1 M) and lower (1—100
nM) concentrations in Figure 5b.°%% The LOD is calculated
here is for the lower concentration regime using the formula
LOD = 30/s, where o is the standard deviation of the lowest
signal and s is the slope of the linear fit.

Additionally, the mercury detection capability of LGQDs
was also studied (Figure Sc) and compared with the
performance of Mn-LGQDs. The LOD for Hg*" detection
using LGQDs is estimated to be 7 nM. The better (i.e., lower)
LOD of Mn-LGQDs compared to LGQDs could be due to
superior binding affinity of Hg*" ions to the functional groups
on the surface of the Mn-LGQDs.”* It is worth noting that the
augmented LOD of Mn-LGQDs (0.56 nM) for Hg*" detection
achieved through metal doping in this work is well below the
allowed upper limit of Hg*" ion levels in drinking water around
the world.”

The observed PL quenching is potentially due to increased
nonradiative decay of excited-state electrons via adjacent
energy levels of the Hg** ions (Figure S15). The fluorescence
quenching, because of nonradiative decay, in the presence of
quenching molecules (or analytes) was modeled using the
Stern—Volmer equation given as follows

EB/F =1+ KgC )

where F and F; are the fluorescence intensities in the presence
and absence of quenchers, respectively, Kgy is the Stern—
Volmer quenching constant, and C is the concentration of the
quencher or analyte.®® The fluorescence kinetics can be
analyzed using Ky, which is a product of reaction rate constant
(ky) and the lifetime of emissive excited states (7,) without the
presence of quenching molecules. The Kgy values given by the
slope of the Stern—Volmer equation are 3.49 X 10° M~ and
2.19 X 10° M™' for Mn-LGQDs and LGQDs, respectively
(Figure 5d). The high Kgy value (which is also a measure of
the sensitivity of the luminescence-based sensors) of Mn-
LGQDs compared to LGQDs can be attributed to increase in
their reaction rate constant, again pointing to the increased
affinity of Hg’* toward Mn-LGQDs. However, detailed
investigations including time-dependent PL studies are
required to confirm the quenching mechanism.

Furthermore, we investigated the effect of the solution pH
on the Hg?* detection capabilities of Mn-LGQDs. For this, the
PL spectra of Mn-LGQDs were recorded by introducing Hg**
under different pH conditions. These PL results suggest that
the quenching efficiency is constant in both high acidic and
alkaline conditions (Figure Se), implying that Mn-LGQDs can
detect Hg** across all pH ranges. For practical applications, it is
critical to ensure that the fluorescent Mn-LGQD probes are
also selective toward Hg>" ions (i.e., analytes of interest). To
test the selectivity of Mn-LGQDs, we studied the PL spectra of
Mn-LGQD solutions by mixing them with different metal ion
solutions (S uM) including Cu®’, Mn**, Ag*, Pb*, K, Zn*',
Ca™, Co*, Hg*, Fe**, Ni**, and Mg’*. From these results, it
can be inferred that the PL intensity of Mn-LGQDs is

quenched by Hg** ions only, while all other metal ions showed
no significant interference (Figure Sf), thus confirming the
high selectivity of Mn-LGQDs toward Hg** over other metal
ions. Additionally, to test the influence of mercury salt (anion
effect), we conducted PL quenching studies using two different
mercury salts. The Mn-LGQDs exhibited a similar PL
quenching response to both Hg*" sources tested (chloride
and nitrate salts), implying that the quenching phenomenon is
indeed a direct consequence of Hg*" ions (Figure S16) and is
not influenced by the anion species. To confirm the reusability
of our samples, the ability of Mn-GQDs to restore PL (after
being quenched by mercuric ions) was investigated. For this,
EDTA, a chelating agent with high affinity toward Hg>" ions,
was introduced into the Mn-GQD-Hg (II) system. When
EDTA is added to the solution that contains mercury salt and
GQDs, owing to the higher complexation constant between
EDTA and Hg,71_73 Hg*" ions detach from the GQDs and
chelate the Hg*" ions to form the EDTA—Hg complex. The
removal of Hg”" from the GQDs leads to the disaggregation of
Mn-LGQDs and finally restores PL. The partial restoration of
PL from the PL-quenched sample at Hg*" concentrations of
250 and 1000 nM is shown in Figure S17. Furthermore, to
check their reusability, we used the Mn-GQD sample, whose
PL was restored for detecting Hg”* (Figure S18). A similar
change in the PL intensity upon addition illustrated their
reusability. We also conducted the capability of Mn-GQDs to
detect Hg*" in real water samples as well. Figure S19 shows the
detection of Hg*" at various concentrations conducted using
tap water, which confirms the practical utility of the Mn-
LGQD samples. We have also evaluated some of the relevant
sustainability parameters to understand the “greenness” of the
material as well as the synthesis method (S22, Supporting
Information).”””® Therefore, the lignosulfonate precursor-
derived Mn-LGQDs ofter a highly sustainable, sensitive, and
selective fluorescent platform for detecting Hg’* in water
samples.

B CONCLUSIONS

In summary, we synthesized metal- and nonmetal-codoped
GQDs from lignosulfonate (Mn-LGQDs) via an efficient and
sustainable synthetic strategy. An in-depth microscopic and
spectroscopic characterization study confirmed the in situ S
and N doping in lignosulfonate-derived LGQDs as a
consequence of S and N atoms present in the precursor. The
in situ doping also helps to easily integrate metal and nonmetal
in the GQD matrix. The LGQDs and Mn-LGQDs exhibited
excellent PL and photostabilities. The metal and nonmetal
codoping in Mn-LGQDs results in significantly enhanced
PLQY, making them a viable candidate for a variety of
fluorescence-based sensing applications. The wavelength-
dependent PL measurements of LGQDs and Mn-LGQDs
indicate the existence of multiple emissive centers, with core
band, resulting from carbon z—z* transitions in the sp”
domain, and the edge band, originating from both the n—n*
and z—n* transitions. Furthermore, we successfully demon-
strated that Mn-LGQDs prepared using lignosulfonate have a
very low LOD in addition to excellent selectivity and high
sensitivity for detecting Hg** in polluted water. This study
demonstrates the potential of lignosulfonate-derived GQDs as
an alternative, environmentally friendly, and cost-effective
fluorescent probes for detecting toxic metal ions in water.
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