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a b s t r a c t

Following the great success of graphene as a versatile 2D nanomaterial for the design of electrochemical
sensors, this review focuses on the synthesis, characterization, and electrochemical sensing applications
of alternative 2D layered structures produced with elements of group VA, also known as “pnictogens.”
Among these, phosphorene nanosheets generated from black phosphorous (BP) is by far the most
popular 2D layered pnictogen; however, bismuthene and antimonene are also gaining interest in the
design of electrochemical sensors. A perspective is given to the properties of the various layered pnic-
togens and factors affecting their stability, which also influence their sensing abilities. Examples using
arsenene are still relatively sparse as this is not an attractive material for biosensing due to its acute
toxicity. Tables with the most meaningful information from the available literature are presented.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

2D layered materials have aroused great attention in the last
decades due to their exceptional physical properties and
outstanding features, such as large surface area, morphology
tunability, great mobility, and the possibility to change their surface
properties, which make them feasible to be applied in optoelec-
tronics, catalysis, energy storage, and sensors [1]. Graphene is
nowadays the most renowned 2D layered material, but there are
other elements of group VA (also called “pnictogens” or the “ni-
trogen” group) that can also adopt a layered structure. These ele-
ments are named in an analogous way to graphene, i.e.,

phosphorene, bismuthene, antimonene, and arsenene. The main
difference among these is that phosphorene and arsenene can have
an orthorhombic crystal structure, whereas the rest have the same
rhombohedral structure as graphene, although graphene has truly
a single-atom thick monolayer.

Accelerated by interest from the scientific community, the class
of 2D layered nanomaterials continues to grow. The post-graphene
2D monoelemental material black phosphorus (BP) has gained
significant interest recently due to its outstanding physical and
chemical properties [2]. BP is a newcomer 2D monoelemental P
layered material, and other layered materials from the pnictogens
group (N family or group 15 or VA) are now also emerging. These
consist of the elements nitrogen, phosphorus, arsenic, antimony,
bismuth, and synthetic moscovium. Consideringmerely the layered
allotrope single-elements fromGroup VA, orthorhombic BP is semi-
conductive, with a large in-plane anisotropic magnitude of physical
properties, and tunable direct bandgap [3]. Heavier elements in the
pnictogen group are semimetals and, in monolayers, also semi-
conductors with layered rhombohedral structures (grey or b-

* Corresponding author. Department of Chemical Engineering and Analytical
Chemistry, University of Barcelona, Martí i Franqu�es 1-11, 08028, Barcelona, Spain.
** Corresponding author. Department of Inorganic Chemistry, University of
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less for sensing than graphene [5]. In this review, we summarize
the most relevant properties of layered pnictogens, the top-down
and bottom-up methods for the fabrication of 2D pnictogens,
functionalization strategies, characterization, and, especially, their
most recent applications for electrochemical sensing from 2017
onwards.

2. Synthesis and characterization of 2D layered pnictogen
materials

Unanimity has not been reached as to how to designate a mono-
layerof layeredpnictogens. Themajority of the literature usually refer
to a few-layer BP as phosphorene, with “eene” used as a suffix for BP
and the remaining layered pnictogens. This is in close relation to
graphene and for the prestige its name association brings. Never-
theless, this does not fully support IUPAC chemical terminologyas the
“ene” suffix is assigned to systems with double bonds [1]. In this re-
view, elements from thepnictogen groupwill hereafter be referred to
as “pnictogens” and the suffix “-ene” will be used for the sake of
simplicity when referring to exfoliated and few-layer materials.

2.1. Synthesis, properties, and exfoliation

For BP, there are several synthetic routes: the original method,
first reported in 1914, involves the high-pressure conversion of
white or red phosphorus. High-pressure conversion proceeds at
pressure higher than 6 GPa and temperature above 200�C. Later, the
formation of BP from red phosphorus in the environment of mer-
cury or bismuth at high temperature was reported. This synthesis
led to the contamination of formed BP by catalytic metals.
Currently, the most commonly used method involves vapor crystal
growth using Si and SnI4mineralizer in a sealed quartz ampoule [2].
While the high pressure method produces highly compact nano-
crystallite BP and large crystals are formed only by slow cooling,

Fig. 1. Orthorhombic (A) and rhombohedral (B) crystal structures of 2D layered pnictogens. The first structure is the thermodynamically stable form of synthetic black-phosphorus
and arsenic with puckered layers, while the rhombohedral structure is the most common for naturally occurring grey-arsenic, antimony, and bismuth with parallel buckled layers.

Trends in Analytical Chemistry 139 (2021) 116249M.A. Tapia, R. Gusm~ao, N. Serrano et al.

arsenic, -antimony, and -bismuth). Arsenic exists also in metastable
allotrope with true van der Waals structure similar to BP, black
arsenic [1].

Compared to orthorhombic phases, rhombohedral phases also
exhibit covalent interactions between individual layers and the
intensity of these interactions increases with the atomic number of
the element (Fig. 1). However, the most significant bottleneck of BP
and its monolayer phosphorene to widespread applications is their
intrinsic instability due to rapid oxidation coupled with light- and
oxygen-induced degradation under ambient humidity conditions
[2]. The degradation of the heavier 2D pnictogen has been noted
not to be as severe as in the case of BP, but not immune to this
phenomenon. Several strategies have been proposed to address this
critical issue such as protective functionalization and van derWaals
heterostructures. Their chemistry shifts from non-metal (P) to
metalloids (As and Sb) to post-transitional metal (Bi). Besides the
successful application of 2D pnictogens as sensing platforms, they
have also been reported as a potential alternative nanomaterial in
batteries, transistors, photodetectors, and photovoltaic cells [1].

The high interest in pnictogens-based sensors can be traced
back to deposited film electrodes as mercury substitutes for elec-
trode material. Since their introduction, bismuth film electrodes
(BiFE) have become an attractive platform for electroanalytical
purposes, being environmentally friendly and offering the features
closest to mercury [4]. Similarly, antimony film electrodes (SbFE)
feature interesting characteristics such as favorably negative over-
voltage of hydrogen evolution, wide operational potential window,
convenient operation in acidic solutions of pH 2 or lower, and a
minimal stripping signal for antimony itself under some conditions.
Thus, it is only natural that as layered pnictogens become more
available, an increasing number of applications of these materials
as sensing platforms are realized.

Nevertheless, and despite their interesting features, these
alternative 2D monoelemental layered materials are still applied



vapor-grown BP usually produces very nicely defined pellets of
mm-wide crystals (Fig. 2A). However, this method led to the
incorporation of tin and iodine in the crystals. Grey or rhombohe-
dral arsenic, antimony, and bismuth occur naturally; thus, these are
the most commonly used phases in most works. Black or ortho-
rhombic arsenic can be synthetized from amorphous arsenic using
mercury as catalyst by adapting the BP vapor growth method [6].

BP is narrow bandgap semiconductor with intrinsic p-type
conductivity and high carrier mobility. The electronic structure is
strongly dependent on the number of layers and, compared to bulk
BP with bandgap about 0.4 eV, monolayer phosphorene has a
bandgap of around 2 eV. BP is highly reactive and its degradation is
induced by the presence of oxygen; hence, this creates significant
limitations in its applications due to surface formation of phos-
phorus oxides and, ultimately, phosphorus acid [1e3].

Layered pnictogens’ degradation in ambient con-
ditionsdparticularly for BPdhas been a significant challenge for
researchers attempting to find proper ways of passivation or
encapsulation when applying BP to different devices. The layered
puckered structure with a free pair of electrons and hydrophilic
surface allow the decomposition of BP to phosphoric acid species in
the presence of O2, H2O, or even by photo-oxidation. Although not
exclusive to BP, to some extent, partial oxidation of the heavier 2D
pnictogens is also verified in a considerable portion of works [1].
The most common strategies for new sensing assembling strategies
involve the integration of BP in van der Waals heterostructures
with other 2D layered materials [7] as an alternative, organic co-
valent and non-covalent functionalization for passivation.

Liquid-phase exfoliation (LPE) has been successfully employed to
generate few-layer2Dpnictogenson a large scale (Fig. 2B).Monolayer
or few-layer 2D pnictogens have been obtained experimentally by
top-down methods of bulk pnictogen (e.g., liquid-phase exfoliation)
or bottom-up methods (e.g., epitaxial growth). High-yield prepara-
tion by top-down methods of high-quality, few-layer 2D pnictogens
has been reported formechanical and LPEmethods [8]. Different LPE
of layeredpnictogens, such ashigh shear rate (ultrasonic-assisted and
electrochemical) have been reported. Shear exfoliation is the most
commonly used technique and allows for higher scalability of exfo-
liated 2D pnictogens. Electrochemical exfoliation of BP to phosphor-
ene [9] and the heavier grey pnictogen to few-layer 2D pnictogen
[10,11] has been reported in both aqueous and organic solvent, using
anodic, cathodic, or bipolar current modes.

The production, manipulation, application, and disposal of 2D
pnictogens also introduce the need to control the impacts of their
presence in the environment and the effects on users. The biological
effects for regulatory assessment of 2D pnictogens are still mostly
unidentified and should not be ignored. While acute exposure can
assess the immediate and early impact, chronic exposure over more
extended periods may reveal long-term biological effects of 2D
pnictogens both for in vitro and in vivo systems [12]. Research points
to the fact that the degree of exfoliation, size, and oxidation all have a
crucial role in the toxicity of the materials. It seems that the toxicity
of 2D pnictogens decreases along with the group, with bismuthene
considered the least toxic, in accordancewith the clinical biosafety of
bismuth-based drugs [13]. Predictably, arsenene or exfoliated 2D
arsenic was found to be highly toxic and, thus, the least attractive 2D
pnictogen to work with to develop sensing devices.

2.2. Characterization of 2D layered pnictogens

Due to possible sample inhomogeneity, single measurements at
some regions of a sample can be strongly misleading. X-ray photo-
electron spectroscopy (XPS) is useful to obtain information on the
chemical composition of bulk and exfoliatedmaterials, evaluate their
stability, and detect the presence of oxidized groups, which also have

a significant influence on electrochemical sensing (Fig. 2C) [10]. The
deconvolution of Sb 3d is probably the most intricate of the 2D
pnictogens due to doublet separation for Sb 3d5/2 and 3d3/2 overlaps
with the O 1s spectrum. One useful approach is to fit and constrain
the Sb 3d5/2 and 3d3/2 peaks as a criterion (with D ¼ 9.39 eV). The
remaining area in the 3d5/2 area should be related to the O 1s sig-
nal(s). XPS has some limitations considering that useful information
can only be obtained from the top atomic layers of the materials,
which compromise reliability for the entire mass of highly hetero-
geneous materials. Besides, because small changes in oxidation
states typically generate overlapping signals, analysis of a particular
element can only provide a rough estimation of its oxidation states.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are powerful imaging tools to characterize 2D
pnictogens. High-resolution TEM (HRTEM) can reach atomic reso-
lution with clear visualization of the lattice, shape, and estimation
of lateral size of 2D pnictogens (Fig. 2D) [14]. Combined with EDX
spectra andmapping of elements, it becomes a very useful option to
confirm elements and their abundance in the exfoliated 2D pnic-
togen materials. Atomic force microscopy (AFM) is probably the
best technique available to identify the structure of 2D pnictogen
sheets and to estimate the number of layers; it is also useful for
controlling the morphology in the case of material degradation
(Fig. 2E) [15]. Dynamic light scattering (DLS) measurements allow
for a quick survey of particle sizes, although results relate to the
hydrodynamic diameter of nanomaterials, usually optimized for
spherical particles, thus the application to flat layered material
might can considered much less reliable.

Raman spectroscopy of 2D pnictogens allows examination of the
crystal structure, with the spectra showing thickness dependent
and being also indicative of oxidation of materials and is especially
useful when correlated with AFM measurements (Fig. 2F) [16].
Another example is the structural difference between g-As and b-
As, belonging to R-3m and Cmca space groups, respectively. Ex-
amination by Raman spectroscopy reveals very different active
lattice vibration modes as seen in Fig. 2G.

Relative to their electrochemistry and as observed for graphene,
2D pnictogens are reported to have fast heterogeneous transfer at
the edge planes and slow transfer at the basal plane for many
electroactive molecules. This is especially noticeable for the highly
anisotropic BP, for which the electron-transfer rates differ at the
basal and edge planes as demonstrated for AA and DP (Fig. 2H), thus
affecting its sensing performance [17]. An increasing activity trend
of the basal plane with higher atomic number was observed and
attributed to the decreasing degree of anisotropy of the material
[18]. Relative to their inherent electrochemistry, BP has a highly
pronounced and irreversible oxidation peak ca. þ 0.6 V (vs. AgCl),
corresponding to the oxidation of P0 to P5þ [19], thus being an
almost irresponsive post-oxidation process, which might limit its
application to analytes having electrochemical processes at similar
or higher potentials. The heavier 2D pnictogens have more stable
electrochemistry over a wider potential range at neutral pH [20].
While g-Bi is oxidized to Bi3þ, for g-As and g-Sb the observed
processes were oxidation to pnictogen3þ and pnictogen5þ, with the
reverse reduction to pnictogen3þ and elemental pnictogen0 [18].

Finally, for BP it has been observed that BP synthetic routes, such
as high-pressure conversion (BPhP) and vapor phase growth (BPvg),
may not only introduce or retain different metal impurities but
additionally influence its exfoliation process [19,21]. BPvg consisting
of largewell-developed crystals obtained by vapor growthmethods
and containing trace amounts of Sn is easily delaminated and
exfoliated. On the other hand, the nanocrystalline BPhP method
could not be extensively exfoliated by shear force. Starting material
BP crystallinity therefore influenced its shear-exfoliated counter-
part BP's surface chemistry, oxidation, and electrochemical
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performance, with comparatively better results being obtained for
BPvg. For BPvg, however, traces of Sn or I might be found, both BPhP

and BPvg may retain the metallic impurity from the precursor, such
as Fe or Ni, which influences the voltammetric and sensing per-
formance of BP. For b-As, levels of Hg up to 5% wt. have been
observed as necessary for the stabilization of orthorhombic As [6].
From a survey of the literature and commercial providers, the most
commonly used BP in most works has been BPvg, which has a
market price within the order of 500 euros/g. For heavier 2D
pnictogens, b-As prices are around 500 euros for a crystal (weight
unspecified), while grey 2D pnictogens are most stable allotropes
and are broadly commercially available.

3. Phosphorene-based electrochemical sensors

Phosphorene, a single atomic layer of BP, has attracted signifi-
cant interest over the last decade, becoming the most recognized
and experimentally studied 2D pnictogen material for electro-
chemical sensing applications. Tables 1 and 2 provide an overview
of recent advances (from 2017 until December 2020) in electro-
chemical sensing achieved with BP.

3.1. Phosphorene -based sensors for gas sensing electrochemical
applications

Different techniques have been reported for the synthesis of BP.
As mentioned previously, liquid-phase exfoliation and mechanical
exfoliation are currently the most used techniques. Nevertheless,
Phan et al. reported the synthesis of several gram-scale BP powder
using the high-energy ball milling technique [23].

BP has a great affinity for water molecules and has been applied
to the development of humidity sensors based on different trans-
duction principles [22e27]. In addition, composites of BP with
other materials, such as indium oxide, CuO/pyrrole-BP nano-
composite, anthraquinone nanowire (AQNW), and chemically
passivated phosphorene (CPP) with porous triazine-based two-
dimensional polymer (T-2DP) or noble metals, have been applied to
the detection of gases such as NO2 or H2 [28e34]. Table 1 sum-
marizes and compares the main characteristics of different BP-
based sensors applied to gas sensing. As it can be seen, the field-
effect transistor (FET) is one of the most commonly used trans-
ducers modified by the dry transfer technique. It should also be
noted that Al2O3, or Nafion, can be used as a passivation layer to
improve BP stability against degradation. In this respect and ac-
cording to Walia et al. who investigated the effects of key envi-
ronmental factors on BP degradationdhumidity, light, and
temperaturedphoto-oxidation is the main cause of BP deteriora-
tion [26]. Further works studied the influence of discrete wave-
lengths ranging from UV to IR on the degradation of BP, revealing
that the UV component of the spectrum is mainly responsible for
the degradation of BP in ambient conditions [67]. Thus, BP
manipulation in a UV-deficient atmosphere should be enough to
protect it against photo-oxidation.

As an example of the devices summarized in Table 1, Fig. 3
shows a sensor that combines the adsorption of water molecules

by BP nanosheets with a quartz crystal microbalance (QCM) [22].
BP-based QCM sensors display a well-defined logarithmic fre-
quency response to humidity and the sensor sensitivity is closely
linked to the amount of BP nanosheets used in the deposition
process. Another strategy for humidity sensors is based on the
drop-casting of BP on the sensing slots of a substrate-integrated
waveguides (SIWs) resonators, whose sensitivity noticeably in-
creases compared with that achieved by the sensor without a BP-
sensitive layer [24]. Another humidity sensor approach [25] is
based on the integration of BP in an FET fully encapsulated by a
layer of Al2O3. In this study, after being stored in air for more than a
week, the encapsulated BP sensor was found to have higher
ambient stability with no appreciable degradation in sensing
response. Moreover, BP can be combined with silver nanoparticles
in an ink that is used to fabricate printed electrodes as humidity
sensors [27]. On the other hand, composites of BP with In2O3 can be
applied to the selective sensing of NO2 by means of measurements
of resistance. In addition, it is demonstrated that the introduction of
In2O3 remarkably improved the BP environmental stability [28].
Another BP-based sensor approach for gas sensing consists of
attaching floating BP flakes on the top of the electrode in order to
make both sides available for adsorption [29]. Finally, the incor-
poration of noble metals like Au or Pt to BP nanosheets can
remarkably enhance their sensitivity to H2 [33,34]. Fig. 4 illustrates
the fabrication of these sensing devices [34]. BP flakes were me-
chanically exfoliated from bulk BP crystals using a transparent
transfer film in an Ar-filled glove box. Then, the flakes were
transferred by dry transfer technique onto an FET pattern con-
taining SiO2/p-Si substrate as the back gate as well as two Ti/Au
layers constituting the source and the drain. The transferred BP
flakes were coated with Pt NPs prior to the application of a pro-
tective poly (methylmethacrylate) (PMMA) layer, which is hydro-
phobic and permeable to hydrogen. In this way, when H2molecules
cross the PMMA barrier and are adsorbed onto Pt NPs, they disso-
ciate to form atomic hydrogen, which transfers electrons to the hole
carriers in BP exhibiting intrinsic p-type characteristics and results
in a current reduction that is used for hydrogen sensing.

3.2. Phosphorene -based sensors for non-gas sensing
electrochemical applications

BP is not only used in the design of gas sensors; indeed, the
sensing applications of BP in liquid samples are considerably more
numerous and diverse as shown in Table 2 [35e66]. Some sensing
devices, including BP, are based on an FET configuration and
currentepotential measurements. This is the case for sensors for
metal ions such as Hg(II) [35], As(III)/(V) [36], Pb(II) [38], or Ag(I)
[39]. Fig. 5 shows the structure of the BP sensor for As(III)-ions
where an exfoliated BP film is transferred onto interdigitated Au
electrodes in the sensitive part of the FET and then sputtered with
Au nanoparticles functionalized with dithiothreitol (DTT) mole-
cules to take advantage of their affinity for As(III)-ions [36]. The
signals obtained are also shown in Fig. 5. In Ref. [37], BP flakes were
incorporated into a flexible substrate of poly (ethylene tere-
phthalate) (PET) and functionalized with different ionophores for

M.A. Tapia, R. Gusm~ao, N. Serrano et al. Trends in Analytical Chemistry 139 (2021) 116249

Fig. 2. A) Images of multi-cm size orthorhombic BP crystal specimen grown by vapor transport method inside glass ampule, produced at the Sofer's Lab, University of Chemistry and
Technology, Prague (photo credit: V. Maz�anek). B) Scheme with “top-down” methods for production of 2D layered materials by ultrasonication, shear force methods and elec-
trochemical exfoliation. Reproduced from Ref. [8], with permission. C) High-resolution XPS spectra and peaks deconvolutions of the Sb 3d core level region (overlapping with O 1s)
for layered grey Sb. Reproduced from Ref. [10], with permission. D) HR-TEM/EDS analysis of bismuthene. The magenta colors in the index demonstrates distribution mapping of
bismuth element. Reproduced from Ref. [14], with permission. E) AFM of antimonene sheet fabricated by mechanical exfoliation is highly stable under atmospheric conditions over
periods of months and even when immersed in water. Reproduced from Ref. [15], with permission. F) Single-point Raman spectra of arsenene measured at different thicknesses
according to the topographic AFM image (inset scale bar is equal to 500 nm) of the small area. Reproduced from Ref. [16], with permission. G) Raman spectra of G1) black arsenic
and G2) grey arsenic with labeled their respective phonon modes (LL 532 nm, 50 mW) with applied power of 5 mWand 50x magnification objective. Reproduced from Ref. [6], with
permission. H) Contrasts in the electrochemical activity of basal-plane and edge-plane BP towards biosensing applications using as analytes ascorbic acid (H1) and dopamine (H2) at
0.01 M level in 0.05 M PBS and scan rate 100 mV s�1. Reproduced from Ref. [17], with permission.
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the multiplexed detection of Hg(II), Cd(II), Pb(II), and Na(I) in
sweat and tap water samples. In Ref. [53], the deposition of anti-
human IgG-conjugated gold nanoparticles on the surface of the
Al2O3 dielectric layer of a BP-based FET produces a sensor to detect
human immunoglobulin G (IgG). Other sensing devices use BP as a
substrate for different nanocomposites, including nanoparticles
and selective molecules, and focus on measurements by imped-
ance spectroscopy (EIS) or electrochemiluminescence (ECL).
Although such a strategy is mostly used to detect cells, cell frag-
ments, and proteins related to cancer and other diseases in human
serum [63e65], it has been also applied to the highly sensitive
detection of Pb(II)-ions in tap and lake water samples [66]. As an
example, Fig. 6 shows the operating principle of the sensor re-
ported in Ref. [65] for the detection of lysozyme (Lyz) using a Lyz
aptamer. BP quantum dots (BPQDs) are protected against oxida-
tion, being embedded in a styrene/acrylamide (St-AAm) copol-
ymer to form nanospheres, denoted in the scheme as BSAN. In this
form, they enhance the ECL of Ru (bpy)32þ, acting as a coreactant.
As seen in Fig. 6, a Lyz aptamer is linked to a gold electrode
through an SeAu bond. BSAN is connected with DNA through the
amino group on the polymer film and then BSAN/DNA immobi-
lizes onto the electrode through DNA hybridization. The con-
nected BSAN reacts with Ru (bpy)32þ to generate a strong ECL
signal. When the sensor is incubated in Lyz solution, the specific
interaction between Lyz and aptamer releases BSAN/DNA from the
electrode surface, which causes a decrease of ECL signal.

Nevertheless,mostBPsensingapplicationsarebasedondifferent
modalities of amperometry and voltammetry (cyclic voltammetry,
CV; differential pulse voltammetry, DPV; squarewave voltammetry,
SWV; amperometry; chronoamperometry, CA) [41e52]. Many of
thesemodalities take advantage of the electrocatalytic properties of
BP to modify glassy carbon electrodes (GCE) together with other
components, or to formcomposites of enhanced stabilityeitherwith
ZnOnanoparticles for the detection of H2O2 [43], orwith ionic liquid
(IL) and poly (diallyldimethylammonium chloride) (PDDA) [40], or
with the conducting polymer poly (3,4-ethylenedioxythiophene)-
poly (styrenesulfonate) (PEDOT:PSS) [41,42,44]. In these last two
cases, the resultant nanocomposites facilitate the immobilization of
hemoglobin [40e42] and hemin [44], achieving an excellent elec-
trocatalytic response toward NaNO2, trichloroacetic acid (TCA),
H2O2, and O2, which is essential in numerous biochemical studies
[40e42,44]. In Ref. [52], a similar incorporation of BP with
PEDOT:PSS onto a GCE is used to determine the flavonoid glycoside
rutin in rutin tablet samples. Other remarkable applications include
detection of the biomarker a-hydroxybutyrate (AHB) [45] or the
drug clenbuterol [49,50] in serum and other biological samples, the
detection of the plastic residue bisphenol A in water and urine
samples [46,47], or the sensing of the fungal toxin achratoxin A in
grape juiceandbeersamples [48]. Inorder to illustrate the shapeand
evolution of the signals obtained with these sensors, Fig. 7 shows
characteristic amperograms measured with the sensor of H2O2
described in Ref. [43] while Fig. 8 shows characteristic voltammo-
grams obtained with the sensor of ochratoxin A (OTA) described in
Ref. [48]. Although most of the BP-based sensors are designed for
static measurements, there are also flow designs such as the
microfluidic system proposed in Ref. [51] for the detection of the
biotoxin okadaic acid (OA) inmussel samples using a screen-printed
carbon electrode (SPCE) modified by phosphorene-gold nano-
composite onto which an aptamer specific to OAwas immobilized.

4. Electrochemical sensors based on arsenene, antimonene
and bismuthene

Several first-principles studies have been published comparing
the few articles that experimentally evaluate the electrochemical
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Fig. 3. Scheme of the water adsorption model of a BP-based QCM humidity sensor. Reproduced from Ref. [22] with permission.

Fig. 4. Fabrication of Pt-functionalized BP hydrogen sensors via dry transfer. BP flakes were transferred to the Ti/Au pre-patterned SiO2/p-Si substrate and coated with Pt NPs prior
to the application of the PMMA layer. Reproduced from Ref. [34] with permission.
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Fig. 5. A) Schematic of the BP/Au NPs/DTT sensing platform for the As ion detection; B) Reaction between the DTT and As(III) ion in the detection process. Electronic characteristics
and real-time sensing performance of the FET sensor platform: C) Ids-Vgs curve with the bias voltage Vgs ranging from �40 to 40 V (Vds ¼ 0.1 V); D) Ids-Vds curve with the Vds ¼ �1 V
~ 1 V (Vgs ¼ 0 V); E) Real-time detection of As(III) in water (Vds ¼ 0.1 V, Vgs ¼ 0 V) with the BP/Au NPs/DTT platform, for concentrations ranging from 1 nM to 1 mM. Adapted from
Ref. [36] with permission.

 



Fig. 6. Schematic representation of an ECL biosensor based on BP quantum dots for the detection of lysozyme. Reproduced from Ref. [65] with permission.

Fig. 7. A) Amperometric response of the BPQDs@ZnO/GCE to successive additions of H2O2 in 0.1 mol L�1 PBS. The inset shows a close look of rectangular region with the H2O2

concentration from 5 mmol L�1 to 0.05 mmol L�1. B) and C) are linear calibration curves of amperometric responses as functions of the concentration of H2O2. D) Detection of H2O2 in
tap water samples. Reproduced from Ref. [43] with permission.
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Fig. 8. A) DPVs of OTA with different concentrations at BP/GCE. OTA concentrations from a to h of 0.3, 0.5, 0.7, 1, 3, 5, 7 and 10 mg/mL, respectively. B) The linear relationship
between peak currents and OTA concentrations. Reproduced from Ref. [48] with permission.
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compares the impedimetric signals obtained by using both 2D
nanomaterials. Beladi-Mousavi et al. [72], reported a liquid-phase
exfoliation procedure to prepare few-layer arsenene nanosheets
with controllable sizes assisted by sonication and without any
additional surfactant. These 2D As nanosheets were also applied
for the development of an impedimetric vapor sensor, which
selectively detects acetone and methanol vapors. In both studies
[6,72], a frequency dependence of the sensor response (phase
shift) was found, allowing the selective detection between indi-
vidual VOCs.

Bismuthene, another 2D pnictogen material, was used for the
modification of voltammetric sensors based entirely on bismu-
thene [74] or as a hybrid bismuthene/graphene [73] to enhance the
properties of conventional bismuth-based electrodes, due to the
strongest features of this 2D material [75,76]. In combination with
tunable bandgap over a broad range and electronic transport
properties makes this material highly attractive for field effect
transistors, photodetectors, and sensors [77]. Their analytical per-
formance suggests suitability for the determination of Cd(II) and
Pb(II) ions by anodic stripping voltammetry (ASV) at concentration
levels of low mg L�1, being the detection limits of the sensor based
entirely on bismuthene, which is about five times lower than those
obtained with the hybrid bismuthene/graphene sensor and much
lower than those obtained for Pb(II) and Cd(II) on conventional
bismuth-based sensors [74]. Both 2D Bi-based sensors were suc-
cessfully applied for the simultaneous voltammetric determination

Fig. 9. Response of impedimetric sensors based on grey and black arsenic to various
VOCs plotted as Bode diagrams. Reproduced from Ref. [6] (Open access).
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sensing response feasibility of 2D pnictogens beyond phosphorene
such as antimonene, bismuthene, and arsenene. These experi-
mental studies of the heavier elements of the pnictogen group are
summarized in Table 3.

In these studies, different exfoliation techniques of layered
pnictogens are used, with shear force exfoliation being the most
common. Particularly, Gusm~ao et al. [20,68] reported a shear force
mixing procedure to obtain exfoliated nanosheets of rhombohe-
dral layered As, Sb, and Bi without the need for purged media,
with a yield (%) of 8.8, 8.2, and 3.9 for BiSE, SbSE, and AsSE,
respectively. Adapting this method, Lazanas et al. [73] also re-
ported a shear force liquid-phase exfoliation method for the
production of bismuthene in an aqueous surfactant medium (so-
dium cholate) with a yield of 1.2%. It was found that shear exfo-
liation generates edges and active sites that provide
characteristics of non-inert materials for each pnictogen shear
exfoliated. This withholds distinct native oxidation and reduction
signals and further induces new activated edges that improve the
electrode response and catalytic properties compared to the bulk
material [20].

The electrode modification methodology was, in most cases,
the drop-casting approach, with the mass of 2D material drop-
casted ranging from 2 to 100 mg depending on the considered
sensor. Most of the drop-casted dispersions were monoelemental.
However, Lazanas et al. [73] reported the development of a hybrid
bismuthene/graphene electrode prepared from a dispersion con-
sisting of a mixture of 2 mg bismuthene and 10 mg graphene in
2 mL DMF. The electrode surface can be also modified with Nafion
solution after the modification with 2D materials [73]. The
preferred substrates in which the 2D material suspension is drop-
casted are based on carbon [20,68,70,73,74] and on gold [6,69,72],
being the glassy carbon and the screen-printed carbon or gold
electrodes, the most commonly used supports.

Different techniques were used to describe the electrochemical
behavior and feasibility of 2D pnictogens as sensing platforms. Spe-
cifically, two of theworks [20,68] summarized inTable 3compare the
chemical and morphological characteristics, electrochemical
behavior, and sensing response feasibility between the 2D pnictogen
materials. In both cases, the best performance was achieved for de-
vices based on shear exfoliated antimonene sensors.

Antimonene is the 2D pnictogen material with the highest
degree of exfoliation, forming sheets of few-layer thicknesses
and the lowest oxidation-to-bulk ratio as compared to the other
pnictogens, which could enhance its performance. The biocom-
patibility of antimonene with enzyme activity and the strong
interaction with DNA suggest its capability for biosensing devices
as compared to arsenene, which inhibits enzyme activity [68,69].
Moreover, antimonene quantum dots in conjunction with cata-
lase enzyme also show their suitability as biosensing material for
use in clinical diagnosis, being able to determine the concen-
tration of H2O2 in ovarian cancer serum and, therefore, predict
the cancer stage [70].

Regarding arsenene, Antonatos et al. [6] reported an
acetonitrile-assisted exfoliation procedure for black and grey
arsenic that forms a stable dispersion for eight days in acetonitrile.
Black arsenic presents a more efficient exfoliation procedure than
grey arsenic, leading to arsenic nanosheets with a thickness below
3 nm compared to the grey arsenic nanosheets having a thickness
of 20e30 nm. Arsenic-based devices demonstrate potential ap-
plications in gas sensing and photothermal absorption. Particu-
larly, black arsenic was more suitable as a volatile organic
compounds (VOCs) sensor based on electrochemical impedance
spectroscopy (EIS) due to its sensitivity toward five VOCs: meth-
anol, ethanol, isopropanol, acetone, and acetonitrile. As for grey
arsenic, it was sensitive to methanol and ethanol [6]. Fig. 9



Fig. 10. A) DP stripping voltammograms of 25 mg L�1 Pb(II) and Cd(II) recorded on Bare-SPCE (dashed line), BiNP-SPCE (dotted-dashed line), Bisp SPE (thin line) and 2D Biexf -SPCE
(thick line) using a deposition potential of �1.3 V during 120 s at pH 4.5; B) DP stripping measurements in a certified estuarine water sample recorded with 2D Bi exf -SPCE using a
deposition potential of �1.3 V in 0.1 mol L�1 acetate buffer during 120 s at pH 4.5. The original signal of the sample is denoted with a thick line; Inset: Standard addition rep-
resentation for the determination of Pb(II) and Cd(II) concentration. Reproduced from Ref. [74] with permission.
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of trace Pb(II) and Cd(II) in water samples. Fig. 10a compares the
ASV peaks obtained for both heavy metal ions by using carbon
screen-printed electrodes (SPCE) modified with bismuth in
different ways (Bi nanoparticles, sputtered Bi, Bi films, and shear
exfoliated Bi). It can be seen that the electrode modified with
exfoliated bismuth clearly outperforms the others. As a result,
really low concentrations of Cd(II) and Pb(II) can be determined as
shown by Fig. 10b, corresponding to the analysis of a certified
estuarine water sample by means of the standard addition method.

Furthermore, novel pnictogen nanosheets such as antimonene,
arsenene, and bismuthene can be mixed with metal-based nano-
structures, resulting in composites that synergistically merge the
exceptional properties of both materials. In particular, arsenene
combined with gold@silver nanorods exhibits exceptional electro-
catalytic ability toward glucose oxidation, being the basis for the
development of a nonenzymatic glucose sensor [71].

Finally, as a representative study of the electrochemical
sensing performance of the 2D pnictogen materials, we will
summarize the work of Mayorga-Martinez et al. [68] who
explored and compared the biosensing analytical performances of
pnictogen materials (phosphorene, antimonene, arsenene, and
bismuthene) to detect phenol. They developed enzymatic sensors
based on bulk and shear exfoliated pnictogen materials. Fig. 11
illustrates the fabrication and use of these biosensors: first,
shear exfoliated pnictogens are generated with a kitchen blender;
second, they are deposited by drop-casting onto a glassy carbon
electrode; third, the biochemical modifiers (Tyr and Glu) are
added; and, finally, the biosensors are applied to the electro-
chemical detection of phenols. The best performance in terms of
linearity, sensitivity, selectivity, and reproducibility was obtained

by the antimonene shear exfoliated-based biosensor as compared
to the other pnictogen biosensors studied.

So far, few electrochemical sensing studies have been carried
out with 2D materials based on elements of the pnictogen group
other than phosphorus; however, future applications of sensors and
biosensors based on these materials are beginning to actively un-
fold in a great variety of analytes. These few studies summarized in
Table 3 are just representative examples of wider possibilities in the
sensing field.

5. Conclusions

Efforts to obtain few-layer 2D pnictogens experimentally by top-
down methods of bulk pnictogen (e.g., liquid-phase exfoliation) or
bottom-up methods (e.g., epitaxial growth) have made this class of
materials more accessible and appealing for sensor design. In partic-
ular, shearexfoliated2Dstructures canbeobtained ina relativelyeasy
and cost-effective way from elements’ bulk crystals of the pnictogen
group as an alternative/complement to carbon-based nanomaterials
such as graphene. Given their excellent properties, phosphorene,
antimonene, bismuthene, and arsenene can become key structural
elements in the design of electrochemical sensors for the detection of
amultitudeof substances inbothgasandsolid samples.Thebiological
effect of 2D pnictogens is still mostly unidentified and should not be
ignored. Arsenene or exfoliated 2D arsenic was found to be highly
toxic, making this the least attractive 2D pnictogen to work with to
develop sensing devices. Layered pnictogens can suffer from degra-
dation in ambient conditions, which has been a significant challenge
for research with these materials. The organic covalent and non-

Fig. 11. A) Shear exfoliated pnictogens using kitchen blender. B) Biosensor preparation using layer-by-layer drop-casted pnictogen nanosheets, tyrosinase (Tyr), and glutaraldehyde
(Glu) onto a glassy carbon (GC) electrode. C) Chemical mechanism of phenol detection by biosensor based on exfoliated pnictogen and Tyr. Reproduced from Ref. [68] with
permission.
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covalent functionalization for passivation is highly attractive for new
sensing device design strategies.
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a b s t r a c t 

A new bismuthene carbon-based screen-printed electrode (2D Bi exf –SPCE) was easily prepared, taking

advantage of the strongest features of exfoliated layered bismuth (bismuthene) for metal ions detection

by differential pulse anodic stripping voltammetry (DPASV). An exfoliated bismuth suspension was drop-

casted on the working electrode surface of a screen-printed carbon electrode (SPCE), giving rise to the

2D Bi exf –SPCE. It was microscopically and analytically examined and compared not only with bare SPCE

but also with other bismuth-based screen-printed sensors that report good analytical performance, i.e.,

bismuth nanoparticle-modified SPCE (BiNP-SPCE) and sputtered bismuth SPE (Bi sp SPE). Under improved

conditions and for a 120 s preconcentration time, the sensor exhibits good correlation between peak area

and metal concentration in the range 0.2–25.0 μg L −1 for both Pb(II) and Cd(II) with LODs (3 times the
standard deviation of the intercept over the slope of the linear calibration curve) of 0.06 and 0.07 μg
L −1 for Pb(II) and Cd(II), respectively. 2D Bi exf –SPCE has been successfully applied to a certified estuarine
water reference material with excellent trueness and remarkable reproducibility.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Since the introduction by Wang et al. in 20 0 0 of a bismuth-film 

electrode for the voltammetric determination of metal ions [1] , 

bismuth-based electrodes have turned into an interesting, mean- 

ingful, and extensively applied substitute to conventional mercury 

electrodes for determinations of electroanalytical nature. This is 

due to the good characteristics of bismuth-based electrodes, i.e ., 

a minimum environmental risk and comparable performances as 

those exhibited by mercury electrodes [2–4] . 

When designing a bismuth-based electrode, three main aspects 

have to be considered: i) the support on which the modification 

will take place; ii) the bismuth-based modifier to be used, and 

iii) the selected modification process. In this sense, the signifi- 

cant advances achieved lately in the area of screen-printed elec- 

trodes (SPEs) have enabled the development of bismuth-based

screen-printed electrodes (BiSPE) [4] , which have huge advantages

over the most traditional bismuth-based glassy carbon electrodes

(BiGCE), mainly derived from the intrinsic characteristics of the
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Serrano).

SPEs [5–9] . Regarding bismuth-based modifiers and the modifica- 

tion methods, five general processes are well-recognized [10] : (i) 

method by in-situ plating: the device is submerged into the sample 

solution that contains Bi(III) ions and during the analysis, bismuth 

is electrochemically placed on the working electrode; (ii) method 

by ex-situ plating: the electrode is submerged into a solution of 

Bi(III) and, after the use of a suitable potential, Bi(III) ions are re- 

duced to Bi in its metallic state and electrodeposited on the sur- 

face of the electrode; then, the resulted bismuth electrode is rinsed 

accurately with deionized water and submerged into the sample 

solution; (iii) the “bulk” approach: the bismuth modification is 

carried out during the electrode preparation and entails the prepa- 

ration of a mix containing both the carbon substrate and a bis- 

muth precursor; then, the precursor of bismuth is electrochemi- 

cally reduced to Bi in its metallic state at a particular potential; (iv) 

the sputtering approach: a bismuth thin film is achieved by the Bi 

sputtering on a silicon platform; and (v) drop-casting approach: a 

drop of a bismuth-based modifier suspension is deposited on the 

working electrode and the solvent is allowed to evaporate in a con- 

trolled manner. 

With the aim to enhance the properties of conventional 

bismuth-based electrodes, it should be taken into account the most 

recent advances in the field of nanomaterials. In this sense, it 

https://doi.org/10.1016/j.electacta.2020.137144

0013-4686/© 2020 Elsevier Ltd. All rights reserved.
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[27] .

However, this work aims to go further, taking advantage of both

the excellent features of bismuthene as sensing material and the 

special characteristics of disposable SPEs in order to develop a 

new bismuthene carbon-based screen-printed electrode (2D Bi exf –

SPCE) for the determination of metal ions by striping voltam- 

metry. Exfoliated layered bismuth (bismuthene) morphology and 

chemistry were characterized, yielding few-layer, up to micron- 

size sheets with partial surface oxidation. Moreover, 2D Bi exf –SPCE 

was microscopically and analytically described and compared not 

only with bare SPCE but also with the most standard bismuth- 

based SPEs that report better analytical performance, such as bis- 

muth nanoparticle-modified SPCE (BiNP-SPCE) and sputtered bis- 

muth SPE (Bi sp SPE). Finally, the developed 2D Bi exf –SPCE being the 

greatest sensor was employed for the first time for the Pb(II) and 

Cd(II) ions simultaneous voltammetric determination in a certified 

estuarine water reference material. 

2. Experimental section

2.1. Chemicals and solutions 

High-purity layered bismuth (99.9%) was acquired from Alfa Ae- 

sar and isopropyl alcohol (99.9%) was obtained from PENTA s.r.o. 

(Czech Republic). Bismuth nanoparticles purified in acetone (1 mg 

mL −1 ) with a mean BiNP diameter of 10 nm were purchased 

from Metrohm DropSens (Spain). All other chemicals used were 

of analytical quality and acquired from Merck (Germany). Pb(II) 

and Cd(II) standard solutions were prepared each day and diluted 

as needed from 10 mmol L −1 stock solutions, prepared from the 

corresponding nitrate salts and standardized complexometrically. 

Acetic/acetate buffer solution (0.1 mol L −1 ) was used for pH con- 

trol. Milli-Q water with an electrical resistivity of 18.4 M � cm and 

collected from a Milli-Q plus 185 system (Millipore, Czech Repub- 

lic) was employed in all experiments. 

Certified estuarine water reference material (LGC6016) was ac- 

quired from LGC Standards (UK). The certificate of measurements 

states that the water sample was taken from the Severn Estuary 

(UK, close to Avonmout), which is a strongly industrialized region. 

A filter with a membrane of 0.45 μm was used to filter the water 

sample and then it was acidified with concentrated nitric acid (pH 

2). Certified constituents: Cd = 101 (2) μg L −1 ; Cu = 190 (4) μg L −1 ; 
Pb = 196 (3) μg L −1 ; Mn = 976 (31) μg L −1 ; Ni = 186 (3) μg L −1 ; Zn = 

55 μg L −1 ; Ca = 220 mg L −1 ; Mg = 570 mg L −1 ; K = 180 mg L −1 ; 
and Na = 4700 mg L −1 . 

2.2. Instrumentation and procedures 

2.2.1. Shear force exfoliation 

Starting materials, rhombohedral layered bismuth crystals, were 

exfoliated by adapting a previously published procedure. Initially, 

1 g of bismuth was sonicated in an ice bath for 5 min in 150 mL 

of a purged mixture of water 1:1 isopropanol (IPA) [ 23 , 28 ]. The Bi 

powders were then submitted to shear force exfoliation in a re- 

newed liquid using an IKA T 18 digital Ultra Turrax with an im- 

mersion stainless-steel foot S18–19 G, at 20 krpm for 120 min. To 

prevent overheating and potentially boiling the solvent, ice cooling 

was used. 

After shear exfoliation, the suspensions were put into 50 mL 

falcon tubes and centrifuged at 3 krpm for 20 min. Next, suspen- 

sions were divided into two separate phases with the top 75% of 

the dispersions containing exfoliated material. The exfoliated Bi 

(2D Bi exf ) was then vacuum dried at 40 °C for characterization 
and electrochemical sensing studies. The production yields from 

the top 75% of the suspensions were around 9%, consistent with 

previous results. 

2.2.2. Characterization 

The morphology of materials and modified electrodes were in- 

vestigated using scanning electron microscopy (SEM) with an FEG 

electron source (Tescan Lyra dual-beam microscope). Elemental 

composition analysis was performed by using an EDX analyzer 

(X-MaxN) from Oxford Instruments. High-resolution transmission 

electron microscopy (HR-TEM) was performed using an EFTEM Jeol 

2200 FS microscope (Jeol, Japan). The absorbance spectra of aque- 

ous 2D Bi exf suspensions were acquired using a Lambda 850 + 

Uv/Vis Spectrophotometer (PerkinElmer, US). High-resolution X-ray 

photoelectron spectroscopy (XPS) was acquired with a ESCAProbeP 

spectrometer (Omicron Nanotechnology Ltd., Germany). The atomic 

force microscopy (AFM) measurements were carried out on a Nte- 

gra Spectra from NT-MDT. Dynamic Light scattering (DLS) was 

done with a Particle Sizer Analysette 22 NanoTec (Fritsch Laborg- 

erätebau Gmb, Idar-Oberstein, SRN). An inVia Raman microscope 

(Renishaw, England) in backscattering geometry with CCD detector 

was used for Raman spectroscopy. DPSS laser (532 nm) with an ap- 

plied power of 100% and 20x magnification objective was used for 

the streamline mapping of modified SPEs. Data acquisition, analy- 

sis, plots and images were obtained using WiRE software. Further 

experimental details are given in Supporting Information. 

2.2.3. Preparation of modified SPEs 

Bismuth nanoparticles suspension was prepared each day and 

diluted with water as required from the stock solution (1 mg 

mL −1 ). Then, BiNP-SPCE was prepared by drop-casting 10 μL of 
BiNP solution on the working electrode surface of a carbon screen- 

printed electrode (SPCE) with a 4 mm diameter acquired from 

Metrohm DropSens (ref. 110, DS SPCE) and drying it for 30 min 

at 25 °C. 
Exfoliated bismuth suspension should be freshly prepared with 

deoxygenated water from 2D Bi exf and sonicated for 10 min at a 

temperature lower than 20 °C. We chose to use deoxygenated wa- 

ter for 2D Bi exf suspensions taking into account reports of a faster 

and extensive degradation of layered pnictogen BP in the combined 

presence of oxygen, water and ambient light [17] . For the heavier 
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is well-known the interest that 2D layered nanostructures have 

aroused in the last decade due to the strongest features of 

these materials such as their high surface area, excellent mobil- 

ity, morphology tunability, and the possibility to modify their sur- 

face properties for many applications [ 11,  12 ]. Although graphene, 

transition-metal dichalcogenides (TMDs), and black phosphorus 

(BP) are the pioneers and most renowned 2D layered materials to 

be used as platforms due to their exceptional physical, chemical, 

and materials properties [13–16],  recent research is concentrated 

on the development of new 2D materials based on other elements 

of the pnictogen group that assume a layered structure such as an- 

timonene, bismuthene, and arsenene [ 14,  17–21 ]. Apart from their 

remarkable properties, the layered pnictogens are promising and 

anticipated to be viable materials for optoelectronic, spintronic, 

and thermoelectric applications. Indeed, recent works demonstrate 

that exfoliation of layered pnictogens by top-down methods, such 

as shear-force method, produces surfaces of high electrochemical 

activity [22–25],  making them particularly valuable for electroana- 

lytical purposes. The pnictogen bismuth crystallizes with a layered 

rhombohedral structure ( Fig. 1 A) and can subsequently be exfo- 

liated by “top-down” strategies [26].  Thus, the use of such class 

of layered materials, particularly bismuthene, for the modification 

of voltammetric sensors will be one of the important goals of the 

present work as scarce literature exists regarding this subject. To 

the best of our knowledge, only a study has been reported by 

Lazanas et al. using a hybrid bismuthene/graphene film glassy car- 

bon electrode for the voltammetric determination of metal ions 
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Fig. 1. A) Lateral view of the structure of rhombohedral layered bismuth. B) SEM micrograph of the starting Bi crystals with the respective mapping of Bi and O elements.

Scale bars represent 10 μm. C) Photograph of the 2D Bi exf aqueous suspension showing Tyndall effect. D) STEM micrograph of the 2D Bi exf with the respective mapping of Bi

and O elements. Scale bars represent 1 μm. (E-H) HR TEM micrographs and SAED pattern of 2D Bi exf sheets. I) AFM image and respective height profile of a 2D Bi exf flake.

Scale bar represents 500 nm. J) XPS survey spectrum of 2D Bi exf . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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All differential pulse anodic stripping voltammetric (DPASV) 

measurements of Pb(II) and Cd(II) were done in a computer- 

controlled μAutolab System Type III (EcoChemie, The Netherlands) 

connected to a Metrohm 663 VA Stand (Metrohm, Switzerland) 

with an electrochemical software running system (GPES version 

4.9, from EcoChemie). 

Experiments were conducted at room temperature and with- 

out deaeration in an electrochemical cell with a three-electrode 

arrangement: a carbon auxiliary electrode, an Ag/AgCl/KCl (3 mol 

L −1 ) reference electrode, and the corresponding working electrode 
previously prepared that was attached to the potentiostat with a 

flexible cable from Metrohm DropSens (ref. CAC). 

The voltammetric parameters applied were as follows: 30 s 

of conditioning time (t cond ) at a conditioning potential (E cond ) of 

−0.5 V in order to electrochemically clean the working electrode
surface between measurements, deposition potential (E d ) of −1.3 V
for a deposition time (t d ) of 120 s applied with stirring, equili- 

bration time (t r ) of 5 s, and potential sweep ranging from −1.3 to 
−0.5 V with a modulation time of 50 ms, step potential of 5 mV
and pulse amplitude of 50 mV.

Before starting the measurements, repeated blank scannings 

were done (usually five times) until a regular background current 

was observed. Each experiment was performed with a new sensor 

unit. 

The linear calibration plots for Pb(II) and Cd(II) simultaneous 

determination by DPASV on Bare-SPCE, BiNP-SPCE, Bi sp SPE, and 2D 

Bi exf –SPCE were done by increasing at the same time concentra- 

tions of Pb(II) and Cd(II) in a 0.1 mol L −1 acetic/acetate buffer so- 
lution (pH 4.5). 

For the study of the certified estuarine water sample (LGC6016), 

a volume of the sample was placed in the vessel and pH was ad- 

justed to 4.5 with 0.1 mol L −1 acetic/acetate buffer (dilution fac- 
tor 1/21); then, the stripping voltammetric determination was per- 

formed. The calibration was done by the standard addition ap- 

proach; hence, four aliquots of a Pb(II) and Cd(II) standard solu- 

tion were successively added and the corresponding measurements 

recorded. 

In all cases, Pb(II) and Cd(II) signals were blank-corrected by 

subtracting the signal of the acetic/acetate buffer solution (pH 4.5) 

without metals. 

3. Results and discussion

3.1. Morphological and chemical characterization of exfoliated layered 

bismuth 

The naturally occurring layered crystal β phase consists of 

buckled layers with dense fragments of metallic luster (Figure 

S1A). Bulk crystals were observed by scanning electron microscopy 

(SEM) exhibiting a compact layered profile (Figure S1B). The en- 

ergy dispersive X-ray (EDX) spectra and mapping of elements of 

the β-Bi bulk crystal confirmed the presence of the element Bi, 

with partial superficial oxidation (Figure S1C and Fig. 1 B) Shear- 

force exfoliation was used to obtain Bi exfoliated sheets (details in 

the Experimental section) based on a previously optimized method 

[23] . The exfoliated bismuth (2D Bi exf ) was suspended in aqueous

media showing Faraday-Tyndall effect by irradiation with a green

laser beam ( Fig. 1 C). The suspension is visually stable for a few

hours (Figure S1D). After one week without sonication, a notice- 

able amount of material is deposited at the bottom of the vial, al- 

though the Faraday-Tyndall effect suggests that smaller fragments

are still suspended. Nevertheless, the 2D Bi exf suspension is quickly

restored after just a minute of sonication. The UV/Vis absorbance

spectra of the 2D Bi exf suspension indicates no extensive degrada- 

tion within a one-week time range (Figure S1E). 

The morphology of 2D Bi exf was observed by scanning trans- 

mission electron microscopy (STEM), as presented in the micro- 

graph in Fig. 1 D, which shows arrays of heterogeneous sub-micron 

sheets. Mapping of elements reveals the presence of bismuth ele- 

ment, although oxygen is also detected due to partial surface oxi- 

dation ( Fig. 1 D). Statistical analysis of particle size from STEM im- 

ages and DLS measurements indicated that the majority particle 

lateral size ranging between 100 and 10 0 0 nm (Figure S1F) [29] . 

Fig. 1 E-H show the typical transmission electron microscopy (TEM) 

images of thin 2D Bi exf with a d-spacing of 0.42 nm ( Fig. 2 H) and 

selected area electron diffraction (SAED) shows the crystal pattern 

of the sample. Average EDX on such 2D Bi exf sheet shows no resid- 

ual solvent or extensive oxidation at the surface of Bismuthene 

(Figure S1G). 

The exfoliation of the layered bismuth was confirmed by atomic 

force microscopy (AFM). Fig. 1 I exemplifies a characteristic topo- 

graphic image of a representative single 2D Bi exf sheet (see Figure 

S1H for AFM image of additional sheets). As reflected in the height 

histogram, the flake does not show a single terrace—a character- 

istic of layered materials—but height variations between 10 and 

4 nm, corresponding to the multiple layers of the material. Further- 

more, partial oxidation causes irregular profiles. Nevertheless, the 

average thickness of exfoliated Bi sheets was 8.5 ± 3.7 nm (Figures 

S1I). 

Wide-scan XPS survey for the 2D Bi exf is shown in Fig. 1 J. The 

presence of the pnictogen major peaks was detected in exfoliated 

materials, Bi 5d, Bi 4f, and Bi 4d Additional peaks were also de- 

tected, such as C 1 s (from specimen holder) and O (from partial 

oxidation of the material). The chemical bondings of the 2D Bi exf 
were also examined by the high-resolution XPS spectrum (shown 

in Figure S1J). Deconvolution analysis of the Bi 4f core level shows 

both the elemental phase—Bi 4f 7/2 and Bi 5/2 peaks—in the presence 

of partial oxidation to Bi 2 O 3 , and expressed as a pair of peaks at 

higher binding energies. Overall, the exfoliated layered Bi sheets 

have a downsized lateral size and few-layer thickness, with partial 

content of oxides, largely due to higher surface area exposure. This 

is an expected phenomenon because it is notorious that exfoliated 

pnictogens undergo oxidation triggered by ambient humidity and 

the presence of oxygen in solvents [30] . 

Streamline Raman mapping and SEM/EDX were used to verify 

2D Bi exf –SPCE surface modification as shown in Fig. 2 A. Raman 

spectrum within the 2D Bi exf range exhibits characteristic first- 

order Raman modes for metallic Bi, E g mode at 70 cm 

−1 and A 1g 
mode 93 cm 

−1 , along with minor oxidation peaks at higher Raman 
shifts, possibly corresponding to Bi 2 O 3 as expected from XPS data 

(Figure S1K) [31] . For carbon Raman shifts range, the D band at ap- 

proximately 1350 cm 

−1 corresponds to the defects caused by the 
sp 3 -hybridised carbon atoms, while the G band (G from graphite) 

at approximately 1600 cm 

−1 is related to the sp 2 lattice carbon 
atoms. Raman analysis shows that the carbon material of the SPE 

has a high D/G peak area ratio of 1.1 (Figure S1L) due to a high 

level of structural disorder of graphitic material from the commer- 

cial SPCE [32] . The streamline Raman mapping indicates an abun- 
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pnictogens there is still a lack of definitive reports. Unless other- 

wise indicated, 2D Bi exf –SPCE was prepared by drop-casting 5 μL 

of exfoliated bismuth suspension (2.5 mg mL −1 ) on the working 
electrode surface of an SPCE and drying it for 30 min at 25 °C. 
2D Bi exf –SPCE can be stored (at least one week) under inert atmo- 

sphere and used on a different day without signs of stability loss 

or degradation. 

Bi sp SPE, supplied by Metrohm DropSens (ref. Bi10, DS SPE), was 

a thick film bismuth sensor prepared by the sputtering approach, 

with a 4 mm diameter. It can be employed as it is commercially 

purchased without any prior procedure before measurements. 

2.2.4. Voltammetric measurements 
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Fig. 2. Characterization of SPCE modified with 2D Bi exf : A) Streamline Raman mapping for carbon signals (red) and bismuth signals (green). Scale bar represents 50 μm; B)

SEM micrograph of along with the EDX mapping of C, O, Bi and Cl elements. Scale bar represents 5 μm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

dant presence of signals related to carbon within a highly irregu- 

lar and heterogeneous surface along the scanned area. As a conse- 

quence of the inherent surface and the use of drop-casting method 

for modification of SPE, the mapping of signals assigned to bismuth 

shows a unsystematic distribution of 2D Bi exf . 

As shown in Fig. 2 B and Figure S2, in the SEM micrograph and 

corresponding mapping of elements by EDX spectroscopy, the elec- 

trodes were effectively modified with 2D Bi exf , having an abundant 

distribution of sheets along the electrode surface. Besides the pres- 

ence of Bi and the underlying C materials, it was also detected 

the presence of O due to partial oxidation of carbon surface and 

Bi sheets as well as Cl, originated from the fabrication process of 

the SPCE. The modified SPCE with BiNPs and Bi by sputtering were 

also analyzed by SEM/EDX. As revealed in Figure S2, Bi, C, and O 

were present for all SPEs while Cl was present in the bare SPCE 

and Al was present in the original Bi-sputtered electrode. 

3.2. Enhanced modification of SPCE with exfoliated bismuth 

The voltammetric response throughout the detection of Cd(II) 

and Pb(II), as model metal ions, provided by the 2D Bi exf –SPCE was 

tested and compared with those supplied by both bare SPCE and 

bismuth-based SPEs with good reported analytical performance [4] . 

Regarding these latter sensors, Bi sp SPE and BiNP-SPCE were se- 

lected because on the one hand, Bi sp SPE is among the most tradi- 

tional bismuth-based electrodes that present better analytical per- 

formance [ 10 , 33 ] and, on the other hand, BiNP-SPCE is based on 

the attachment of BiNP that are another class of nanomaterial. 

First, the attachment of both 2D Bi exf and BiNP to the car- 

bon working SPE was optimized. Different concentrations of the 

bismuth-based modifier suspensions ( Fig. 3 and Figure S3) as well 

as drying times were tested. In the case of BiNP-SPCE, the optimal 

voltammetric response was obtained by depositing a 10 μL drop of 

0.017 mg mL −1 BiNP suspension onto the electrode surface (Fig- 
ure S3) and drying it at 25 °C for 30 min. For 2D Bi exf –SPCE, the 

best voltammetric response was achieved by drop-casting 5 μL of 

2.5 mg mL −1 2D Bi exf suspension ( Fig. 3 ) and drying it at 25 °C for
30 min. 

In order to assess the enhancement of the voltammetric re- 

sponse provided by the 2D Bi exf –SPCE, first the measurements 

of a 25 μg L −1 of Cd(II) and Pb(II) in 0.1 mol L −1 acetic/acetate 
buffer solution (pH 4.5) were performed on Bare-SPCE, BiNP-SPCE, 

Bi sp SPE, and 2D Bi exf –SPCE. As observed in Fig. 4 , the modifica- 

tion of SPCE with 2D Bi exf significantly increases the voltammet- 

ric response for both determined metal ions not only for Bare- 

SPCE but also for the other considered bismuth-based electrodes. 

Moreover, the shape, position, and width of the peaks obtained 

with 2D Bi exf –SPCE are very similar to those achieved with the 

Fig. 3. DPASV of 25 μg L −1 Pb(II) and Cd(II) employing a E d of −1.3 V for 120 s at
pH 4.5 using a 2D Bi exf -SPCE at 5.0 (a), 2.5 (b) and 1.25 (c) mg mL 

−1 2D Bi exf . 

Fig. 4. DP stripping voltammograms of 25 μg L −1 Pb(II) and Cd(II) recorded on
Bare-SPCE (dashed line), BiNP-SPCE (dotted-dashed line), Bi sp SPE (thin line) and 2D

Bi exf -SPCE (thick line) using a E d of −1.3 V during 120 s at pH 4.5. 

other electrodes, thus suggesting that transport and electrochem- 

ical processes involved in the DPASV measurements are essentially 

the same ( i.e ., transport toward the electrode by convective diffu- 

sion during the deposition, electrochemical reduction to elemen- 

tary Cd and Pb atoms retained by the material and reoxidation to 

Cd(II) and Pb(II)-ions that diffuse toward the bulk solution). The 
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Table 1

Reproducibility and repeatability data, expressed in%RSD, for the simultaneous determination of Pb(II) and Cd(II)

by DPASV on Bare-SPCE, BiNP-SPCE, Bi sp SPE and 2D Bi exf -SPCE at E d of −1.3 V, t d of 120 s and pH 4.5. 

Bare-SPCE BiNP-SPCE Bi sp SPE 2D Bi exf -SPCE

Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II)

Repeatability (at 25 μg L −1 6.6 11.4 7.9 2.1 3.6 2.4 3.0 4.2

Reproducibility (slopes) 2.7 2.9 1.3 2.1 2.5 1.4 1.2 1.0

enhanced current obtained with the new material could be due 

to an improved interaction with the metal atoms, which allows 

a more extensive accumulation and/or a faster and more quan- 

titative reoxidation. This suggests that bismuthene-based sensors 

could be a much better alternative for the detection of Cd(II) and 

Pb(II) due to the remarkable features of 2D layered nanostructures 

highlighted above. 

3.3. Analytical performance evaluation 

In search of the best voltammetric response, the effect of E d 
and t d on Cd(II) and Pb(II) determination were first assessed by 

DPASV on Bare-SPCE, BiNP-SPCE, Bi sp SPE, and 2D Bi exf –SPCE. Then, 

the effect of E d and t d over the peak area of the oxidation signals 

of the considered metal ions was evaluated in the range from −1.1 
to −1.4 V and 30 to 300 s, respectively. Maximal peak area for both 
Cd(II) and Pb(II) was achieved at −1.3 V, and, consequently, this E d 
value was chosen as optimal for further experiments. Regarding t d , 

a duration of 120 s was chosen as ideal looking for an agreement 

between peak area of the oxidation signals and time of analysis. 

Once the electrochemical conditions were optimized, with the 

objective of testing and comparing the repeatability and repro- 

ducibility of the 2D Bi exf –SPCE with Bare-SPCE and the other con- 

sidered bismuth-based electrodes, DPASV measurements were per- 

formed in a solution containing 25 μg L −1 of Cd(II) and Pb(II) in 
0.1 mol L −1 acetic/acetate buffer solution (pH 4.5) following the 

above-optimized conditions. Table 1 summarizes the repeatability 

and reproducibility values obtained for the simultaneous determi- 

nation of Pb(II) and Cd(II) on Bare-SPCE, BiNP-SPCE, Bi sp SPE, and 

2D Bi exf –SPCE. Repeatability was calculated using the same consid- 

ered sensor device for five repetitive measurements while repro- 

ducibility was computed from the slope corresponding to the lin- 

ear range of three independent calibration curves performed using 

three different sensor units: from 5 to 150 μg L −1 , from 2 to 100 μg 

L −1 , and from 0.25 to 25 μg L −1 of Pb(II) and Cd(II) on Bare-SCPE, 
BiNP-SPCE, and Bi sp SPE and 2D Bi exf –SPCE, respectively. From the 

attained values it can be concluded that the developed 2D Bi exf –

SPCE yields a repeatability and reproducibility, in terms of RSD (%), 

lower than 4.2 and 1.0%, respectively, which is much better than 

those obtained for Bare-SCPE and similar or even better than those 

achieved using BiNP-SPCE and Bi sp SPE. 

Simultaneous calibration of Pb(II) and Cd(II) metal ions by 

DPASV was performed in triplicate (each replicate was performed 

with a new sensor unit) on Bare-SPCE, BiNP-SPCE, Bi sp SPE, and 

2D Bi exf –SPCE in order to assess if the attachment of 2D Bi exf on 

SPCE as sensing material not only improves the analytical per- 

formance of Bare-SPCE but also that obtained by the other con- 

sidered bismuth-based electrodes. Linear calibration curves were 

performed at the above-enhanced conditions by determining 11 

increasing concentrations of Pb(II) and Cd(II) varying from 5 to 

150 μg L −1 , from 2 to 100 μg L −1 , and from 0.25 to 25 μg L −1 

on Bare-SCPE, BiNP-SPCE, and Bi sp SPE and 2D Bi exf –SPCE, respec- 

tively. Well-shaped stripping oxidation peaks for Pb(II) and Cd(II) 

that increase in proportion with the metal ion concentration could 

be seen using the four considered sensors. Representative DPASV 

measurements obtained using 2D Bi exf –SPCE and the respective 

calibration plots are shown in Fig. 5 . The obtained calibration data 

Fig. 5. Representative DPASV measurements and calibration curves (inset) obtained

for the simultaneous calibration of Cd(II) and Pb(II) in 0.1 mol L −1 acetate buffer pH 
4.5 using 2D Bi exf -SPCE at E d of −1.3 V and t d of 120 s. 

using Bare-SPCE, BiNP-SPCE, Bi sp SPE, and 2D Bi exf –SPCE are sum- 

marized in Table 2 . For all considered sensors very good lineari- 

ties were reached for Pb(II) and Cd(II), which were maintained up 

to 150.0 μg L −1 for Bare-SPCE, 100.0 μg L −1 for BiNP-SPCE, and 
25.0 μg L −1 for Bi sp SPE and 2D Bi exf –SPCE. The sensitivity (nA V

μg −1 L) achieved by 2D Bi exf –SPCE, which was estimated from the

slopes of the calibration plots, was considerably higher than those 

provided by all the other considered bismuth-based electrodes. De- 

tection and quantification limits (LOD and LOQ) were stated as 

three and ten times, respectively, the standard deviation of the in- 

tercept over the slope of the linear calibration curve of each con- 

sidered metal ion. The LODs and LOQs provided by 2D Bi exf –SPCE 

were over 45 and 100 times lower than those achieved using a 

Bare-SPCE for Pb(II) and Cd(II), respectively, and also between 4 

and 23 times lower than those obtained for Pb(II) and Cd(II), re- 

spectively, on the other considered bismuth-based sensors. These 

excellent features could be attributed to the above-described mor- 

phological and chemical properties of 2D Bi exf that lead, among 

others, to a sensor with a much larger effective surface area in 

comparison with other studied bismuth-based electrodes as can be 

seen in the SEM micrographs (Figure S2). 

Regarding previously reported results, the first thing that 

should be pointed out is that there are no works described 

in the literature about the use of a voltammetric sensor based 

solely on bismuthene for metal ion determination. Concerning the 

voltammetric detection of Cd(II) and Pb(II) using the hybrid bis- 

muthene/graphene film glassy carbon electrode [27] , the LOD ob- 

tained for each target was 0.3 μg L −1 , which is about 5 times 
higher than those obtained with our 2D Bi exf –SPCE. Compared with 

other previous reported results attained for the determination of 
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Table 2

Analytical performances of Pb(II) and Cd(II) simultaneously determined by DPASV on Bare-SPCE, BiNP-SPCE, Bi sp SPE and 2D Bi exf -SPCE at E d of −1.3 V, 
t d of 120 s and pH 4.5. The standard deviations are shown within brackets.

Bare-SPCE BiNP-SPCE Bi sp SPE 2D Bi exf -SPCE

Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II)

Sensitivity (nA V μg −1 L) 0.64 (0.02) 1.10 (0.03) 0.87 (0.01) 1.39 (0.01) 0.80 (0.02) 0.91 (0.01) 2.76 (0.03) 2.32 (0.02)

Intercept (μg L −1 ) −0.9 (0.2) −14 (1) −1.2 (0.2) −4.0 (0.5) 0.1 (0.2) −0.04 (0.2) 3.4 (0.2) 1.6 (0.2)

R 2 0.999 0.997 0.999 0.999 0.999 0.999 0.999 0.999

Linear range (μg L −1 ) a 9.3–150.0 25.5–150.0 3.7–100.0 5.3–100.0 0.7–25.0 0.9–25.0 0.2–25.0 0.2–25.0

LOD (μg L −1 ) 2.8 7.6 1.1 1.6 0.2 0.3 0.06 0.07

a The lowest level of the linear range was established from the LOQ.

Table 3

DPASV determination of Pb(II) and Cd(II) in certified estuarine water on 2D Bi exf -SPCE by standard addition

method using an E d of −1.3 V during 120 s at pH 4.5. 

Pb(II) Cd(II)

c (μg L −1 ) RSD (%) Relative

error (%)

c (μg L −1 ) RSD (%) Relative

error (%)

Bi exf -SPCE 195.8 0.4 0.1 101.1 0.3 0.06

Certified metal value 196 1.5 — 101 2.0 —

n = 3 was considered for RSD (%). 

Cd(II) and Pb(II) using other bismuth-based electrodes (Table S1), 

the presented 2D Bi exf –SPCE exhibits a much better analytical per- 

formance than those obtained not only for classical bismuth-based 

sensors such as in-situ BiSPCE, ex-situ BiSPCE, and bismuth precur- 

sor compounds electrodes [ 10 , 33–36 ] but also for other bismuth 

electrodes based on nanomaterials such as BiNP [ 37 , 38 ] or bis- 

muth combined with nanotubes or graphene [39–41] . Moreover, 

2D Bi exf –SPCE shows similar or even slightly better performance 

than that achieved by other bismuth layered materials [42] . 

Therefore, considering the remarkable analytical performance 

exhibited by 2D Bi exf screen-printed-based sensor coupled with the 

fact that the LODs reached are much lower than the guideline val- 

ues for drinking water quality issued by the World Health Organi- 

zation (WHO) [43] , it can be concluded that the proposed 2D Bi exf –

SPCE could be fully appropriate for the detection of metal ions at 

very low trace levels in environmental samples. Additionally, 2D 

Bi exf is immobilized on an SPCE surface that does not require any 

previous treatment prior to 2D Bi exf immobilization leading to sen- 

sors with high durability that can be used for more than 25 mea- 

surements without signs of degradation or loss of sensitivity. 

3.4. Application to the analysis of an estuarine water reference 

material 

The applicability of 2D Bi exf –SPCE sensor for the detection of 

Cd(II) and Pb(II) was assessed in a natural sample. The standard 

addition method was applied for the determination of the con- 

sidered metal ions. Fig. 6 A displays illustrative stripping voltam- 

mograms obtained in the analysis of the estuarine water samples 

using 2D Bi exf –SPCE. Well-defined peaks were obtained for both 

Cd(II) and Pb(II). 

The standard addition plot for both metal ions ( Fig. 6 B) shows 

good correlation of the representative DPASV measurements per- 

formed using 2D Bi exf –SPCE. Table 3 summarizes the concentration 

data achieved from the DPASV determination of three replicates of 

the certified estuarine water sample carried out using 2D Bi exf –

SPCE. A very good agreement was obtained between all the repli- 

cates as well as with the certified values of Cd(II) and Pb(II) in the 

estuarine water. It should be pointed out that the occurrence of 

other metal ions in the reference material such as Zn, Cu, Ni, and 

Mn at comparable concentrations as the studied metal ions does 

not seem to affect the simultaneous determination of Cd(II) and 

Pb(II). 

Fig. 6. A) DP stripping measurements in a certified estuarine water sample

recorded with 2D Bi exf -SPCE using E d of −1.3 V in 0.1 mol L −1 acetate buffer during
a t d of 120 s at pH 4.5. The original signal of the sample is denoted with a thick

line; B) Standard addition representation for the determination of Pb(II) and Cd(II)

concentration.

The good results obtained demonstrate that bismuthene- 

modified screen-printed electrode can be successfully used for the 

voltammetric determination of metal ions in natural samples at 

very low concentration levels being, therefore, an excellent alter- 

native for the detection of metal ions not only to the most con- 

ventional bismuth-based electrodes such as in-situ BiSPCE, ex-situ 

BiSPCE, and Bi sp SPE but also to other bismuth electrodes based on 

nanomaterials such as BiNP-SPCE. 

4. Conclusions

In summary, a bismuthene-modified screen-printed electrode 

(2D Bi exf –SPCE) was easily prepared by drop-casting of an exfoli- 
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ated layered bismuth suspension onto the working electrode sur- 

face of an SPCE. First, exfoliated layered bismuth morphology and 

chemistry were characterized, yielding few-layer, up to micron-size 

sheets with partial surface oxidation. Moreover, SEM micrographs 

of 2D Bi exf –SPCE demonstrate that the SPCE was effectively mod- 

ified with exfoliated Bi. Regarding the analytical performance, 2D 

Bi exf –SPCE shows on the one hand, LODs and LOQs much lower 

than those achieved for both Bare-SPCE and considered bismuth- 

based sensors, i.e., BiNP-SPCE, Bi sp SPE, and, on the other hand, 

higher sensitivities than the other considered sensors. In addition, 

2D Bi exf –SPCE yields good repeatability and reproducibility. All 

these excellent analytical features of new bismuthene as sensing 

material coupled with the intrinsic bounties of the screen-printed 

electrodes as a support, i.e ., commercially availability, disposable 

character, and the non-need of previous polishing before the at- 

tachment of the Bi exf,  approve the appropriateness of the 2D Bi exf –

SPCE for the quantification of trace levels of metal ions in natural 

samples. In this sense, the determination of Pb(II) and Cd(II) in a 

certified estuarine water sample was successfully achieved using 

2D Bi exf –SPCE, allowing the quantification of both Pb(II) and Cd(II) 

concentrations with very good reproducibility and high trueness 

deduced from the RSD (0.4% and 0.3% for Pb(II) and Cd(II), respec- 

tively) and the relative error (0.1% for Pb(II) and 0.06% for Cd(II)), 

respectively. 
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Abstract: A two-dimensional (2D) Sb-modified screen-printed carbon nanofibers electrode (2D Sbexf-
SPCNFE) was developed to improve the stripping voltammetric determination of Cd(II) and Pb(II),
taking advantage of the synergistic effect between the two nanomaterials. The surface morphology
of the 2D Sbexf-SPCNFE was investigated by scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and Raman spectroscopy. The analytical performance of 2D Sbexf-SPCNFE was compared
to those presented by screen-printed carbon electrodes modified with 2D Sbexf (2D Sbexf-SPCE) and the
corresponding bare electrodes: screen-printed carbon nanofibers electrode (SPCNFEbare) and screen-
printed carbon electrode (SPCEbare). After optimizing the experimental conditions, the 2D Sbexf-SPCNFE
exhibited much better analytical parameters compared to the other assessed sensors. Analysis in 0.01
mol L−1 HCl (pH = 2) using 2D Sbexf-SPCNFE showed excellent linear behavior in the concentration
range of 2.9 to 85.0 μg L−1 and 0.3 to 82.0 μg L−1 for Cd(II) and Pb(II), respectively. The limits of
detection after 240 s deposition time for Cd(II) and Pb(II) were 0.9 and 0.1 μg L−1, and sensitivities
between 1.5 and 3 times higher than those displayed by SPCEbare, SPCNFEbare, and 2D Sbexf-SPCE were
obtained. Finally, the 2D Sbexf-SPCNFE was successfully applied to the determination of Cd(II) and
Pb(II) traces in a certified estuarine water sample.

Keywords: antimonene; screen-printed electrodes; stripping voltammetry; carbon nanofibers; metal ions

1. Introduction

Heavy metal water pollution is a significant environmental hazard that has detrimental
consequences for organisms that are exposed to it, including plants, animals, and humans.
Although heavy metal contamination of water can be due to both natural processes or
anthropogenic activities, the main sources derive from industries, human dwellings, and
agricultural activities that release substances into hydrological systems [1,2]. In terms of
human health, some metal ions are essential and crucial for biological functions at low
concentrations, but many other non-essential heavy metals are hazardous and have a long
half-life that leads to the accumulation and contamination of food chains [3–5]. In fact,
according to the ICH Q3D guidelines [6], metal ions such as arsenic, cadmium, mercury,
and lead are considered Class 1 human toxicants. In particular, lead and cadmium are
poisonous to humans, causing neurological, endocrine, hematological, renal, cardiovascular,
respiratory, and skeletal disorders, miscarriages, and potentially presenting mutagenic and
carcinogenic effects [7–9]. Cadmium and lead are hazardous at low concentrations, with
the maximum limits established by the World Health Organization in drinking water being
3 μg L−1 and 10 μg L−1 for Cd(II) and Pb(II), respectively [2].
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Heavy metals can be detected using several analytical techniques such as atomic
fluorescence spectrometry (AFS) [10], graphite furnace atomic absorption spectrometry
(GFAAS) [11], inductively coupled plasma mass spectrometry (ICP-MS) [12], inductively
coupled plasma atomic emission spectrometry (ICP-AES) [13], and advance hyphenated
techniques [6,14]. Although these techniques provide low detection limits and high sensi-
tivity, the involved instruments are bulky and costly, and their handling requires skilled
operators. In contrast, electroanalytical techniques based on the use of stripping voltamme-
try represent a powerful alternative to the former analytical techniques due to their fast,
simple, selective, sensitive, and portable characteristics [7]. In this context, a wide range of
sensors for the striping voltammetric determination of metal ions has been reported in the
literature, including electrodes based on mercury, gold, carbon, bismuth, and antimony,
among others [15,16]. However, over the past few decades, the manufacture of electrodes
by screen-printing technology, which permits the mass fabrication of numerous highly
reproducible, disposable, and low-cost screen-printed electrodes (SPEs), has attracted the
attention of researchers as it allows to overcome the major drawbacks of solid electrodes.
Moreover, the modification of the working electrode of SPEs with nanomaterials is trending
because it can provide outstanding properties, such as high surface area, high electron
transfer, adsorption capacity, and biocompatibility, thus improving the sensor’s analytical
performance [17,18]. In particular, it should be noted that electrodes based on carbon
nanomaterials are being used nowadays not only for the determination of metal ions
by themselves but also as a support to allow modifications that enhance their analytical
performance [19–23].

In recent years, two-dimensional (2D) layered pnictogen materials, namely, phos-
phorene, arsenene, antimonene, and bismuthene, have arisen due to their exceptional
physiochemical properties and functional structures. Liquid phase exfoliation has been
extensively used to produce suspensions of many 2D materials mainly because it is the
most suitable method to obtain few-layer sheets and it is suitable for industrial scale-up [24].
The amount of energy necessary to overcome the van der Waals forces between the layers
of the bulk crystal is usually supplied in the form of ultrasonic waves or shear force. In fact,
although some challenges occur for 2D materials that exhibit strong interlayer interactions
with a greater covalent character, such as heavier pnictogens (rhombohedral Sb or Bi), there
have still been reports on exfoliated pnictogen phases using these methods [25–27].

However, despite the remarkable characteristics of these emerging 2D-layered ma-
terials that make them suitable to be considered for the design of electrochemical sen-
sors, the number of applications involving 2D-layered pnictogens for sensing is still
scarce [26–34]. Nevertheless, the few reported applications show promising results. In
recent work, bismuthene-based electrodes [27] and antimonene-based electrodes [26,30]
demonstrated higher analytical performance for the determination of metal ions than those
provided by classic bismuth- and antimony-based electrodes. Thus, the coupling of carbon
nanomaterials with 2D-layered pnictogen nanomaterials appears as an attractive and in-
novative option to further improve the analytical performance of electrochemical sensors
for the determination of metal ions. To the best of our knowledge, only a first approach
based on the use of a hybrid bismuthene/graphene-modified glassy carbon electrode has
been published by Lazanas et al. for the stripping voltammetric determination of Pb(II) and
Cd(II) ions [31].

In this work, all aforementioned benefits have been considered in the development
of an antimonene-modified electrode via drop-casting on a screen-printed carbon-based
nanomaterial substrate leading to a 2D Sb-modified screen-printed carbon nanofibers
electrode (2D Sbexf-SPCNFE). On the one hand, antimonene is a 2D material composed of a
single layer of antimony atoms in a rhombohedral structure that has received increasing
attention in recent years due to its unique electronic and optical properties, making it a
promising material for various applications, including energy storage, electronics, and
sensing [34–36]. Among all 2D layered pnictogens, antimonene was selected because it has
a direct band gap (i.e., it is more conductive and suitable for electronic applications) and
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exhibits higher stability in a normal atmosphere, which makes it an appealing candidate
for electrochemical sensing applications. Furthermore, antimonene has a high surface
area compared to its bulk counterpart, gray antimony, which enhances its electrochemical
performance [37]. On the other hand, an SPCNFE was chosen as an electrode platform as
it was shown that for the development of a classic antimony film electrode, this support
provided the best results in terms of sensitivity, repeatability, reproducibility, and detection
limits for the determination of metal ions compared to other electrode platforms such
as carbon screen-printed electrodes (SPCE), multi-walled carbon nanotubes modified
screen-printed electrodes (SPCNTE) and graphene-modified screen-printed electrodes
(SPGPE) [23]. The developed 2D Sbexf-SPCNFE will be compared to a conventional screen-
printed carbon-electrode-modified with 2D Sbexf (2D Sbexf-SPCE) and their respective bare
electrodes (SPCNFE and SPCE) in terms of microscopic characterization and analytical
performance in the simultaneous determination of Cd(II) and Pb(II) as a model metal ion
system. Taking advantage of the superior analytical performance of 2D Sbexf-SPCNFE,
its applicability has been assessed through the simultaneous determination of Pb(II) and
Cd(II) ions in a certified reference estuarine water sample.

2. Materials and Methods

2.1. Liquid-Phase Exfoliation of Gray Antimony

The liquid-phase exfoliation method of bulk gray rhombohedral antimony was adapted
from our previously reported method [26] and is schematized in Scheme 1. For a fully de-
tailed explanation of material exfoliation and characterization of the materials and sensors,
the reader is referred to the Supplementary Material.

Scheme 1. Schematic figure of the liquid-phase exfoliation of gray antimony. (1) The bulk antimony
and isopropanol were ground in an agate mortar; (2) ground antimony was added to 100 mL of IPA
1:1 H2O; and (3) submitted to a high shear rate force; (4) the exfoliated suspension was (5) centrifuged,
(6) filtered, (7) dried in the oven; and (8) stored under vacuum conditions.

2.2. Preparation of 2D Sb Modified Screen-Printed Electrodes

The accurate weight of the exfoliated layered antimony (antimonene) was suspended
in deoxygenated water to obtain modifier suspensions at different concentrations: 0.75,
1.12, 2.50, and 5.00 mg mL−1. The prepared suspensions were sonicated for 30 min while
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keeping the temperature lower than 20 ◦C and then stored in the freezer until further use.
The obtained suspensions could be stored for over one month without signs of degradation.

Unless otherwise indicated, 2D Sb-modified screen-printed carbon electrode (2D
Sbexf-SPCE) and 2D Sb-modified screen-printed carbon nanofibers electrode (2D Sbexf-
SPCNFE) were prepared as shown in Scheme 2, by drop-casting 5 μL of exfoliated antimony
suspension (1.12 mg mL−1) on the working electrode surface (4 mm diameter) of a carbon
screen-printed electrode (SPCE) and a carbon nanofibers screen-printed electrode (SPCNFE)
and drying them in the oven for 30 min at 25 ◦C.

Scheme 2. Schematic figure of the preparation of 2D Sb-modified screen-printed electrodes.
(1) sonicate the suspension; (2) pipette the 2D Sb suspension; (3) deposit the 2D Sb suspension
on the working electrode; (4) evenly coat the working electrode; and (5) dry in the oven.

2.3. Voltammetric Measurements

All electrochemical measurements were carried out in a glass vessel at room tem-
perature and without deaeration with a three-electrode configuration: Ag|AgCl|KCl
(3 mol L−1) as reference electrode, a platinum wire as a counter electrode, and a bare
SPCE/SPCNFE or a modified SPCE/SPCNFE as working electrode.

DPASV measurements were conducted in 0.01 mol L−1 HCl (pH = 2) applying the
following voltammetric parameters: deposition potential (Ed) of −1.4 V, deposition time
(td) of 240 s with stirring, rest time (tr) of 5 s, step potential of 8 mV, modulation time of
50 ms, pulse amplitude of 50 mV, and potential sweep ranging from −1.4 to −0.5 V. A
conditioning/cleaning step was set before each DPASV measurement by applying −0.5 V
for 30 s. Repeated scans of the blank solution were performed before starting the measure-
ments until a constant baseline signal was achieved. A new bare or modified sensor unit
was used for each set of measurements.

Calibration curves for the simultaneous DPASV determination of Pb(II) and Cd(II)
were obtained by measuring increasing concentrations of the considered metal ions from
0.15 to about 130 μg L−1 using the following electrodes: SPCEbare, SPCNFEbare, 2D Sbexf-
SPCE, and 2D Sbexf-SPCNFE at the above-described experimental conditions.

Certified estuarine water sample analysis was performed in triplicate following the
standard addition method. For this purpose, a volume of the estuarine water sample
was placed in the vessel with 0.01 mol L−1 HCl (pH = 2) (dilution factor 6/26), and the
voltammogram was recorded at the above-established conditions. Then, three aliquots
of Cd(II) and Pb(II) standard solutions were successively added, and the subsequent
voltammograms were recorded.

3. Results and Discussion

3.1. Characterization

Scanning electron microscopy (SEM) was used to confirm the effective modification
of the SPCE with 2D Sb and fibrillar carbon nanofibers (CNF). The as-received SPCEbare
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(Figure 1a) showed a surface predominantly composed of carbon (C), consistent with its
role as a working electrode in which C is the active element. SPCNFEbare (Figure 1b)
showed a surface that was better covered by C due to the presence of CNF, whereas in
2D Sbexf-SPCE (Figure 1c), the distribution of bulk 2D Sb was visible. The SEM image of
2D Sbexf-SPCNFE (Figure 1d) showed a good distribution of Sb within CNF, preserving
the morphology of the starting materials. Elemental mapping of the materials was further
evaluated using energy-dispersive X-ray spectroscopy (EDX). As expected, the EDX results
(Figure S1) showed a higher carbon coverage of the electrode surface in SPCNFEbare (Figure
S1b) than in SPCEbare (Figure S1a). Moreover, Sb distribution onto 2D Sbexf-SPCE can be
observed in Figure S1c and, with respect to 2D Sbexf-SPCNFE (Figure S1d), both Sb and
C were well-distributed and present in the sample, indicating that the 2D Sbexf-SPCNFE
sample had a well-balanced elemental composition.

Figure 1. SEM micrographs of (a) SPCEbare, (b) SPCNFEbare, (c) 2D Sbexf-SPCE, and (d) 2D Sbexf-
SPCNFE.

The Raman spectroscopy characterization of the studied samples (Figure 2a) presented
differences in their vibrations and structural characteristics. The SPCNFEbare sample
showed the typical D- and G-bands of carbon structures, and the 2D Sbexf-SPCE sample
exhibited the phonon frequencies of the Eg and A1g modes related to 2D Sb at 112.2 and
150.0 cm−1 (Figure S2), respectively [9]. These frequencies were in agreement with those
observed for the starting gray-Sb (Figure S2) and were also observed at 109.6 and 150.0 cm−1

in the Raman spectrum of 2D Sbexf-SPCNFE, which also presented D- and G-bands at 1340.7
and 1574.2 cm−1, respectively. For easier inspection, a more detailed spectrum of 2D Sbexf-
SPCNFE is shown in Figure 2b. Overall, these results show that there is a well-integrated
combination of Sb and CNF in the 2D Sbexf-SPCNFE sample.

TEM characterization was performed to confirm that the bulk Sb was effectively con-
verted into 2D Sbexf through the liquid exfoliation process (Figure S3). The TEM micrograph
in Figure S3a shows a representative view of the few-layered 2D Sbexf with well-defined
regular lattice fringes (Figure S3b) with a lattice spacing of 0.313 and 0.315 nm. The selected
area electron diffraction (SAED) pattern (Figure S3c) indicates that the Sbexf is crystalline
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with a rhombohedral lattice. The STEM micrograph in Figure S3d shows the elemental
mapping, which confirms a homogeneous distribution of Sb on the material surface.

Figure 2. (a) Raman spectra of 2D Sbexf−SPCNFE compared to other modified SPCEs with the
representation of phonon frequencies of the Eg and A1g modes characteristic of antimony. (b) Detail
of the Raman spectrum of 2D Sbex−SPCNFE with an inset showing the D− and G−bands.

3.2. Differential Pulse Anodic Stripping Voltammetry (DPASV) of Cd (II) and Pb (II)

The DPASV response corresponding to the determination of Cd(II) and Pb(II) using a
2D Sbexf-SPCNFE was assessed and then compared to those provided by 2D Sbexf-SPCE
and their respective bare electrodes (SPCE and SPCNFE).

First, the experimental conditions for the DPASV determination of Cd(II) and Pb(II)
were optimized using 2D Sbexf-SPCNFE. 0.01 mol L−1 hydrochloric acid (pH = 2) and acetate
buffer 0.1 mol L−1 (pH = 4.5) were evaluated for the determination of Pb(II) and Cd(II) using
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2D Sbexf-SPCNFE. Hydrochloric acid 0.01 mol L−1 (pH = 2) was selected as the optimal
supporting electrolyte since it provided better-defined peaks for Cd(II) and Pb(II) compared
to those attained using acetate buffer (pH = 4.5), especially at lower concentrations.

Deposition potential (Ed) and deposition time (td) were evaluated considering ranges
from −0.9 V to −1.4 V and from 30 s to 240 s, respectively, in a solution containing 50 μg L−1

Cd(II) and Pb(II) in hydrochloric acid 0.01 mol L−1 (pH = 2) and using a 2D Sbexf-SPCNFE
prepared from a 2D Sbexf suspension of 1.12 mg mL−1. The selected compromise conditions
were an Ed of −1.4 V, applied with stirring during a td of 240 s.

Once the voltammetric conditions were established, the concentration of the exfoli-
ated layered antimony (antimonene, 2D Sbexf) suspension employed in the drop-casting
procedure was optimized. In the case of 2D Sbexf-SPCE, it was reported in a previous work
that the best voltammetric response was achieved by depositing a 5 μL drop of 1.12 mg
mL−1 2D Sbexf suspension on the SPCE surface [26] and therefore, this concentration was
considered optimal. Nevertheless, this value cannot directly be assumed as optimal for 2D
Sbexf-SPCNFE because, as seen in the previous section, the morphological characteristics
of the substrate are different and could influence the drop-casting of the 2D Sbexf suspen-
sion. Therefore, different SPCNFE units were modified with 2D Sbexf suspensions of four
different concentrations (0.75, 1.12, 2.50, and 5.00 mg mL−1) following the modification
protocol established in Section 2.2 and simultaneous voltammetric measurements of a
solution containing 20 μg L−1 of Cd(II) and Pb(II) were performed with each 2D Sbexf
based- SPCNFE. As shown in Figure 3, the highest and best-defined Cd(II) and Pb(II)
voltammetric peaks were obtained by modifying the SPCNFE with 1.12 mg mL−1 2D
Sbexf suspension. Therefore, for both 2D Sbexf-SPCE and 2D Sbexf-SPCNFE, the 2D Sbexf
suspension of 1.12 mg mL−1 was considered for further modification procedures.

E

Figure 3. Effect of the concentration of the 2D Sbexf suspension drop-casted on the surface of the
working electrode of the SPCNFE on the DP stripping voltammograms for 20 μg L−1 of Cd(II) and
Pb(II). Electrochemical measurements were carried out at pH 2, Ed of −1.4 V, and td of 240 s.

Once the concentration of the modifier suspension was optimized, the electroanalytical
performance of 2D Sbexf-SPCNFE was studied in terms of sensitivity, linear range, the limit
of detection (LOD), and the limit of quantification (LOQ). For this purpose, calibration
curves were carried out for the simultaneous determination of Cd(II) and Pb(II) ions
in 0.01 mol L−1 HCl (pH = 2). DP stripping voltammograms were recorded with 2D
Sbexf-SPCNFE at the above-stated experimental conditions using sequential additions of
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metal ions within a range of concentrations between 0.05 and 130 μg L−1, as shown in
Figure 4. Well-shaped voltammetric peaks appeared at ca. −0.95 and −0.70 V for different
concentrations of Cd(II) and Pb(II) ions, respectively, as shown in Figure 4A. The analytical
parameters calculated are summarized in Table 1. The results revealed that there was a
good linear relationship up to a concentration of ca. 85 μg L−1 with a regression coefficient
(R2) of 0.999 for both metal ions (Figure 4B). The sensitivity established from the slope of
the calibration plots was 6.19 (0.05) and 6.597 (0.008) nA V μg−1 L for Cd(II) and Pb(II)
ions, respectively. LODs were calculated as 0.9 and 0.1 μg L−1, and LOQs were calculated
as 2.9 and 0.3 for Cd(II) and Pb(II), respectively, using the equation ‘3 σ/s’ for LOD and
‘10 σ/s’ for the LOQ (where ‘σ’ is the standard deviation of the intercept and ‘s’ is the slope
of the calibration plot). This finding indicates that there is a high sensitivity of the novel 2D
Sbexf-SPCNFE regarding the determination of Cd(II) and Pb(II) ions.

I 

E

Ar
ea

c

Figure 4. (A) DPASV responses of 2D Sbexf-SPCNFE for the simultaneous determination of increasing
concentrations of Pb(II) and Cd(II) ions at pH 2, Ed of −1.4 V and td of 240 s; and (B) corresponding
calibration curves. Solid lines indicate the data used to calculate the linear ranges. Three replicates
were considered to calculate the error bars.

Table 1. Comparison of the analytical performance of SPCEbare, SPCNFEbare, 2D Sbexf-SPCE, and
2D Sbexf-SPCNFE for the simultaneous determination of Pb(II) and Cd(II) by DPASV at pH 2, Ed of
−1.4 V and td of 240 s. The standard deviations are shown within brackets.

SPCEbare SPCNFEbare 2D Sbexf-SPCE 2D Sbexf-SPCNFE

Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II)

Sensitivity (nA V μg−1 L) 2.9 (0.1) 2.6 (0.1) 4.69 (0.09) 5.6 (0.1) 4.09 (0.06) 4.50 (0.01) 6.19 (0.05) 6.597
(0.008)

Intercept (μg L−1) −62 (6) −1 (1) −59 (5) −36 (5) −12 (4) −0.5 (0.5) −28 (2) −0.1 (0.2)
1st Linear range (μg L−1) a

R2
20.3–104.5

0.987
6.9–29.6

0.980
10.8–108.7

0.994
9.8–105.1

0.993
9.1–132.7

0.994
1.1–128.3

0.999
2.9–85.0

0.999
0.3–82.0

0.999
2nd Linear range (μg L−1) a

R2 - 29.6–101.1
0.988 - - - - - -

LOD (μg L−1) 6.1 2.1 3.2 2.9 2.7 0.3 0.9 0.1
a The lowest value of the linear range was calculated from the LOQ.

The analytical performance obtained for 2D Sbexf-SPCNFE was compared with those
achieved by Sbexf-SPCE and their corresponding bare electrodes (i.e., SPCE and SPCNFE).
Figure 5 compares the DPASV responses for 55 μg L−1 Pb(II) and Cd(II) in HCl 0.01 mol L−1

(pH = 2) recorded using SPCEbare, SPCNFEbare, 2D Sbexf-SPCE, and 2D Sbexf-SPCNFE. As
expected, the bare electrodes provided the lowest voltammetric peaks, being the Cd(II) and
Pb(II) peaks attained by SPCNFEbare, which were higher than those obtained by SPCEbare,
particularly in the case of Cd(II). This is due to the increased effective surface area and
improved electron-transfer kinetics provided by the presence of CNF. By comparing the
DPASV voltammograms obtained by SPCNFEbare and 2D Sbexf-SPCE, it can be concluded
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that a slightly larger response was accomplished by the modification with 2D Sbexf instead
of using CNF as a modifier. However, the highest and most well-defined Cd(II) and
Pb(II) peaks were achieved by Sbexf-SPCNFE, in which the excellent properties of both
nanomaterials were merged. These findings are supported by the analytical parameters
summarized in Table 1. As can be seen in Table 1, the sensitivity provided by 2D Sbexf-
SPCNFE was between 1.2 and 2.5 times higher, depending on the considered metal ion,
than those provided by SPCEbare, SPCNFEbare, and 2D Sbexf-SPCE, while still maintaining
a reasonably linear range. However, it should be noted that CNF-based sensors yield
higher sensitivity than those based on carbon. Regarding the LODs, the lowest LODs
were also achieved using 2D Sbexf-SPCNFE, whose values were between 3 and 29 times
lower, depending on the considered metal ion, than those attained by the other assessed
sensors. On the view of the obtained results, it can be concluded that the excellent analytical
performance exhibited by 2D Sbexf-SPCNFE can be attributed to a synergistic effect between
both nanomaterials: the high electrical conductivity and large surface area provided by
CNF together with the high surface volume ratio and the high charge carrier mobility
added by 2D Sbexf.

E

Figure 5. DP stripping voltammograms of 55 μg L−1 of Cd(II) and Pb(II) were recorded at pH 2
applying an Ed of −1.4 V for 240 s using SPCEbare, SPCNFEbare, 2D Sbexf-SPCE, and 2D Sbexf-SPCNFE.

The repeatability of 2D Sbexf-SPCNFE was evaluated under optimized conditions
using 25 μg L−1 of Cd(II) and Pb(II). Five repetitive measurements were made using the
same 2D Sbexf-SPCNFE unit. The calculated relative standard deviations (RSD) were 1.7%
and 1.3% for Cd(II) and Pb(II), respectively. Moreover, the reproducibility study of the
2D Sbexf-SPCNFE involved the preparation of three 2D Sbexf-SPCNFE units, which were
then applied to the determination of 25 μg L−1 of Cd(II) and Pb(II). The RSDs of 2D Sbexf-
SPCNFE were 6.9% and 2.7% for Cd(II) and Pb(II), respectively. These results indicated that
the developed 2D Sbexf-SPCNFE showed great repeatability and reproducibility, similar to
those achieved by 2D Sbexf-SPCE [26].

Regarding the previous findings, it should be noted that, to the best of our knowledge,
apart from the above-discussed approach based on the use of 2D Sbexf-SPCE [26], there
are no more works dealing with the use of antimonene or 2D Sbexf for the voltammetric
determination of metal ions. Compared to other developed electrodes based on the use of
antimony and carbon nanomaterials for the simultaneous determination of Cd(II) and Pb(II)
(Table S1), the developed 2D Sbexf-SPCNFE provides, in general terms, better analytical
parameters [15,22,23,38,39]. For example, the LODs obtained by an antimony nanoparticle-
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multiwalled carbon nanotubes composite immobilized on a carbon paste electrode were
0.77 μg L−1 for Cd(II) and 0.65 μg L−1 for Pb(II) [22]. Much higher LODs were also
achieved, for example, by an antimony film electrode prepared from CNF modified screen-
printed electrode (2.1 and 1.1 μg L−1 for Cd(II) and Pb(II), respectively) [23], by a graphene
oxide-modified GC electrode coated with in situ antimony film (6.07 and 5.39 μg L−1

for Cd(II) and Pb(II), respectively) [38], and by a multiwall carbon nanotube modified
by antimony oxide–carbon paste electrode (16.77 and 6.12 μg L−1 for Cd(II) and Pb(II),
respectively) [39]. Compared to the LODs obtained by the hybrid bismuthene/graphene-
modified GC electrode (0.3 μg L−1 for both Cd(II) and Pb(II)) [31], 2D Sbexf-SPCE provided
a better LOD for Pb(II) and a somewhat higher LOD for Cd(II). Moreover, it should be
underlined that the developed 2D Sbexf-SPCNFE has advantages, such as the relatively
higher stability in the normal atmosphere of 2D Sbexf, the easy and very fast modification
procedure based on the drop-casting approach, and the use of low-cost, disposable and
reproducible platforms. On the other hand, the durability of the 2D Sbexf immobilization
on every screen-printed platform for a large set of measurements (more than 20) without
loss of sensitivity enables the voltammetric determination of metal ions with the same 2D
Sbexf-SPCNFE unit.

3.3. Analysis of an Estuarine Water Sample Using a 2D Sbexf-SPCNFE

A certified estuarine water reference material (LGC6016) was chosen to evaluate
the feasibility of a 2D Sbexf-SPCNFE sensor for the simultaneous determination of Cd(II)
and Pb(II) in a natural water sample. The determination of the studied metal ions was
performed by the standard addition method. Then, DPASV measurements, including the
analyzed sample and three additions of Cd(II) and Pb(II), were conducted in triplicate
at the above-stated conditions. Figure 6A shows representative voltammograms with
very well-defined peaks for both metal ions attained in the analysis of the estuarine water
samples using 2D Sbexf-SPCNFE. Figure 6B illustrates the calibration plot for Cd(II) and
Pb(II) with a notorious correlation between peak areas and the added concentrations for
both considered metal ions.

E 

c

I 

Ar
ea

Figure 6. (A) Stripping voltammograms for simultaneous determination of Cd(II) and Pb(II) ions in a
certified estuarine water reference material sample using 2D Sbexf-SPCNFE at pH 2, Ed of −1.4 V, and
td of 240 s; and (B) linear regression plots of the standard addition measurements.

Table 2 reports the Cd(II) and Pb(II) concentration data obtained from the DP stripping
voltammetric analysis of three replicates of the estuarine water sample performed using
the 2D Sbexf-SPCNFE. An outstanding agreement was attained between all replicates as
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well as with the Cd(II)- and Pb(II)-certified values provided in the estuarine water reference
material sample. Furthermore, it should be highlighted that the certified estuarine water
sample contains more constituents, such as Cu, Mn, Ni, Ca, Mg, K, Na, and Zn, which did
not disturb the determination of Cd(II) and Pb(II) in the sample.

Table 2. Simultaneous determination of Pb(II) and Cd(II) by DPASV in a certified estuarine water
sample (LGC6016) on 2D Sbexf-SPCNFE at pH 2, Ed of −1.4 V, and td 240 s.

Cd(II) Pb(II)

c (μg L−1) RSDa (%) Relative Error (%) c (μg L−1) RSDa (%) Relative Error (%)

2D Sbexf-SPCNFE 99.1 3.18 1.88 196.3 2.52 0.17
Certified metal value 101.0 2.00 - 196.0 1.50 -

an = 3 was considered for RSD (%) calculation.

Considering the excellent reproducibility and trueness achieved in the simultaneous
determination of Cd(II) and Pb(II) ions in the estuarine water sample, we can state that the
developed sensor based on the combination of two nanomaterials (CNF and 2D Sbexf) is
fully suitable for voltammetric stripping measurements of metal ions at low trace levels
in real water sample levels, even in the presence of other elements at similar or higher
concentrations than Pb(II) and Cd(II).

4. Conclusions

A 2D Sbexf-SPCNFE was developed for the simultaneous DPASV determination of
Pb(II) and Cd(II) as a model metal ion system and morphologically characterized by SEM,
EDX, and Raman spectroscopy. The developed 2D Sbexf-SPCNFE takes advantage of the
merging of antimonene (2D Sbexf) and CNF within the same platform. 2D Sbexf-SPCNFE
showed well-defined and separated stripping peaks for Cd(II) and Pb(II) with great re-
peatability and reproducibility. The analytical performance provided by 2D Sbexf-SPCNFE
was much better than those achieved by 2D Sbexf-SPCE and the respective bare electrodes
(SPCNFE and SPCE) in terms of linear range, LODs, LOQs, and sensitivities. Compared
to other reported sensors based on the use of antimony and carbon nanomaterials, the
analytical parameters exhibited by 2D Sbexf-SPCNFE were also generally superior. The ex-
cellent analytical performance demonstrated by 2D Sbexf-SPCNFE can be associated with a
synergistic effect between the excellent properties attributed to both merged nanomaterials,
i.e., the high surface-volume ratio and the high charge carrier mobility provided by 2D
Sbexf, and the high electrical conductivity and the large surface area added using CNF.

The applicability of the developed sensor was evaluated by detecting trace levels
of Pb(II) and Cd(II) in a certified reference estuarine water sample, obtaining good re-
producibility and trueness without the interference of constituents at similar or higher
concentrations than Pb(II) and Cd(II).

Thus, the remarkable analytical performance displayed by 2D Sbexf-SPCNFE coupled
with the simple modification procedure involved and the use of low-cost, disposable, and re-
producible platforms suggests that 2D Sbexf-SPCNFE is a great alternative to other reported
sensors for the voltammetric determination of metal ions in environmental samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11040219/s1. Materials and Methods: reagents
and solutions; electrochemical instrumentation; liquid-phase exfoliation of gray antimony; and
characterization of materials and electrodes. Figures: Figure S1. EDX elemental mapping of elements
in (a) SPCEbare, (b) SPCNFEbare, (c) 2D Sbexf-SPCE, and (d) 2D Sbexf-SPCNFE; Figure S2. Raman
spectrum of pure bulk antimony with the representation of phonon frequencies of the Eg and A1g
modes at 112.2 and 150.0 cm−1, respectively. Figure S3. Characterization of 2D Sbexf: (a) TEM and (b)
HRTEM images with a detail showing well-defined layered phases in 2D Sbexf. (c) SAED pattern.
(d) STEM image with inset of mapping of Sb element. Scale bars represent 1 μm in STEM and EDX
images. Tables: Table S1. Summary of various electrodes based on the use of antimony and carbon
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nanomaterials, and the hybrid bismuthene/graphene-modified GC electrode for the determination
of Cd(II) and Pb(II).
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