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Highlights 

• This review covers the synthesis, characterization, and applications in electrochemical 

sensors of 2D layered pnictogens. 

• Phosphorene is the most popular 2D layered pnictogen for electrochemical sensing. 

• Bismuthene and antimonene are gaining interest in the design of electrochemical 

sensors. 

• Arsenene is not an attractive material for biosensing due to its acute toxicity. 
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Abstract 

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 

pnictogens 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. 
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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 optoelectronics, 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 “nitrogen” group) that can also adopt a layered 

structure. These elements 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. 

Considering merely the layered allotrope single-elements from Group VA, orthorhombic BP is 

semi-conductive, with a large in-plane anisotropic magnitude of physical properties, and 
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tunable direct bandgap [3]. Heavier elements in the pnictogen group are semimetals and, in 

monolayers, also semiconductors with layered rhombohedral structures (grey or -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 (Figure 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 der Waals 

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 electrode 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 

overvoltage 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. 
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Nevertheless, and despite their interesting features, these alternative 2D monoelemental 

layered materials are still applied 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 monolayer of layered pnictogens. 

The majority of the literature usually refer to a few-layer BP as phosphorene, with “–ene” 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. Nevertheless, this does not fully support 

IUPAC chemical terminology as the “ene” suffix is assigned to systems with double bonds [1]. 

In this review, elements from the pnictogen group will 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 mercury 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 SnI4 mineralizer in a sealed 

quartz ampoule [2]. While the high pressure method produces highly compact nanocrystallite 

BP and large crystals are formed only by slow cooling, vapor-grown BP usually produces very 

nicely defined pellets of mm-wide crystals (Figure 2A). However, this method led to the 
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incorporation of tin and iodine in the crystals. Grey or rhombohedral arsenic, antimony, and 

bismuth occur naturally; thus, these are the most commonly used phases in most works. Black 

or orthorhombic 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 

phosphorus oxides and, ultimately, phosphorus acid. 

Layered pnictogens’ degradation in ambient conditions—particularly for BP—has 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 covalent and non-covalent functionalization for 

passivation. 

Liquid-phase exfoliation (LPE) has been successfully employed to generate few-layer 2D 

pnictogens on a large scale (Figure 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 preparation by top-down 

methods of high-quality, few-layer 2D pnictogens has been reported for mechanical and liquid-

phase exfoliation (LPE) methods [8]. Different LPE of layered pnictogens, such as high shear 
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rate (ultrasonic-assisted and electrochemical) have been reported. Shear exfoliation is the 

most commonly used technique and allows for higher scalability of exfoliated 2D pnictogens. 

Electrochemical exfoliation of BP to phosphorene [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 accordance with 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 photoelectronspectroscopy (XPS) is useful to obtain information 

on the chemical composition of bulk and exfoliated materials, evaluate of their stability, and 

detect the presence of oxidized groups, which also have a significant influence on 

electrochemical sensing (Figure 2C). 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  = 9.39 eV). The remaining area in the 3d5/2 area should be related to the O 1s signal(s). 
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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 

heterogeneous 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 

resolution with clear visualization of the lattice, shape, and estimation of lateral size of 2D 

pnictogens (Figure 2D). Combined with EDX spectra and mapping of elements, it becomes a 

very useful option to confirm elements and their abundance in the exfoliated 2D pnictogen 

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 (Figure 2E). 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 (Figure 2F). Another example is the 

structural difference between g-As and b-As, belonging to R-3m and Cmca space groups, 

respectively. Examination by Raman spectroscopy reveals very different active lattice vibration 

modes as seen in Figure 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 
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and DP (Figure 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. + 0.6 V (vs. AgCl), corresponding to the 

oxidation of P0 to P5+ [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 Bi3+, for g-As and g-Sb the observed 

processes were oxidation to pnictogen3+ and pnictogen5+, with the reverse reduction to 

pnictogen3+ 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 large 

well-developed crystals obtained by vapor growth methods 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 counterpart BP’s surface chemistry, oxidation, and 

electrochemical 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 

performance 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. 
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3. Phosphorene-based electrochemical sensors 

Phosphorene, a single atomic layer of BP, has attracted significant interest over the last 

decade, becoming the most recognized and experimentally studied 2D pnictogen material for 

electrochemical sensing applications. Tables 1 and 2 provide an overview of recent advances 

(from 2017 until December 2020) in electrochemical 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 transduction principles [22–27]. In addition, composites of 

BP with other materials, such as indium oxide, CuO/pyrrole-BP nanocomposite, 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 [28–34]. Table 1 summarizes 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 transducers 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 according to Walia et al. who investigated the 

effects of key environmental factors on BP degradation—humidity, light, and temperature—

photo-oxidation is the main cause of BP deterioration [26]. Further works studied the influence 

of discrete wavelengths 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 
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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, Figure 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 frequency 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 increases 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 incorporation of noble metals like Au 

or Pt to BP nanosheets can remarkably enhance their sensitivity to H2 [33,34]. Figure 4 

illustrates the fabrication of these sensing devices [34]. BP flakes were mechanically 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 containing 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 protective 

poly(methylmethacrylate) (PMMA) layer, which is hydrophobic and permeable to hydrogen. In 

https://www.sciencedirect.com/topics/engineering/deposition-process
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this way, when H2 molecules cross the PMMA barrier and are adsorbed onto Pt NPs, they 

dissociate 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 [35–66]. Some 

sensing devices, including BP, are based on an FET configuration and current–potential 

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]. Figure 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) 

molecules to take advantage of their affinity for As(III)-ions [36]. The signals obtained are also 

shown in Figure 5. In Ref. [37], BP flakes were incorporated into a flexible substrate of 

poly(ethylene terephthalate) (PET) and functionalized with different ionophores for 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 impedance 

spectroscopy (EIS) or electrochemiluminescence (ECL). Although such a strategy is mostly used 

to detect cells, cell fragments, and proteins related to cancer and other diseases in human 

serum [63–65], it has been also applied to the highly sensitive detection of Pb(II)-ions in tap 

and lake water samples [66]. As an example, Figure 6 shows the operating principle of the 

sensor reported in [65] for the detection of lysozyme (Lyz) using a Lyz aptamer. BP quantum 
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dots (BPQDs) are protected against oxidation, being embedded in a styrene/acrylamide (St-

AAm) copolymer to form nanospheres, denoted in the scheme as BSAN. In this form, they 

enhance the ECL of Ru(bpy)3
2+, acting as a coreactant. As seen in Figure 6, a Lyz aptamer is 

linked to a gold electrode through an S-Au bond. BSAN is connected with DNA through the 

amino group on the polymer film and then BSAN/DNA immobilizes onto the electrode through 

DNA hybridization. The connected BSAN reacts with Ru(bpy)3
2+ 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, most BP sensing applications are based on different modalities of amperometry 

and voltammetry (cyclic voltammetry, CV; differential pulse voltammetry, DPV; square wave 

voltammetry, SWV; amperometry; chronoamperometry, CA) [41–52]. Many of these 

modalities take advantage of the electrocatalytic properties of BP to modify glassy carbon 

electrodes (GCE) together with other components, or to form composites of enhanced stability 

either with ZnO nanoparticles for the detection of H2O2 [43], or with 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 [40–42] 

and hemin [44], achieving an excellent electrocatalytic response toward NaNO2, trichloroacetic 

acid (TCA), H2O2, and O2, which is essential in numerous biochemical studies [40–42, 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 α-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 juice and 

beer samples [48]. In order to illustrate the shape and evolution of the signals obtained with 

these sensors, Figure 7 shows characteristic amperograms measured with the sensor of H2O2 
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described in [43] while Figure 8 shows characteristic voltammograms obtained with the sensor 

of ochratoxin A (OTA) described in [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 [51] for the detection of the biotoxin okadaic acid (OA) in mussel samples using a screen-

printed carbon electrode (SPCE) modified by phosphorene-gold nanocomposite onto which an 

aptamer specific to OA was immobilized. 

 

4. Electrochemical sensors based on antimonene, bismuthene, and arsenene 

Several first-principles studies have been published comparing the few articles that 

experimentally evaluate the electrochemical sensing response feasibility of 2D pnictogens 

beyond phosphorene such as antimonene, bismuthene, and arsenene. These experimental 

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, Gusmão et al. [20,68] reported a shear 

force mixing procedure to obtain exfoliated nanosheets of rhombohedral 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 reported a shear force liquid-

phase exfoliation method for the production of bismuthene in an aqueous surfactant medium 

(sodium cholate) with a yield of 1.2%. It was found that shear exfoliation 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 2–100 µg depending on the considered 
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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 consisting 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. Specifically, two of the works [20,68] summarized in Table 3 

compare 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 devices 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 biocompatibility 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 catalase enzyme also show their suitability as 

biosensing material for use in clinical diagnosis, being able to determine the concentration 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 20–30 nm. Arsenic-based devices demonstrate potential 
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applications in gas sensing and photothermal absorption. Particularly, 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: methanol, ethanol, isopropanol, 

acetone, and acetonitrile. As for grey arsenic, it was sensitive to methanol and ethanol [6]. 

Figure 9 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 individual VOCs. 

Bismuthene, another 2D pnictogen material, was used for the modification of voltammetric 

sensors based entirely on bismuthene [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 performance suggests suitability 

for the determination of Cd(II) and Pb(II) ions by anodic stripping voltammetry (ASV) at 

concentration levels of low μg 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 successfully applied 

for the simultaneous voltammetric determination of trace Pb(II) and Cd(II) in water samples. 

Figure 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 
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exfoliated bismuth clearly outperforms the others. As a result, really low concentrations of 

Cd(II) and Pb(II) can be determined as shown by Figure 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 nanostructures, resulting in composites that synergistically merge 

the exceptional properties of both materials. In particular, arsenene combined with 

gold@silver nanorods exhibits exceptional electrocatalytic 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. Figure 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 electrochemical 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 unfold in a great 

variety of analytes. These few studies summarized in Table 3 are just a teaser of wider 

possibilities in the sensing field. 
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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 particular, 

shear exfoliated 2D structures can be obtained in a relatively easy 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 a multitude of substances in both gas and solid 

samples. The biological 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 degradation in ambient conditions, which has been a significant challenge for research 

with these materials. The organic covalent and non-covalent functionalization for passivation is 

highly attractive for new sensing device design strategies. 
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Table 1. Phosphorene -based sensors for gas sensing electrochemical applications. 

 

Ref. Sensor Type Analyte Sensor characteristics Tested range Additional information 

[22] BP nanosheets-QCM Humidity • Change in resonance frequency: 863 Hz 
(QCM-2 µL BP), 1698 Hz (QCM-4 µL BP), 
and 3145 Hz (QCM-6 µL BP) in the RH of 
11.3-97.3%. 

• Stability (Rcrystal value): within 30 ꭥ in the 
RH of 11.3-84.3%. 

• Humidity hysteresis: less than 4% RH 
over the entire RH of 11.3-97.3%. 

• Response times: 14 s (QCM-2 µL BP), 23 
s (QCM-4 µL BP), and 29 s (QCM-6 µL 
BP). 

• Recovery times a: within 10 s. 

RH of 11.3-97.3% 
or 11.3-84.3% 
depending on the 
studied 
characteristic 

• The humidity sensing characteristics are 
studied by using an oscillating circuit 
method. 

• QCM-6 µL BP sensor shows the largest 
resonance frequency response for a 
given change in humidity due to the 
greater amount of BP used. 

• The stability of the BP based QCM 
sensor with a large amount of BP 
nanosheets becomes worse at extra 
high humidity environment.  

• The QCM-4 µL BP is more suitable for 
high humidity level detection. 

[23] BP powder– graphene 
heterojunction sensor 

Humidity • Response/recovery time a: 9/30 s to BP-
graphene sensor and 24/72 s to BP pure 
sensor at 70% RH. 

• Sensor relative response (S) b: 43.4, 35, 
25.1, 13, and 3% with a RH of 70, 55, 40, 
25, and 15%, respectively. 

• Stability: confirmed the linearity in the 
RH range of 15-70% after 2 weeks. 

• Good repeatability and non-
degradation after 1 h as compared to 

15 - 70% RH 

 

 

 

 

 

 

 

• Graphene was transferred onto SiO2/Si 
with wafer-level. The patterned 
graphene was located between two Au 
electrodes.  

• BP was synthesized by the high energy 
ball milling technique at ambient 
temperature and pressure, and 
deposited on the patterned graphene 
by electro-spray. 

• The increasing hole density in p-type BP 
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BP pure sensor. 

•  The BP/graphene sensor 
response/recovery time is slower after 2 
weeks and had a large reduction in 
response after 4 weeks. 

• Initial resistance: 7.5 and 500 kΩ for the 
BP/graphene and BP pure sample, 
respectively.  

 

 

and graphene encourages the free 
electron transfer via the BP/graphene 
interface due to decrease of resistance. 

[24] BP layered-SIW 
resonator sensor 

Humidity • Humidity sensitivity:197.67 kHz/%RH  

• Maximum S11 magnitudes: at RH=11% 
shows little difference between BP 
sensor and bare sensor; at RH=97.3% 
are about -18 dB for BP sensor and -22 
dB for bare sensor. 

̴11.3 – 97.3% RH • The microwave SIW resonator humidity 
sensor was drop-coated by 10 µL of BP 
solution on the sensing slots.  

• The humidity sensitivity of the BP-SIW 
resonator es about 40 times larger than 
the sensor without material. 

• The S11 as a peak magnitude decrease 
with increasing RH, indicating that the 
dielectric losses increase in both BP and 
bare sensors, but in BP sensor the 
increase is smaller than in the bare 
sensor. 

[25] BP flakes-FET with 
Al2O3 passivation. 

Humidity • n-branch current variation: ∼ 2.3 and ∼ 
260.6 nA/µm before and after ALD 
Al2O3, respectively. 

• Transconductance variation: ∼ 10-5 and  
∼ 10-2 µS/µm before and after ALD 
Al2O3, respectively. 

21 - 83% RH • BP-Flakes were passivated by a 6 nm 
thick Al2O3 encapsulation layer using 
ALD. 

• The Al2O3 encapsulation can 
successfully suppress BP degradation, 
which leads to drastically improved 
long-term stability in air with a trade-
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• Device hole mobilities: ∼100 cm2V-1s-1  
after ALD Al2O3. 

• Current on-off ratio: ∼3.4x103 and ∼104 

before and after ALD Al2O3, respectively, 
at a VDS=0.5V (RH ∼ 21% and room 
temperature). 

• Dynamic sensing response (VDS=1 V, 
VGS=-60 V): ∼3-fold enhancement in IDS 
at RH = 82% (without Al2O3 dielectric); 
∼1.7-fold enhancement in IDS at RH = 
81% (with Al2O3 dielectric). 

off in slightly reduced sensitivity.  

• The slightly reduced 
response/sensitivity is caused by the 
existence of the 6 nm-thick Al2O3 
dielectric layer, which weakens the 
electrical field induced by the 
electrostatic dipole moment of water 
molecules.  

[26] BP layered-QCM  Humidity • Frequency response magnitude (∆f) c: 
∼2.0 and 82.7 Hz pg−1 at 12.5% and 90% 
RH, respectively. 

• Repeatability (in RSD%): 95% for 5 
humidity pulses at RH= 50% and 30°C. 

 

12.5 - 90% (at 
30°C) 

Dynamic range: 
10 – 90% RH 

• This study is focused on the individual 
effects of environmental factors 
(temperature, light, and humidity), on 
the deterioration of BP. 

• Humidity adsorption on BP does not 
cause degradation, only facilitates 
photo-oxidation that is the main 
degradation phenomenon originated at 
the edges of the BP crystals.  

• The recoverable humidity sensing 
capabilities of BP were demonstrated 
with detection levels down to 10% RH 

• Just isolating BP from light, its 
degradation can be significantly 
retarded and its lifetime protracted in 
ambient environment 
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[27] BP nanoflakes/Ag 
interdigitated  
electrode 

Humidity • Sensitivity (S )d: 5.08 x 103, 3.92 x 103 
and 6.29 x 102 at 10 Hz ,100 Hz and 1 
kHz respectively for RH from 11 to 97%. 

• Response/recovery time: 4.7/3.0 s 
respectively a.  

• No noticeable change was observed 
when the samples were measured in a 
fixed RH= 11% for about 24 h. 

11 - 97% RH • The sensor device was fabricated by 
inkjet printing of BP nanoflakes (∼0.67 
mg ml-1) colloidal ink onto the Ag 
interdigitated electrode. 

• BP device can be used for sensing small 
changes (as little as 3 %) in RH .   

• The capacitance of the BP sensor shows 
more than one order of magnitude 
change as a function of fingertip 
proximity under ambient air conditions, 
revealing potential applications in 
contactless switching. 

• This work also reports de development 
of a graphene oxide sensor, which is 
fabricated by printing graphene oxide 
onto the Ag interdigitated electrode. 
This sensor also shows a high 
performance as humidity sensor. 

[28] BP-In2O3 based sensors NO2 • Specific surface area (m2 g-1): 42.1, 42.7, 
44.6, 50.5 for In2O3, BP-InO-1, BP-InO-2, 
and BP-InO-3, respectively.  

• Electron transfer rate (cm2 V-1 s-1): 63, 
126, 155 and 181 for In2O3, BP-InO-1, 
BP-InO-2, and BP-InO-3, respectively. 

• Maximum sensor response (Rg/Ra) e: 
604, 233 and 748 for In2O3, BP-InO-1, 
BP-InO-2 (5 ppm NO2 at the optimum 
operating temperature of 80 °C, 25 °C 

10 ppb – 50 ppm • BP-In2O3 composites were prepared by 
ultrasonic treatment of BP nanosheets 
dispersion in the presence of In2O3 

nanorods synthesized by the 
microwave-assisted hydrothermal 
method. 

• BP-In2O3 composites were coated onto 
an Al2O3 tube, on which two Au 
electrodes was formerly printed. 

• BP-InO-1, BP-InO-2, and BP-InO-3 have 
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and 25 °C for In2O3, BP-InO-1 and BP-
InO-2) 

• Response/recovery time a:  322/524 s for 
In2O3 sensor and 170/271 s for BP-InO-2 
sensor, respectively. 

• BP-InO-2 sensor shows a good 
repeatability and a long-term stability 
(35 days) for 5 ppm at 25 °C. 

a BP amount of 0.51 wt%, 1.06 wt% and 
1.51 wt%, respectively.  

• BP-InO-2 sensor exhibits higher 
response, better selectivity, faster 
response-recovery behavior, and 
ultralow detection limit of 10 ppb 
towards NO2 at 25 °C compared to 
In2O3, other BP-In2O3 compositions and 
previously reported BP based sensor.  

[29] Suspended BP flakes 
sensor  

Supported BP flakes 
sensor 

NO2 • Sensor response (S )f: a small difference 
between the suspended and supported 
BP sensors is obtained at lower gas 
concentrations. This difference 
increases with the gas concentrations 
(at 200 ppm the gas response was 
increased by 23%).  

• Equilibrium constant (Langmuir 
isotherm): 60.3 and 37.6 for suspended 
and supported BP sensor, respectively. 

 

 

25 – 200 ppm • BP flakes were transferred onto source-
drain electrodes through a dry-transfer 
technique, where the Ti/Au electrodes 
were pre-patterned on a SiO2/Si 
substrate. 

• Both sides of BP flakes in the 
suspended sensors are available for 
target gases to be adsorbed, unlike 
conventional supported sensors. 

• Suspended BP sensor has the 
advantage of a high surface-to-volume 
ratio, adsorption areas on both sides 
and neglected substrate effects, which 
lead to higher gas response. 

• Suspended BP sensor shows excellent 
reproducibility and superior responses 
to NO2 (∼65%) with a faster desorption 
rate (two times faster) than the 
supported BP sensor. 
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[30] CuO/Py-BP NCP/ 
interdigitated Au 
electrode 

 

NO2 • Sensor response (S)g: 20.7 at 100 ppm 
and 1.0 at 0.01 ppm of NO2 for the 
CuO/BP-190 sensor at 25 °C and 
RH=26%.  

• Response (Ra/Rg): 10.4 for the CuO/BP-
190 sensor at 100 ppm. 

• Response/recovery time: 4/42 s at 100 
ppm and 1.1/34 s at 0.01 ppm, 
respectively, for the CuO/BP-190 sensor. 

• Good repeatability of CuO/BP-190 
sensor for 8 cycles at 100 ppm NO2. 

• Long-term stability of the CuO/BP-190 
sensor (∼11 weeks, tests every 2 weeks 
at 30 ppm NO2 at 25 °C). 

• Limit of detection: 0.01 ppm for 
CuO/BP-190 and CuO/BP-190-2; and 0.5 
ppm for CuO/BP-170 and CuO/BP-210 at 
RH of 26%.  

• Good selectivity toward NO2 with a 
higher response to NO2 than to NH3, 
CH4, CO and H2. 

0.01 – 100 ppm 
under 26% RH 

• The NCPs were developed by EBP 
functionalized by Py for the growth of 
CuO NPs into the interlayers of EBP. 

• Different CuO/BP NCPs were 
synthesized at 170, 190 and 210 °C for 5 
h: CuO/BP-170; CuO/BP-190; CuO/BP-
190-2 (for 2h); and CuO/BP-210.  

• CuO/BP NCPs were drop-casted onto an 
interdigitated Au electrode. 

• The CuO/BP-190 sensor response is 
higher than those of the other sensors 
over the entire NO2 concentration 
range. 

• The improved sensing property can be 
attributed to the excellent electrical 
conductivity of the thin layer BP NSs 
and the structure of the CuO/BP multi 
heterojunction. 

[31] AQNW-BP/IE 

Bare BP/IE 

NO2 • Sensitivity h: 570 and 525% for AQNW-P 
and bare-P sensor, respectively, at 1 
ppm NO2. 

• Response/recovery time i: 220/300 s at 
100 ppb and 35/118 s at 10 ppm NO2, 

0.05 – 10 ppm • AQNW-BP was prepared through anti-
solvent crystallization of AQ during the 
BP liquid exfoliation. 

• AQNW decoration can successfully 
suppress BP degradation leading to a 
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respectively. 

• Recovery > 95% with NO2 concentration 
higher than 0.7 ppm.  

• AQNW-BP/IE and bare BP/IE show a 
minimal degradation during long-time 
NO2 exposure. 

• The sensitivity of AQNW-BP/IE 
progressively enhanced as increasing 
the aging time. The sensitivity of AQNW-
BP doubled that of the fresh one after 
12 days of the sensing film fabrication. 
Then, a regular sensitivity decrease was 
detected upon further aging. 

• The sensitivity of BP/IE increased by 
25% during the first day, and after that 
the sensitivity progressively decreased 
and faded in 1 week. 

• Good selectivity towards NO2, although 
a slight response was detected upon 
exposure to NH3. 

sensing film with enhanced air stability 
and suitable sensitivity. 

• The sensitivity enhancement observed 
for both sensors during initial aging is 
due to the increase of oxygen defects. 

• AQNW-BP/IE showed better selectivity, 
sensitivity and sensing speed than Bare 
BP/IE and other sensors based on 
graphene and MXene. 

 

[32] Pristine-BP/IE 

CPP/IE 

CPP/T-2DP/IE 

NO2, NH3 • Sensor response (R)j: 400, 700 and 
2410% for pristine-BP/IE, CPP/IE and 
CPP/T-2DP/IE respectively, at 1 ppm 
NO2. 

• Sensor response (R)j: 1326 and 5500% 
for CPP/IE and CPP/T-2DP/IE 
respectively, at 1 ppm NO2, after 10 

0.03 – 5 ppm 
(NO2) 

• CPP is based on 4-
methoxybenzenediazonium modified 
BP. 

• CPP/T-2DP simultaneously overcomes 
the BP oxidation propensity and 
improves the gas sensing property. 

• In comparison to pristine-BP/IE, CPP/T-
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days of ambient exposure. 

• Good stability: sensor response (R)j had 
< than 8% fluctuation as RH increased 
from 0-60%. From 60 – 96 % the 
response decreased to 715% for CPP/T-
2DP/IE at 1 ppm NO2 in air. 

• Response/recovery time: 80/246 s, 
84/192 s and 67/95 s for pristine–BP, 
CPP/IE and CPP/T-2DP/IE respectively at 
1 ppm NO2. 

• Response/recovery time: 240/300 s, and 
36/150 s with NO2 concentration 
increasing from 0.03 to 5 ppm, 
respectively, for the CPP/T-2DP/IE. 

• Percent recoveryk: ∼100% at NO2 
concentration > than 1 ppm at RH∼60%. 

• Equilibrium constant (Langmuir 
isotherm): 2.85 for CPP/T-2DP sensor. 

• NO2/NH3 response ratio: 6.2, 15.5, 35.6 
for pristine–BP, CPP/IE and CPP/T-
2DP/IE, respectively. 

• NO2/water vapor (100% RH) response 
ratio: 11.9 for CPP/T-2DP/IE. 

• Long-term stability: sensing capability 
for 5 days for pristine-P sensor and >20 
days for CPP/IE and CPP/T-2DP/IE. 

2DP/IE presents a 6-folds increase in 
NO2 sensitivity caused by the presence 
of porous T-2DP nanospacers.  

• T-2DP nanosheets prevent the dense 
stacking of BP layers whilst providing 
abundant gas pathway for adsorption 
and desorption. 

• These 3 sensors were also sensitive to 
NH3 with a negative response (see 
NO2/NH3 response ratio). 

• The sensor response reveals a time 
dependent increase during the first 
several days that can be attributed to 
the formation of slight oxidation state, 
which enables the gas adsorption or 
charge transfer within the sensing film. 

• CPP/T-2DP/IE showed increased 
ambient stability, improved sensing 
speed, good selectivity, excellent 
flexibility for NO2 detection and 
detection limit of 0.03 ppm. 
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[33] Pristine BP flakes 
sensor 

Au NPs/BP flakes 
sensor 

Pt NPs/BP flakes 
sensor 

NO2, H2, 
Ethanol, 
Toluene, 
Hexane, 
Acetone, 
Acetaldehyde 

• Au/BP sensor resistance variationl: -5% 
and 0.1% for 5:1 and 2:1 (BP:Au), 
respectively, at 1 ppm NO2.  

• Pt/BP sensor resistance variationl: 5% 
and 500% for 2:1 (BP:Pt) at 10 ppm and 
1% of H2, respectively. 

• Pristine BP sensor resistance variationl: 
6% at 1000 ppm of ethanol and -70% at 
1 ppm of NO2. 

• Baseline resistance: ∼0.5% for pristine 
BP sensor and ∼0.01% for Au/BP sensor. 

• Long-term stability (30 days, 
intermittent tests, ∼ 23°C and ∼35 
%RH): stable gas response amplitudem 
for Pt/BP sensor to H2 with a level of 
∼500% and for Au/BP sensor to NO2 
with a level of 1%. Pristine BP sensor 
undergoes surface degradation after a 
month. 

1 - 50 ppm (NO2) 
with Au/BP 
sensor. 

10 - 10000 ppm 
(H2 ) with Pt/BP 
sensor. 

• The chemical sensing implications of Au 
and Pt incorporation into BP were 
reported.  

• Thin films of pristine BP, Au/BP or Pt/BP 
were attached onto a µ-electrode-
printed substrate. 

• Incorporation concentration from a 5:1 
to a 2:1 ratio of BP to Ag or Pt was 
considered. 

• Gas sensing ability of BP was improved 
by functionalization BP with Ag and Pt. 

• Pt/BP sensor showed a highly sensitive 
and selective response to 1% H2 with a 
channel resistance variationl of ∼500%.  

• Ag/BP sensor led to a tunable response 
toward NO2 varied from negative to 
positive. Moreover, the baseline noise 
level is 50 times improve in comparison 
to that of pristine BP sensor. 

[34] PMMA/Pt NPs coated 
BP flakes FET sensor 

H2 • µeff and ION/IOFF ratio increased by 15.6% 
and 115%, respectively, after being 
exposed to 4% H2. 

• Resistive sensitivity (S)f: ∼50% after 
being exposed to 4% H2 at room 
temperature. 

2000 ppm – 4% • The presented sensor was fabricated by 
functionalizing the surface of BP flakes 
using Pt NPs. Then, PMMA was also 
coated to prevent the degradation of BP 
in an ambient air and increasing the 
stability of Pt NPs by reducing catalytic 
surface ignition effects. 
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• Reproducible sensitivity (S)f of ∼15% 
and ∼4% with a fast response and decay 
characteristics at 6000 ppm and 2000 
ppm of H2, respectively, in oxygen 
ambient (dry air). 

• Operating temperature range: 20 – 100 
°C.  

• The fabricated sensors exhibited 
reproducible response for up to 6 h. 

• The gas response obtained with varying 
H2 concentrations well-fitted using the 
Langmuir isotherm model, indicating 
that the dominant sensing mechanism 
in the Pt NPs coated BP sensors 
corresponds to catalytic-assisted 
hydrogen dissociation. 

• The sensitivity and adsorption rate of 
the sensors increased with an increase 
in the operating temperature. 

 

ALD: atomic layer deposition; AQNW: anthraquinone nanowire; BP: black phosphorous; CPP: chemically passivated phosphorene; EBP: expanded black 

phosphorous; FET: field-effect transistor; IDS: source-drain current; IE: interdigited electrodes; NCP: nanocomposite; NPs: nanoparticles; NSs: nanosheets; 

PMMA: poly(methyl methacrylate); Py: pyrrole; QCM: quartz crystal microbalance; RH: humidity range; Ra/Rg: resistance air /resistance target gas; Rg/Ra: 

resistance target gas/resistance air; RSD: relative standard deviation; S: sensor relative response; S11: reflection coefficient; SIW: substrate integrated waveguide; 

T-2DP: porous triazine 2D polymer; VDS: drain - source voltage; VGS: gate – source voltage; %wt: weight (%); µeff: field - effect mobility. 

a Response and recovery time: time required by sensor to reach the 90% of the total resistance change (∆R) when the sensor is exposed to a given target gas 

in the case of adsorption and desorption respectively. 

b S(%)= ∆R/Ra x 100 = (Rh – Ra)/Ra x 100 where Ra is the resistance of the sensors in the presence of dry N2 gas, and Rh is the resistance in the presence of 

target gas at a given concentration. 

c ∆f= f0 – f =  , where f0 is the natural frequency and f is the resonant frequency after adsorption,  A is the active surface area of the QCM 

electrode, μq is the shear modulus (2.947×1011 g cm−1 s−1) and ρq is the density (2.648 g cm-3) of the quartz crystal. 

d S= (Cx – C11)/C11, where Cx is the capacitance at x% RH and C11 is the capacitance at 11% RH. 

e The sensor response is defined as Rg/Ra for oxidizing gas, where Rg and Ra stand for the electrical resistances of sensor in the target gas and in air. 
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f S(%)= ∆R/R0 x 100 = (R0 – Rexposure)/R0 x 100, where R0 is the resistance of the sensor prior to exposure, and Rexposure is the resistance in the presence of target 

gas molecules. 

g S(%)= Ra/Rg x 100% , where Ra is the resistance of the sensor in air, and Rg is the resistance in the test gas. 

h Sensitivity is the relative conductance variation, which is defined as ∆G/G0 (%), where G0 is the conductance in balanced gas (N2), and ∆G is the 

conductance variation after exposure to the target gas. 

i The response time is defined as the time interval that is consumed to reach 90% of the maximum response, and the recovery time is defined as the time 

period required to return 80% of the baseline level. 

j The sensor response was defined as R= (Gns-Gn)/Gn x 100%, where Gn and Gns are the conductance in N2 (balanced gas) and sample gas, respectively. 

k Percent recovery (%) = (Gns-Gr)/(Gns-Gn) x 100%, where Gn, Gns and Gr represents the conductance in N2, in sample gas, and the recovery conductance after 

purging with balanced gas, respectively 

l Resistance variation (%)= ∆R/Rb, where Rb and ΔR represent the baseline resistances of each sensor and the change in resistance after exposure to gas 

molecules, respectively. 

m Gas sensing amplitude (%)= (∆R/Rb)max, where Rb and ΔR represent the baseline resistances of each sensor and the change in resistance after exposure to 

gas molecules, respectively.
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Table 2. Phosphorene -based sensors for non-gas sensing electrochemical applications. 

 

Ref. Sensor Type Analyte Sample Technique Detection 
limit 

Linear range Additional information 

[35] BP FET on SiO2 

Suspended BP FET 

Hg(II) Spiked tap water IDS-VDS 
measurements 

IDS-VGS 
measurements 

R-time 
measurements 

0.1 ppb (BP FET 
on SiO2) 

0.01 ppb 
(Suspended BP 
FET) 

0.01 – 100 ppb • The suspended device functions in 
subthreshold regime that has 
optimum gating effect, smaller 
low frequency noise, and larger 
sensing area. 

• The optimum sensitivity was 
exhibited in the subthreshold 
regime. 

• Sensor response rate of 3 s. 

• Response of suspended BP sensor 
is 2-3 times larger than the BP FET 
on SiO2 sensor. 

• Good repeatability (resistance 
shift < 5%). 

• Good stability (good shape after 3 
days with IDS variation < 5%). 

• Good selectivity. 

[36] BP/Au NPs/DTT-FET As(III) 

As(V) 

Lake water IDS-VDS 
measurements 

1 nM (As(III) 
and As(V)) 

1 nM – 1µM • BP film works as the channel 
material. Au NPs and DTT function 
as the active site to attract As ions 
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IDS-VGS 
measurements 

 

IDS-time 
measurements 

and also work as chemical 
passivation improving the stability 
of BP film. 

• Sensor response of 1-2 s. 

• Good selectivity. 

[37] Flexible integrated  

BP sensor arrays 

Hg(II) Cd(II) 
Pb(II) Na(I) 

Spiked tap water 
(Cd) 

Human sweat 
(Na) 

IDS-VDS 
measurements 

IDS-time 
measurements 

10 ppb (Hg) 1 – 108 ppb (Hg) 

 

• First study of BP flexible sensor 
arrays functionalized with 
selective ionophore. 

• The sensor shows excellent 
mechanical flexibility (strain limits 
of 1%) and stability (bending 500 
times). 

• Small strain change leading to an 
175% sensitivity enhancement.  

• Multiplexed detection of Hg(II), 
Cd(II), Pb(II), Na(I) at trace levels 
on flexible PET substrate (1x1 cm). 

• Sensor response rate of 4 s. 

• Good selectivity. 

[38] BP FET Pb(II) --- IDS-VDS 
measurements 

IDS-VGS 
measurements 

EIS 

1 ppb 1-100 ppb • An Al2O3 passivation layer was 
deposited onto the BP by ALD, 
then sputtered with AuNPs and 
functionalized with GSH. 

• Improved stability, and good 
reproducibility and selectivity. 



40 
 

• The greatest contribution for 
sensing performance was from 
the double-layer capacitance 
change produced by Pb(II) ions at 
the BP/Al2O3 interface at the low 
frequency region (∼50 Hz). 

[39] BP FET Ag(I) --- IDS-VDS 
measurements 

IDS-VGS 
measurements 

IDS-time 
measurements 

 

0.01 ppb --- • BP-FET is suitable for Ag(I) 

detection due to the cation– 

interactions between Ag(I) and 
BP. 

• Detection time for each sample is 
60 s. 

• The thickness of the BP directly 
influences the device sensing 
performance. A BP with a  
thickness of   ̴ 10 nm for the FET 
device production was selected. 

[40] Hb@IL-PDDA-BP/GCE NaNO2 

 

--- CA, CV 3.65 μM 80 μM-3.8 mM • IL-PDDA-BP nanocomposite 
prepared with a simple non-
covalent method displayed great 
biocompatibility, good solubility, 
and improved electric 
conductivity. 

• IL-PDDA-BP nanocomposite was 
employed as a suitable matrix for 
Hb immobilization. 

• The introduction of IL and PDDA 
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improves BP solubility, dispersity 
and stability. 

• The developed Hb@IL-PDDA-BP 
biosensor exhibited fast direct 
electron transfer and very good 
catalytic performance toward 
nitrite reduction. 

[41] BP-PEDOT:PSS-Hb/CILE TCA 

NaNO2 

H2O2 

Medical facial 
peel solution  

Soak water of 
pickled 
vegetables 

3% medical H2O2 

CV 1 mM (TCA) 

0.033 mM 
(NaNO2) 

0.67 mM 
(H2O2) 

3.0 - 460 mM 

(TCA) 

0.1 – 30 mM 
(NaNO2) 

2.0 – 18 mM 
(H2O2) 

• For the first time BP was 
employed to reach electron 
transfer of redox protein with 
PEDOT:PSS as protection film. 

• Hb was immobilized on the 
electrode and demonstrated the 
direct electrochemistry, displaying 
a pair of clearly defined redox 
peaks, which suggest the positive 
effect of BP on the electron 
transfer.  

• Shows excellent electrocatalytic 
effects on the reduction of TCA, 
NaNO2 and H2O2. 

• Good stability (deviation < 10% 
after 80 cycles). 

• Good storage stability (94.5% of 
its original response after 20 
days).  
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[42] Hb-pLL-BP/GCE H2O2 

O2 

--- CA, CV --- 10-700 µM • pLL enhances the stability of BP 
and preserve its good 
conductivity.   

• Apart from the role of BP in the 
Hb electrocatalytic performance, 
it is also appropriate to keep Hb 
native structure and inherent 
bioactivity.  

• Good selectivity towards H2O2. 

[43] BPQDs-ZnO/GCE H2O2 Spiked tap water CA, CV 2.5 µM 5 µM – 0.05 
mM 

0.5 – 10 mM 

• BP was dopped with ZnO NPs 
leading to a change in the shape 
of this ZnO NPs. 

• The electrochemical performance 
improvement would be due to the 
increase of the materials’ 
conductivity as a result of 
combining BPQDs and ZnO. 

• BPQDs/ZnO nanocomposite 
displays synergetic effects on the 
H2O2 oxidation. 

• Good reproducibility (10 
electrodes, RSD= 2.5 %). 

• Long-term stability (90% of its 
original response after one week 
at 4°C).  

• Sensor response time less than 3 
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s. 

[44] BP-PEDOT:PSS-hemin/CILE TCA 

NaNO2 

H2O2 

Medical facial 
peel solution 
(35% TCA) 

CV 0.67 mM (TCA) 

0.33 mM 

(NaNO2) 

1.33 mM 
(H2O2) 

2 – 180 mM 
(TCA) 

1 – 10.5 mM 

(NaNO2) 

4 – 35 mM 
(H2O2) 

• BP and PEDOT:PSS was employed 
for the immobilization of hemin 
on CILE 

• BP improves the electron transfer 
from hemin to electrode. 

• Shows excellent electrocatalytic 
performance for the reduction of 
TCA, NaNO2 and H2O2. 

• Good stability (the current 
response decreases for 7.8% after 
70 cycles). 

• Long-term stability (92.2% of the 
sensitivity after 15 days at 4°C).  

[45] BP coated FTO AHB SerasubTM with 
AHB 

CV --- 0.8 - 8.75 ppb • BP coated sensor was used for 
electrochemical test using 
Serasub solution and different 
concentrations of AHB. 

• BP has an excellent potential for 
its usefulness towards biomarkers 
sensing  

[46] PG – BP/GCE Bisphenol A Drinking water 
bottle  

Urine 

CV, DPV 0.0078 μM 0.43 – 55 μM • First work on PG-BP based 
electrochemical sensors. 

• PG-BP significantly increases the 
surface area of the sensor. 
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• Good reproducibility (5 
electrodes, RSD= 2.7 %). 

• Long-term stability (96.3% of its 
original response after one week 
at 4°C).  

• Good selectivity towards 
bisphenol A. 

[47] HA/BP-Tyr organic 

phase interdigital 
electrode (BTOPI) 

Bisphenol A Aquaculture 
water 

Amperometry 10 nM 0.05-1 μM • First work on BP as an organic 
phase enzyme biosensing 
platform. 

• BP was modified with HA as an 
easy non-covalent passivation 
strategy. 

• The BP modified sensor without 
Tyr did not response to bisphenol 
A. 

• BTOPI exhibits better analytical 
performance than the same 
sensor without BP. 

• Long-term stability (65% of its 
original response after 180 days in 
chloroform at 4°C).  

• Good repeatability (8 successive 
measurements, RSD= 0.5%). 

• Good selectivity towards 
bisphenol A. 
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[48] BP/GCE 

 

 

Ochratoxin A Grape juice  

Beer samples 

CV, DPV 0.18 µg.ml-1 0.3 – 10 µg.ml-1 • BP nanosheets were 
functionalized with Ag+ in NMP 
solution. 

• Stronger antifouling and good 
electrocatalytic activity towards 
ochratoxin A oxidation. 

• Good sensor stability in water 
containing O2. 

• Good repeatability (20 successive 
measurements, RSD= 1.62%). 

• Good reproducibility (6 
electrodes, RSD= 3.37 %). 

• Good selectivity towards 
ochratoxin A. 

[49] BP-Nf(IP)/GCE Clenbuterol Spiked bovine 
meat and serum 

CV, DPV 3.7 nM 0.06 – 24 μM • Synergistic effect among the 
different components of the BP 
nanocomposite. 

• Good sensor stability in water 
containing O2. 

• Good electrocatalytic activity for 
clenbuterol electrooxidation. 

• Good repeatability (30 successive 
measurements, RSD= 1.1%). 

• Good reproducibility (6 
electrodes, RSD= 2 %). 
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• Good selectivity towards 
clenbuterol. 

[50] S-β-CD-
PEDOTNPs/BP/GCE 

Clenbuterol  

Ractopamine 

Spiked beef, 
feed, and bovine 
serum samples 

CV, DPV 0.14 µM 
(Clenbuterol) 

0.12 µM 
(Ractopamine) 

0.3 – 90 μM 
(Clenbuterol) 

0.3 – 9.4 μM 
(Ractopamine) 

• Clenbuterol and ractopamine 
were simultaneously determined. 

• The covering of both PEDOTNPs 
and S-β-CD coating improves BP 
stability. 

• Synergistic effects of BP, S-β-CD 
and PEDOTNPs. 

• An antifouling strategy based on 
the application of continuous 
cyclic voltammetry cycles was 
used. 

• Good sensor stability in water 
containing O2. 

• Good repeatability (18 successive 
measurements, RSD= 2.3 and 2.0 
% for clenbuterol and 
ractopamine, respectively). 

• Good reproducibility (7 
electrodes, RSD= 2.8 and 2.0 % for 
clenbuterol and ractopamine, 
respectively). 

[51] BP-Au NC - Ap/SPCE Okadaic acid Spiked mussel 
samples 

DPV 8 pM 10 – 250 nM • A microfluidic based aptasensor 
was developed. 

• Several BP-Au NC layers were 
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drop-casted on the SPCE surface 
and further functionalized by 
aptamer immobilization. 

• BP was coupled with Au NP for 
improved electroconductivity.  

• Average assay time of 30 min. 

• The sensor did not exhibit any 
cross-reactivity with other food 
toxins. 

[52] BP-PEDOT:PSS/GCE 

 

 

Rutin Rutin tablet 
samples 

CV, DPV 0.007 µM 0.02 – 15 µM 

15 – 80 µM 

• PEDOT:PSS showed excellent 
adhesive strength to avoid the 
leaking of BP nanosheet from the 
GCE surface. 

• BP-PEDOT:PSS demonstrated 
exceptional electrochemical 
conductivity.  

• Long-term stability (96.68 and 
95.35% of its original oxidation 
and reduction currents, 
respectively, after one week at 
4°C).  

• Good reproducibility (5 
electrodes, RSD= 3.26 %). 

• Good repeatability (9 successive 
measurements, RSD= 1.78 and 
1.50% for oxidation and reduction 
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currents, respectively). 

• Good selectivity towards rutin. 

[53] BP-FET IgG --- IDS-VDS 
measurements 

IDS-VGS 
measurements 

IDS-time 
measurements 

 

∼10 ppb 10 – 500 ppb • FET biosensor was manufactured 
by using few-layer BP nanosheets 
labeled with Au NPs-antibody 
conjugates.  

• BP nanosheet surface was 
passivated by an Al2O3 dielectric 
layer for preserving BP from being 
oxidized in aqueous solutions. 

• The gating effect is the main 
sensing mechanism for the 
surface passivated BP biosensor. 

• Good stability: small changes in 
the sensor resistance (24%) and 
the on-off current ratio (5%), after 
5 days under ambient conditions. 

• Good selectivity towards IgG. 

• Sensor response time on the 
order of seconds. 

[54] BSA/Ab/Glu/Cys/Au 
NPs/PG-BP/GCE 

 

 

Leptin Spiked human 
serum 

SWV 0.036 pg ml-1 0.150 - 2500 pg 
ml-1 

• The immobilization approach of 
Au NPs and Cys self-assembled 
layer make the antigen more 
strongly immobilized on the 
electrode surface. 

• The effective surface area of PG-
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BP sensor is increased about 5 
times as compared to bare GCE. 

• Good repeatability (6 successive 
measurements, RSD= 6.27%). 

• Long-term stability (92.32% of its 
original response after 7 days at 
4°C).  

• Good selectivity towards leptin. 

• This immunosensor presents 
superior performance as 
compared with other 
electrochemical methods. 

[55] BP - HMA - Au NPs - 
Ap/Au electrode 

 

 

PCB77 Tap water DPV 33 pg L-1 100 pg L-1 – 10 
μg L-1 

• The passivation of BP with HMA in 
chloroform makes it possible to 
maintain its original form in 
aqueous solution for over a 
month. 

• BP is doped with Au NPs to enable 
the binding to PCB77 aptamer. 

• Its sensibility is about 3 times 
higher than that of the Au NPs-
Ap/Au electrode. 

• Long-term stability (90% of its 
original response after one week 
at 4°C).  

• Good repeatability (8 successive 
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measurements, RSD < 5%). 

• Good selectivity towards PCB77. 

[56] Ap-BP NSs/TH/Cu-
MOF/GCE 

MicroRNA 
(miR3123) 

Spiked fresh 
human serum 

SWV 0.3 pM 2 pM – 2 μM • 2D MOF was prepared using 
PTTBA and Cu(NO3)2 as precursors 
and TH as doping agent. BP NSs 
were then added to make BP 
NSs/TH/Cu-MOF complex. 

• The aptasensor were obtained by 
combining ferrocene-labeled 
single-strand DNA Ap with the 
complex.  

• Ap-BP NSs/TH/Cu-MOF/GCE 
works as a smart ratiometric 
electrochemical aptasensor. 

• Long-term stability (one week 
protected with and opaque cover 
and incubated at 4°C in a dark 
place).  

• Good repeatability (6 successive 
measurements, RSD < 2.3%). 

• Good selectivity towards 
miR3123. 

[57] Nf/BP NSs-G2-β- 

CD/GCE 

Tryptophan 
enantiomers 
L-Trp and D-
Trp 

--- SWV 1.07 μM  

(L-Trp) 

1.71 μM  

0.01 – 1.00 mM • Nf worked as the protective film 
to immobilize BP NSs-G2-β-CD on 
the surface of the electrode. 

• The sensor confirms 
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(D-Trp) stereospecificity for Trp 
enantiomers due to the host-guest 
size matching assumption 
between G2-β-CD and amino acid 
enantiomers. 

• Good repeatability (6 successive 
measurements, RSD= 2.14 and 
3.12% for L-Trp and D-Trp, 
respectively). 

• Good reproducibility (6 
independent times, RSD= 4.06 and 
3.38% for L-Trp and D-Trp, 
respectively). 

• Good selectivity towards Trp 
enantiomers. 

[58] NH2-MWCNT-BP-Ag 
NPs/GCE 

Uric acid 

Xanthine 

Hypoxanthine 

Spiked bovine 
serum 

CV, DPV 0.052 μM (UA) 

0.021 μM (XT) 

0.25  (HX) 

 

0.1 - 800 μM 
(UA) 

0.5 - 680 μM  
(XT) 

0.7 - 320 μM  
(HX) 

• NH2-MWCNT-BP-Ag NPs 
nanocomposite displays excellent 
electrocatalytic capacity and 
exceptional enzyme-like kinetic 
characteristics. 

• Ag NPs and NH2-MWCNT serve as 
a protective layer that prevented 
BP degradation under the 
conditions including water.  

• Good repeatability (25 successive 
measurements, RSD= 2.72, 2.69 
and 2.24% for UA, XT and HX, 
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respectively). 

• Good reproducibility (7 
electrodes, RSD= 2.03, 1.22 and 
2.31% for UA, XT and HX, 
respectively). 

• Long-term stability (> 90% of its 
original response after 15 days at 
4°C).  

[59] PPy-BPQDs-
MIPs/PEDOTNRs/GCE 

Ascorbic acid Spiked soft drink DPV 0.0033 mM 0.01 – 4 mM • BPQDs and ascorbic acid was self-
assembled onto PEDOTNRs 
surface.  

• MIP sensor was prepared by 
electrochemical polymerization, 
using PPy as functional monomer 
and ascorbic acid as template 
molecule. 

• Good reproducibility (4 
electrodes, 3 successive 
measurements in each electrode, 
RSD= 3.58 %). 

• Long-term stability (93.4% of its 
original response after 10 days). 

• Good selectivity towards ascorbic 
acid. 

[60] BPNSs/GCE 

 

Ascorbic acid Vitamin C tablet DPV 0.3 nM 1–35 nM • BPNSs were synthesized through 

liquid exfoliation method coupling 
with ultrasonication.  
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• Ascorbic acid response increased ∼ 6 
times and the oxidation potential was 
negatively shifted in comparison with 
the bare GCE. 

• Good repeatability (5 
measurements, RSD= 4.5%). 

• Long-term stability (<10% 
decrease of the response was 

obtained after one week at 4C). 

• Ascorbic acid determination could 
be influenced by reagents with a 
very close oxidation peak.  

[61] BP-Au NP-Ap/Au 
interdigital electrode 

Malachite 
green 

Aquaculture 
water 

DPV 0.3 ng L-1 1 - 104 ng L-1 • L-cysteine is used for the first time 
for non-covalent coating on BP 
surface to protect it from 
degradation and oxidation. 

• BP works as a signal amplifier and 
aptamer acts as a recognition 
sector for malachite green 
selective detection.  

• L-cysteine – BP resists about 2 
weeks in aqueous solution while 
without L-cysteine, BP is damaged 
within 12h.  

• Good repeatability (8 
measurements, RSD= 5%). 

• Good selectivity towards 
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malachite green. 

[62] Ab2/MB/Au@Fe3O4 

@COF-PSA/OVA/ 

Ab1/Au@BP/GCE 

 

 

PSA Spiked human 
serum  

DPV 30 fg mL-1 10-4 - 10 ng mL-1 • First work on PSA determination 
using BP as substrate and 
magnetic COF as the nanoprobe 
for electrochemical signal 
generation and amplification. 

• Au@BP was used as an 
immunosensing support to attach 
primary Ab and enhance electron 
tranfer.  

• Au NP-COF was utilized to 
immobilize the secondary Ab and 
ample electronic signals of MB. 

• Long-term stability (> 95.5% of its 
original response after 15 days at 
4°C). 

• Good reproducibility (6 
electrodes, RSD= 2.03%). 

• Good selectivity towards PSA. 

[63] BP@PDA−SCX8·FA/ 

GCE/Au 

LNCaP cells Spiked human 
serum 

EIS 36 cells mL-1 200 – 105 cells 
mL-1 

• A cytosensor based on SCX8 and 
PDA - modified BP via host-guest 
recognition between SCX8 and FA 
was reported. 

• The large BP surface area 
improves the BP@PDA 
nanocomposite preparation.  
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• BP@PDA−SCX8·FA can recognize 
the FR and capture cancer cells by 
forming an SCX8−FA−FR 
sandwich-type conjugate. 

• The BP stability was enhanced by 
PDA polymerization. 

• Good selectivity towards cancer 
cells. 

[64] ECL probe/exosomes/ 

Ap/ILs/SiO2 NUs/GCE 

 

 

 

Exosomes Spiked human 
serum  

 

 

ECL 37 particle μL-1 1.1x102 – 
1.1x107 particle 
μL-1 

• An ECL and photothermal dual-
mode biosensor was developed. 

• ECL probe consists of MXenes-
BPQDs@Ru(dcbpy)3

2+-PEI-AbCD63 

• SiO2 Nus act as sensing platform 
providing numerous 
immobilization sites for Ap.  

• EpCAM protein could be 
recognized by the Ap and then 
capture exosomes. 

• Signal probe marked with Ab CD63 
could be identified by the 
exosomes modified on the 
electrode. 

• Good stability (ECL intensity is 
almost constant after 10 cyclic 
scans, RSD: 1.1%. For 
photothermal sensor, RSD: 2.1% 
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after 10 laser off/on). 

• Good specificity between Ap and 
exosomes.  

[65] Lyz/BSAN/DNA/probe
/GE 

Lysozyme Spiked human 
serum 

ECL 0.029 pg mL-1 0.1 - 102 pg mL-1 • BSAN was prepared by inserting 
BPQDs into 
poly(styrene/acrylamide) 
copolymer nanospheres.  

• Firstly, mercapto group 
terminated Lyz Ap was attached 
on GE through S-Au bond as the 
probe. 

• BSAN was linked with DNA 
through the amino group on 
polymer film, and then BSAN/DNA 
was immobilized onto the 
electrode via hybridizing with the 
probe. 

• BSAN functions as coreactant to 
produce ECL with Ru(bpy)3

2+. 

• Good stability (ECL intensity is 
almost constant after 9 cyclic 
scans, RSD: 0.56%). 

• Long-term stability 90% of its 
original response after 3 weeks 
stored in refrigerator). 

• Good reproducibility (6 
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electrodes, RSD= 1.2%). 

• Good specificity to lysozyme. 

[66] Pb(II) Ap labeled 
Ag/AgCl nanocubes 
/capture DNA and 
MCH decorated BP 
nanoflakes/GCE 

 

 

Pb(II) Spiked tap water 

Spiked lake 
water 

ECL 0.27 pM 0.5 pM – 5 nM • An ECL assay procedure was 
conceived on the basis of Pb(II) 
induced ECL-RET between 2D BP 
nanoflakes and Ag/AgCl 
nanocubes. 

• BP nanoflakes were used as new 
anodic ECL luminophores without 
any coreactants. 

• Good stability (ECL intensity is 
almost constant after 10 cyclic 
scans). 

• Good reproducibility (intra-assay 
with five parallel tests, RSD: 4.3%; 
and inter-assay with 5 electrodes, 
RSD: 5.1%). 

• Good selectivity towards Pb(II). 

Ab: antibody; Ab1 and Ab2: PSA antibody; AHB: alfa-hydroxybutyrate; ALD: atomic layer deposition; Ap: aptamer; BPQDs: black phosphorus quantum dots; 

BSA: bovine serum albumin; BSAN: BPQDs-St-AAm nanospheres; BTOPI: HA/BP-Tyr organic phase interdigital electrode; CA: chronoamperometry; CILE: 

carbon ionic liquid electrode; COF: covalent organic frameworks; CV: cyclic voltammetry; Cys: cysteamine; DTT: dithiothreitol; DPV: differential pulse 

voltammetry; ECL: electrochemiluminescence; ECL-RET: electrochemiluminescence resonance energy transfer; EIS: electrochemical impedance 

spectroscopy; FA: folic acid; FET: field-effect transistor; FR: folic receptor; FTO: fluorine doped tin oxide; G2- β-CD: 6-O-α-maltosyl-β-cyclodextrin; GCE: 

glassy carbon electrode; GE: gold electrode; Glu: glutaraldehyde; GSH: glutathione; HA: hexamethylendiamine; Hb: hemoglobin; HMA: 
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hexamethylenediamine; HX: hypoxanthine; IDS: drain – source current; IgG: immunoglobulin G; IL: [bmim][BF4] (ionic liquid);  ILs: 1-carboxymehyl-3-

methylimidazolium chloride (ionic liquid); Lyz: lysozyme; MB: methylene blue; MCH: 6-mercaptohexanol; MIP: molecularly imprinted polymer; MOF: metal-

organic frameworks; MWCNT: multiwall carbon nanotubes; Nf: nafion; Nf(IP): nafion treated with isopropanol; NMP: N-methyl pyrrolidone; NPs: 

nanoparticles; NSs: nanosheets; OVA: ovalbumin; PCB77: 3,3′4,4′-polychlorinated biphenyl; PDA: polydopamine; PDDA: poly(diallyldimethylammonium 

chloride); PEDOT:PSS: poly(3,4-ethylenedioxythiophene) -poly(styrenesulfonate); PEDOTNRs: poly(3,4-ethylenedioxythiophene) nanorods; PEI: 

polyethylenimine; PG: porous graphene; pLL: poly-l-lysine; PPy: polypyrrole; PSA: prostate specific antigen; PTTBA: 4,4’,4’’,4’’’-(porphine-5,10,15,20-

tetrayl)tetrakis benzoic acid; R-time: resistance-time; RSD: relative standard deviation; S-β-CD: mono(6-mercapto-6-deoxy)-β-cyclodextrin; SCX8: p-

sulfonated calix[8]arene; SiO2 NUs: SiO2 nanourchin; SPCE: screen-printed carbon electrode; SWV: square wave voltammetry; TCA: trichloroacetic acid; TH: 

thionine; Trp: tryptophan; Tyr: tyrosinase; UA: uric acid; VDS: drain - source voltage; VGS: gate – source voltage; XT: xanthine.
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Table 3. Antimonene, bismuthene, and arsenene -based sensors for electrochemical sensing applications. 

 

Ref. 2D material Analyte Sensor type Sample Technique Detection 
limit  

Linear range  Additional Information 

[68] Antimonene Phenol Antimonene/Tyr/
Glu/GCE 

Arsenene/Tyr/Glu
/GCE  

Bismuthene/Tyr/
Glu/GCE  

Phosphorene/Tyr
/Glu/GCE 

Spiked tap 
water 

CV, CA 255 nM 7.5 – 27.5 
nM  

500 – 2500 
nM 

• First biosensor approach built 
using exfoliated pnictogens 
beyond phosphorene. 

• The enhanced performance of 
the antimonene-based phenol 
biosensor can be assigned to 
the highest degree of 
exfoliation and downsizing, the 
lowest ratio of oxidation of its 
surface, and the 
biocompatibility. 

• Antimonene/Tyr/Glu/GCE 
reveals excellent analytical 
performance with high 
sensitivity, good repeatability 
(RSD= 17.68%, 10 different 
concentration, each repeated 3 
times), good selectivity and 
specificity towards phenol. 

[69] Antimonene BRCA1 gene DNA probe/ 
antimonene/ 

AuSPE 

Clinical 
DNA 
samples of 
the BRCA1 
gene 

DPV 28.3 pg µL-1 Up to 20.0 
ng µL-1  

• First work that uses 2D 
antimonene for SPE 
modification as DNA sensing 
platform. 
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• FL-antimonene interacts 
strongly with DNA. 

• This biosensor discriminates 
between clinical samples from 
healthy (BRCA gene) and 
diseased (mutated gene) 
patients. 

• Good reproducibility (5 
electrodes, error < 5%). 

• Long-term stability (98% of its 
original response after one 
month). 

[70] Antimonene H2O2 Cat/AMQDs-GCE Ovarian 
cancer 
serum 

CV 

Amperometry 

4.4 μM 50 – 300 μM • First work that uses AMQDs in 
sensing applications. 

• Catalase enzyme was 
immobilized onto AMQDs and 
has electrocatalytic activity 
towards H2O2 reduction. 

• The sensor is stable up to 30 
cycles. Recovery of 95-103.4%. 

• Good selectivity in presence of 
glucose, ascorbic acid, leucine 
and dopamine. 

• H2O2 concentration increases 
with higher levels of CA125. 
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[20] Antimonene 

Bismuthene 

Arsenene 

Ascorbic acid Antimonene/GCE 

Bismuthene/GCE 

Arsenene/GCE 

--- CV, LSV --- --- • First work that uses 2D 
pnictogens as sensing platforms 
for electrochemical 
applications. 

• It is proved that aqueous shear 
exfoliation can be applied to get 
Sb, As and Bi exfoliated 
nanosheets.  

• The electrochemical 
performance is assessed in 
terms of electron transfer, 
inherent electrochemistry, and 
sensing applications. 

• The shear exfoliated pnictogens 
show improved catalytic 
properties compared to the bulk 
pnictogens. 

[71] Antimonene 

Bismuthene 

Arsenene 

Glucose pnictogensSE–
Au@AgNR/GCE 

--- CV, DPV 3.5 pM 50 pM – 
555.550 nM 

• Shear exfoliated pnictogen 
nanosheets were mixed with 
Au@AgNRs as a new electrode 
material for the preparation of 
an enzyme-less glucose sensor. 

• SbSE–Au@AgNR, BiSE–Au@AgNR 
and AsSE–Au@AgNR composites 
were synthesized.  

• Only AsSE–Au@AgNR composite 
provides clear CV signals in the 
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presence of glucose, showing 
exceptional electrocatalytic 
ability towards its oxidation.  

• The lack of response of SbSE–
Au@AgNR and BiSE–Au@AgNR 
could be attributed to the 
absence of gold in these 
composites. 

• Acceptable sensor 
reproducibility (RSD< 15%). 

[72] Arsenene MeOH and 
acetone 
vapors 

Arsenene/ Au 
Interdigitated 
electrode 

 

 

 

--- EIS --- --- • A LPE procedure to prepare FL 
arsenene assisted by sonication 
and without any additional 
surfactant is reported. 

• An application of arsenene for 
construction of vapor sensor 
based on EIS is demonstrated. 

• The 2D As nanosheets 
selectivity toward MeOH and 
acetone depends on the 
frequency used. 

• Long-term stability (97 and 94% 
of their original response after 
three weeks at the ambient air 
for MeOH and acetone sensors, 
respectively) 
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[6] Arsenene 
(black and 
grey) 

MeOH, EtOH, 
Et2O, 
isopropanol, 
acetone, 
acetonitrile, 
air   

Arsenene/ Au 
interdigitated 
electrode 

---. EIS --- --- • The arsenene materials are 
stable for 8 days in ambient 
conditions. 

• The application of arsenic 
samples as impedimetric 
sensors for volatile organic 
compounds was investigated. 

• Grey arsenene shows sensitivity 
towards MeOH and EtOH, while 
black arsenene shows sensitivity 
towards MeOH, EtOH, 
isopropanol, acetone and 
acetonitrile. 

• Good stability of the tested 
impedimetric sensors. 

[73] Bismuthene Pb(II), Cd(II) Bismuthene/Gra/
GCE 

Tap water SWASV 0.3 ppb 1-30 ppb  • Reports for the first time the 
implementation of bismuthene 
(combined with graphene) for 
the ASV determination of Pb(II) 
and Cd(II) ions. 

•Three different ratios of 
bismuthene and graphene were 
tested (1:10, 1:5, 1:2,5 w/w) 
revealing that the 1:5 w/w 
dispersion endows the greatest 
sensitivity. 

•Good repeatability of 
bismuthene/Gra/GCE (15 
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successive measurements, RSD= 
3.4 and 6.8% for Pb(II) and 
Cd(II), respectively). 

•Good reproducibility of 
bismuthene/Gra/GCE (10 
electrodes, RSD< 3.3 and 1.4% 
for Pb(II) and Cd(II), 
respectively). 

• The bismuthene/Gra/GCE sensor 
shows excellent working 
stability allowing more than 40 
measurements keeping 95% of 
the original signal. 

[74] Bismuthene Pb(II), Cd(II) Bismuthene/SPCE 

 

 

 

Estuarine 
water 

DPASV 0.06 ppb  
(Pb) 

0.07 ppb 
(Cd) 

 

0.2-25 ppb • First application of pure 
bismuthene drop-casted onto 
an SPCE for the ASV 
determination of Pb(II) and 
Cd(II) ions. 

• Improved detection limits as 
compared to other Bi-modified 
electrodes. 

• Good repeatability of 
bismuthene/SPCE (5 successive 
measurements, RSD= 3.0 and 
4.2% for Pb(II) and Cd(II), 
respectively). 

• Good reproducibility of 
bismuthene/SPCE (3 electrodes, 
RSD= 1.2 and 1.0% for Pb(II) and 
Cd(II), respectively). 
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• Long-term stability (stored at 
least one week under inert 
atmosphere without signals of 
stability loss). 

AMQDs: antimonene quantum dots; ASV: anodic stripping voltammetry; Au@AgNR: gold@silver nanorod; AuSPE: gold screen printed electrode; CA: 

chronoamperometry; CV: cyclic voltammetry; DPV: differential pulse voltammetry; DPVASV: differential pulse anodic stripping voltammetry; EIS: 

electrochemical impedance spectroscopy; EtOH: ethanol; Et2O: diethyl ether; FL: few‐layered; GCE: glassy carbon electrode; Gra: graphene; Glu: 

glutaraldehyde; LSV: linear sweep voltammetry; LPE: liquid-phase exfoliation; MeOH: methanol; SPE: screen-printed electrode; SPE: screen-printed carbon 

electrode; SWASV: square-wave anodic stripping voltammetry; Tyr: tyrosinase. 
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Figure 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. 
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Figure 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. B) Scheme with “top-down” methods for production of 2D layered 

materials by ultrasonication, shear force methods and electrochemical 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 labelled their respective phonon modes 

(LL 532 nm, 50 mW) with applied power of 5 mW and 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 100mV s−1. Reproduced from ref. 

[17], with permission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

)

)

)

)

)
)



69 
 

Figure 3 

Scheme of the water adsorption model of a BP-based QCM humidity sensor. Reproduced from 

ref. [22] with permission. 

 

 

 



70 
 

Figure 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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Figure 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= 0.1 V); D) Ids-Vds curve with the Vds= −1V ∼ 1 V (Vgs= 0 V); E) Real-

time detection of As(III) in water (Vds= 0.1 V, Vgs= 0 V) with the BP/Au NPs/DTT platform, for 

concentrations ranging from 1 nM to 1 µM. Adapted from ref. [36] with permission. 
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Figure 6 

Schematic representation of an ECL biosensor based on BP quantum dots for the detection of 

lysozyme. Reproduced from ref. [65] with permission. 

 

 

 



73 
 

Figure 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 

μmol 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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Figure 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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Figure 9 

Response of impedimetric sensors based on grey and black arsenic to various VOCs plotted as 

Bode diagrams. Reproduced from ref. [6] (Open access). 

 

 

 



76 
 

Figure 10  

A) DP stripping voltammograms of 25 μg 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 representation for the determination of 

Pb(II) and Cd(II) concentration. Reproduced from ref. [74] with permission. 
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Figure 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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