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Abstract:  9 

Black phosphorus (BP) has a high charge-carrier mobility (~1000 cm2 V-1 s-1), but 10 

the bare BP degrades rapidly in the presence of oxygen and water which limits the 11 

application of the BP. In this study, a simple, non-covalent passivation strategy is 12 

developed by modifying of the BP with hexamethylendiamine (HA). The 13 

functionalized BP exhibits good stability over 4 weeks. The organic phase interdigital 14 

electrode which is constructed by stable HA/BP and tyrosinase displays lowest noise 15 

signal (0.025 nA) and relatively low detection limit (10 nmol L-1) for bisphenol A. 16 

This work provides a new strategy for construction of novel biofuel cell, 17 

bioelectronics and biosensors. 18 
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Black phosphorus (BP), a layered semiconductor, has been successfully isolated in 1 

2014 and is known as a fascinating two-dimensional (2D) material with extraordinary 2 

anisotropic mechanical, thermal, electronic and optoelectronic properties[1-4]. The 3 

intriguing properties have spurred tremendous interested in the BP. With high 4 

room-temperature mobility of 1000 cm2/V·s, the BP is also a promising material for 5 

electronics, optoelectronics and biosensors[5-7]. Compared to the expanding increase 6 

on the development of various kinds of BP-based electronics and optoelectronics 7 

devices, its application in biosensing is still in cradle. However, the practical 8 

applications of the BP are seriously limited due to its low stability in the presence of 9 

oxygen and water[8]. The bare BP fast transforms into PO3
3- or PO4

3- within 12 hours, 10 

and the degradation of the BP is most likely to start from the edges of the BP[9]. It 11 

has reported that the degradation of the BP depends on the reaction with oxygen 12 

(P→PxOy) and water (PxOy→PO4
3-)[10, 11]. The bare BP can be completely degraded 13 

after exposed to the humid condition, which limits the applications of the BP in many 14 

research areas as field-effect transistor, light-emitting diodes, photodetectors and 15 

sensors[12, 13].  16 

Therefore, it is necessary to build a passivation method to overcome the instability 17 

of the BP devices. Recently, various approaches have been used to protect the BP 18 

from degeneration, i.e. oxidizing top layer of the BP by oxygen plasma dry 19 

etching[14], capping of the BP with 2D graphene[15], and surface modification 20 

strategy[16, 17], etc. Among these protection methods, surface modification has 21 

proved to be one of the most effective ways to keep the chemical and electronic 22 



 

properties of the BP[18, 19]. Herein, hexamethylenediamine (HA) is utilized to 1 

protect the BP from degradation. Non-covalent functionalization of the BP with HA 2 

can keep the intrinsic property of the BP through preventing oxygen approaching the 3 

surface of the BP. 4 

The HA with diamine can serve as a bridge between the BP and enzymes. After 5 

enzyme immobilized onto the surface of the HA/BP through hydrogen bond 6 

interaction, a condensed enzyme layer is formed. Furthermore, hydrophobic organic 7 

solvent not only solves the issue that H2O accelerates the dissolution of PxOy to PO4
3-, 8 

but also keeps the activity of tyrosinase. Therefore, an organic-phase enzyme 9 

interdigital electrode (OPEI) has been constructed due to the high stability of the BP, 10 

high solubility of hydrophobic chemicals, and low microbial contamination. 11 

2,5-di-tert-butyl-1,4-benzoquinone (DTBQ) (a proton-coupled electron transfer carrier) 12 

is used as the lipophilic electrolyte in chloroform to increase the sensitivity of 13 

OPEI[20, 21]. The HA/BP-based tyrosinase organic-phase interdigital electrode 14 

(BTOPI) is systematically studied by determining bisphenol A (BPA) in chloroform. 15 

To the best of our knowledge, it is the first time that the BP is used as an 16 

organic-phase enzyme biosensing platform.  17 

2. Experimental Section 18 

Materials and Apparatus. BPA, Bisphenol S (BPS), chloroform, dichloromethane, 19 

DTBQ and tyrosinase are obtained from Sigma Aldrich (USA). Chitosan (from crab 20 

shells, minimum 85% deacetylate) is purchased from Sigma Aldrich (USA). 21 

Phosphate buffer saline (PBS, 50mM, pH7.0) is prepared by mixing standard solution 22 



 

of K2HPO4 and KH2PO4. Unless otherwise mentioned, 100 mmol L-1 DTBQ is used 1 

as the electrolyte in organic solvent. 2 

Transmission electron microscopy (TEM) images are obtained by a JEOL (USA, 3 

JEM-2100). Atomic force microscopy (AFM) images obtain by peak force mode and 4 

a silicon nitride cantilever tip (Bruker). X-ray Diffraction (XRD) patterns are recorded 5 

by an X-ray diffractometer (USA, Bruker). A CHI 660B electrochemical workstation 6 

(China, CHI Instruments Inc.) is used for testing cyclic voltammetry (CV) and 7 

amperometric measurements. All the fabrication process of the interdigital electrode 8 

is completed in a super clean room to ensure the performance and the yield rates of 9 

the interdigital electrodes. Gas chromatography-mass spectrometry (GC-MS, USA, 10 

Agilent 7000 series) is used to monitor the mass of the product. BPA is added into 1 11 

mL hexane, and analysis is performed by GC-MS using a DB-5 column (DB-5 with 12 

0.25 µm phase, 0.25 mm i.d., 30 m). The GC-MS oven temperature is maintained at 13 

50 °C for 3 min, and then increases to 300 °C at a rate of 40 °C/min. The oven is held 14 

at 300 °C for 10 min. 15 

Preparation of the BP. The BP preparation process is operated in the acrylic glove 16 

box with 0.1% H2O and O2, which is necessary for uniform oxidation and 17 

hydroxylation of the BP surface layer. In detail, 50 mg of the bulk black phosphorus 18 

is dispersed in 100 mL chloroform and dimethylformamide (Volume:Volume; 1:1) 19 

which is bubbled with N2 to eliminate the dissolved oxygen molecules. The mixture 20 

solution is exfoliated by ultra-sonication at 0 oC for 6 hours. And then, the BP is 21 

obtained in the supernatant after 6000 rpm centrifugation for 20 minutes. The BP is 22 



 

immersed in a glass vial, heated up to 130oC and maintained for 20 minutes. After this 1 

step, the -OH groups are formed on the surface of the BP.  2 

Subsequently, the BP is transferred into chloroform with HA at 100 oC for 30 3 

minutes. Through hydrogen bond interaction between the oxidized groups of the BP 4 

and NH2 groups of HA, a stable BP with a uniform protection monolayer is formed. 5 

Preparation of the BTOPI. The BTOPI is prepared as follows in scheme 1: 10 µL 6 

of the HA-BP solution (0.5 mg mL-1) is mixed with 5 µL 10 mg mL-1 tyrosinase and 5 7 

µL 1.5 mg mL-1 chitosan. Subsequently, the solution is shaken by vortex instrument 8 

for 30 minutes and added onto the surface of the interdigital electrode.  9 

After incubating for 3 hours at room temperature, the surface of the interdigital 10 

electrode is dried. Then, all the electrodes are washed with 5 mL deionized water to 11 

remove the weakly binding tyrosinase before electrochemical measurements. The 12 

fabrication process of the tyrosinase organic phase interdigital electrode (TOPI) is 13 

similar with the BTOPI. The BTOPI and other interdigital electrodes are characterized 14 

by electrochemical scanning in a 5 mmol L-1 [Fe(CN)6]
4-/3- solution. 15 

Detection of BPA by the BTOPI. BPA, which is one of the most important 16 

endocrine disrupting chemicals (EDCs), has been shown adversely influences on 17 

endocrine system of human. 10 µL BPA solution is pipetted into the chloroform (1 18 

mL) with 0.1 mol L-1 DTBQ and tested by amperometric measurements under an 19 

applied potential (-0.15 V).  20 

Safety Considerations. BPA is a EDCs agent. HA has a strong amine odor and can 21 

cause serious burns and severe irritation. Material safety data sheet (MSDS) 22 



 

information for these chemicals must be consulted, and precautions need to be taken 1 

for handling them (i.e., wearing gloves, eyeglasses and mask). 2 

3. Results and Discussion 3 

The bare BP degrades in 1 minute under strong electronic beam from TEM and 4 

SEM images, thus their images are not caught by TEM. After coating with HA, the BP 5 

becomes stable and can stand strong electronic beam over 30 minutes. The structure 6 

and morphology of the HA/BP are characterized by TEM, SEM and AFM. Figure 1A 7 

shows that the high-quality HA/BP with lattice fringes has been obtained through 8 

liquid-exfoliated method. The selected area diffraction pattern of the HA/BP (Figure 9 

1B) displays the orthorhombic crystalline character of the HA/BP. 10 

The stability of the HA/BP is characterized by AFM. As shown in Figure 2A and B, 11 

without coating HA, most of the BP has been degraded by oxygen in aqueous solution 12 

after 12 hours. As soon as the bare BP is exposed to oxygen, it reacts with O2 and 13 

forms an inevitable phosphorus oxide layer (P4 + 5O2 → P4O10). The oxidized BP 14 

interacts with H2O and turns into phosphoric acid by the following reaction (P4O10 + 15 

6H2O → 4H3PO4)[12]. Thus, it appears as ambiguous morphology on the BP edges, 16 

as shown in Figure 2B. After HA coating on the surface of the BP, the HA/BP 17 

becomes stable and keeps its original form in aqueous solution over 4 weeks (Figure 18 

2C and D). The main reason is that a phosphorus oxide layer is formed on the surface 19 

of the BP after exposing under O2. The phosphorus oxide layer interacts with HA 20 

through hydrogen bond interaction, and the HA layer protects the BP from H2O 21 

reaction. The thickness of HA coating on the BP is characterized by AFM. As shown 22 



 

in Figure 2E, the thickness of HA is approximately 1.4 nm (a uniform HA layer is 1 

formed). Furthermore, the tyrosinase anchors on the surface of the HA/BP through 2 

hydrogen-bond interaction. A uniform layer is formed on the surface of the HA/BP, 3 

and its thickness is around 11 nm. It is consistent with three dimensions of 4 

tyrosinase[22]. Furthermore, the structural information of the BP is also characterized 5 

by XRD. As shown in Figure 2F, XRD pattern of the BP also shows the orthorhombic 6 

crystal structure along the (040) direction. After coating with HA, the XRD pattern of 7 

the HA/BP does not change (data does not show in Figure 2F). This confirms that the 8 

HA/BP keeps its original form. 9 

As is well-known, biosensing materials play a key role in the performances of 10 

biosensors. The BP has become one of the brightest stars among 2-dimensional 11 

materials after its first mechanical exfoliation from bulk BP in 2014. The BP shows 12 

excellent performances as electronic or optoelectronic devices, sensors, etc. However, 13 

there is few researches using the BP as a biosensing platform, even the charge carrier 14 

of the BP is as high as 1000 cm2/V·s. This is mainly due to its easy degeneration in 15 

aqueous solution. After the stable BP is obtained in this work, it will explore more 16 

promising applications. In this study, the modification process of the interdigital 17 

electrode is monitored by CV in a [Fe(CN)6]
4-/3- solution. Figure S1 shows the CV 18 

signals of the interdigital electrode, TOPI and BTOPI (curve a, curve b and curve c) in 19 

a 5 mmol L-1 [Fe(CN)6]
4-/3- solution. Compared to the interdigital electrode, the 20 

response signal of the TOPI (curve b) decreases remarkably in [Fe(CN)6]4-/3- solution. 21 

This is primarily due to the low-conductivity tyrosinase covering the surface of 22 



 

interdigital electrode. After the HA/BP and the tyrosinase immobilizes onto the 1 

interdigital electrode, the response signal increases significantly. This is mainly due to 2 

the high-conductivity HA/BP improving the electron transfer rate between 3 

([Fe(CN)6]
4-/3-) and the interdigital electrode. The results indicate that the 4 

tyrosinase/HA/BP composite is successfully immobilized on the interdigital electrode. 5 

The tyrosinase/HA/BP is used to construct an organic phase interdigital electrode 6 

for monitoring the hydrophobic BPA. BPA, one of the highest volume industrial 7 

chemicals, is banned in the United States for using in baby bottles due to its 8 

reproductive and developmental toxicity[23]. It is readily soluble in organic solvent 9 

but has poor solubility in water[24]. For example, it is over an order of magnitude more 10 

soluble in chloroform than in aqueous solution[25-27]. Thus, BPA can rapidly transfer 11 

from aqueous solution to organic solution (liquid-liquid extraction). Based on the 12 

above reasons, BPA is monitored by the BTOPI in chloroform. The solubility of BPA 13 

in chloroform is over an order of magnitude than in water[28], with an extra benefit 14 

being 40-fold higher solubility than in water of the co-substrate oxygen. 15 

The operating potential of the BTOPI is checked in Figure S2. The response signal 16 

increases rapidly as the potential decreases from 0 to -0.2 V. In order to get good 17 

signal-to-noise (S/N) characteristics, -0.15 V is selected as the applied potential. Such 18 

a low potential can minimize potential interferences from electroactive species. Figure 19 

3A displays the amperometric response (at -0.15V) of the BTOPI (curve a), the TOPI 20 

(curve b) and the bare interdigital electrode (curve c) to the successive addition of 21 

BPA under constant stirring. The BP modified interdigital electrode without tyrosinase 22 



 

does not response to BPA. While the TOPI and the BTOPI have obvious amperometric 1 

signals with the additions of 0.1 µmol L-1 BPA, reaching 95% of steady state current 2 

within 5 seconds. Such a rapid response of the BTOPI could be attributed to the fast 3 

diffusion of BPA from organic solvent to the immobilized tyrosinase. Figure 3B 4 

shows the calibration curves of the response signals of these biosensors versus BPA 5 

concentrations (from 100 nmol L-1 to 1 µmol L-1). It indicates that the BTOPI exhibits 6 

higher response signals than the TOPI due to the high-conductivity BP. The sensitivity 7 

of the BTOPI is 0.26 µA µmol-1 cm-2, which is above 10 times higher than that of TOPI 8 

(0.018 µA µmol-1 cm-2). The linear range of the BTOPI is from 5×10-8 to 1×10-6 mol 9 

L-1 with a correlation coefficient of 0.9993. The noise signal is stable and 10 

approximately 2.5×10-11 A, and its detection limit is 10 nmol L-1.  11 

The analytical performances of the BTOPI have been compared with other 12 

tyrosinase biosensors (Table 1). From table 1, it shows that the noise of the BTOPI is 13 

the lowest among all the biosensors. The reason is that the low stability of product 14 

(o-quinones) in aqueous solution is rapidly polymerized to polyaromatic pigments. 15 

The pigments inactivate the tyrosinase and limit the substrate and product transferring 16 

from the solution to the catalyst center of the tyrosinase. As a result, the background 17 

noise signals of the biosensors in aqueous solution increase very fast with the 18 

continuous reaction. However, BPA can be quantitatively converted to stable 19 

o-quinones without further polymerization in organic solvent. This causes low 20 

background noise signal. The stable o-quinones is verified by GC-MS (Figure S3). 21 

Based on the above reasons, the detection limit of the BTOPI is lowest among these 22 



 

biosensors even its sensitivity is not the highest among them. The results indicate that 1 

this biosensor is an excellent candidate for the detection of BPA. 2 

Reproducibility is another attractive feature of the BTOPI. 0.1 µmol L-1 BPA is 3 

detected by the BTOPI for 8 repeated measurements, and the results show highly 4 

reproducible amperometric peaks with a relative standard deviation (RSD) of 0.5% 5 

(Figure 3C). This indicates that the fabrication reproducibility is acceptable. 6 

Furthermore, the long-term stability of the BTOPI in chloroform is investigated by 8 7 

consecutive measurements for 0.1 µmol L-1 BPA within 8 months. When the BTOPI is 8 

not in use, it is saturated in chloroform and stored in the refrigerator at 4 oC. It retains 9 

over 65% of its initial current response even after 180 days storage.  10 

The good sensing performances of the BTOPI may be attributed to the following 11 

factors: the large surface area of the BP could greatly increase the active surface area 12 

of the interdigital electrode; the high conductivity of the BP could improve the 13 

electron transfer rate between the interdigital electrode and BPA in organic solvent; 14 

the layer-by-layer architectures could provide a broad space for the easy transfer route 15 

of BPA through organic solvent to the immobilized tyrosinase (shown in Scheme 2A), 16 

and DTBQ as new electrolyte could enlarge the signal of the BTOPI (the mechanism is 17 

shown in Scheme 2B). As shown in Scheme 2, the tyrosinase catalyzes two distinct 18 

oxidation reactions. In step 1, the tyrosinase accomplishes the oxidation of 19 

monophenol to diphenols by oxygen. In step 2, o-diphenols are oxidized to the 20 

formation of o-quinones. The o-quinones spontaneously reduce by DTBQ. Thus, the 21 

tyrosinase and DTBQ work together to enlarge the signal of the BTOPI. 22 



 

In addition, the BTOPI is used to determine BPA leaching from plastic oil containers 1 

and oyster sauce containers which are purchased from a local supermarket. These 2 

plastic containers are heated up by microwave instrument for 30 minutes and then 3 

transfer 10 µL extracted oil into 1 mL chloroform. The oil samples are analyzed by 4 

this biosensor with amperometric measurements. The results show that none of them 5 

exists BPA. It indicates that most of the PC containers have been replaced by other 6 

plastic containers. When 100 nmol L-1 BPA is spiked into the analytical samples 7 

during sample preparation, the recovery values of the samples are above 85% for the 8 

100 nmol L-1 level. Overall, this method is a potential approach for BPA test due to its 9 

acceptable recovery. Furthermore, four water samples from aquaculture are extracted 10 

by chloroform, and tested by the BTOPI. The amperometric results show that only 11 

one sample exists 350 nmol L-1 BPA. The other potential co-existing plasticizer 12 

interferences and derivatives (i.e. BPS) are checked by this biosensor (Figure S4). 13 

There is no response signal because they are not the substrate of tyrosinase. It reveals 14 

that this biosensor is a potential and efficient tool for the selective determination of 15 

BPA from coexisting chemicals. 16 

4. Conclusion 17 

In this study, the BP has been successfully modified by HA which has two amine 18 

groups. The HA/BP can anchor tyrosinase through hydrogen-bond interaction. 19 

Furthermore, as the battery related field explosive growth, more and more lipophilic 20 

electrolytes will accelerate the development of organic phase biosensor. It also 21 

suggests that the HA/BP hybrid not only function as a good electrical conductor but 22 



 

also serve as a stable enzyme-based platform in organic solvent. Thus, the HA/BP is a 1 

promising building blocks for biosensors and bioelectronics.  2 
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      2 

 3 

Figure 1. (A) TEM image of the HA/BP and (B) selected area electron diffraction 4 

pattern of the HA/BP under high-magnification condition. 5 

 6 
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 1 

 Figure 2. Atomic force microscopy images of (A) the bare BP, (B) the bare BP in 2 

water for 12 hours, (C) the HA/BP and (D) the HA/BP in water for 4 weeks, the white 3 

bar is 10 µm. (E) The AFM characterization of the thickness of the same BP before 4 

and after coating protection layer, with the locations of height profile marked by 5 

dotted lines, and (F) The XRD pattern of the BP. 6 
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Figure 3. (A) Amperometric measurement of the BTOPI (a), the TOPI (b) and the bare 4 

interdigital electrode (c) with successive addition of 10 µL 10 µmol L-1 BPA into 1 5 



 

mL chloroform solvent. Applied potential: -0.15 V versus Ag/AgCl. (B) The 1 

corresponding calibration curves of steady-state currents versus concentrations of 2 

BPA. The standard deviations are all less than 5%. (C) The stability of 8 repeated 3 

measurements for 10 µL 10 µmol L-1 BPA into 1 mL chloroform with 0.1 M DTBQ as 4 

electrolytes. 5 

 6 

 7 

Table 1. Comparison of analytical performances of the BTOPI with other tyrosinase 8 

biosensor for detection of BPA. 9 

Modified biosensor 

Linear 

range 

(µM) 

Sensitivity 

(µA µmol-1 

cm-2) 

Detection 

limit 

(nM) 

Background 

noise (nA) 
Reference 

BTOPI 0.05-1.0 0.26 10.0 0.025 
Present 

work 

NGP-Tyr-Chi/GC 0.1-2.0 3.11 33.0 0.2 [29] 

Thionine-Tyr/CP 0.15-45.0 1.21 150.0 2.0 [30] 

MWNT-SF-Tyr/GC 0.05-3.0 0.17 30.0 1.0 [31] 

CuMOF-Tyr/GC 0.05-3.0 4.48 13.0 10.0 [32] 
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 1 

Scheme 1. Schematic diagram of the fabrication process and detection mechanism of 2 

the BTOPI for BPA in organic solvent. 3 

 4 

 5 

 6 

 7 

 8 

  9 

Scheme 2 (A). Schematic diagram of the tyrosinase immobilized on the HA/BP, and 10 

(B). The mechanism of detection of BPA with DTBQ as the electrolyte. 11 













• The black phosphorene (BP) are exfoliated by ultrasonication in organic solvent. 

• The stable BP is functionalized by hexamethylendiamine in organic solvent. 

• 2,5-di-tert-butyl-1,4-benzoquinone is selected as new electrolyte. 

• The detection limit (10 nmol L-1) and the noise (0.025 nA) of this biosensor is the lowest 

among the reported biosensors. 

• This biosensor retains over 65% of initial response signal after 180-day storage.  
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