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A novel one-step strategy to exfoliate and functionalize two dimensional layered materials (2DLM) is
described to promote the production and performance of the 2DLM for bio-related and molecule
adsorption based practical applications. This method applies sonication to the 2DLM dissolved in the
aqueous solution of hydrophobin protein, during which process the hydrophobins penetrate into the
interlayer and automatically bind onto the surface of 2DLM to peel off the mono-/few-layer from the bulk
material. The exfoliated 2DLM is spontaneously wrapped with a dense and ordered hydrophobin
monolayer, forming unique bio-nanocomposites with greatly enhanced biocompatibility and molecule
adsorption capability. The product exfoliated and functionalized by this method from reduced graphite
oxide is successfully applied for an exemplary application of water molecular sensing, which, to the best
of our knowledge, is the first time that a protein layer is used as an active sensing layer for water
molecules. The device shows exceptional improved performance in harsh environments with compli-
cated background interferents as compared to a bare reduced graphene oxide sensor and a commercial
Sensor.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction few-layer 2DLM at large-scale and its functionalization for certain

applications, especially those for bio compatible applications,

With tremendous research advances in two dimensional layered
materials (2DLM) since the discovery of graphene in 2004 [1], both
on unique fundamental properties and enormous prototype dem-
onstrations of supreme applications [2—4], the mass production of
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remain challenge in the community. Previously, tremendous efforts
have been made in large-scale liquid phase exfoliation of 2DLM
from its bulk counterpart with various solvents [5—8] and then
functionalize it with chemicals [9—11], bio-molecules [12] and
nanoparticles [13,14] to achieve stable dispersion of 2DLM in so-
lution [15,16] and/or designed properties of the final composites
[9—14]. These two-step methods are not only time-consuming [17],
but also require careful selection of the solvents used in the two
sequential processes to prevent any undesired reactions or pollu-
tion caused by the interferents from the previous step, which may
degrade the function of the final products [18]. Therefore, new
strategies, especially one-step exfoliation and functionalization, are
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highly desired for exploiting 2DLM in large-scale practical
applications.

For this purpose, chemistry approaches to liquid exfoliate and
functionalize 2DLM have been extensively studied in previously
works [19—21], however, potential solutions from life science are
appealing but less explored [22—24] so far. Protein, as the main
bearer of abundant life activities, if feasible, provides obvious ad-
vantages for this purpose due to its excellent bio-compatibility.
Hydrophobin, used in this work, is a protein family secreted by
fungal that can self-assemble onto various hydrophobic/hydro-
philic interfaces to form a very stable and robust protein film with
a well ordered pattern [25—27|. The foundation for the self-
assembly of hydrophobin is its unique amphiphilic protein struc-
ture with a large “hydrophobic patch” on its surface, which can
directly interact and bind with hydrophobic materials [28—30].
Thus, hydrophobin can enter the interlayer gap of the 2DLM and
automatically bind its hydrophobic patch onto the hydrophobic
surface of 2DLM to peel off mono-/few-layer from the bulk
counterpart during sonication. At the same time, the peeled off
2DLM is wrapped with a monolayer hydrophobin forming a bio-
nanocomposite.

In this work, we demonstrate that large-scale liquid exfoliation
and functionalization of 2DLM can be achieved in a single step
process by the hydrophobin (HFBI) protein. This one-step method
applies sonication to the 2DLM dissolved in the aqueous solution of
hydrophobin protein and the exfoliated 2DLM is spontaneously
wrapped by a dense and ordered hydrophobin monolayer. This
novel strategy appreciably promotes the production and perfor-
mance of the 2DLM for biomedical related and molecule adsorption
based practical applications, due to the hydrophobin functionaliza-
tion introduced biocompatibility and surface affinity. The product
exfoliated and functionalized by this method from reduced graphite
oxide is successfully applied for an exemplary application of water
molecular sensing, which to the best of our knowledge is the first
time that a protein layer is used as an active sensing layer for water
molecules, the most essential element for life. The fabricated sensor
shows exceptional improved performance in harsh environments
with the disturbance of background volatile organic compounds
(VOCs) and large pH variations as compared to bare reduced gra-
phene oxide (rGO) sensor and a commercial sensor.

2. Experimental
2.1. Preparation of HFBI wrapped rGO

The HFBI solution was prepared by dissolving 0.20 mg HFBI into
1 mL phosphate buffers (pH value is 7.2). One milligram of reduced
graphene oxide (Timesnano, NO: THRGO, Chengdu, China, diameter:
0.5—3 mm, thickness: 0.55—3.74 nm) was dissolved in 1 mL of the
prepared HFBI solution and the mixture was ultra-sonicated for
30 min. Then air was introduced into the solution for 10 min to
remove the remnant HFBI and the solution was ultra-centrifuged
for 20 min at 8000 rpm. After these procedures, the supernatant
was formed on top of the solution. Top 80% of the supernatant
containing HFBI wrapped rGO was collected and lyophilized for
further analysis. The concentration of HFBI wrapped rGO flakes was
estimated to be 1 mg/mL by measuring the mass of lyophilized
powder of the top 80% supernatant after centrifugation.

2.2. Pendant drop experiment

The water solution of HFBI with the concentration of 0.2 mg/mL
was continuously pushed out of a syringe needle at a constant

speed for 7 s to form an 8 mL pendant drop. After keeping this
volume for 1 s, the solution was pulled back into the syringe needle
at a constant speed for 4 s. The animation of the pendant drop
shape was recorded by a KSV Cam200 goniometer (KSV In-
struments) at 66 ms intervals.

2.3. Characterization of HFBI wrapped rGO flakes

Fourier-transform infrared (FT-IR) spectra were performed with
a BRUKER IFS 55 FTIR system. Raman spectra were acquired with a
DXR Microscopy (Thermo Scientific, USA) with a 532 nm laser. For
both experiments, the HFBI wrapped rGO flake was drop casted
onto Si/SiO, substrate and washed by DI water, while the sample of
bare rGO was freshly exfoliated from reduced graphite oxide and
also transferred onto Si/SiO, substrate. Atomic force microscopy
(AFM) measurements were performed using a Dimension Icon
(Bruker, German) instrument running in tapping mode. The AFM
samples were prepared by drop casting the HFBI wrapped rGO
solution on the Si/SiO, substrate. High-resolution transmission
electron microscopy (HRTEM) images were taken with a Tecnai G2
F20 (FEI, USA), operated at 200 kV to visualize the interface of HFBI/
rGO. HRTEM samples were prepared by pipetting several microli-
ters of HFBI wrapped rGO solution onto the holey carbon grid.

2.4. Humidity sensor fabrication

The manufacture process of the humidity sensors was as fol-
lows: first, the comb electrode was deposited on the Si/SiO; sub-
strate by the standard lift-off process. The size of the whole
electrode was 1 x 1.5 mm. The width and length of each electrode
finger were 10 um and 350 pum, respectively, with a lateral spacing
of 10 um. Then 1 pL droplet of aqueous solution of HFBI wrapped
rGO flakes was casted onto the comb electrode by a micropipette.
When the solvent was evaporated, a thin film of HFBI wrapped rGO
flakes was formed at the top of the electrode. The device was then
rinsed with pure water to remove the solvent residues and dried by
nitrogen flow. At last, the device was attached to a testing board
and wire bonded for further testing.

The bare rGO sensor was prepared by the same processes as the
HFBI wrapped rGO sensor, except that the liquid exfoliation was
carried out by the organic solvent N-methyl-pyrrolidone (NMP).

2.5. Sensing setup

The humidity sensing setup contained two parts: the water
vapor delivering and electrical testing. The testing chamber was
made by a PVC syringe head with a volume of 5 mL which encap-
sulates the testing board where the HFBI wrapped rGO sensor was
attached to. There were several holes drilled through the testing
board to vent the water vapor to keep a constant atmospheric
pressure. The water vapor was delivered into the testing chamber
by bubbling N, (99.999%) through a bubbler filled with water.
Various concentrations of water vapor were achieved by adjusting
the flow velocity ratio between the carrier N, and dilution N, which
was directly connected to the testing chamber. The flow velocity
was controlled and monitored by MFCs (NO. 5850e, Brooks, USA)
and the flow meter (Model: red-y, Vogtlin, Swiss), respectively, to
investigate water vapor concentration dependent response of the
HFBI wrapped rGO sensor. Regarding to the electrical testing part, a
Keithley sourcemeter (NO. 2636) was connected to the testing board
through coaxial to measure the electrical signals. A computer was
used to control the Keithley sourcemeter and MFCs and collect
sensing data through GPIB.
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During experiments, the RH of the chamber was kept at 0% by
inflating pure nitrogen gas through the chamber, and then the RH
was changed to a predetermined value by inflating water vapor
through and kept at this value for a predetermined period, after
which it was turned back to 0% again.

The VOCs detection was conducted by individually delivering
each VOC into the testing chamber by bubbling nitrogen through its
liquid phase counterpart with the partial pressure of P/Py = 0.3.

3. Results and discussion

3.1. Hydrophobin HFBI can self-assemble into a protein film with
high mechanical strength and flexibility

The mechanical strength and flexibility of HFBI are demon-
strated by the pendant drop experiment as shown in Fig. 1a. At the
beginning (Fig. 1a I) the HFBI solution drop has a round shape
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Fig. 1. Characterization of the self-assembly HFBI film and the rGO flake exfoliated and functionalized by HFBI. (a) Pendant HFBI solution drop profiles. The drop shrank gradually
and the HFBI film was formed at the surface of the drop. (b) Photograph of the rGO dispersions in 0.2 mg/mL HFBI solution, pure DI water and ethanol, respectively. (c) AFM image of
two HFBI wrapped rGO flakes stack together on the substrate. The thicknesses of one- and two-layered HFBI wrapped rGO flakes are around 3.5 nm and 7 nm, respectively. The
wrinkle marked with a red arrow indicates the film-structured HFBI wrapped rGO flake. SEM (d), TEM (e) and HRTEM (f) images of the HFBI wrapped rGO flakes on the substrate,
respectively. FT-IR spectra (g) and Raman spectra (h) of bare rGO and HFBI wrapped rGO, respectively. (A colour version of this figure can be viewed online.)
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similar to that of a water drop, then the HFBI solution drop begins to
shrink continuously and the shape changes (Fig. 1a II-IV). When its
volume decreases to a certain threshold, the HFBI solution drop has
a wrinkled film wrapping outside as indicated by the red arrows
(Fig. 1a V-VI). This indicates that the HFBI in the solution travelled
towards the vapor-liquid interface and gradually self-assembled
into a protein film which holds the droplet from falling down.

3.2. Mass production of mono-/few-layered rGO by liquid
exfoliation with hydrophobin HFBI solution

Fig. 1b shows the exfoliation results of sonicating reduced
graphite oxide in three solutions: 200 pg/mL HFBI solution, pure DI
water and ethanol (from left to right), respectively. Only the one
processed with 200 pug/mL HFBI solution had a uniformly black
color which stayed unchanged even after three months, suggesting
a stable and uniform dispersion of exfoliated rGO flakes in the
liquid. In contrast, the other two solutions were transparent with a
large amount of bulk reduced graphite oxide powder either floating

on the surface or precipitating at the bottom, indicating poor
exfoliation effects.

Then a droplet of the HFBI exfoliated rGO solution was sprayed
on the silicon substrate for further characterizations. Fig. 1c is the
AFM image of two HFBI wrapped rGO flakes stacked together. Line
profile as shown in the inset of Fig. 1c is measured along the white
line, from which the thickness of the HFBI wrapped rGO flake is
identified to be 3.5 nm. This thickness is consistent with the
thickness of naked HFBI that is measured in the previous reported
results [28]. For this reason, we infer the as measured exfoliated
rGO flake is a monolayer. We further measured the thickness of 32
exfoliated sample flakes by AFM which shows that the percentage
of monolayer, bilayer and few-layer flakes were 31.2%, 18.8% and
50.0%, respectively (shown in Fig. 1S(A) and (B)). The SEM image
(Fig. 1d) shows that the size of exfoliated rGO flake is around
500 x 900 nm with the wrinkling paper-like structure. In low
resolution TEM image (Fig. 1e), an exfoliated HFBI wrapped rGO
flake is identified according to color contrast to the substrate as
labeled with “rGO”. High resolution TEM image (Fig. 1f) resolves the
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Fig. 2. (a) Fabrication process of the HFBI wrapped rGO sensor. (b) Optical images of the comb electrode before and after coating a layer of HFBI wrapped rGO flakes. (c) I-V curves of
the HFBI wrapped rGO sensors made with different concentrations, which correspond to the film thicknesses/resistances of 3.4 um/0.33 kQ, 2.0 um/3.66 kQ and 0.82 um/13.04 kQ,
respectively. Inset is the SEM image of the cross-section of the HFBI wrapped rGO film. (d) Real time responses of two HFBI wrapped rGO sensors to 20% relative humidity changes,
which were made by two solutions with concentrations of 1 mg/mL and 0.1 mg/mL, respectively. The response/recovery times were 360/470 s and 130/200 s for sensors made of
1 mg/mL and 0.1 mg/mL solutions, respectively. (e) Picture of a one-cent coin, HFBI wrapped rGO sensor and a commercial sensor S100 (from left to right). (f) Sensing results of the
HFBI wrapped rGO sensor and S100 sensor in vacuum environment, a 100 class cleanroom and student office over 2 h. (A colour version of this figure can be viewed online.)
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interfaces between rGO/HFBI and HFBI/substrate, demonstrating
the exfoliated rGO is wrapped by HFBI film.

To further confirm the functionalization of rGO with HFBI, the
absorption spectra were performed to characterize the HFBI exfo-
liated rGO in comparison with mechanically exfoliated bare rGO. As
shown in Fig. 1g, both samples have absorption peaks at around
3400 cm™! in the absorption spectra, which is attributed to the
O—H stretching vibrations in water solution [31,32]. The presence of
a peak at 1630 cm ™! is related to the characteristic C=C bond of
graphene [33]. However, only HFBI functionalized rGO has the
absorption peak at 1637 cm™', which corresponds to the amide I
band of HFBI [32], indicating that the HFBI is dominated by beta-
sheet structure when covering the rGO surface. This result is
quite consistent with the previous reports that class Il hydrophobin
formed beta-sheet structure when they assembled physically onto
a hydrophobic surface. It verifies the hypothesis that noncovalent
hydrophobic interaction between the hydrophobic part of HFBI and
rGO is the major driving force for the formation of HFBI wrapped
rGO flake [32,34,35].

In Fig. 1h, the Raman spectra of the HFBI exfoliated rGO and
mechanically exfoliated bare rGO are compared. Both samples
show D, G and 2D Raman modes which are attributed to rGO,
demonstrating that the HFBI does not affect the lattice structure of
the rGO. Moreover, we can infer the as measured rGO is monolayer
from an intensity ratio of 0.5 between the 2D and G peaks of the
HFBI wrapped rGO [36]. On the other hand, the relatively high in-
tensity ratio between D and G peak compared to bare rGO suggests
more defects exist in HFBI exfoliated rGO samples [37,38]. This is
probably because the size of HFBI exfoliated sample is relatively
smaller (~100 nm) compared to mechanically exfoliated bare rGO
sample (~pm), resulting in increased perimeter to area ratio and
more edge associated defects.

3.3. HFBI wrapped rGO flake for water molecular sensing

The HFBI wrapped rGO flakes were used for water molecular
sensing as an exemplary application. Fig. 2a shows the fabrication
process of the sensor: firstly, a comb electrode is patterned on the
Si/SiO, substrate; then the solution of HFBI wrapped rGO flakes is
drop coated on the electrode and subsequently dried under
ambient air to form a uniform film for further sensing test. Fig. 2b is
the optical microscope images of the electrode before and after
drop coating the HFBI wrapped rGO flakes, respectively. It can be
seen clearly that a layer of HFBI wrapped rGO flakes was coated on
the electrode surface.

The electrical property of the HFBI wrapped rGO sensor was
tested by I-V measurement, as shown in Fig. 2c. The -V curves of
the HFBI wrapped rGO devices from three solutions with different
concentrations were recorded, which shows that the sensor pre-
pared by the HFBI wrapped rGO solution with a higher concen-
tration result in thicker film and thus better conductivity than the
one prepared by a lower concentration (Inset of Fig. 2¢ presents the
SEM image of the cross section of the HFBI wrapped rGO film made
by 1 mg/mL solution.). Fig. 2d shows the response time depends
strongly on the concentration of the HFBI wrapped rGO solution,
and consequently the thickness of the film that is formed. As the
film thickness decreases from 3.4 um (for 1 mg/mL solution) to
2 um (for 0.1 mg/mL solution), the sensor respond/recovery times
shorten from 360/470 s to 130/200 s, which is comparable with the
humidity sensors reported in Refs. [39—41]. This is due to that
water molecules take longer time to penetrate into the thick layers
of HFBI wrapped rGO flakes than into thin layers. Therefore, by
further thinning the film thickness down to tens of nanometers, its
response/recovery times can be potentially comparable with the
humidity sensors reported in Refs. [42—44]. Fig. 2e compares the

size of HFBI wrapped rGO hybrid sensor with a coin and a
commercially available sensor marked as “S100”, exhibiting its
miniaturized size. While Fig. 2f demonstrates its comparable sta-
bility with “S100” when both of them were placed under three
different working environments of vacuum, clean-room and office
for 2 h, respectively.

Fig. 3 compares the real-time responses of the HFBI wrapped
rGO and bare rGO based sensors to various relative humidity (RH)
ranging from 2% to 50%. The results show that the HFBI wrapped
rGO sensor has a sensitivity of around 2.24 times resistance change
per RH, which is 27 times improvement over bare rGO sensor
(0.083 times resistance change per RH). It demonstrates that the
sensing capability of HFBI wrapped rGO to water molecules is
greatly enhanced compared to bare rGO, indicating fabulous
adsorption capacity of HFBI protein to water molecules. The
sensitivity of the HFBI wrapped rGO sensor is also higher than the
humidity sensors made of bare graphene [42]| and rGO/polymer
nanocomposites [40], respectively, which again demonstrates its
high water uptake capability. Although its sensitivity is lower than
the one reported by Ali and co-workers [44], the HFBI wrapped rGO
sensor shows great stability and selectivity in complex
environments.

Due to the stability and adsorption selectivity of HFBI, the HFBI
wrapped rGO sensor can be used for water molecular sensing in
environments with complicated background interferents. To
demonstrate this, three VOCs (ethanol, acetone and hexane) were
used to test the selectivity of the HFBI wrapped rGO sensor to water
vapor. As shown in Fig. 4a, the sensor shows the largest response to
water vapor, which is approximately one order of magnitude higher
than all other three gases, demonstrating an excellent selectivity to
water molecules. Additionally, the sensor has larger response to
polar VOCs of ethanol and acetone comparing to non-polar VOC of
hexane. We speculate the selectivity to water molecules is due to
the fact that the hydrophilic part of HFBI prefers to absorb water
molecules than other gas molecules. Moreover, the hydrophilic part
of HFBI also has absorption preference of polar molecules over non-
polar molecules.

Furthermore, we investigated the influence of pH fluctuations
on the sensor performance. In many practical circumstances, the
water vapor to be detected can be acidic or alkalic, which may
dramatically degrade the performance of the humidity sensor.
However, as the HFBI is very stable in acid and alkali solutions, it
efficient shield the pH influence on the HFBI wrapped rGO sensor.
To demonstrate this, we exposed the sensor to the water vapors
which were bubbled out through the HCI or KOH solutions with pH
values ranging from 2 to 12 and the RH value was set at 20%. As
shown in Fig. 4b, the responses of the sensor to various pH values
were almost the same: similar rising/falling time and a variation
within 10% of the maximum equilibrium values. This result dem-
onstrates that the HFBI can successfully shield the sensor from pH
fluctuation, a property that is highly favored for applications in
many bio/chemical sensing areas.

Finally, it is worth noting that the resistance of HFBI wrapped
rGO sensor increases, instead of decreasing, under the exposure to
water molecules which is opposite to the previously reported result
of GO, partially reduced GO and graphene/polymer nano-
composites sensors [43—46], suggesting a different sensing mech-
anism of the HFBI wrapped rGO sensor. Water molecules usually
result in two effects that cause the change of resistance when they
are adsorbed by GO/rGO sensors: 1) water vapor behaves like an
electron acceptor, which causing further p-doping in GO/rGO
comparing to its intrinsic status before absorbing water molecules,
causing either the decrease or increase of the resistance which is
determined by the intrinsic doping of the material [47—49]; 2) the
absorbed water molecules can expand interlayer spacing leading to



700

>

120 HFBI/rGO 50%RH
40%RH
9 90 | 30%RH
o 60 | —— 20%RH
b 10%RH
< 30}
Bare rGO
ol ——
0 2000 4000 6000 8000
Time (s)

J. Tao et al. / Carbon 116 (2017) 695—702

—O0— HFBIIrGO
—o—rGO

0 10 20 30 40 50
Humidity (%RH)

1 L

Fig. 3. Sensing responses comparison between the HFBI wrapped rGO and bare rGO to water molecules. (a) Real-time responses of HFBI wrapped rGO sensor (left) and bare rGO
sensor (right) to RH ranging from 2% to 50%, respectively. (b) Relative resistance change upon the exposure to water molecules at the maximum equilibrium vs. RH values. Red and
blue lines represent HFBI wrapped rGO sensor and bare rGO sensor, respectively. (A colour version of this figure can be viewed online.)

>
N
=]

——H,0
el
é 10+ — Hexane

5
0

0 100 200 300 400 500
Time (s)

B 20
S 15}
< —— PH=2
< 10 —— PH=4
% sl —— PH=7
—— PH=10
or —— PH=12
0 1000 2000 3000
Time (s)

Fig. 4. Selectivity of the HFBI wrapped rGO sensor. (a) Real-time responses of HFBI wrapped rGO sensor to various vapor analytes. (b) Real-time responses of HFBI wrapped rGO
sensor to water vapors bubbling from different solutions with pH values ranging from 2 to 12. (A colour version of this figure can be viewed online.)

the increase of the interlayer resistance [50,51]. GO/rGO is well
known to be p-type semiconductor, and therefore, the resistance of
bare GO, which has very few carriers but a large number of func-
tional groups at the surface, decreases when exposed to water va-
por, because the increase of p doping induced by water molecules
plays a more significant role than the increase of interlayer spacing.
On the contrary, rGO has very few functional groups, resulting in
limited absorption of water molecules, and therefore either the
carrier donation or interlayer spacing is not significant, leading to
the minor resistance change with a sensor based on bare rGO. In the
case of HFBI wrapped rGO flakes, the HFBI increases the absorption
of the water molecules, resulting in the expansion of the interlayer
space between HFBI wrapped rGO flakes. However, the protein
layer wrapped outside the rGO flake prevents the water molecules
from reaching the basal plane of rGO [52], and thus minimizes the
water molecule induced p-doping effect. As a result, the interlayer
spacing effect dominates and causes the increase of the resistance
of HFBI wrapped rGO sensor when exposed to water vapor.
Compared to other liquid phase exfoliation and functionaliza-
tion methods, the hydrophobin approach offers many unique ad-
vantages. First of all, it accomplishes the exfoliation and
functionalization simultaneously within one-step. A one-step
approach not only significantly simplifies the fabrication process
but also avoids potential impurity or pollution to the final product
which is quite common in multi-step processes. Second, hydro-
phobin functionalization enhances the molecules adsorption on the
surface. The bare surface of 2DLM, graphene for example, has little
attractions to bio/chemical molecules, resulting in limited response
for adsorption based applications [9,17,53,54]. On the contrary, as
the 2DLM is wrapped with hydrophobin, the adsorption capability
is greatly improved due to the roughened surface of hydrophobin
[55,56]. Third, hydrophobin forms an ultra-high density and or-
dered monolayer to shield the 2DLM from the ambient environ-
ment, so that the bio-nanocomposites can preserve the original

properties of 2DLM and stabilize the device performance from
charge fluctuation in background environment [55]. This also helps
protect some unstable 2DLM material, such as black phosphorus
from degradation. At last, hydrophobin improves the bio-
compatibility of the 2DLM which broadens its applications in
multiple fields, such as in vivo bio-sensing, bio-imaging, drug de-
livery, displaying and multi-gas detection.

4. Conclusion

In conclusion, we have demonstrated a new method to mass
exfoliate and functionalize 2DLM by hydrophobin HFBI within a
single step which bridges 2DLM with life science field for vast
potential applications. The hydrophobin can not only successfully
exfoliate mono-/few-layered 2DLM with comparable sizes and
thicknesses with other liquid exfoliation methods, but also spon-
taneously functionalize the exfoliated 2DLM by wrapping its entire
surface with a dense and ordered hydrophobin monolayer. The
resultant bio-nanocomposites of hydrophobin wrapped 2DLM
possess augmented molecule adsorption capability and biocom-
patibility which enable numerous practical applications in various
areas including chemistry, biology, medical care, and environ-
mental protection. An exemplary application of the HFBI exfoliated
and functionalized rGO sensor is developed for water molecular
sensing. The sensor exhibits an improved detection limit of 2% RH
and reasonable dynamic range up to 50%, in comparison with other
GO/rGO humidity sensors. It also showed great selectivity to water
molecules over VOCs and long term stability under environments
with extreme pH values, demonstrating its promising sensing
potential.

For future work, further study will be focused on the HFBI
exfoliation method to fabricate mono/few layer 2DLM sheet with
accurately controlled size and thickness. Meanwhile, other appli-
cations of the HFBI/2DLM bio-nanocomposites will be explored,
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such in vivo bio-sensing, bio-imaging and drug delivery.
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