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ABSTRACT: We report the fabrication and detailed charac-
terization of an ultrafast responsive, excellently stable and
reproducible humidity sensor based on a supramolecularly
modified graphene composite. The fabricated humidity sensors
exhibited a response and recovery time of less than 1 s, which
is the lowest among the values found in the literature. In
addition, various sensing performances of the fabricated
humidity sensors were studied in detail, and the corresponding
kinetic model and mechanism have also been deduced and

described.

B INTRODUCTION

Recently, humidity sensors (HSs) have attracted considerable
attention because of their wide practical and potential industrial
applications in the areas of production, process control,
environmental monitoring, storage, and so on."” An ideal HS
should be cost-effective and possess high sensitivity, quick
response time, broad operational range, and excellent durability
and reproducibility.” Recently, the performance of HSs, in
terms of sensitivity and reproducibility, have been improved to
a certain extent.*”® However, it is still a challenge to fabricate
efficient HSs with ultrafast response and high stability toward
relative humidity (RH).”

Graphene oxide (GO) is a novel carbon material which
possesses excellent properties and is therefore used in a variety
of applications, for example, analysis and detection, biomedi-
cine, polymer modifications, electronics, and optoelectronics,g’9
to name but a few. Because of the very particular and
interesting properties of GO, such as a two-dimensional (2D)
platform structure with numerous oxygen functional groups on
the basal plane and its edges, such as hydroxyl, epoxy groups,
and carboxylic acid groups, which are highly hydrophilic and
reactive groups, GO-based materials are considered to be good
candidates for fabricating efficient HSs.'*™*'

These intrinsic properties make GO-based materials a
promising candidate for fabricating efficient humidity nano-
sensors. ' A survey of the literature revealed that covalently
bonding with functional molecules was usually chosen as a
major approach to obtain functionalized GO materials for
efficient sensor applications.22 However, it is known that during
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chemical modifications, the original perfect atomic lattices of
pristine GO can be affected by chemical bonds which seriously
affect the intrinsic electrical properties of graphene.”’ There-
fore, to avoid such drawbacks, supramolecular assembly based
on the noncovalent interactions is an alternative way which
does not show any chemical effect on the intact structure of
GO because of the noncovalent interaction.”*** Importantly, to
the best of our knowledge, such an approach of modifying GO
using small-molecule supramolecular modification (SM) and its
application in humidity sensors has never been reported in the
literature.

This work reports the successful fabrication and character-
ization of an ultrafast responsive and highly stable humidity
sensor based on supramolecularly modified graphene with
naphthalene-1-sulfonic acid sodium salt (NA) and silver
nanoparticles (Ag). Interestingly, the fabricated HS based on
Ag-NA-rGO (where rGO indicates reduced graphene oxide)
composite exhibited extremely excellent sensing characteristics,
including ultrafast response and recovery time (<1 s) for
measuring RH between 11% and 95% in air at room
temperature (25 °C) with the test frequency at 100 Hz,
which have reached the record limit of the operating
instrument. Furthermore, the fabricated HS exhibited quite
high stability and reproducibility. The ultrafast response of the
fabricated HS can be attributed to the introduction of a
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Scheme 1. Typical Schematic for the Fabrication Process of Ag-NA-rGO Composites

multiple-layer assembly system. Importantly, a corresponding
mathematical mechanistic modeling of supramolecular assem-
bly on rGO with small organic molecules and metallic
nanoparticles has also been proposed and is presented in this

paper.

B EXPERIMENTAL SECTION

Preparation of Graphene Oxide. GO was purchased
from XianFeng NANO Co., Ltd. in China. To get uniform GO
dispersion of 1 mg/mL, 100 mg of GO flake was dispersed in
100 mL of deionized (DI) water by sonication for 30 min.

Preparation of Reduced Graphene Oxide. In the
preparation of rGO, 4 mL of GO dispersion was diluted by
adding 16 mL of DI water; 75 uL of ammonia (30%) was then
added to regulate pH to 12.5, and 10 mL of hydrazine hydrate
(1.12 uL/mL) was mixed as the reductant under sonication in a
50 mL round-bottom flask. Eventually, a stable rGO suspension
was obtained by heating the mixture at 95 °C in an oil bath for
1h

Preparation of Naphthalene-1-sulfonic Acid Sodium
(NA) Modified rGO (NA-rGO). In the preparation of NA-
rGO, 4 mL of GO dispersion was diluted by adding 10 mL of
DI water in a S0 mL round-bottom flask which formed a
uniform brown dispersion. Subsequently, 92 mg of NA, 5 mL of
NaOH solution (4 mg/mL), and 10 mL of hydrazine hydrate
(1.12 yL/mL) were added in succession, and the mixture was
further stirred at 80 °C for 1 h and then rinsed three times with
DI water by vacuum filtration. After mild sonication, the NA-
rGO membrane was redispersed in 20 mL of water.

Preparation of Ag-NA-rGO Composites. In the prepara-
tion of Ag-NA-rGO, 4 mL of GO dispersion was diluted by
adding 10 mL of deionized water in a 50 mL round-bottom
flask under stirring, which formed a uniform brown dispersion.
Subsequently, 92 mg of NA and 16 mg of silver nitrate were
added in succession under stirring. After dropwise addition of 5
mL of NaOH solution (4 mg/mL) and 10 mL of hydrazine
hydrate (1.12 uL/mL), the mixture was further stirred for 1 h at
80 °C in an oil bath. Finally, the obtained mixture was rinsed
three times with DI water by vacuum filtration. After mild
sonication, the Ag-NA-rGO membrane was redispersed in 20
mL of water.

Fabrication of Humidity Sensors. Interdigitated electro-
des (IEs) were used to fabricate the humidity sensors, which
were made of a ceramic substrate (6 mm X 3 mm, 0.5 mm
thick) with five pairs of Ag—Pd interdigitated electrodes
(electrode width and distance: 0.15 mm). For the fabrication
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of humidity sensors, a drop and dry method was used as
reported in the literature.”® Specifically, 0.1 mL of rGO, NA-
rGO, or Ag-NA-rGO suspensions (0.2 mg/mL) was dropped
on the surface of the IE and dried in air at 60 °C for S h to form
a thin membrane on the electrode surface. Finally, the different
IEs were prepared for sensing measurements.

Characterizations. The surface properties of the prepared
materials were examined by atomic force microscopy (AFM).
The AFM analysis were done using a Dimension Icon
instrument (United States). Raman-scattering spectra were
recorded using a HORIBA Jobin Yvon Raman microscope (Lab
RAM HR800) with a 514 nm laser at a power density of 4.7
mW. X-ray diffraction (XRD) measurements were performed
to estimate the interlayer distance. X-ray photoelectron spectra
(XPS) were measured using an ESCALAB2S50 photoelectron
spectrometer (Thermo Fisher Scientific, United States). The
morphological characterizations of the prepared composites
were investigated by scanning electron microscopy (SEM;
Quanta 250 FEG, FEI) and transmission electron microscopy
(TEM; Sirion-200, Japan).

The humidity sensing properties were investigated with a
ZLS intelligent LCR test meter. The adopted humidity sensing
experimental setup and methods were the same as those
reported in the literature.””*® The characteristic curves of
humidity response were measured on a CHS-1 Humidity
Sensing Analysis System (Beijing Elitetech, China). The voltage
applied in our studies was AC 1V, and the frequency varied
from 20 Hz to 100 kHz. The sensor was placed in several
chambers with different RH levels at an operating temperature
of 25 °C. The used humidity chambers were made from glass
(17 cm in height and 10 cm in diameter). The six different
saturated salt solutions were LiCl, MgCl,, Mg(NO;),, NaCl,
KCl, and KNOj, and their corresponding RH values were 11,
33, 54, 75, 85, and 95% RH, respectively. An automatic drier
was used to maintain the laboratory atmosphere at 25% RH.
Usually, 10 h were used to ensure the equilibrium state in the
chamber for these investigations.

B RESULTS AND DISCUSSION

Fabrication of the Graphene-Based Sensors. For the
modification of GO, a functional organic molecule NA with a
large planar aromatic conjugated structure and sulfophenyl
ending groups (ph-SO;”) was selected as a typical electron-
withdrawing group to form NA-rGO composite. Here,
naphthalene rings in NA molecules are offering the intrinsic
driving force of m—z interactions with GO surfaces. The
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negatively charged sulfophenyl groups in NA serve as the
functional spots of hydrophilicity (Scheme 1). It was observed
that the water solubility of both of the composites, i.e,, NA-rGO
and Ag-NA-rGO, were greatly improved because of the
introduction of hydrophilic sulfophenyl groups and Ag
nanoparticles, which simultaneously well resolved the puzzle
of poor dispersibility of graphene.

Another highlight in the multilevel structure is the
introduction of silver nanoparticles to form the Ag-NA-rGO,
which could further isolate the graphene layers to enhance the
specific surface area and improve the adsorption capacity in the
system.”">**13% Precisely, the supramolecular driving force for
importing silver ions (Ag") was electrostatic interaction, by
which positively charged Ag® were assembled with the
sulfophenyl (Ph-SO;”) on NA molecule and with carboxylic
groups (—COO7) on the surface of GO as well. Finally, the
multilayers of the reduced graphene oxide with interbedded NA
molecules and silver nanoparticles were obtained. Thus,
because of the multidimensional structure, the fabricated Ag-
NA-rGO-based HSs demonstrate excellent sensing perform-
ances.

Characterizations of Graphene-Based Sensors. To
understand the detailed morphology, the prepared Ag-NA-
rGO composites were characterized by transmission electron
microscopy (TEM). Figure 1AB exhibits the typical TEM

Figure 1. (A) Low- and (B) high-magnification TEM images of Ag
nanoparticles over rGO; (C) SEM image for the corner portion of Ag-
NA-rGO composite film.

images of prepared Ag-NA-rGO composite which confirmed
the uniform dispersion of silver nanoparticles over rGO. The
typical diameters of the silver nanoparticles were in the range of
17 + 3 nm. Importantly, lamellar Ag-NA-rGO composite have
been formed with the introduction of interbedded Ag
nanoparticles, as can be seen from SEM images (Figure 1C).
To investigate the morphologies, the prepared Ag-NA-rGO
composites were further examined by atomic force microscopy
(AFM), and the results are shown in Figure SI. From the
observed AFM image, it is clear that the silver nanoparticles are
dispersed in nanoscale range on the rGO sheets and the typical
thickness of one single graphene layer was ~0.8—1.0 nm.
Interestingly, the AFM results are consistent with the TEM
observations. The structure was highly beneficial for enlarging
the contact areas of H,O molecules, as discussed in the text.

Figure 2A exhibits the typical Raman-scattering spectrum for
the Ag-NA-rGO composite, which shows different peaks
compared to the Raman-scattering spectra of GO, rGO, and
NA-rGO. The phonon peaks appearing at 1329 and 1597 cm™
of Ag-NA-rGO composite were increased sharply, which are
defined as the D-band and G-band. Additionally, the intensity
ratios between D-band and G-band (ID/IG) of rGO, NA-rGO
and Ag-NA-rGO were found to be 1.35, 1.34 and 1.3§,
respectively. Theoretically, with the higher ID/IG values, the
graphene possess better structures and fewer defects.
Interestingly, it was observed that the ID/IG values for the
rGO, NA-rGO, and Ag-NA-rGO were higher than that of the
GO (1.15); thus, it is clear that the prepared graphene-based
materials possess better structures with significantly less
structural defects.’ Furthermore, it is also clearly confirmed
that the functional groups in GO have been successfully and
completely reduced. The successful reduction of GO also
contributes to the promotion of conductivity.

Furthermore, the X-ray diffraction (XRD) measurements
were done to estimate the interlayer distance of the three
prepared composites. As shown in Figure 2B, the diffraction
reflection for the (002) peak was moved from 260 = 22.78° for
NA-rGO to 26 = 16.12° for Ag-NA-rGO. Thus, the interlayer
distance between the layers of NA-rGO and Ag-NA-rGO were
calculated and found to be ~0.39 and 0.55 nm, respectively.
The observed interlayer distance values are consistent with the
reported literature.””~*" In addition, the diffraction reflections
appearing at 20 = 38.34°44.52°, 64.68°, and 77.58° correspond
to Ag(111), Ag(200), Ag(220), and Ag(311), respectively, for
the face-centered cubic (fcc) crystal form of Ag nanoparticles.
The insertion of Ag nanoparticles slightly increase the interlayer
distance from 0.39 to 0.55 nm, which is also the reason for the
shift in 26 from 22.78° to 16.12°.

To examine the surface and structural properties, all the
prepared materials, i.e., rtGO, NA-rGO, and Ag-NA-rGO were
further characterized by X-ray photoelectron spectroscopy
(XPS), and the observed results are shown in Figure 3. As
evident from the observed XPS spectra, the sulfur (S,,) peaks
of NA-rGO and Ag-NA-rGO were obviously increased
compared with that of rGO (Figure 3A), and the silver
(Agsq) peaks in Ag-NA-rGO composite were obviously
enhanced compared with the ones in rGO and NA-rGO
(Figure 3B). Thus, the observed XPS results revealed that the
NA molecules and Ag nanoparticles have been successfully
assembled with rGO in Ag-NA-rGO composites through the
supramolecular modifications.

Humidity Sensing Properties of the Graphene-Based
Sensors. Figure 4 exhibits the impedance measurement curves
for the Ag-NA-rGO composite-based HS under different RHs
measured at different frequencies at room temperature (25 °C).
The observed impedance results revealed the high humidity
sensitivity and fast response in the entire RH range in the low-
frequency region of 10 and 100 000 Hz. Taking into account
that the commonly used frequency of HS devices is 100 Hz, the
operational frequency for the experiments was chosen to be 100
Hz.

The response and recovery behavior is an important
characteristic for evaluating the performance of HSs.””*" Figure
S shows the hysteresis curve of Ag-NA-rGO-based sensor and
response/recovery characteristic curves of the three kinds of
graphene-based HSs for five cycles for RH from 11% to 95%.
Interestingly, when the humidity was varied gradually from 11%
to 95%, the fabricated Ag-NA-rGO-based HSs exhibited an
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Figure 2. (A) Raman-scattering spectra of NA-tGO and Ag-NA-rGO composites; (B) XRD pattern of NA-rGO and Ag-NA-rGO composites.

Figure 3. XPS results for GO, rGO, NA-rGO, and Ag-NA-rGO; (A) Sy, and (B) Agsy spectra.

Figure 4. Impedance measurements curves for the Ag-NA-rGO
composite-based HS under different RHs measured at different
frequencies.

ultrafast response, less than 1 s, which was the record limit of
the operating instrument. Interestingly, the sensitivity of the as-
prepared HS reached a significant value 600 times under the
test conditions at 100 Hz while the NA-rGO-based HS
exhibited only 100 times, even though it also possessed a less
than 1 s response time. It is worth mentioning that rGO-based
HSs exhibited only 1.3 times with a longer response time, i.e.,
more than 50 s. The observed results revealed that the
introduction of NA enhances the sensitivity and greatly
shortens the response time, which could be further promoted
with the assembly of Ag nanoparticles. Moreover, it is obvious
that the Ag-NA-rGO-based HS exhibited an excellent hysteresis

effect of 9%, as shown in Figure SA. Consequently, the results
confirmed the superior humidity sensing properties of the
multilevel supramolecular structure of Ag-NA-rGO.

Stability is one of the important characteristics for an efficient
HS used for practical applications. Thus, to check the stability,
the fabricated Ag-NA-rGO composite-based HS was exposed in
air for 110 days and the sensing performances such as response
time and sensitivity at various RHs were examined.
Interestingly, it was found that there was little change, within
the error range, in the response time and sensitivity, which
clearly revealed that the fabricated HSs based on Ag-NA-rGO
composite possess very high stability at room temperature
(Figure 6). Furthermore, the sensing performances of the
fabricated HSs presented in this study were compared with that
of the earlier reported HSs (Table S1). The detailed
comparative studies revealed that the fabricated supramolecu-
larly modified graphene-based composite (Ag-NA-rGO)
exhibited outstanding humidity sensing characteristics such as
ultrafast response and recovery time (<1 s) and excellent
reproducibility and stability (110 days) at room temperature
(25 °C).

Thus, the characteristics and performance of the fabricated
HSs demonstrated in this paper have surpassed the perform-
ance of all previously reported humidity sensors,*™"***° as
revealed in Table 1; a more detailed comparative analysis is
provided in the Supporting Information.

Mechanism of the Humidity Sensing. The properties of
HS are mainly based on the changes of conductance before and
after adsorbing the H,O molecules. Figure 7 exhibits the
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Figure S. (A) Hysteresis curve of Ag-NA-rGO-based HS. Response and recovery characteristic curves of HS based on (B) Ag-NA-rGO, (C) rGO,

and (D) NA-rGO for five cycles under the frequency measured at 100 Hz.

Figure 6. Stability of Ag-NA-rGO composite-based humidity sensor
after exposure in air for 110 days.

Table 1. Comparison of Humidity Sensing Characteristics of
the Graphene-Based HS

HS materials

based on GO response and recovery times  stability ref

1 distinctive 2D ~30 ms 72 h 7
structure of GO

2 graphene oxide 10.5 and 4.1 s 30 days 42
(GO) films

3 rGO/PDAA 108—147 s and 94—133 s~ 60 days 17
composite films

4  GO/SnOx/CF 8and 6 s - 8
composites

S GO/NaPSS 3and 75 s - 43
bilayer film

6 CuO/rGO 2and 17 s - 12
composites

7 GO 50 s - this

work

8 NA-rGO 1s - this
composites work

9 Ag-NA-rGO 1s 110 days this
composites work

“A “~” indicates no discussion in the paper regarding stability.

schematic for the H,O sensing mechanism for Ag-NA-rGO
composite. The sensor is a resistive load and the sensing
reaction is supposed to take place on only the sensor surface;
thus, the impedance can be defined as follows:

I
I=L+L=I+I=——+]I
WP (1)

where I and I, are the impedance brought by the top graphene
layer and the signal transfer from the top layer to the
electrodes, respectively. I, is a constant, q the charge value, 4,
the hole mobility, and p the hole concentration.

When sensors are exposed to H,O molecules, I, can be
affected, which can be described as follows:

L X I
Lo XL gupChpt auy b Cuor ~ ap
s - 1 I
I, + 1, c—lc 4+
quyr Cygt + ‘1/41-130+ H30™ qﬂpp
Il IO
Aokt + ot AiPiot 4P
- Il IO
Aokt + ot APt dHP (2)

where I, is a constant; p+ and Cy* are the mobility and
concentrations of H', respectively; and iy o* and Cyyo* are the

mobility and concentration of H;0%, respectively. A, and P, are
the absorption ratio and productivity for H', respectively. A,
and P, are the absorption ratio and productivity for H;O",
respectively.

At low RH, H,0 molecules cover the surface discontinu-
ously; thus, electric charges are difficult to transfer. However,
the Ag nanoparticles on the rGO surface provide a high local
charge density and stronger electrostatic field which promote
the dissociation of H,O molecules and provide H* as charge
carriers of the hopping transport. Thus, I, can be further
expressed as
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Figure 7. Schematic for the H,O sensing mechanism for Ag-NA-rGO composite.

L Iy
X -2
qp ARyt qkp

I, X I

S

L 4+I b b
v AyrAohont  aHp (3)

When the RH reaches a high value, serial water layers will be
formed on the surface of rGO films by a physisorption process.
Because hydration of H;O" is energetically favored in liquid
water, it can be expected that H;O" will be hydrated if the
adsorbed H,O is sufficient. According to the ion transfer
mechanism, H,0 + H;0"— H;0" + H,O is the same on both
sides of the equation. Certainly the energy is also equivalent, so
the transfer of H;O" is quite easy. At this condition, I, can be
described as

b
L, X I auygrohuor ~ aup

s T - L I
L+ b L

+
HyyorAobomot AP (4)

Thus, the sensitivity of the fabricated sensor and the linearity
between the sensor impedance and RH values are directly
related to the absorption ratios and productivities of the surface
films of the sensors. The NA-rGO with high density of active
sites and greatly increased interfacial areas between the active
sensing regions of the rGO can significantly improve these
properties; thus, the fabricated HS exhibited excellent humidity
sensing performance.

The ultrafast response of the fabricated Ag-NA-rGO-based
HS can be understood schematically by Figure 7. Such an
ultrafast response and recovery behavior for the fabricated HS
could be ascribed to the large surface area and wide interlayer
spacing in the prepared Ag-NA-rGO composite. Theoretically,
the ultrafast response of the fabricated HS can be explained by
the average speed (v) of the carriers:*

_ g€
I (s)

where € is the electric field intensity and 7 is a constant. € is
inversely proportional to the distance between graphene layers.
The huge gaps between the graphene layers are fixed by Ag
nanoparticles, which can provide convenient channels for the
electrical signal transmission through the graphene layers to the
electrode substrates. As a result, Ag-NA-rGO is relatively more
efficient in conduction than those without Ag nanoparticles.
Moreover, the absorption and desorption barrier from the NA
surface for H,O molecules is very low, which also provides
faster electron transfer between graphene layers. Because of the
absence of Ag nanoparticles, NA-rGO is relatively inefficient in

v

conduction compared to Ag-NA-rGO, but it is much better
than rGO.

B CONCLUSIONS

Supramolecularly modified graphene (Ag-NA-rGO) compo-
sites were prepared, characterized, and used as an efficient
material to fabricate highly efficient humidity sensor. The
fabricated Ag-NA-rGO composite-based HSs exhibited out-
standing humidity sensing characteristics such as ultrafast
response and recovery and excellent reproducibility and
stability. Such high-performance HSs demonstrate enormous
progress in high-speed responsive humidity detection and
control. Importantly, the supramolecular assembly technique
was utilized, for the first time, to fabricate such in situ reducible,
graphene-based multilayer composites with multilevel interfaces
for efficient humidity sensing application. Thus, the presented
work demonstrates that supramolecularly modified graphene is
an excellent material which can be used to fabricate high-
performance HSs and other kinds of sensors.
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