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ABSTRACT: Humidity  sensors  have  attracted  considerable
attention  for  their  capability  for  real-time,  continuous
monitoring  of  critical  physiological  information,  thus  offering
valuable  insights  into  human  health.  Two-dimensional
hexagonal boron nitride (h-BN) has emerged as an attractive
material  for  humidity  sensing  due  to  its  high  specific  surface
area  and  excellent  chemical  stability.  However,  the  low
hydrophilicity  of  h-BN  limits  its  ability  to  adsorb  water
molecules, resulting in reduced sensitivity and slow response
times. Herein, capacitive humidity sensors consisted of amine-
functionalized  h-BN  nanosheets  have  been  developed.  The
introduction  of  amine  groups  modulates  the  hydrophilicity  of
pristine  h-BN  by  forming  hydrogen  bonds,  promoting
interactions  with  water  molecules.  The  h-BN-based  sensor  shows  significantly  improved  performance,  including  high
sensitivity (124,136 pF/%RH), large response (5,268,192%), and rapid response and recovery time (2.39 s/1.77 s). These
findings  demonstrate  that  amine  functionalization  can  effectively  enhance  both  water  adsorption  capacity  and  sensor
performance, providing a promising approach for highly sensitive and responsive humidity sensors.
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1    Introduction
Humidity  monitoring  is  crucial  in  a  wide  range  of  applications,
from  non-contact  switches  that  detect  environmental  humidity
changes to wearable devices in healthcare that assist professionals in
making  timely  health  assessments  [1, 2].  Capacitive  humidity
sensors are favored for their stability, low power consumption, and
simple  structure  [3].  However,  challenges  remain in  realizing high
sensitivity and fast response time [4]. Low sensitivity fails to detect
subtle  humidity  variations,  leading  to  inaccurate  measurements,
while  slow  response  times  hinder  the  sensor’s  ability  to  react  to
rapid fluctuations in dynamic environments [5].

Recent  research  has  focused  on  improving  capacitive  humidity

sensors through material engineering, particularly by incorporating
two-dimensional  (2D)  materials  [6].  These  materials  are  attractive
for  humidity  sensors  due  to  their  high  surface  area  and  tunable
surface  chemistry,  which  facilitates  interaction  and  adsorption  of
water  molecules  [7, 8].  Furthermore,  the  surface  properties  of  2D
materials can be tuned to enhance their affinity for water molecules
[9]. Among the various two-dimensional materials, SnS2 [10], black
phosphorus [11], and borophene [12−16] have attracted significant
attention due to their promising properties for various applications.
However,  challenges  related  to  their  stability  and  long-term
reliability  still  need to be addressed for  their  practical  deployment.
Hexagonal  boron  nitride  (h-BN)  stands  out  for  its  exceptional
chemical  stability  and  reliability  across  a  wide  temperature  range,
making  it  an  attractive  candidate  for  high-performance  capacitive
humidity  sensors  [17].  However,  despite  these  advantages,  the
interaction between h-BN and water molecules remains insufficient
to fully exploit  its  potential  in humidity sensing,  thus necessitating
further modifications to enhance its surface properties.

In  this  work,  we  developed  high-performance  capacitive
humidity  sensors  based  on  amine-functionalized  h-BN  (A-h-BN)
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and demonstrated their potential application in contactless sensing.
The  A-h-BN-based  sensors  exhibit  high  performance  including
quick response time of 2.39 s  and fast  recovery time of 1.77 s  in a
relative humidity (RH) range from 11% to 98%. Notably, the sensor
achieves  a  sensitivity  of  124,136  pF/%RH  and  a  response  of
5,268,192% at 98% RH with excellent repeatability and stability. The
enhancement can be attributed to the high specific surface area of A-
h-BN,  which  provides  more  active  sites  for  water  molecules,
coupled  with  its  increased  hydrophilicity  due  to  amine
functionalization.  Furthermore,  the  sensors  exhibit  synaptic-like
behavior, where the capacitance increases with prolonged humidity
pulse  duration,  and  the  recovery  time  extends,  analogous  to  the
learning  and  forgetting  processes  of  brain.  The  sensors  also
demonstrate  promising  applications  in  distance  detection  and
respiratory  monitoring,  accurately  distinguishing  between  various
distances and identifying different breathing patterns, etc. 

2    Experimental
 

2.1    Amination treatment of h-BN
To  prepare  A-h-BN,  1  g  h-BN  purchased  from  Macklin  Reagent
was  treated  with  ammonia  solution.  The  h-BN  was  added  to  a
beaker  containing  ammonia  30  mL  of  ammonia  solution  and
stirred  continuously  using  a  magnetic  stirrer  at  room temperature
for  1  h,  ensuring  thorough  interaction  between  the  h-BN  and
ammonia. The mixture was then heated on a hot plate at 110 °C for
8 h to obtain the A-h-BN powder. 

2.2    Materials characterization
The  morphology  of  h-BN  and  A-h-BN  was  characterized  using
transmission  electron  microscope  (TEM,  Tecnai  G20).  The  phase
structures  of  both  materials  were  analyzed  by  X-ray  diffraction
(XRD, D/MAX-3B) with Cu Kα radiation (λ =  1.5406 Å).  Raman
spectra  were  obtained  using  a  Renishaw  inVia  Raman
spectrometer,  while  Fourier-transform  infrared  (FT-IR)  spectra
were  recorded  in  the  range  of  800–4000  cm−1 using  a  Thermo
Scientific Nicolet iS 10 spectrometer. Additionally, XPS analysis was
performed  using  an  Escalab  250Xi  spectrometer  (Thermo  Fisher
Scientific)  to  further  investigate  the  elemental  composition  and
chemical bonding states. 

2.3    Preparation of  the A-h-BN-based capacitive humidity
sensor
The  A-h-BN  powder  was  dispersed  in  deionized  water  to  form  a
uniform  suspension.  Meanwhile,  the  polyethylene  terephthalate
(PET)  substrate  was  cleaned  multiple  times  with  ethanol  and
deionized water to remove surface impurities. A mask template for
the interdigital electrodes was placed on the cleaned PET substrate,
and  the  electrodes  were  fabricated  using  magnetron  sputtering.
Each individual interdigital in the electrode has a length of 0.8 mm,
a width of 0.1 mm, and a spacing of 0.1 mm. The electrode material
used in the sensor is gold (Fig. S1 in the Electronic Supplementary
Material  (ESM)).  After  electrode  fabrication,  their  structural
integrity was inspected under a microscope. Indium particles were
then used to connect the electrode terminals to wires. Using 15 mg
of  A-h-BN,  we  prepared  an  A-h-BN  dispersion  with  a
concentration of 0.151 mol/L by dissolving it in 4 mL of deionized
water. We then evenly dropped 0.05 mL of the A-h-BN dispersion
onto  the  interdigital  electrodes  and  dried  it,  completing  the

fabrication of the capacitive humidity sensor [18]. 

2.4    Humidity sensing performance testing
At  room  temperature,  the  sensor’s  capacitance  output  at  different
RH  levels  was  measured  using  a  digital  bridge  (HIOKI  IM3523
LCR  HiTESTER).  RH  conditions  were  set  using  saturated  salt
solutions of LiCl, MgCl₂, K₂CO₃, NaBr, NaCl, KCl, and K₂SO₄, for
RH levels of 11%, 32%, 43%, 57%, 75%, 84%, and 98%, respectively
[19].  The  definitions  of  sensitivity  and  response  are  as  follows
(Eqs. (1) and (2)) [20, 21]

S= CX −C0

RHX −RH0
(1)

R=
CX −C0

C0
(2)

Here,  RHX and  RH0 denote  the  RH  levels  of X%  and  11%,
respectively, while CX and C0 denote the sensor’s capacitance output
at X% RH and 11% RH, respectively. 

2.5    First-principles calculations
First-principles  calculations  were  performed  using  the  Vienna ab
initio simulation  program  package  (VASP).  The  exchange-
correlation  energy  was  treated  in  the  generalized  gradient
approximation using the Perdew–Burke–Ernzerhof functional. We
calculated the adsorption energy of water molecules on h-BN and A-
h-BN.  One  NH2 radical  has  been  constructed  in  the  BN  surface
model  to  build  the  BN-NH2 model,  respectively.  All  models  have
been fully relaxed with the energy convergence criterion of 10−5 eV
and the force convergence criterion of 0.02 eV/Å, respectively. The
(2  ×  2  ×  1)  K-points  have  been  used  in  the  K-point  mesh.
Additionally, we also computed the relative permittivity of A-h-BN
as it adsorbs varying numbers of water molecules. The definition of
adsorption  energy  (Eads)  and  relative  permittivity  is  provided  as
follows (Eqs. (3) and (4)) [22]

Eads = Etotal −Esubstrate −Eadsorbate (3)

C=
εA
d

(4)

where Etotal, Esubstrate and Eadsorbate represent the energy of adsorption
structure,  substrate  and  adsorbate,  respectively.  The C represents
capacitance, ɛ represents  relative  permittivity, A represents  plate
area, and d represents plate distance. 

3    Results and discussion
The  h-BN  features  a  high  specific  surface  area  and  is  easily
modifiable, making it an ideal material for sensor applications [23].
The  functionalization  of  h-BN  includes  amination  [24],  oxidation
[25], fluorination [26−28], and others. High-temperature oxidation
can damage  the  crystal  structure  of  h-BN.  Fluorination makes  the
surface  more  hydrophobic,  which  diminishes  humidity  response
performance.  In  contrast,  amination  strengthens  the  material’s
adsorption of water molecules and significantly improves humidity
response,  offering  distinct  advantages.  To  enhance  its
hydrophilicity, the aminated treatment introduces amine groups on
its  surface,  which  are  highly  polar  and  can  form  hydrogen  bonds
with water molecules (Fig. 1(a)). The increased hydrophilicity of h-
BN  makes  it  easier  to  adsorb  moisture,  which  is  crucial  for
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humidity sensing. A-h-BN is dispersed in deionized water and then
drop-cast  onto interdigital  electrodes to fabricate humidity sensors
[29].  The  microscopic  image  reveals  that  A-h-BN  is  uniformly
distributed  on  the  electrodes,  ensuring  consistent  sensor
performance  (Fig.  1(b)).  As  shown  in Fig.  1(c),  the  capacitance–
time (C–t) curve of the sensor demonstrates reliable and repeatable
behavior  during  the  humidity  cycle  test,  indicating  excellent
repeatability  and  stability  of  the  sensor.  When  compared  to  other
reported  sensors,  the  A-h-BN-based  sensor  exhibits  superior
performance  in  terms  of  sensitivity  and  response  time  (Fig.  1(d))
[30−42].  This enhanced performance is  attributed to the increased
number of amine groups, which boosts its capacity to interact with
water  molecules  and  detect  changes  in  humidity  more  effectively.
The A-h-BN humidity sensor exhibits synaptic-like behavior, which
is  similar  to  the  learning  and  forgetting  processes  of  the  human
brain  (Fig.  1(e)).  Additionally,  the  sensor  shows  high  repeatability
and precision in detecting humidity variations at different distances,
which could facilitate no-contact switch applications. In respiratory
monitoring, the sensor’s rapid response and stability enabling real-
time  detection  of  subtle  humidity  changes,  which  facilitating
accurate  identification  of  different  breathing  patterns.  The
versatility  of  A-h-BN  sensors  underscores  their  potential  across
diverse  fields,  including  artificial  intelligence-driven  sensory
technologies, human-machine interaction, and healthcare.

In this work, h-BN was treated in 25% ammonia solution for one

hour,  followed  by  drying  on  a  heating  plate  to  obtain  ammonia
modified  h-BN.  This  amination  treatment  introduces  additional
amine groups to the surface,  enhancing the ability  to attract  water
molecules.  Figures  S2  and  S3  in  the  ESM  show  TEM  and  high-
resolution  TEM  (HRTEM)  images,  along  with  the  corresponding
fast  Fourier  transform  (FFT)  pattern  for  both  h-BN  and  A-h-BN.
The  HRTEM  image  reveals  a  lattice  spacing  of  0.21  nm,
corresponding to the (101) plane of h-BN [43]. The XRD patterns
(Fig.  2(a))  of  both  the  h-BN  and  A-h-BN  show  multiple  peaks  at
26.6°,  41.5°,  43.6°,  54.8°,  75.8°,  and  82.0°,  which  align  with  the
standard  diffraction  pattern  of  h-BN  (JCPDS  No.  34-0421)  [44].
Raman spectra (Fig.  2(b)) show a characteristic peak at  1366 cm−1,
attributed to vibrations between boron and nitrogen atoms [45, 46].
These  results  indicate  that  the  amination process  does  not  disrupt
the h-BN structure, and the B–N bond remains intact. As illustrated
in Fig. 2(c), FT-IR spectra reveal two characteristic peaks at 800 and
1378  cm−1,  corresponding  to  B–N–B  out-of-plane  bending  and
B–N  in-plane  stretching  modes,  respectively  [43].  A  broad  band
around  3400  cm−1,  indicative  of  O–H  stretching  vibrations,  is  also
observed  [47].  After  amination  treatment,  a  new  peak  appears  at
1650  cm−1,  corresponding  to  N–H  bending  vibrations  [48].  The
intensity  of  the  3400 cm−1 peak increases  significantly,  indicating a
higher  concentration  of  amine  groups  on  the  surface  of  A-h-BN
[49, 50].  These  results  confirm  that  the  amination  treatment
enhances  the  hydrophilicity  of  h-BN  without  compromising  its

 

Figure 1    Hexagonal  boron  nitride  nanosheets  have  good  hygroscopic  properties,  and  the  sensors  prepared  from  them  show  excellent  performance.  (a)  Schematic
illustration of water molecule adsorption on surface engineered h-BN. (b) Schematic illustration of the preparation process and a microscopic image of the sensor. (c) C–t
curve of the sensor during the humidity cycle test. (d) Comparison of sensitivity and response time for reported capacitive humidity sensors. (e) Schematic illustration of
the sensor applications, including (I) synaptic-like behavior, (II) non-contact human-machine interaction, and (III) respiratory monitoring.
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structural integrity.
To further analyze the surface functional groups of the h-BN and

A-h-BN,  X-ray  photoelectron  spectroscopy  (XPS)  was  performed.
The full XPS spectra (Fig. 2(d)) show an increased nitrogen content
in A-h-BN compared to h-BN. The presence of C and O elements is
likely due to the adsorption of CO₂, H₂O, and O₂ on the surface [51].
High-resolution  N  1s  spectra  (Figs.  2(e) and 2(f))  exhibit  two
distinct peaks corresponding to N–B and N–H bonds, with binding
energies  at  397.9  and  398.4  eV,  respectively  [52].  The  increased
intensity of the N–H peak confirms that the amine groups on the h-
BN  surface  increases  significantly  after  the  treatment.
Thermogravimetric analysis (TGA) in Fig. 2(g) illustrates that both
the  h-BN  and  A-h-BN  lose  weight  below  100  °C  due  to  the
evaporation  of  surface  water.  However,  A-h-BN  exhibits  a  greater
weight  loss,  indicating  its  enhanced  hydrophilicity  compared  to
untreated h-BN [53]. Dynamic vapor sorption (DVS) tests (Figs. S4
and  S5  in  the  ESM)  further  confirm  these  findings:  The  h-BN
shows negligible weight change at low RH levels, while the A-h-BN
exhibits a significant increase in adsorption, particularly at high RH,
indicating  its  improved  ability  to  adsorb  moisture.  In  terms  of
sensor  performance,  the  h-BN-based  sensor  exhibits  almost  no

change in capacitance output below 75% RH, whereas the A-h-BN
sensor shows a clear increase in capacitance output with rising RH
(Fig. 2(h)). Figure 2(i) presents the capacitance ratios of the sensors
at 98% and 11% RH, with A-h-BN achieving a capacitance ratio of
52,683, significantly higher than the 449 observed for h-BN. These
findings demonstrate the enhanced humidity response of the A-h-
BN, suggesting that amination treatment improves the performance
of the h-BN in capacitive humidity sensors significantly.

As the RH increases, more water molecules can be adsorbed on
the  surface  of  the  A-h-BN  (Fig.  3(a)),  resulting  in  a  change  in
capacitance  output. Figure  3(b) shows  the  capacitance  output  at
frequencies  of  100  Hz,  1  kHz,  10  kHz,  and  100  kHz,  with  RH
varying from 11% to 98%. The data reveal that the sensor produces
distinct  capacitance  values  at  different  RH  levels,  with  a  gradual
increase in capacitance as RH rises.  Notably, capacitance decreases
with increasing electric field frequencies,  which is  attributed to the
delayed polarization of water molecules in response to the changing
electric field [54]. At low frequencies, the electric field varies slowly,
allowing  water  molecules  sufficient  time  to  complete  the
polarization process and effectively align with the field. This results
in a higher relative permittivity and capacitance. In contrast, at high

 

Figure 2    Characterization  and  performance  comparison  of  h-BN  nanosheets  before  and  after  amination  treatment.  (a)  XRD  patterns  of  the  h-BN  and  A-h-BN.  (b)
Raman spectra of the h-BN and A-h-BN. (c) FT-IR spectra of the h-BN and A-h-BN. (d) Full XPS surveys spectra of the h-BN and A-h-BN. (e) High-resolution N 1s
spectra of the h-BN. (f) High-resolution N 1s spectra of the A-h-BN. (g) TGA analysis of the h-BN and A-h-BN. (h) Comparison of the capacitance values for the h-BN
and A-h-BN-based sensors at different RH levels. (i) Capacitive ratio of 98% RH to 11% RH for the h-BN and A-h-BN-based sensors.
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frequencies,  the  polarization  response  of  water  molecules  lags
behind  the  rapidly  oscillating  electric  field,  preventing  them  from
fully  aligning.  Consequently,  the  overall  relative  permittivity
decreases, leading to a reduction in the sensor’s capacitance output.
Figure  3(c) shows the  capacitance output  as  RH increases  and the
frequency  decreases,  revealing  a  clear  relationship  between
capacitance  and  RH  at  different  frequencies.  The C–t curves  at
different  RH  levels  demonstrate  stable  capacitance  output,  which
indicates  excellent  stability  and  reliability  for  practical  applications
(Fig.  3(d)).  The  dynamic  humidity  response  and  recovery  tests  of
the  sensor  demonstrate  excellent  repeatability  when responding to
varying  RH  levels  (Fig.  3(e)).  The  sensor’s  response  and  recovery
times  are  2.39  and  1.77  s,  respectively,  demonstrating  its  rapid
response to humidity changes (Fig. 3(f)). The sensor demonstrated
outstanding  consistency  in  response  and  recovery  times  during
repeatability  tests  (Fig.  S6  in  the  ESM). Figures  3(g) and 3(h)
present the sensitivity and response of the A-h-BN-based sensor. At
98% RH, the sensor achieves a sensitivity of 124,136 pF/%RH and a
response  of  5,268,192%.  These  results  demonstrate  the  excellent

performance of the A-h-BN sensor in terms of RH response range,
sensitivity,  and  response/recovery  times,  surpassing  the
performance of other humidity sensors, as summarized in Table 1.

Signal  transmission  between  adjacent  neurons  occurs  via
biological  synapses,  where  neurotransmitter  release  at  the
presynaptic  membrane  influences  the  postsynaptic  response  [55].
Similarly,  in a humidity sensor,  humidity pulses act  as presynaptic
inputs,  while  the  capacitance  output  serves  as  the  postsynaptic
response. Figure 4(a) illustrates how neurotransmitter release at the
presynaptic  membrane  affects  the  postsynaptic  response.
Figure  4(b) shows  the  sensor’s  response  to  two  consecutive
humidity  pulses,  with  the  capacitance  output  during  the  second
pulse  being  higher  than  that  of  the  first,  resembling  paired-pulse
facilitation (PPF) observed in neural synapses [56]. Further analysis
reveals that increasing the width of the humidity pulses results in a
higher  capacitance  output  and  a  longer  recovery  time  (Fig.  4(c)).
This behavior is due to changes in the sensor’s sensing layer, located
above the interdigital electrodes, which alters its relative permittivity
as  water  molecules  are  adsorbed.  This  change  in  capacitance

 

Figure 3    A-h-BN  based  humidity  sensors  performance  test.  (a)  Schematic  diagram  illustrating  the  distribution  of  the  A-h-BN  on  interdigital  electrodes  and  its
adsorption of water molecules. (b) C–t curves of the A-h-BN humidity sensor at different frequencies. (c) Capacitance output of the sensor under different frequencies and
RH levels. (d) C–t curves of the humidity sensor under different levels of RH. (e) C–t curves of the A-h-BN humidity sensor from 11% RH to 84% RH. (f) The response
and recovery  curve  of  the  A-h-BN humidity  sensor.  (g)  Sensitivity  of  the  A-h-BN sensor  at  different  RH levels.  (h)  Response  characteristics  of  the  A-h-BN sensor  at
different RH levels.
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enables the sensor to detect even subtle variations in humidity levels
with  high  precision  (Fig.  4(d)).  The  sensor  also  exhibits  strong
performance  in  practical  applications,  such  as  non-contact  switch
and  respiratory  monitoring.  Non-contact  human-machine
interaction  eliminates  the  need  for  direct  physical  contact  with
devices,  enhancing  convenience  and  hygiene,  especially  in
environments  where  touchless  operation  is  required  (Fig.  4(e))
[57−60].  The  capacitance  increases  as  the  finger  approaches,  and
decreases as the finger moves away. This capability is ideal for non-
contact  switch  mechanisms  in  smart  devices. Figure  4(f) further
quantifies  the  relationship  between  fingertip  distance  and
capacitance output, showing distinct capacitance values at distances
of  5,  10,  and  15  mm,  demonstrating  the  sensor’s  sensitivity  to
distance.  In  respiratory  monitoring,  the  sensor’s  ability  to  detect
subtle humidity changes is valuable for tracking breathing patterns
and  rates,  aiding  in  the  early  detection  of  respiratory  conditions
[61−63]. Figure  4(g) illustrates  the  sensor’s  application  in
respiratory  monitoring,  where  the  sensor  can  accurately  identify
different breathing states—normal, fast, slow, and deep breaths, by
measuring  the  output.  This  capability  is  essential  for  monitoring
physiological  conditions  and  ensuring  timely  detection  of  health

 

Table 1    Comparison of this work with previously reported capacitive humidity
sensors

Sensing material RH range Sensitivity
(pF/%RH)

Response/recovery
time (s/s) References

BP 15–90 10 3.9/1 [30]
GO/CNF 11–97 1146.8 22/2 [31]

GO 55–95 40,000 30/150 [32]
Cleancool fibers 6–97 82.4 3.5/4 [33]

cellulose nanofiber 11–95 27.95 43/1 [34]
PMDA/ODA 10–90 1.24 25/25 [35]

ITO 5–95 7.76  21.4/4.8 [36]
TiO2 5–95 1.3 0.4/0.9 [37]

PVDF-BaTiO3 40–90 0.2516 40/25 [38]

CsPb2Br5/
BaTiO3

25–95 21,426.6 5/5 [39]

CNF/ GOQD 11–97 51,840.91 30/11 [40]
In2O3/GO 11–97 1061.6  15/2.5 [41]

SnS2/Zn2SnO4 0–97 10,709 18/1 [42]

A-h-BN 11–98 124,136 2.39/1.77 This work

 

Figure 4    A-h-BN based humidity sensors show great advantages in practical applications. (a) Schematic illustration of a biological synapse. (b) C–t curve of the sensor
under  two consecutive  humidity  pulses.  (c)  Relationship between recovery  time and capacitance  output  at  different  RH pulse  widths.  (d)  Schematic  illustration of  the
humidity sensor applied in non-contact human−machine interaction and respiratory monitoring. (e) Application of the humidity sensor as a non-contact switch, with the
inset showing a finger approaching and moving away from the sensor. (f) C–t curve of the humidity sensor at varying fingertip distances. (g) C–t curve of the humidity
sensor for different breathing patterns (normal, fast, slow, and deep breaths).
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issues. The sensor’s anti-interference ability in practical applications
is further evaluated. By testing its capacitance output under different
temperatures and gas environments, it is verified that the sensor has
excellent anti-interference performance (Fig. S7 in the ESM).

To  further  explore  the  performance  of  the  A-h-BN  humidity
sensor,  we  employed  density  functional  theory  (DFT)  to  calculate
the adsorption energy of water molecules on both h-BN and A-h-
BN [64, 65]. Figure  5(a) shows the  adsorption process,  illustrating
how  water  molecules  interact  with  the  surface  of  both  materials.
The calculations reveal that the adsorption energy for a single water
molecule is significantly stronger for A-h-BN (−0.354 eV) than for
h-BN  (−0.156  eV)  (Fig.  5(b)).  This  indicates  that  A-h-BN  has  a
higher  affinity  for  water  molecules,  suggesting  that  the  amine
groups  on  A-h-BN  enhance  its  hydrophilicity  [66]. Figure  5(c)
depicts  the  structural  models  of  A-h-BN  adsorbing  different
numbers of water molecules (0, 1, 2, and 3). We then calculated the
relative permittivity (ɛ) for each model, yielding values of 1.28, 1.29,
1.31,  and  1.32,  respectively,  for  0,  1,  2,  and  3  water  molecules
(Fig.  5(d)).  These  results  demonstrate  that  as  the  number  of
adsorbed water molecules increases, the relative permittivity of A-h-
BN  rises,  leading  to  higher  capacitance  output.  This  increase  in
capacitance  is  attributed  to  the  water  molecules  occupying  the

interstitial  spaces  within  A-h-BN,  replacing  air.  Given  that  water
has  a  relative  permittivity  of  78,  compared  to  air’s  value  of  1,  the
adsorption  of  water  significantly  enhances  the  material’s  overall
permittivity [67]. The highest capacitance output is observed when
the  sensor  is  exposed  to  air,  but  is  lower  in  oxygen,  nitrogen,
vacuum, indicating that water molecules in the air are the primary
factor driving the sensor’s  output  variations (Fig.  5(e)).  This  result
further  reinforces  that  the  sensor’s  performance  is  strongly
dependent on the presence of  water  molecules  and not  influenced
by other gases like oxygen or nitrogen.

As  the  RH  rises,  the  amine  groups  on  the  surface  of  A-h-BN
adsorb  water  molecules  forming  hydrogen  bonds  that  enhance
water  molecules  adsorption  (Fig.  5(f))  [68].  Moreover,  intermo-
lecular  hydrogen  bonding  can  occur  between  the  oxygen  atom  of
one  water  molecule  and  the  hydrogen  atoms  of  adjacent  water
molecules  [69].  This  network  of  hydrogen  bonds  enhances  the
overall  adsorption capacity  and facilitates  the  aggregation of  water
molecules  on  the  A-h-BN  surface.  The  extensive  hydrogen  bond
network significantly enhances the adsorption capacity of the A-h-
BN for water molecules, thereby improving the performance of the
A-h-BN-based humidity sensors. 

 

Figure 5    Analyze the sensing mechanism through theoretical calculation. (a) Schematic of h-BN and A-h-BN adsorbing a single water molecule. (b) Adsorption energy
of water molecule on h-BN and A-h-BN. (c) Model schematic of A-h-BN adsorbing different numbers of water molecules (0, 1, 2, and 3). (d) Relationship between the
relative permittivity and the number of water molecules. (e) Capacitance output of the A-h-BN humidity sensor under oxygen, nitrogen, vacuum and air atmospheres. (f)
Schematic illustration of hydrogen bonding formed when A-h-BN adsorbs water.
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4    Conclusions
In summary,  we present a surface engineering strategy to enhance
the  performance  of  humidity  sensors  based  on  2D  h-BN
nanosheets  through  amination  treatment.  The  optimized  sensors
show  impressive  improvements  over  conventional  designs,
including  a  broad  humidity  detection  range  (11%–98% RH),  high
sensitivity (124,136 pF/%RH) and response (5,268,192%), as well as
rapid  response  (2.39  s)  and  recovery  times  (1.77  s).  Theoretical
calculations reveal that hydrogen bonding between water molecules
and  amine  groups  on  A-h-BN  contributes  to  the  enhanced  water
adsorption capacity  and overall  sensor performance.  With its  high
sensing  performance,  the  A-h-BN  sensors  demonstrate  advanced
capabilities,  such  as  synaptic-like  behavior,  distance  detection,  and
respiratory  monitoring.  These  findings  underscore  how
functionalizing  h-BN  can  significantly  improve  its  ability  to
humidity  changes.  By  exploiting  the  hydrophilicity  and  hydrogen
bonding interactions, the A-h-BN based sensors achieve both high
sensitivity  and  stable  performance.  As  a  result,  h-BN  holds  great
promise  for  applications  requiring  precise  humidity  monitoring,
including non-contact  human-machine interaction,  environmental
sensing, and healthcare devices. 

Electronic  Supplementary  Material: Supplementary  material
(interdigital  electrode  structure,  TEM  images,  DVS  tests,  response
time repeatability test, and anti-interference test) is available in the
online  version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907405. 
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