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Abstract: Flexible humidity sensors are effective portable devices for human respiratory monitoring. However, the current pre-
paration of sensitive materials need harsh terms and the small production output limits their practicability. Here, we report a syn-
thesis  method of  single-crystal  BiOBr nanosheets  under  room temperature and atmospheric  pressure based on a  sonochemic-
al strategy. A flexible humidity sensor enabled by BiOBr nanosheets deliver efficient sensing performance, a high humidity sensit-
ivity (Ig/I0 = 550%) with relative humidity from 40% to 100%, an excellent selectivity, and a detection response/recovery time of
11 and 6 s, respectively. The flexible humidity sensor shows a potential application value as a wearable monitoring device for res-
piratory disease prevention and health monitoring.
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 1.  Introduction

Breathing  is  a  rhythmic  activity  of  the  human  body,  and
its  frequency and strength depend on the level  of  the body’s
activity.  The  main  purpose  of  breathing  is  to  provide  oxygen
to the body and remove carbon dioxide[1, 2]. The humidity, con-
centration,  flow  rate,  and  pressure  of  breathing  are  import-
ant  indicators  for  disease  diagnosis,  treatment  and prognosis
evaluation,  as  well  as  pulmonary  function  projects  in  medi-
cine  and  other  fields[3−5].  Wearable  devices  such  as  wearable
humidity sensors, can easily conform to and integrate with hu-
man  skin,  machines,  and  other  curved  surfaces,  which  en-
able rapid, continuous, and noninvasive capture of the breath-
ing state[6−10].

At  present,  the  research  on  flexible  humidity  sensors
mainly focuses on resistive and capacitive types[11−15].  Among
them,  the  resistive  humidity  sensors  have  widely  been  stud-
ied  due  to  their  simple  fabrication  and  easy  integration.
The resistive humidity sensors display a resistance-change sig-
nal  when  the  sensing  material  interacts  with  water  molecu-
les[13, 16].  Various  moisture-sensitive  materials  have  been  ex-
plored  to  date,  such  as  graphene  oxide  (GO)[17],  carbon  nan-
otubes[18],  two-dimensional  materials[19],  and  porous  mem-
branes[16].  For  example,  Xu et  al.[20] reported  a  humidity
sensor based on supramolecular graphene modified with sodi-
um  naphthalene-1-sulfonate  and  silver  nanoparticles.  Their
sensor  has  a  high  sensitivity  to  humidity  and  a  fast  response
and  recovery  time  (≤1  s).  However,  GO  prepared  by
Hummer's  method  requires  strong  acid-corrosion  resistance
and  a  complex  modification  process,  which  greatly  increases
the  cost  and  power  consumption  of  the  sensor.  A  recent  hu-
midity  sensor  based  on  a  two-dimensional  MoS2 field-effect

transistor requires a high gate operating voltage (80 V) and a
complex  preparation  process;  therefore,  this  sensor  also  in-
creases the power consumption and incurs a high manufactur-
ing cost[21]. Although these materials have interesting structur-
al  and  electronic  properties,  high  sensitivity,  and  fast  re-
sponse  time,  their  production  costs  remain  excessively  high
and  the  fabrication  processes  are  complex.  Therefore,  high-
performance  humidity  sensors  fabricated  from  cheap  materi-
als through simple processes are in great demand.

BiOBr is  one of  the important bismuth oxide halide com-
pounds. It is a ternary V–VI–VII semiconductor compound with
tetragonal  crystal  structure.  The  layered  structure  of  BiOBr  is
composed of tetragonal [Bi2O2]2+ plates sandwiched between
two  Br  ion  plates.  This  inherent  layered  structure  gives  these
materials fascinating optical, mechanical and electrical proper-
ties. At the same time, BiOBr can be prepared by various meth-
ods, such as hydrothermal[22],  liquid-phase exfoliation[23],  self-
sacrifice template[24], which is considered to be an efficient ma-
terial in a wide range of application. Here, we report a single-
crystal  BiOBr  nanostructures  synthesized  using  sonochemical
methods  under  mild  conditions.  This  method  is  simple  and
the  reaction  is  completed  at  room  temperature.  Additionally,
the  synthesized  BiOBr  nanosheets  have  excellent humidity-
sensing performance and ultrahigh selectivity.  The fabricated
humidity  sensor  based  on  BiOBr  delivered  a  high humidity
sensitivity  (Ig/I0 =  550%)  from  40%  to  100%  RH  and
response/recovery time: 11 and 6 s,  respectively,  and showed
an excellent humidity selectivity of BiOBr. The sensor can also
detect  the  respiratory  rate  and  gas  volume  of  the  human
body.  The  prepared  face  masks  have  a  large-scale  applica-
tion in the diagnosis of pulmonary function.

 2.  Methods

 2.1.  Materials

The  raw  materials  of  the  pure  metals  bismuth  (Bi,
99.99%, ≥150  mesh)  powder  and  hydrogen  peroxide  (H2O2,
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30%)  are  commercially  available  and  were  obtained  from
Sigma-Aldrich.  The  hydrobromic  acid  (HBr)  was  purchased
from Sinopharm Chemical Reagent Co., Ltd. Home-made deion-
ized water (DI H2O) was used for all experiments.

 2.2.  Synthesis of BiOBr nanostructures

Fig.  1 shows  the  preparation  of  BiOBr  nanostructures
from  the  source  material  (Bi  powder)  via  the  sonochemical
strategy  under  environmental  conditions.  In  a  typical  experi-
ment,  1  mmol  Bi  powder  was  added  into  the  mixture  solu-
tion  with  5  mL  H2O2 and  10  mL  H2O  to  form  the  suspension
solution  by  stirring  at  a  speed  of  400  r/min.  Then,  1  mL  1  M
HBr was added into the suspension solution, and followed ul-
trasonic treatment at a frequency of 40 kHz for 2 h. The result-
ant  products  were  collected  by  centrifugation  and  washed
with H2O for three times. Finally, the precipitate was dried un-
der ambient conditions.

 2.3.  Preparation of the humidity sensor

A  60  nm  Au  interdigital  pattern  was  first  deposited  on
the PET substrate  by  photolithography and thermal  evapora-
tion,  and  a  flexible  interdigital  electrode  was  prepared,  as
shown  in Figs.  2(a)–2(e).  The  prepared  BiOBr  was  then  dis-
persed  in  ethanol  solution  by  ultrasound,  and  the  prepared
BiOBr  ethanol  solution  was  spin  coated  on  the  electrode  at

300  r/min.  Finally,  the  equipment  was  baked  on  a  hot  plate
at 80 °C for 10 min to add BiOBr materials and electrodes.

 2.4.  Microstructural characterizations

Powder  X-ray  diffraction  (XRD,  D8  Advance,  Bruker,  Ger-
many)  was  utilized  to  evaluate  the  phase  compositions  un-
der  Cu  Kα  X-ray  radiation  (λ  =  1.5406  Å).  The  microstructure
and  morphology  of  as-prepared  samples  were  observed  un-
der  a  field  emission scanning electron microscope (FESEM,  S-
4800,  Hitachi,  Japan)  and  high-resolution  transmission  elec-
tron  microscopy  (HRTEM,  JEM-2100F,  JEOL,  Japan)  equipped
with  energy  dispersive  X-ray  spectroscopy  (EDX,  Quantax-
STEM, Bruker,  Germany).  The compositions and valence band
of the product were analyzed by X-ray photoelectron spectro-
scopy  (XPS,  Scientific  K-Alpha,  Thermo,  USA),  with  a  refer-
ence  of  C  1s  peak  at  284.6  eV.  The  photoluminescence  was
tested  on  a  spectrometer  (Fluromax-4P,  Horiba  Jobin  Yvon,
France) that was excited at 350 nm.

 3.  Results and discussion

 3.1.  BiOBr nanostructures

The  successful  preparation  of  BiOBr  was  characterized
through SEM, X-ray diffraction, TEM, IR, and XPS. Panels a and
b  of Fig.  3 displays  SEM  images  of  the  Bi  powder  and  BiOBr

 

Fig. 1. (Color online) Schematic illustration on growing BiOBr nanostructures under ultrasonic treatment.

 

(a) (b) (c)

(d)
(e)

Fig. 2. (Color online) (a) Spin coating photoresist on PET substrate. (b) UV exposure under interdigital electrode patterned mask. (c) Develop the ex-
posed PET substrate. (d) Thermal evaporation 60 nm Au electrode. (e) Acetone stripping to form interpolation gold electrode.
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nanostructures, respectively. As shown in the images, the sono-
chemical strategy successfully incorporated the Bi powder in-
to  BiOBr  nanosheets.  After  a  statistical  analysis  of  the
particles  in  the  SEM  images,  the  approximate  size  range  of
the  synthesized  BiOBr  nanostructures  was  determined  as
0.5–1.5 μm  (see Fig.  3(b),  an  enlarged  view  of Fig.  3(c)).  The
X-ray  diffraction pattern of  BiOBr  (Fig.  3(d))  is  consistent  with
JCPDS  card  No.  09-0393.  The  Raman  spectrum  of  the  BiOBr
nanosheets  is  shown  in Fig.  3(e).  The  spectral  peaks  at  57.4,
90.6,  112.1,  and  160.5  cm–1 excited  by  532  nm  light  were  as-
signed to BiOBr. Furthermore, square nanostructures were ob-
served  in  the  TEM  images.  The  HRTEM  images  (Fig.  3(f))  dis-
played  clear  lattice  fringes  with  an  interplanar  spacing  of
0.28 nm, corresponding to the (110) plane of BiOBr.

The elemental  valence states  and chemical  compositions
on the surfaces of the BiOBr nanosheets were analyzed using
XPS.  The  measured  XPS  spectra  (Fig.  4(a))  confirm  the  pres-

ence  of  only  Bi,  O,  and  Br  elements  in  both  samples.  The
peaks located at  159.1 and 164.4 eV in the Bi  3b spectrum of
the  BiOBr  nanosheets  (Fig.  4(b))  correspond  to  Bi  4f  5/2  and
Bi 4f 7/2, respectively. Furthermore, the spin-orbit splitting en-
ergy between these two peaks is  5.3  eV,  which indicates that
normal  Bi3+ resided  on  the  nanosheet  surfaces.  However,  the
overall  spectral  distribution of  the nanosheets  shifted toward
higher  binding  energies  than  those  of  pure  Bi,  indicating  a
high oxidation state of Bi in the nanosheets. According to pre-
vious  studies,  new  peaks  appear  when  the  binding  energies
of  160.1  and  165.4  eV  are  raised  by  the  higher  valence  of
Bi5+. The peaks at 69.2 and 70.6 eV in Fig. 4(c) correspond to Br
3d5/2 and  Br  3d3/2,  respectively.  The  O1s  spectrum  of  the
BiOBr  sample  (Fig.  4(d))  is  broad  and  asymmetric  and  could
be  fitted  to  two  peaks.  The  peaks  appearing  at  high  and  low
binding  energies  were  assigned  to  surface-adsorbed  oxygen
and lattice oxygen components in the sample, respectively.

 

Fig. 3. (Color online) (a) SEM image of Bi powder. (b, c) SEM images of BiOBr nanostructure under different magnifications. (d) Typical XRD pat-
tern  of  BiOBr  nanostructure.  (e)  Raman  spectrum  of  BiOBr  nanostructure  excited  at  532  nm.  (f)  HRTEM  images  of  BiOBr  nanostructure， the
down-left insets are the lattice fringes.

 

Fig. 4. (Color online) (a) XPS survey scan of BiOBr nanostructure. (b–d) High-resolution XPS spectra of Bi 4f, Br 3d and O 1s of BiOBr, respectively.
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 3.2.  Humidity sensing properties

A  BiOBr-based  flexible  humidity  sensor  was  fabricated
and  its  performance  was  characterized  at  40%  RH  and  25  °C
(Fig.  5(a)). Fig.  5(b)  plots  the  sensitivities  of  the  BiOBr  humid-
ity sensor as functions of time at different RH (0%–100%). The
relative  current  of  the  sensor  decreased  over  the  humidity
range  0%–30%  and  increased  over  the  humidity  range
50%–100% because our test was performed in an air environ-
ment  with  40%  RH.  The  humidity-dependent  relative  current
variations of the sensor are clarified in Fig. 5(c). As the humid-
ity increased from 0% to 100% RH,  the relative current of  the
sensor  increased  to  1200%.  This  indicates  that  our  sensor  is
highly sensitive to humidity.

In  addition,  the  response  and  recovery  time  are  import-
ant  parameters  of  a  humidity  sensor  in  practical  applications
such  as  respiratory  monitoring.  In  this  work,  we  measured
the time required for the sensor to reach equilibrium (95% of
the maximum change) between 40% and 90% RH. During the
measurement,  the  resistance  change  was  measured  while  al-
ternately  moving  the  sensor  between  two  humidity  environ-
ments. The response and recovery time of the sensor were 10
and 6 s, respectively (Fig. 5(d)). We also characterized the cyc-
lic  stability  of  the  device  (Fig.  5(e)).  When  the  humidity
changed  repeatedly  between  40%  and  90%  RH,  the  re-
sponse  signal  of  the  sensor  fluctuated  only  slightly,  indicat-
ing  strong  cycle  performance  and  stability.  Moreover,  during
respiration  detection,  the  humidity  sensor  is  directly  in-
terfered with by gas, so high selectivity for humidity is essen-
tial. The electrical response of the humidity sensor in the atmo-
sphere  of  ethanol,  acetone  and  ammonia  gas.  During  the
test, the relative humidity of the environment is controlled to
be  40%  and  the  gas  concentration  is  100  ppm.  The  test  res-
ults are shown in Fig. 5(f). It can be seen that when the humid-
ity sensor works at room temperature, its relative current basic-
ally does not change in the presence of ethanol, acetone, and

ammonia.  This  indicates  that  the  humidity  sensor  can  be
used as a highly selective humidity sensor.

 3.3.  Breathing monitoring

Given  the  excellent  humidity  performance  and  fast  re-
sponse  time  of  the  humidity  sensor,  we  incorporated  the
sensor  into  an  intelligent  mask  that  detects  human  respira-
tion  in  real  time.  As  shown  in Figs.  6(a)  and 6(b),  our  smart
mask  is  composed  of  sensors  installed  in  a  breathing  valve.
When the  mask  is  worn,  the  user’s  breathing is  detected in  a
relatively closed space.  As the current of  the sensor increases
or  decreases  with each breath,  we can monitor  the changing
intensity  and  frequency  of  the  respiration  by  monitoring  the
magnitude  and  number  of  peaks,  respectively. Fig.  6(c)  com-
pares  the  relative  current  changes  of  the  sensor  during deep
and normal  breathing.  The intensity  was much higher during
deep  breathing  than  during  normal  breathing.  This  implies
that the sensor can detect the vital capacity. Additionally, the
current  of  the  smart  mask  increased  and  decreased  in  syn-
chrony with the breathing pattern, so the changes in respirat-
ory  rate  can  be  monitored  through  the  number  of  peaks.  As
shown  in Figs.  6(d)–6(f),  our  smart  mask  can  monitor  breath-
ing  at  different  frequencies  (slow,  normal,  and  fast)  in  real
time.  These  results  show  that  our  intelligent  mask  can  meas-
ure the respiratory status of the human body and help medic-
al diagnoses of lung disease.

 4.  Conclusion

We  have  developed  a  high-performance  flexible  humid-
ity  sensor  that  is based  on  a  sensitive  material  composed  of
BiOBr single-crystal biological nanostructured nanosheets. The
material  is  prepared  using  a  simple,  low-cost  sonochemical
method  suitable  for  large-scale  production  and  demon-
strates excellent humidity properties, with a humidity sensitiv-
ity of 550% (Ig/I0)  from 40% to 100% RH, response and recov-
ery  time 11  and 6  s,  respectively,  and excellent  selectivity  for

 

Fig. 5. (Color online) (a) Schematic illustration of a humidity sensor based on BiOBr nanostructure. (b) Time-dependent variation of relative cur-
rent change of device under various concentrations of relative humidity. (c) Relative current change of sensor under different humidity relative
to 0% humidity. (d) Response and recovery of the humidity sensor exposed to 90%. (e) Relative current changes of the humidity sensor under cyc-
lic run between ambient humidity and 90% RH. (f) For the influence of other gases on the performance of humidity sensor, the relative humidity
of the test environment is 40% RH, and the gas concentration is 100 ppm.
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humidity. In experimental demonstrations, the sensor success-
fully  detected  human  respiration  patterns.  This  cost-effective
flexible humidity sensor has potential  applications in the dia-
gnosis  and  treatment  of  respiratory  diseases;  for  instance,  as
a  wearable  respiratory  monitoring device for  infection reduc-
tion and health monitoring.
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