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Abstract   Developing thermal management fabrics with good energy storage and multistimuli responsive properties is important for regulating
the  body  temperature  in  complex  environment.  Herein,  the  intelligent  nonwoven  membranes  were  fabricated via a  coaxial  electrospinning
method, resulting in a core-sheath structure with poly(ethylene glycol) (PEG) as core and polyurethane (PU) as sheath. Additionally, polypyrrole
(PPy)  with  good  light  absorption  ability  and  electrical  conductivity  was  deposited  onto  the  surface  of  the  PU@PEG  electrospun  fibers via
electrochemical  polymerization.  The PPy  layer  enabled the  membranes  to  respond quickly  to  sunlight  and electrical  stimuli.  The  membranes
could heat up to 86 °C under simulated sunlight within 200 s or produce remarkable electrothermal effect under a low voltage input of only 1 V,
exhibiting  efficient  energy  conversion  and  storage  performances.  The  photothermal  and  electrothermal  conversion  effect  could  be  easily
adjusted  by  controlling  the  polymerization  time  of  PPy.  Therefore,  the  multifunctional  membranes  with  high  latent  heat,  good  mechanical
properties as well as excellent photothermal/electrothermal conversion ability are promising in personal thermal management applications.
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INTRODUCTION

As  the  heat  exchange  interface  between  the  skin  and
atmosphere,  the  clothing  fabrics  play  a  major  part  in  the
thermal  management  of  humans.[1,2] Nowadays,  the  clothing
fabrics are not only expected to ensure that the human body is
in  a  comfortable  temperature  range,  but  also  to  be  functional
and  intelligent  to  adapt  to  complex  environmental
conditions.[3−5] Personal  thermal  management  fabrics  (PTMFs)
can  adjust  the  surface  temperature  of  human  body  and  then
help  the  body  adapt  to  the  temperature  change  of  the
environment.[6] Among  them,  the  PTMFs  based  on  phase
change  materials  (PCMs),  showing  thermal  buffering
performance  in  high  temperature  environment  as  well  as
thermal  insulation  capability  in  low  temperature  environment,
have attracted the attention of many researchers.[7−9]

PCMs,  a  promising  thermal  energy  storage  material,  can
absorb  and  release  abundant  latent  heat  thanks  to  their
high  enthalpy  value  and  suitable  phase  transition  tempera-

ture.[10,11] However, the leakage during phase change process
and  excessive  rigidity  of  PCMs  greatly  limits  their
applications.[12−15] Encapsulating PCMs into fibers is helpful to
solve the leakage issue and promote the flexible deformation
capacity  of  thermal  management  fabrics.[16,17] The  coaxial
electrospinning method is applied to fabricate ultrafine phase
change  fibers  (PCFs),  where  the  polymer  materials  work  as
the “shell” to completely encapsulate the PCM “core”.[18,19] For
example,  some  core-shell  PCFs,  including  octadecane/poly-
vinyl  pyrrolidone,[20] paraffin  wax/polyacrylonitrile,[21] and
poly(tetradecyl  acrylate)/poly(ethylene  terephthalate),[22]

were  prepared  by  the  coaxial  electrospinning  technology,
showing  satisfied  encapsulation  efficiency  and  thermal  en-
ergy performance.

Despite  their  excellent  abilities,  the  lack  of  response  to
multi-stimuli  seriously  constrains  the  utilization  of  PCFs.[23,24]

Combing PCFs and intrinsically conductive polymers is an effi-
cient  strategy  to  realize  the  conversion  and  storage  of  diffe-
rent  energies  including  solar  energy  and  electrical
energy.[25,26] Polypyrrole (PPy) is a type of heterocyclic conjug-
ated conductive polymer that is usually to be coated with fab-
rics  to improve their  electrical  conductivity.[27,28] PPy also ex-
hibits  excellent  photothermal  performance  due  to  its  wide
spectrum light-absorption property.[29] Therefore,  it  is  expec-
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ted  to  combine  PPy  with  PCFs  to  prepare  thermal  manage-
ment fabrics with responsiveness to multistimuli, such as light
and electric.

In this  work,  the thermal management fabrics with photo-
thermal  and  electrothermal  conversion  functions  were  pre-
pared via a  coaxial  electrospinning  method  and  electroche-
mical  polymerization  of  PPy.  The  thermoplastic  elastomer
polyurethane (PU) was chosen as the supporting shell, which
was  easily  electrospun  into  fibrous  fabrics  with  good  flexibi-
lity.[30] Poly(ethylene  glycol)  (PEG)  with  high  enthalpy  value
and  proper  phase  change  temperature  was  chosen  as  the
core  to  store  thermal  energy.[31] Furthermore,  the  PPy  layer
was  uniformly  deposited  onto  the  surface  of  the  PU@PEG
membranes through electrochemical polymerization. The PPy
layer  not  only  enhanced  the  interaction  among  microfibers
and mechanical properties of membranes, but also endowed
the  membranes  with  excellent  photothermal  and  electro-
thermal  conversion  performance.  Therefore,  the  integrative
performances  of  the  multiresponsive  PU@PEG-PPy  mem-
branes  promise  them  great  potential  in  thermal  manage-
ment under various environmental conditions.

EXPERIMENTAL

Materials
Poly(ethylene  glycol)  (PEG, Mw=1500  g/mol),  pyrrole  (Py)  and
ferric  chloride  hexahydrate  (FeCl3•6H2O)  were  purchased  from
Chengdu  Kelong  Chemical  Reagent  Co.,  Ltd.  (China).
Polyurethane (PU, 1180A) was purchased from Bayer Company
(Germany),  and  the  hardness  of  PU  was  80  shore  A. N,N-dime-
thylformamide (DMF) and tetrahydrofuran (THF) were obtained
from  Guangzhou  Chemical  Reagent  Factory  (China).  P-
toluenesulfonic  acid  monohydrate  (PTSA),  disodium  hydrogen
phosphate  dodecahydrate  (Na2HPO4•12H2O)  and  disodium
dihydrogen  phosphate  anhydrous  (NaH2PO4)  were  purchased
from Aladdin Reagent Co., Ltd.

Fabrication of the PU@PEG Coaxial Electrospun
Membranes
The  PU@PEG  membranes  were  prepared via a  coaxial
electrospinning method. Firstly,  PU was dissolved in a blended
solvent of DMF/THF (VDMF:VTHF=1:1) during magnetic stirring at
60 °C with the concentration of 15 wt%. PEG was dissolved in
DMF to prepare mixed solutions with different mass fractions
of 50 wt%, 70 wt% and 80 wt%. Secondly, the above prepared
PU  solution  and  PEG  solution  were  used  to  prepare  the
coaxial  electrospun  membranes  containing  “core-shell”-like
PU@PEG  fibers,  in  which  PU  formed  the  “sheath”  while  PEG
acted  as  the  “core”.  The  flow  rates  of  PU  solution  and  PEG
solution  were  respectively  2  mL/h  and  0.5  mL/h.  The
electrospinning conditions were set at room temperature (25
°C), humidity of 60%, power supply voltage of 11 kV, and the
distance between the syringe and the plate collector  was 13
cm.  Lastly,  the  membranes  were  placed  in  a  vacuum  oven
under 45 °C for 12 h. And the coaxial electrospun membranes
were  defined  as  the  PU@PEGy,  where y represented  the  PEG
concentration in the PEG solutions (y=50 wt%, 70 wt%, 80 wt%).

Electrochemical Polymerization of PPy onto the
PU@PEG Membranes
The polymerization of PPy layer onto the PU@PEG membranes

by  an  electrochemical  method  is  shown  in Fig.  1.  Firstly,  an
electrolyte  phosphate  buffer  solution  with  a  pH  of  6.86  was
prepared by mixing Na2HPO4 and NaH2PO4 solution. Then, 0.14
mL of Py monomer and 0.57 g of PTSA were added to 20 mL of
phosphate  buffer,  and  stirred  evenly  to  prepare  an  electrolyte
solution.  Secondly,  the  two  sides  of  the  PU@PEG  membranes
were sprayed with ion sputtering gold to achieve the electrical
conductivity. The PU@PEG membranes were sandwiched on the
working  electrode  as  the  anode  electrode,  and  Ag/AgCl  was
selected  as  the  reference  electrode  and  a  platinum  sheet  of  5
mm  ×  10  mm  was  used  as  the  auxiliary  electrode.  The  three
electrodes were sequentially  connected to the electrochemical
workstation for electrochemical polymerization with a constant
current mode under 0.6 mA. The polymerization time was set as
0.5,  1,  2  and  4  h.  After  the  reaction,  the  membranes  were
washed  by  using  distilled  water  for  several  times  and
ultrasonicated  for  20  min  to  remove  dissociative  PPy.  The
obtained  membranes  with  different  PPy  polymerization  time
were  defined  as  the  PU@PEG-PPyt,  where t represented  the
polymerization  time  (t=0.5,  1,  2,  4  h).  For  comparison,  the
PU@PPy membrane was also prepared through the mentioned
above  procedures,  and  the  polymerization  time  of  PPy  was
maintained at 4 h.

Characterizations
The  morphologies  of  the  membranes  were  photographed
through  the  scanning  electron  microscope  (SEM,  JSM-7800F,
Japan)  and  the  accelerating  voltage  is  20  kV.  A  transmission
electron  microscope  (TEM,  JEM-2100F,  Japan)  was  used  to
observe  the  morphology  of  the  PU@PEG-PPy1.  Through
gauging  at  least  100  microfibers,  the  average  diameter  of  the
electrospun membrane can be obtained. The fourier transform
infrared  spectroscope  (FTIR,  Thermo  iS50,  USA)  was  applied  to
determine  the  interplay  among  PU@PEG  with  PPy.  The
structures of the composites were observed by the wide-angle
X-ray  diffractometer  (WAXD,  Panalytical  Empyrean,
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Fig.  1    Schematic  diagram  of  the  preparation  procedure  of  the
PU@PEG-PPy coaxial electrospun membranes.
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Netherlands). And the differential scanning calorimeter (DSC, TA
2500,  USA)  was  used  to  investigate  the  melting  and
crystallization  actions  of  the  neat  PEG,  PU@PEG  and  PU@PEG-
PPy membranes. The procedure was set as firstly heating from 0
°C to 80 °C and then cooling from 80 °C to 0 °C with a constant
speed of 5 °C/min. The mechanical properties of the composites
were  measured  by  the  universal  testing  machine  (AGS-J,
Shimadzu,  Japan)  at  25  °C  with  an  unchanging  speed  of  50
mm/min.

UV-Vis-NIR  spectrophotometer  (UV-3600i,  Shimadzu,  Ja-
pan)  was  used  to  measure  the  light  absorption  intensity  of
the  PU@PEG-PPy  membranes.  The  photothermal  conversion
ability of the composites was studied through using a xenon
lamp  (HSX-F300,  China)  to  imitate  sunlight.  An  infrared
thermal imaging camera (FLIR T620, USA) was applied to cal-
endar  the  temperature  change  of  the  PU@PEG-PPy  mem-
branes  during  irradiation.  The  four-point  probe  (DAQ6510,
USA) could be used to measure the electrical  conductivity of
the  PU@PEG-PPy  membranes.  The  electrothermal  energy
conversion of the PU@PEG-PPy membranes was tested by the
DC power supply (RXN-603D, China).  Thermogravimetry ana-
lysis (TGA) tests were performed on thermogravimetry analy-
sis instrument TGA/DSC3+ (Mettler Toledo, Switzerland) in the
temperature range of 30−800 °C at a heating rate of 10 °C/min
under nitrogen atmosphere and the mass of all  samples was
kept within 5−10 mg.

RESULTS AND DISCUSSION

Structure and Morphology Characterization
The PU@PEG coaxial membranes were firstly prepared through
a  representative  coaxial  electrospinning  device  and  then  the
PU@PEG-PPy  membranes  were  obtained  by  electrochemical
polymerizing of PPy onto the PU@PEG surface. From Fig. 1, the
PU@PEG  microporous  membranes  with  a  "core-sheath"  like
structure  could  be  acquired,  in  which  the  PU  acts  as  a
supporting sheath and the PEG works as an internal PCM core.
The concentration of PEG solution has an important impact on
the  morphology  of  PU@PEG  membranes.  Fig.  S1(a1)–S1(c2)  (in
the  electronic  supplementary  information,  ESI)  show  that  the
PU@PEG50  membrane  possesses  some  obvious  bifurcations
when the PEG concentration is  50 wt% and the fiber  diameter
distribution  is  quite  wide.  When  the  PEG  concentration  is  80
wt%, the electrospun fibers seriously adhere to each other.  On
the  contrary,  the  PU@PEG70  membrane  exhibits  relatively
smooth  electrospun  fibers  and  a  uniform  fiber  diameter  of
about 4 μm. From Fig. S2 (in ESI), the characteristic bands of PEG
and PU are simultaneously observed in the FTIR spectrum, and
these  bands  are  not  significantly  shifted.  This  result  confirms
that it is mostly physical interaction among PEG with PU in the
PU@PEG coaxial electrospun membranes.

Next, the PU@PEG70 membranes would be selected as the
template to load PPy, which was in situ polymerized onto the
membranes  by  an  electrochemical  method.  TEM  image  (Fig.
S3 in ESI) clearly shows that PPy layer homogeneously covers
the surface of the PU@PEG70 coaxial electrospun microfibers.
Fig.  S4(a)  (in  ESI)  shows  the  TGA  curves  of  the  PU@PEG-PPy
membranes with different PPy polymerization time. With the
increase of  PPy content,  the residual  weight of  the PU@PEG-
PPy  membranes  increases  after  the  temperature  is  raised  to

800  °C.  In  the  DTG  curves  (Fig.  S4b,  in  ESI),  the  thermal  de-
gradation  of  PU@PEG  mainly  has  two  processes,  namely  the
decomposition  of  PU  at  280−315  °C  and  the  decomposition
of  PEG  at  360−420  °C.  After  loading  PPy  on  the  PU@PEG
membranes,  a  new  decomposition  peak  is  observed  at
around  340  °C,  which  corresponds  to  the  decomposition  of
PPy.  As  shown  in Figs.  2(a)−2(d),  the  fiber  diameter  of
PU@PEG-PPy membranes continues to increase with the poly-
merization time gradually  extended from 0.5  h to 4  h.  When
the polymerization time is 4 h, the diameter of PU@PEG-PPy4
membrane is the highest, and its surface is fully wrapped with
PPy protrusions, which is beneficial for the formation of elec-
trically conductive pathways. After introducing the PPy layer,
the  characteristic  peaks  of  PU  and  PEG  are  completely
covered  (Fig.  2e).  The  characteristic  bands  of  PPy  are  clearly
seen  from Fig.  2(f),  such  as  the  bands  at  1039  cm−1 corres-
ponding  to  the  out-of-plane  bending  vibration  of  C―H
group.  The  bands  at  1620,  1400  and  1261  cm−1 correspond-
ing  to  the  stretching  vibration  of  C＝C  group,  C―C  group
and C―N group, respectively.[32] This result confirms that PPy
was successfully polymerized onto the surface of the electro-
spun  PU@PEG  fibers  by  the  electrochemical  polymerization.
In addition,  the interaction between PPy and PU can be also
confirmed  through  FTIR  characterization  as  shown  in  Fig.  S5
(in ESI). The characteristic bands at 3450, 3314 and 3309 cm−1

are  corresponded  to  the  stretching  vibration  of  N―H  group
in  PPy,  PU  and  PU@PPy,  respectively.  It  is  known  that  the
N―H  group  is  sensitive  to  hydrogen  bonding.  Compared
with  PPy  and  neat  PU,  the  N―H  stretching  band  of  the
PU@PPy shifts to a lower wavenumber, suggesting the hydro-
gen bonding between N―H groups in PU and PPy.

Fig. 2(g) displays that the typical crystal diffraction peaks of
PEG  are  found  from  the  PU@PEG  and  PU@PEG-PPy  mem-
branes,  illustrating  the  presence  of  PEG.  It  can  be  clearly
noted in the PU@PEG-PPy membranes that there is a wide dif-
fraction  peak  at  around  22.5°,  which  corresponds  to  the
amorphous  region  of  PPy.  At  the  same  time,  the  diffraction
peak intensity of PPy increases as the polymerization time in-
creases, indicating that more PPy is polymerized onto the sur-
face of the PU@PEG coaxial electrospun membranes.

Thermophysical and Mechanical Properties of the
PU@PEG-PPy Membranes
For  thermal  management  fabrics  based  on  PCMs,  the
thermophysical  parameters  such  as  the  enthalpy  value  and
phase  transition  temperature  determine  their  thermal
regulation ability and applicable temperature. Figs. 3(a) and 3(b)
display the DSC heating and cooling curves of the PU@PEG-PPy
membranes  with  different  PPy  polymerization  time.  The
thermophysical  parameters  are  listed  in Table  1.  The  results
demonstrate that the Tm and Tc of the PU@PEG-PPy membranes
are  almost  unchanged  compared  with  the  PU@PEG,  which
indicates that the introduction of PPy layer has a little impact on
the  crystallization  behavior  of  PEG.  With  the  extension  of  PPy
polymerization  time,  the  PPy  content  in  the  PU@PEG-PPy
membranes increases, and meanwhile the relative PEG content
decreases.  Since  the  enthalpy  value  is  related  to  the  PEG
content,  the  enthalpy  values  of  the  PU@PEG-PPy  membranes
are  total  lower.  After  the  polymerization  of  PPy,  the  relative
contents  of  PEG  in  the  PU@PEG-PPy0.5−PU@PEG-PPy4
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ΔHm

ΔHc

ΔHm ΔHc

membranes  are  49.6  wt%,  44.2  wt%,  41.2  wt%  and  39.2  wt%,
respectively.  The  corresponding  values  of  the  PU@PEG-
PPy0.5−PU@PEG-PPy4  membranes  are  respectively  81.0,  68.0,
64.2  and  62.8  J/g.  The  corresponding  values  of  the
PU@PEG-PPy0.5−PU@PEG-PPy4 membranes are 72.0, 59.0, 57.9
and  55.7  J/g,  respectively.  Although  the  PPy  layer  leads  to  a
certain  decrease  in  enthalpy  value,  the  crystallization  behavior
of PEG is not obviously inhibited. The PU@PEG-PPy4 membrane
still retains a high  value of 62.8 J/g and  value of 55.7
J/g,  which  shows  great  application  prospects  in  thermal
management fabrics.

Furthermore,  the  effect  of  PPy  layer  on  the  mechanical
properties  of  the  PU@PEG-PPy  membranes  was  studied
through  tensile  experiments.  It  has  already  been  reported
that  PPy  particles  with  strong  rigidity  can  be  used  as  a  rein-
forcement filler to improve the strength of polymer matrix.[33]

As  shown  in Figs.  3(c)  and  3(d),  the  PPy  layer  enhances  the
tensile  strength  of  the  PU@PEG-PPy  membranes.  The  tensile
strength  of  the  PU@PEG-PPy4  reaches  14.0  MPa,  which  is
about  3.5  times  of  that  of  the  PU@PEG  (3.3  MPa).
Interestingly, the introduction of PPy also increases the elong-
ation  at  break  of  the  PU@PEG-PPy  membranes.  When  the
polymerization time of PPy is extended to 4 h, the elongation
at break is increased from 563.8% to 784.1%. To study the re-
inforcing  mechanism,  SEM  was  applied  to  observe  the  frac-
ture surfaces of PU@PEG-PPy4 membranes. The microfibers in
PU@PEG-PPy4  (Fig.  3e)  are  bond  together  during  stretching
process,  which  is  helpful  to  improve  both  the  strength  and
toughness  of  PU@PEG-PPy  membranes.  PPy  layer  is  uni-

formly  polymerized  onto  the  surface  of  microfibers,  and  the
adjacent  microfibers  can  form  hydrogen  interactions  due  to
the  polar  groups  of  PPy.  Therefore,  the  PPy  layer  enhances
the interactions among microfibers and promotes the mech-
anical  property  improvement  of  the  PU@PEG-PPy  mem-
branes. In addition, the elongation at break of PU@PEG-PPy4
can reach as high as 784.1% due to the elastic PU sheath. And
the digital  photographs of  the PU@PEG-PPy4 during stretch-
ing-recovery process are shown in the Fig. S6 (in ESI) to clearly
demonstrate  the  elasticity  of  the  membranes.  The  PU@PEG-
PPy4  membrane  can  be  stretched  to  200%  deformation  un-
der an external force and quickly recover to its original length
when  the  external  force  is  removed,  which  illustrates  the
good elasticity of the PU@PEG-PPy membranes. It can be ob-
served  from Fig.  3(f)  that  the  PU@PEG-PPy4  membrane
(weight: 0.12 g) can suffer a weight of 50 g without fragile. Be-
sides,  the  PU@PEG-PPy4  membrane  did  not  show  obvious
leakage  of  PEG  at  80  °C  (Fig.  S7  in  ESI),  suggesting  that  the
“core-shell”  structure  plays  a  positive  role  in  encapsulating
molten PEG.

Photothermal Conversion Performance of the
PU@PEG-PPy Membranes
The  utilization  of  sustainable  solar  energy  in  personal  thermal
management fabrics is an effective energy input strategy.[34] PPy
has  a  molecular  skeleton  of  a  conjugated  structure  so  that
electrons  stimulated  by  light  can  migrate  freely  along  the
conjugated  skeleton.[35] Then  these  stimulated  electrons
convert  light  energy  into  heat  energy  through  non-radiative
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Fig. 2    SEM images of the PU@PEG-PPy membranes with dissimilar polymerization time: (a, a1) 0.5 h, (b, b1) 1 h, (c, c1) 2 h, (d, d1) 4 h; (e, f) FTIR
spectra and (g) WAXD patterns of PU, PEG, PU@PEG and PU@PEG-PPy membranes.
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relaxation  or  molecular  vibration  to  achieve  efficient  energy
transfer  and  photothermal  conversion.  Therefore,  the
introduction  of  PPy  as  photothermal  layer  can  impart  the
PU@PEG  membranes  with  a  good  photothermal  conversion
performance.  The  absorbance  of  the  PU@PEG  membranes

before and after depositing PPy layer was measured by UV-Vis-
NIR  spectrophotometer.  The  light  absorption  intensity  of  the
PU@PEG-PPy  membranes  increases  with  the  extension  of
polymerization  time  (Fig.  4a),  indicating  that  more  PPy
polymerized  onto  the  microfibers.  Different  from  the  solution
samples  reported in  the literature,[36] the absorbance curves  of
the  PU@PEG-PPy  membranes  do  not  display  the  feature
absorbance  peaks  of  PPy,  which  may  be  due  to  the  high
absorbance ability of the membranes.

To  evaluate  the  photothermal  conversion  performance  of
the  PU@PEG-PPy  membranes  under  sunlight,  the  mem-
branes  were  placed  inside  melamine  foam  to  avoid  contact
with external  heat  and an infrared thermal  camera was used
to  calendar  the  instantaneous  temperature  variations  of

Table 1    The melting and crystallization parameters of the PU@PEG and
PU@PEG-PPy membranes received from the DSC tests.

Sample PEG (wt%) Tm (°C) ΔHm (J/g) Tc (°C) ΔHc  (J/g)

PU@PEG 53.8 48.3 84.9 27.7 83.2
PU@PEG-PPy0.5 49.6 45.9 81.0 26.2 72.0
PU@PEG-PPy1 44.2 46.5 68.0 25.9 59.0
PU@PEG-PPy2 41.2 47.7 64.2 25.8 57.9
PU@PEG-PPy4 39.2 47.5 62.8 25.7 55.7
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Fig. 3    DSC curves of (a) heating and (b) cooling progress of the PU@PEG and PU@PEG-PPy membranes; (c) Tensile stress-strain patterns of the
PU@PEG and PU@PEG-PPy membranes; (d) Mechanical performance parameters of the PU@PEG and PU@PEG-PPy membranes; (e) SEM image of
the PU@PEG-PPy4 membrane after tensile test; (f) Digital picture displaying that the PU@PEG-PPy4 membrane (0.12 g) endures a weight of 50 g.
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membranes  (Fig.  4b).  And  the  PU@PEG-PPy  membranes  ex-
hibit good photothermal conversion performance due to the
strong  light  adsorption  ability  of  PPy  layer.  As  shown  in Fig.
4(c),  when  the  PPy  polymerization  time  increases  from  0.5  h
to  4  h,  the  temperatures  of  the  corresponding  PU@PEG-PPy
membranes  after  200 s  of  sunlight  illumination reach 64,  68,
82  and  86  °C,  respectively.  The  temperature  variation  curves
of the PU@PEG-PPy membranes under or without sunlight il-
lumination are displayed in Fig. 4(d). The membranes with dif-
ferent PPy polymerization time exhibit different temperature
rising  speeds.  The  PU@PEG-PPy0.5  and  PU@PEG-PPy1  mem-
branes  heat  up  rapidly  under  sunlight  illumination.  Interes-
tingly, a temperature plateau is observed from 48 °C to 52 °C,
which  corresponds  to  the  solid-to-liquid  phase  transition  of
PEG. During this period, the light energy is assimilated by the
PPy  shell  and  transformed  into  heat  energy  and  then  stored
by PEG as latent heat. However, the phase change platform of
the PU@PEG-PPy4 membrane becomes inconspicuous owing
to  the  highest  PPy  loading  and  super  photothermal  conver-
sion ability of PPy. When the sunlight source is removed, the
temperature  of  PU@PEG-PPy  membranes  decreases  quickly
and  then  a  heat  release  platform  (36−42  °C)  occurs  in  the
cooling period. The occurrence of such phenomenon is attri-
buted to the fact that the pre-stored light energy is liberated
by the liquid-to-solid phase transition of PEG, exhibiting good
light  energy  conversion  and  storage  capability  of  PU@PEG-

PPy  membranes.  In  general,  the  uniformly  coated  PPy  layer
can endow the PU@PEG-PPy membranes with reliable photo-
thermal  conversion  ability.  And  by  controlling  the  polymeri-
zation  time  of  PPy,  the  light  absorption  and  photothermal
conversion capacities of the PU@PEG-PPy membranes can be
easily  adjusted,  which  provides  the  possibility  to  fabricate
light-responsive thermal management fabrics.

Electrothermal Conversion Performance of the
PU@PEG-PPy Membranes
Due to the successful polymerization of PPy shell, the PU@PEG-
PPy  membranes  can  not  only  show  photothermal  conversion
ability, but also show good electrothermal conversion ability. It
can make full use of the conductive PPy shell to input electrical
energy  into  the  PU@PEG-PPy  membranes  to  realize  thermal
regulation.  As  shown  in Fig.  5(a),  the  electrical  conductivity  of
the  PU@PEG-PPy  membranes  increases  with  the  extension  of
PPy polymerization time. The PU@PEG-PPy0.5 membrane shows
the  electrical  conductivity  of  about  267  S/m,  and  for  the
PU@PEG-PPy4  membrane,  the  electrical  conductivity  is
dramatically  increases  up  to  1184  S/m.  The  excellent  electrical
conductivity  ensures  good electric-heating performance under
a low voltage input. The electric-heating effect is tested under a
voltage  of  3  V  and  the  results  are  displayed  in Fig.  5(b).  The
PU@PEG-PPy  membranes  with  different  PPy  contents  all
respond  quickly  within  2  s  and  reach  the  temperature
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Fig.  4    (a)  UV-Vis-NIR absorption spectra  of  the PU@PEG and PU@PEG-PPy membranes;  (b)  Digital  photo displaying the light-to-heat
conversion  measurement  equipment;  (c)  Infrared  thermal  photos  of  the  PU@PEG-PPy  membranes  after  irradiation  for  200  s;  (d)
Temperature change curves of the PU@PEG-PPy membranes under or without the simulated sunlight.
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equilibrium within 20 s. It is worth noting that the PU@PEG-PPy4
can rise from 20 °C to 57.3 °C within 2 s. When the voltage input
is removed, the PU@PEG-PPy4 quickly cools down and then the
cooling speed slows down within  the temperature  range from
30 °C to 25 °C.

The influence of input voltage on the electric-heating per-
formance of the PU@PEG-PPy4 is shown in Fig. 5(c). The tem-
perature  correspondingly  increases  to  26.0,  36.8,  57.3,  85.0

and  113.5  °C,  respectively,  when  the  input  voltage  increases
to  1,  2,  3,  4  and  5  V  respectively.  Benefiting  from  the  high
electrical  conductivity,  the  PU@PEG-PPy  membranes  exhibit
outstanding  electric-heating  performance  even  under  a  low
voltage.  From Fig.  5(d),  the  electric-heating  stability  of  the
PU@PEG-PPy4 was tested with or without an input voltage of
3 V. The time of controlling the heating and cooling cycle was
120  s.  The  equilibrium  heating  and  cooling  temperature
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Fig.  5    (a)  Electrical  conductivity  of  the  PU@PEG-PPy  membranes;  (b)  Electric-heating  temperature  curves  of  the  PU@PEG-PPy
membranes  at  a  voltage  of  3  V;  (c)  Electric-heating  temperature  curves  of  the  PU@PEG-PPy4  at  different  voltages  (1−5  V);  (d)
Temperature  curves  of  the  PU@PEG-PPy4  under  3  V  with  five  electric-heating  cycles;  (e)  the  temperature  curves  of  the  PU@PEG-PPy4
under the increasing voltages from 1 V to 5 V; (f) Infrared thermal images showing the electric-heating performance of the PU@PEG-PPy4
under different voltages.
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curves  in  each  cycle  are  almost  the  same,  suggesting  a  reli-
able stability of this Joule heater. Based on the high electrical
conductivity,  the  electric-heating  performance  of  PU@PEG-
PPy4 was tested under continuous voltage variations (Fig. 5e).
When the input voltage is increased by 1 V in every 60 s, the
temperature of PU@PEG-PPy4 rapidly rises to the equilibrium
temperature  under  this  voltage.  During  the  electric-heating
period,  the  temperature  change  of  the  PU@PEG-PPy4  forms
an obvious stepped heating stage,  and the equilibrium tem-
perature increases monotonously as a function of voltage. As
shown  in Fig.  5(f),  the  infrared  thermal  images  visually
present the electric-heating effect of the PU@PEG-PPy4 when
the  temperature  reaches  equilibrium  state  under  different
voltages.  It  can  be  seen  that  the  electric-heating  effect  of
PU@PEG-PPy membranes  has  the characteristics  of  high effi-
ciency  and  sensitivity,  which  is  of  great  significance  for  per-
sonal thermal management in extreme environments such as
the  low  ambient  temperature  and  at  night.  For  instance,  a
low-voltage input button battery (3 V) can be connected with
the  PU@PEG-PPy  membranes  to  realize  the  rapid  electric-
heating  performance.  In  general,  the  PPy  layer  endows  the
PU@PEG-PPy  membranes  with  excellent  light  responsibility
and  Joule  heating  performance,  which  provides  multiple
choice of energy utilization.

CONCLUSIONS

In  this  work,  taking  use  of  the  excellent  electrical  conductivity
and  light  absorption  ability  of  PPy,  PPy  layer  was  uniformly
deposited onto the PU@PEG coaxial electrospun membranes by
electrochemical  polymerization.  The  combination  of  elastic  PU
sheath, energy storage PEG core and effective PPy layer resulted
in  integrated  performances,  including  high  phase  change
enthalpy  (81.0  J/g),  improved  mechanical  property  and
remarkable  photothermal/electrothermal  effect.  The  PPy  layer
enhanced  the  interaction  among  microfibers,  the  tensile
strength  and  the  elongation  at  break  of  the  PU@PEG-PPy4
reached  14.0  MPa  and  784.1%,  respectively.  Furthermore,  the
PPy  layer  enabled  the  fabrics  to  respond  quickly  to  different
stimuli,  such  as  sunlight  and  electric.  The  photothermal  and
electrothermal  conversion  effect  could  be  easily  adjusted  by
controlling  the  polymerization  time  of  PPy.  The  PU@PEG-PPy
membranes  exhibit  good  light  absorption  and  photothermal
conversion  capabilities,  which  can  quickly  reach  86  °C  under
simulated  sunlight  within  200  s.  The  electrical  conductivity  of
the PU@PEG-PPy4 membrane is  as  high as  1184 S/m,  showing
rapid  electric-heating  effect  even  at  a  low  voltage  of  1  V.
Considering  these  properties,  the  multistimuli  responsive
membranes  display  great  application  prospects  in  thermal
management systems and wearable devices.
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