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ABSTRACT: Photovoltaic/thermoelectric  (PV/TE)  coupling  systems
simultaneously  cool  solar  cells  and  recover  waste  heat.  Single-wall
carbon  nanotubes  (SWCNTs)  films  are  expected  to  simultaneously
exhibit  their  electrical  conductivity,  thermal  conductivity,  and
thermoelectric  properties  in  this  application.  Fabricating  SWCNTs
films with polymer-dispersed SWCNTs are simple, safe, and scalable.
However,  the  difficulty  in  simultaneously  enhancing  both  dispersion
quality  and  SWCNT  concentration  significantly  limit  the  electrical
conductivity of these films. Herein, we develop a SWCNT redispersion
method  in  Nafion  ethanol  system  to  achieve  well-dispersion  at  high
SWCNT  concentrations.  Using  this  dispersion,  A4-sized  films  were
readily  prepared,  achieving  remarkable  electrical  conductivity  of
1.97  MS/m.  The  large-area  film  exhibits  a  high  power  factor
(654.37 μW/(m·K2)) and apparent thermal conductivity (529 W/(m·K)),
and is  integrated into  a  330 cm2  thermoelectric/photovoltaic  coupling
system. The PV output power increases by 220 mW. An additional 70 mV thermoelectric voltage is generated. Moreover,
the investigation of the drying process unravels how polymer, solvent and SWCNT concentration collectively dominate the
film uniformity. This work significantly enhances the electrical conductivity of polymer-dispersed SWCNTs and explores an
application direction that simultaneously utilizes their high thermoelectric performance and thermal conductivity, highlighting
their great application potential in PV/TE systems.
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1    Introduction
Single-wall  carbon nanotubes  (SWCNTs)  are  conceptually  tubular
nanostructures  composed  of  roll-up  graphene  sheets  [1].  The

PF = S2σ σ

fabrication of large-area and high-quality SWCNT films is essential
for  SWCNT-based  flexible  electrodes,  transparent  conductors,
flexible  thermoelectric  generators,  solar  cells  and  thin-film
transistors.  SWCNT  thermoelectric  devices  are  featured  with
flexibility,  lightweight,  and  high  power  density  [2].  However,
SWCNT  thermoelectric  films  face  two  levels  of  challenges:  (1)
Achieving  high  conductivity  in  large-area  films  remains
challenging, especially for polymer/SWCNT composites. The power
factor  (PF)  is  defined  as: ,  where  and S represent
electrical  conductivity  and  Seebeck  coefficient,  respectively.  Even
with  doping,  which  sacrifices  the  Seebeck  coefficient,  the

 
 

Received: February 11, 2025; Revised: March 15, 2025
Accepted: March 17, 2025

✉Address  correspondence  to Dehua Yang, yangdehua@hbu.edu.cn;
Jianhui Chen, chenjianhui@hbu.edu.cn 

Open Access
 

Research Article
 

94907383 (1 of 14) Nano Research, 2025, 18, 94907383

https://orcid.org/0000-0002-0567-9118
https://orcid.org/0000-0002-9875-354X
https://orcid.org/0000-0002-0567-9118
https://orcid.org/0000-0002-9875-354X
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://doi.org/10.26599/NR.2025.94907383
mailto:yangdehua@hbu.edu.cn
mailto:chenjianhui@hbu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383
https://www.sciopen.com/article/10.26599/NR.2025.94907383


conductivity  remains  relatively  low,  significantly  limiting  their  PF
[3−6].  Although  high  PF  of  >  200  μW/(m·K2)  have  been
successfully achieved with in-situ polymerization or polymer-sorted
semiconducting  SWCNTs  [5, 7],  small  film  sizes,  complex
fabrication processes, and high costs significantly hinder scalability.
(2)  Increasing  electrical  conductivity  often  leads  to  increased
apparent  thermal  conductivity  [8],  reaching >  400  W/(m·K2)
[9−12].  And,  the  near-blackbody  emissivity  leads  to  great  radiant
heat loss [12].  Thus, the figure-of-merit  (ZT) of SWCNT films for
traditional thermoelectric applications is limited. Exploring optimal
application  scenarios  that  harness  both  the  thermoelectric
properties and thermal conductivity of SWCNT films may provide
new insight for their thermoelectric applications.

The waste heat generated by solar cells significantly reduce their
conversion  efficiency  [13].  The  photovoltaic  (PV)  output  of
different  types  of  solar  cells  decreases  by  0.17%–0.5%  per  °C  [14,
15].  Especially,  the  working  temperature  of  solar  cells  in  the  field
often exceeds 25 °C and can reach up to 80 °C in desert. Therefore,
reducing  the  temperature  and  utilizing  the  waste  heat  through  a
hybrid  photovoltaic/thermoelectric  (PV/TE)  system  are  of
significant practical importance. Bulk TE materials such as bismuth
telluride has been integrated into PV modules [15]. However, these
materials are designed to have low thermal conductivity to achieve
high  ZT values,  which  hinders  the  heat  dissipation  of  PV devices.
The  PV/TE  system  requires  both  high  PF  and  good  thermal
dissipation.  Integrating  SWCNT  TE  modules  into  PV  modules  to
simultaneously  achieve  thermoelectric  conversion  and  solar  cell
cooling  not  only  enhances  PV  performance  but  also  utilizes  the
waste  heat.  Particularly,  considering  that  the  global  total  installed
capacity of solar cells has already reached 1418 GW in 2023, a 0.1%
increase in solar cell efficiency could result in an additional 1.4 GW
of  power,  potentially  opening  new  avenues  for  the  application  of
SWCNTs.

Considering  the  large  area  of  PV  modules,  the  high-efficiency
fabrication  of  large-area,  high-performance  SWCNT  films  is
essential for PV/TE systems. Two main approaches are commonly
used to prepare SWCNT films: chemical vapor deposition methods
(CVD)  [16]  and  wet-processed  method  [17, 18].  Compared  with
CVD  methods,  wet-processed  films  are  readily  patterned  and
shaped, free from the CVD reactor size limitations that restrict the
width  of  continuously  synthesized  films  [19, 20].  Wet  processing
enables  the  scalable  preparation  of  uniform  films  with  industrial
coating  techniques,  such  as  blade  coating  and  spraying  [18, 21],
provided  the  film  structure  remains  intact  during  drying  process.
This could overcome the trade-off between yield and performance
in CVD methods [22, 23].

The  performance  of  wet-processed  films  depends  on  the
SWCNT concentration in the dispersion (or SWCNT density in the
conductive  film),  dispersion quality  (the  degree  of  dispersion)  and
the  drying  process.  These  factors  influence  the  SWCNT  the
electrical  performance,  film uniformity and scalability.  However,  it
is difficult to optimize all these factors simultaneously.

The  density  of  conductive  pathways  in  a  film  is  determined  by
the  concentration  of  well-dispersed  SWCNTs.  The  increased
SWCNT  density  in  films  exponentially  boosts  conductivity  by
reducing volume porosity [2]. Meanwhile, the degree of dispersion
of  SWCNTs  is  also  of  great  importance.  The  junction  resistance
between  nanotubes  dominates  the  overall  resistance  of  a  SWCNT
film [24]. Specifically, the junction resistance between bundles with
diameter  of  7–14  nm  is  approximately  20  times  higher  than  that

between  individual  SWCNTs  [24].  However,  achieving  both  high
concentration  and  high  dispersion  quality  is  difficult,  as  the  sharp
rise in viscosity with increasing SWCNT concentration significantly
reduces  dispersion  efficiency  [25–27].  Despite  superacid  achieve
high  concentration  of  well-dispersed  SWCNTs  [25, 28],  this
scenario  faces  safety  concern  in  industrial-scale  film  fabrication.
High  concentration  (>  1  mg/mL)  was  achieved  in  surfactant
aqueous  solutions  [26].  However,  these  dispersions  encounter
challenges  such  as  dewetting  and “coffee  ring” effects  when  using
industrial film-forming techniques [29, 30].

Polymer-dispersed  SWCNTs  are  compatible  with  industrial
film-forming  techniques.  The  high  viscosity  of  polymer  solutions
suppresses  the  formation  of “coffee  ring” [31].  Compared
with small molecules, polymers also suppress the dewetting of thin
film  due  to  intensified  interaction  with  substrates  [32].
However,  the  major  limitation  of  polymer-based  systems  is  their
low  conductivity.  The  electrical  conductivity  of  polymer-
dispersed SWCNT films rarely exceeds 0.3 MS/m even after doping
[33−38],  which  is  generally  lower  than  that  achieved  by  CVD-
grown films [39−41]. The polymers capable of dispersing SWCNTs,
such  as  Nafion  [42],  poly(vinylpyrrolidone)  (PVP)  [43],
poly(dimethylsiloxane)  (PDMS)  [44]  and  sulfonated
polyetheretherketone (SPEEK) [45], are nonconductive and difficult
to  remove  from  SWCNT  surfaces.  In  these  systems,  a  substantial
increase in SWCNT concentration/density is  required to offset the
adverse  effects  of  these  polymers  on  electrical  conductivity.
Conductive  polymers  are  ether  poor  soluble  (poly(3,4-
ethylenedioxythiophene) (PEDOT)) [6], or require complex in situ
polymerization on nanotubes (polyaniline (PANI) and polypyrrole
(PPy))  [35, 36],  making  them  less  effective  as  dispersants.
Additionally,  the  higher  viscosity  of  SWCNT/polymer  dispersions
compared to surfactant-based ones limits sonication efficiency [46,
47],  making  it  difficult  to  achieve  monodisperse  or  thin-bundled
SWCNTs at  concentrations > 1  mg/mL.  As a  result,  the  polymer-
dispersed  SWCNT  films  suffer  from  either  low  SWCNT
concentration or poor dispersion quality. Therefore, achieving both
high  concentration  and  excellent  dispersion  quality  is  crucial  for
improving  electrical  conductivity  of  polymer-dispersed  SWCNT
films. It is also a prerequisite for the preparation of large-area, high-
performance  films  using  industrial  film-forming  techniques.
Among  various  polymers,  Nafion  exhibits  excellent  dispersion
capability for SWCNTs, particularly in water and alcohols, making
it a promising candidate for achieving high-concentration SWCNT
dispersions.  Its  inability  to  fully  disperse  high-concentration
SWCNTs  is  primarily  constrained  by  the  high  viscosity  of  the
dispersion,  which  reduces  the  efficiency  of  ultrasonication.  We
expect  that  a  significant  increase  in  the  concentration  of  well-
dispersed SWCNTs will substantially enhance Nafion-SWCNT film’
s conductivity.

This  work  presents  an  improved  redispersion  strategy  that
simultaneously  enhances  dispersion  quality,  SWCNT
concentration, and large-area film uniformity. For the first time, by
precisely  controlling  the  evolution  of  rheological  properties  with
ultrasonic energy input,  well-dispersed SWCNTs were achieved in
Nafion  ethanol  solutions  at  3  mg/mL  with  viscosity  >  25  Pa·s,
revealing  a  nematic  phase  transition  during  drying.  Owing  to  the
high viscosity and shear thinning profiles, uniform thin films were
readily prepared on various substrates using simple doctor blading.
The  conductivity  of  a  wet-processed  A4-size  film  reached
1.97  MS/m,  which  is  ~  1000  times  improvement  over  previously
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reported  SWCNT-Nafion  films  [34, 38].  The  film  fabrication  is
simple  and does  not  require  highly  precise  film-forming processes
and has the potential to scale film areas to arbitrary sizes. Large-area
film  with  a  high  PF  of  654.37  μW/(m·K2)  and  apparent  thermal
conductivity  of  529  W/(m·K)  are  integrated  into  a  photovoltaic/
thermoelectric  system.  The  SWCNT  film  generated  a  70  mV
thermoelectric  voltage.  The  conversion  efficiency  of  solar  cell
improved  by  0.63%  via  cooling.  We  also  unraveled  that  the
viscosity,  surface  tension,  and  drying  dynamics  together  govern
liquid-phase  film  quality,  offering  insights  to  suppress  dewetting
and  coffee  ring  effects.  Our  approach  demonstrates  a  synergistic
optimization  of  fabrication  simplicity  and  film  performance  and
provides new insights for electronic and thermoelectric applications
of SWCNTs. 

2    Experimental methods
 

2.1    Dispersion of high-concentration SWCNTs
Nafion  solution  (25  wt.%  in  isopropanol,  Sigma-Aldrich)  was
diluted to 0.5 wt.% by ethanol (> 99.5%, Sigma-Aldrich). 27 mg of
raw SWCNTs (CoMoCAT, carbon > 95%, Sigma-Aldrich) (Tuball,
carbon  >  80%,  Sigma-Aldrich)  were  added  to  9  mL  of  0.5  wt.%
Nafion ethanol solution in a 20 mL vial.  For traditional sonication
method,  the  mixture  was  sonicated  by  a  tip-homogenizer  at  40%
amplitude  for  120  min.  During  the  sonication  process,  the
dispersion  was  immersed  in  a  15  °C  water  bath.  The  sonication
instrument displays the acoustic energy delivered to the dispersion
in  real-time  by  receiving  feedback  from  the  dispersion.  When  the
viscosity  is  too  high,  ultrasonic  propagation  is  obstructed,  and  the
homogenizer  cannot  effectively  deliver  acoustic  energy  to  the
dispersion. After 120 min of sonication, as gelation occurred in the
dispersion,  the  effective  acoustic  energy  delivered,  as  indicated  by
the  instrument,  no  longer  increased.  For  the  present  sonication
method, the mixture of SWCNT and Nafion was sonicated at 40%
amplitude for 45 min, followed by a mild centrifugation at 13,000 g
for 10 min. The 90% supernatant was collected and redispersed in
the same manner for 75 min. 

2.2    Preparing large-area SWCNT films
To prepare high-conductivity SWCNT film, 25 mL of as-prepared
3  mg/mL  SWCNT  dispersion  was  dipped  onto  the  untreated
substrate  (such  as  clean  glass,  PET  and  silicon  wafers).  A  doctor
blade  with  a  length  of  22  cm  was  used  to  prepare  A4-sized  films.
The  gap  between  the  blade  and  the  substrate  was  set  to  400  μm.
During the blade coating, the doctor blade pushed the dispersion at
a speed of 1 cm/s to cover the entire substrate. The liquid film was
dried for 3 h. The entire doctor-blading process was carried out in a
cleanroom. To improve the conductivity, the film was treated with
16  mM  ethanol  solution  of  AuCl3 using  spraying.  Finally,  the
carbon nanotube film was subjected to a cold pressing treatment at
3 megapascals for 20 min. 

2.3    Thermoelectric performance
The  thermoelectric  film  was  obtained  by  cutting  a  1-μm-thick
SWCNT film, prepared on a PET substrate, into rectangular strips
along with the substrate. The Seebeck coefficient of the TE film was
measured  at  25  °C  under  vacuum  conditions  using  a  Seebeck
testing  instrument  (CTA-3S).  A  mini  thermoelectric  module  was
fabricated by connecting multiple such strips in series using copper

tape  and  compressing  them.  The  current–voltage  and
current–power curves of the thermoelectric module under different
temperature  gradients  were  measured  using  a  LCR  meter.  The
apparent  thermal  conductivity  was  carried  out  by  steady-state
method  with  IR  thermometer  [10].  The  measurement  setup  was
placed  in  an  airtight  and  windless  environment.  The  intrinsic
thermal conductivity was measured and calculated following Zhou’s
method [12]. 

2.4    Photovoltaic/thermoelectric system
The  passivated  emitter  and  rear  contact  (PERC)  silicon  solar  cell
was  purchased from DASOLAR.  A thermocouple  was  attached to
the back of the cell using silver paste, and the temperature changes
were  monitored  under  exposure  to  simulated  sunlight  at  10  times
the  standard  intensity.  The  top  and  bottom  of  each  double-sided
TE  film  were  connected  using  copper  tape,  and  the  films  were
adhered to  the  back  of  the  cell  and connected  in  series.  Then,  the
temperature changes of  the cell  under illumination were recorded.
Subsequently,  the  PV  performance  of  the  cell  and  the  TE
performance  of  the  series-connected  films  were  respectively
measured at the corresponding temperatures. 

2.5    Characterization
The  morphology  of  SWCNTs  in  films  were  characterized  by
scanning  electron  microscopy  (SEM,  Nova  NanoSEM450,  FEI).
The  optical  absorption  and  transmittance  spectra  were
characterized  by  ultraviolet–visible–near-infrared  (UV–vis–NIR)
spectrophotometer  (Lambda  950,  PerkinElmer).  The  light  path
length is 10 mm when measuring dispersions. Raman spectra were
obtained  using  a  confocal  Raman  microscope  (HR  Evolution,
Horiba). Resistance of SWCNT films were measured using a four-
probe  measurement  system  (tip  spacing  1  mm).  Thickness  of
SWCNT  films  was  measured  using  a  profilometer  (Dektak  XT,
Bruker). The viscosity at different shear rate was measured using a
rheometer  (MARS  40,  HAAKE).  The  temperature  of  dispersions
was  fixed  at  25  °C  during  measurement.  The  contact  angle
measured  was  carried  out  using  an  optical  contact  angle  system
(XG-CAMA, XYCXIE). The surface tension was obtained through
pendent drop apparatus (SL250, Kino), with the values provided by
the  software  output.  Polarized  optical  microscopy  images  were
obtained  using  a  microscope  (bx51m,  Olympus)  equipped  with
polarizing  filters.  The  samples  for  optical  microscopic
characterization were prepared on glass substrates. 

3    Results
 

3.1    High-concentration  well-dispersed  SWCNT
dispersion in polymer-ethanol solution
To increase the density of SWCNTs in films, we attempt to increase
the concentration of SWCNT dispersion at a fixed concentration of
Nafion  using  the  traditional  sonication  method.  This  method,  as
reported  in  the  literature,  involves  mixing  the  raw material  with  a
dispersant  in  a  solvent  and  sonicating  until  a  stable  dispersion  is
achieved. CoMoCAT SWCNT with a diameter range of 0.8–1.0 nm
was  used  as  the  raw  material.  Different  amounts  of  raw  SWCNT
powder were added to 9 mL of 0.5 wt.% Nafion ethanol solutions to
achieve  SWCNT  concentrations  of  0.5,  1,  2  and  3  mg/mL.  The
mixtures  were  sonicated  with  a  tip-type  homogenizer  for  0.5,  1,  2
and  3  h.  As  shown  in Fig.  1(a) and  Fig.  S1  in  the  Electronic
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Supplementary  Material  (ESM),  the  viscosity  of  the  dispersions
increased  dramatically  with  the  SWCNT  concentration.  At
3 mg/mL, the dispersion became extremely viscous with increasing
sonication time Fig.  1(b) and Fig.  S2 in the ESM. After  sonicating
for  60  min,  the  viscosity  plateaued.  We  hypothesize  that  the
viscosity  of  the  solution  reached  the  homogenizer’s  limit  for
dispersing  the  SWCNT-polymer  mixtures.  This  is  reasonable
considering that high viscosity significantly increases the cavitation
threshold,  inhibiting  formation  and  implosion  of  bubbles  [27].  As
shown  in Fig.  1(c),  the  3  mg/mL  dispersion  fluidity  decreases
significantly  as  sonication  time  increases,  preventing  further

ultrasonic  processing.  In  a  polymer  system,  at  a  given  SWCNT
concentration, the viscosity of the SWCNT-polymer mixture serves
as  an  indicator  for  assessing  dispersion  quality  [48].  When
SWCNTs  are  well-dispersed  at  3  mg/mL,  the  viscosity  should  be
distinctly higher than that of the 2 mg/mL dispersion. Yet, Fig. 1(a)
shows  similar  the  viscosities  for  both,  suggesting  lower  dispersion
quality at 3 mg/mL. Hence, the traditional sonication method fails
to achieve optimal dispersion at this concentration.

Thus,  we  employed  the  redispersion  method,  in  which  a  mild
centrifugation  is  performed  after  a  long-term  sonication  to
eliminate  the  impurities  and  large  bundles  followed  by  a  second

 

G/D = 24.99

G/D = 23.77

G/D = 22.46

G/D = 22.21

Figure 1    Preparation  of  high-concentration  Nafion-dispersed  SWCNTs  and  the  morphology  variation  of  SWCNTs.  (a)  Variation  of  viscosity  with  SWCNT
concentration  in  dispersions  prepared  using  traditional  sonication  method.  The  viscosity  values  in  the  panel  are  the  viscosities  measured  at  a  shear  rate  of  1  s−1.  (b)
Variation  of  viscosity  with  sonication  time  for  3  mg/mL  dispersions  prepared  using  the  traditional  and  present  sonication  strategies.  The  mild  centrifugation  was
performed at 45 min. (c) Photographs of 3 mg/mL SWCNT dispersions after sonication for 30 and 120 min using traditional sonication method. (d) Effective acoustic
energy delivered to the dispersion as a function with sonication time.  The different colored regions delineate the various stages of  sonication.  (e)  Variation of  acoustic
power density with sonication time. The acoustic power density is derived from the derivative of the curve in (d) divided by the dispersion volume. (f) Raman spectra of
the dispersions prepared by the present method at different sonication stages. (g) Schematic diagram of SWCNT films prepared from the dispersion at different sonication
stages. SEM images of SWCNT films prepared from dispersions at stage (h) I, (i) II, and (j) III. (k) SEM image of SWCNT film prepared from dispersion after 120 min of
sonication using traditional sonication procedure. SEM images of films prepared from dispersions at stages (l) IV and (m) V after centrifugation.
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sonication process. A schematic diagram is present in Fig. S3 in the
ESM.  The  impurities  and  large  bundles  increase  viscosity,
consuming  effective  acoustic  energy  and  hindering  ultrasonic
propagation  [26].  To  minimize  the  loss  of  SWCNT  during
centrifugation  and  to  ensure  the  remaining  bundles  were
sufficiently  small  for  further  dispersion,  we  employed  a  relatively
mild  centrifugation  at  13,000  g  for  10  min  after  a  long-term
sonication. Figure 1(b) shows a significant viscosity reduction post-
centrifugation.  Subsequent  sonication  further  increased  viscosity,
indicating SWCNT detachment from bundles [26]. To achieve high-
efficiency  sonication  at  the  highest  possible  viscosity,  we
investigated  the  variation  of  effective  acoustic  energy  delivered  to
the  dispersion  with  sonication  time  in Fig.  1(d) and  obtained  the
acoustic power density via differentiation (Fig. 1(e)). The dispersion
process is divided into five stages. In the current method, the mild
centrifugation is performed after stage III, where both viscosity and
acoustic  energy  increase  rates  slowed.  The  high  viscosity  prevents
the  ultrasonic  propagation.  It  hinders  the  acoustic  energy  delivery
to dispersion and results in the decrease in acoustic power density.
In  the  traditional  dispersion  method,  without  the  mild
centrifugation,  the  delivery  of  effective  acoustic  energy  to
dispersions becomes progressively more difficult as sonication time
increases.  Eventually,  the  homogenizer  cannot  work  at  such  high
viscosity,  leading  to  zero  acoustic  power  density  (Fig.  1(e)).  The
viscosity  was  reduced  by  approximately  55%  after  the  mild
centrifugation,  followed  by  a  rapid  increase  during  further
sonication  until  stabilizing  at  ~  29  Pa·s.  Meanwhile,  during  the
redispersion process,  after  a  brief  increase at  stage IV,  the acoustic
power  density  decreased  and  stabilized  at  approximately
10  mW/mL  at  stage  V,  indicating  that  the  present  method
maintains  good  sonication  efficiency,  facilitating  the  continuously
delivery of acoustic energy to SWCNTs for the detaching bundles.

Compared  with  the  traditional  sonication  method,  the  effective
acoustic  energy  continuously  increased  after  centrifugation,
indicating  effective  energy  propagation  (Fig.  1(d)).  The
corresponding  increase  in  viscosity  suggests  enhanced  dispersion
quality  with  time  (Fig.  1(b)).  Even  at  29  Pa·s  (120  min),  acoustic
energy  continued  to  be  effectively  delivered,  indicating  successful
SWCNT dispersion at this viscosity. As viscosity plateaued in stage
V,  it  suggests  near-maximal  dispersion  degree  under  current
conditions.  Moreover,  we detected the temperature  change during
sonication,  as  shown  in  Fig.  S4  in  the  ESM.  Compared  with  the
centrifugation-redispersion strategy, the dispersion temperature was
much  higher  when  using  the  traditional  sonication  method.  It
suggests  that  the  acoustic  energy  degraded  into  heat  due  to  high
viscosity  [27].  Although  the  increased  temperature  reduces  the
viscosity of a solution, it also accelerates SWCNT reaggregation and
has  been  demonstrated  to  cause  poor  dispersion  quality  [49].
Raman  spectroscopy  confirms  that  the  present  method  does  not
significantly  increase  defects  in  the  SWCNTs,  as  evidenced  by  the
G/D ratio changes (Fig. 1(f)).

The  morphological  changes  in  SWCNTs  directly  reflect
variations  in  dispersion  quality  (Fig.  1(g)).  We  prepared  SWCNT
film  by  blade  coating  with  the  dispersions  at  different  sonication
stages  (Figs.  1(h)−1(m)).  Initially,  the  SWCNTs  twisted  with  each
other  in  large  clusters  (Fig.  1(h)).  As  sonication  time  increasing,
effective  acoustic  energy  was  successively  delivered  to  crash  the
SWCNT clusters (Fig. 1(i)). As the SWCNTs on the surface of the
bundles  were  stripped  via  cavitation  effect,  the  bundles  became
thinner with the specific surface area increasing Fig. 1(j)), resulting

in enhanced friction [26]. At this stage, the percolation event occurs
with the improved dispersion quality. The enhanced inter-tube and
tube-bundle  interactions  result  in  a  distinct  change  in  rheological
behavior  [50].  As  a  result,  the  viscosity  was  dramatically  increased
at stage III (Fig. 1(b)). Furthermore, the polymers’ backbones act as
cross-linkers  for  forming  the  three-dimensional  gel  networks  with
well-dispersed  SWCNTs  [47],  which  rapidly  turns  the  dispersion
gel-like  as  viscosity  increases  [47, 48]  (Fig.  1(c)).  In  the  traditional
sonication  procedures,  at  such  high  viscosity,  sonication  becomes
ineffective, leading to poor dispersion quality, evidenced by the long
and thick branched bundles in Fig. 1(k). Before the gel was formed,
we removed the large bundles that are difficult to fully disperse by a
mild  centrifugation  (Fig.  S5  in  the  ESM). Figure  1(l) suggests  that
the  number  and  size  of  bundles  distinctly  decreased  after
centrifugation and further sonication.

Interestingly,  further  increasing  the  sonication  time  after
centrifugation  led  to  the  nematic  phase  with  randomly  oriented
domains. The SWCNT film prepared using SWCNT dispersion at
stage  V  is  exhibited  in Fig.  1(m).  The  SWCNT  concentration  for
the  isotropic-nematic  transition  is  inversely  related  to  the  effective
aspect ratio of dispersed SWCNTs. The formation of nematic phase
is  associated  with  higher  effective  aspect  ratio  [50].  Since  the
effective aspect ratio is dominated by the degree of dispersion [50],
the transition from disordered networks to nematic phase, whether
it  occurs  in  dispersion  or  during  the  drying  process,  indicates
improved  dispersion  quality.  It  further  demonstrates  the  effective
delivery of acoustic energy to the bundles using the current method.
To observe the dispersion state, the diluted SWCNTs are displayed
in  Fig.  S6  in  the  ESM.  Well-dispersion  is  achieved,  featuring  with
individualized tubes.

In  addition  to  rheological  properties,  optical  absorption  also
indicates  changes  in  the  dispersion  quality  and  concentration  of
SWCNTs. We compared the present sonication strategy with sheer
mixing  and  the  traditional  sonication  in  Fig.  S7  in  the  ESM.  The
present  method  shows  no  visible  agglomerates,  unlike  traditional
methods.  Moreover,  optical  absorption  analysis  was  used  to
quantitatively  evaluate  the  dispersion  efficiency  and  quality
following  the  method  described  in  the  literature  [51].  The
dispersion efficiency of the present method shows a 30% and 400%
improvement  compared  with  the  traditional  sonication  and  shear
mixing,  respectively  (details  in  Supplementary  Note  1  and  Figs.
S7–S10 in the ESM). 

3.2    Preparing  large-area  uniform  films  with  high
conductivity
The  high-concentration  well-dispersed  SWCNTs  are  ideal  for
conductive  films.  The  high  viscosity  and  distinct  shear  thinning
profiles  of  high-concentration  dispersions  help  the  dispersion
spread smoothly under shear force while preventing it from flowing
or  dewetting  during  drying.  It  significantly  improves  the  control
over  the  SWCNT  spreading  during  blade  coating  (Fig.  S1  in  the
ESM).  Thus,  large-area  uniform  films  were  prepared  through
scalable  doctor  blading.  An  A4-size  film  with  a  thickness  of
approximately  1  μm  was  prepared  within  one  minute  by  blade
coating,  as  exhibited  in Fig.  2(a).  Such  films  can  be  prepared  on
various substrates and readily patterned using masks (Fig. 2(b)).

To maximize electrical conductivity, we employed large-diameter
SWCNTs  (tuball  SWCNT,  1.2–2.0  nm)  and  doping.  Because  the
mobility of SWCNT is exponentially related to diameter. Moreover,
large-diameter semiconducting SWCNTs (1.2–1.7 nm) form ohmic
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contacts  with  metal  electrodes,  facilitating  the  carrier  transport.  It
makes large-diameter SWCNTs more suitable than small-diameter
SWCNTs  (0.8–1.0  nm)  for  high-conductivity  films.  Thus,  we
prepared  3  mg/mL  large-diameter  SWCNT  dispersions  using  the
present  method.  Considering  that  the  mass  ratio  of  polymer  and
SWCNT is also vital for conductivity, we dispersed 3 mg/mL large-
diameter SWCNTs in Nafion at different concentrations and blade-
coated them into films (Fig. 2(c)). It suggests that 0.5 wt.% Nafion is
the  optimal  since  a  lower  Nafion  concentration  cannot  effectively
disperse  3  mg/mL  SWCNTs  and  a  higher  Nafion  concentration
may  reduce  the  conductivity  of  SWCNT-Nafion  (Supplementary
Note 2 and Fig. S11 in the ESM). At 0.5 wt.% Nafion, the electrical

conductivity increased significantly with the SWCNT concentration
and reached 0.53 MS/m at 3 mg/mL, which is nearly 10 times that
of  1  mg/mL (Fig.  2(d)).  The conductivity  of  undoped film is  even
higher  than  doped  polymer-dispersed  SWCNTs  and  conductive
polymer-SWCNT  composite  films  in  Refs.  [3, 52−54].  Such  high
conductivity  was  achieved  with  the  Nafion,  which  has  a  low
intrinsic electron conductivity.  Moreover,  the conductivity of films
prepared by the present method is 4.1 times higher those obtained
by  traditional  sonication,  indicating  better  dispersion  quality.
However,  when  the  concentration  exceeds  3  mg/mL,  effective
dispersion becomes difficult, leading to a reduced conductivity.

Figure 2(e) shows the impact of the post-treatments on SWCNT

 

Figure 2    Large-area  high-conductivity  SWCNT  films.  (a)  Photograph  of  A4-sized  SWCNT  film  prepared  by  doctor  blade  using  3  mg/mL  SWCNT  dispersion.  (b)
Schematic  diagram  of  doctor  blade.  The  bottom  panel  exhibits  photographs  of  patterned  SWCNT  film  and  films  prepared  on  stainless  steel  and  tape  substrates.  (c)
Relationship between the conductivity of SWCNT films and concentration of Nafion. The SWCNT concentration was fixed at 3 mg/mL. (d) Relationship between the
conductivity  of  SWCNT  films  and  the  SWCNT  concentration.  The  Nafion  concentration  was  fixed  at  0.5  wt.%.  (e)  Electrical  conductivity  of  films  after  different
treatments.  (f)  and  (g)  SEM  images  of  large-area  SWCNT  film  prepared  from  3  mg/mL  SWCNT-Nafion  dispersion.  (h)  Comparison  with  the  polymer-SWCNT  or
surfactant-SWCNT composite film in literature. The work Nos. 1–9 represent Refs.  [34, 44, 35, 59, 3, 54, 6, 40, 62], respectively. (i) The change in film resistance with
varying degrees of bending. (j) Variation of sheet resistance of the doped film with time. Rint is the initial sheet resistance after doping.
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films  prepared  using  3  mg/mL  dispersions.  The  electrical
conductivity  of  both  large-diameter  (1.2–2.0  nm)  and  small-
diameter  (0.8–1.0  nm)  SWCNT  films  were  increased  by
approximately  3  times  after  AuCl3 doping  (Fig.  2(e)).  Specifically,
the conductivity of 3 mg/mL large-diameter SWCNT film reached
1.52  MS/m  after  doping.  Although  Nafion  are  reported  to  dop
SWCNTs  [55],  the  doping  effect  is  minor  here  due  to  very  low
Nafion  concentration,  evidenced  by  the  absence  of  bleaching  in
absorption  peaks  (Fig.  S11  in  the  ESM).  It  indicates  that  superior
conductivity of the pristine film stems from high dispersion quality,
rather  than  Nafion  doping.  To  further  enhance  the  electrical
conductivity, the film was densified by cold press following Liu et al.
method [9].  The  electrical  conductivity  of  large-diameter  SWCNT
film increased to 1.97 MS/m (Fig. 2(e)). Liu et al. reported a 12-fold
conductivity  increase  for  large-diameter  SWCNTs  after  cold
pressing,  whereas  this  work  achieved  an  improvement  of
0.45  MS/m,  approximately  1.3  times  the  pre-pressing  conductivity
(Fig.  2(e)).  Although the conductivity increased after densification,
the  enhancement  was  less  pronounced  than  that  reported  in  the
literature. This is partly due to the high pre-pressing conductivity of
1.52  MS/m  in  this  work,  which  is  even  higher  than  their  post-
pressing  conductivity  [9].  It  indicates  the  presence  of  well-formed
conductive pathways and a compact nanotube network before cold
pressing. Furthermore, the polymer framework in the film acts as a
structural  support,  limiting  compression.  As  a  result,  the  film
thickness decreased by only 200 nm on average after cold pressing,
in contrast to the 6 μm reduction observed in dispersant-free films
prepared by mold drying, as reported in Ref. [9].

Figure  2(f) and  Fig.  S12  in  the  ESM  exhibit  the  nematic
SWCNTs  in  large-area  films.  The  randomly  oriented  domains
distributed across the films. As shown in Fig. 2(g), in each nematic
domain, almost all SWCNTs are paralleled aligned with each other,
providing  numerous  straight  channels  for  carrier  transport,  which
reduce  the  resistance  via  parallel  connections  [18].  Different
domains  are  connected  by  parallel  SWCNTs  with  small-angle
bends,  forming  shared  sections.  We  assume  that  this  morphology
works  similar  to  Y-type  junctions  between  individual  SWCNTs
or  thin  bundles  which  benefits  the  transport  of  carriers
between  nanotubes  and  domains  [19, 20, 56].  Compared  with
Figs.  1(h)−1(i),  SWCNTs in Figs.  1(m) and 2(g) are straighter due
to nematically induced rigidity [57], facilitating the carrier transport
within nanotubes. In addition to the differences in mobility, this is
also  one  of  the  reasons  why  the  conductivity  of  large-diameter
SWCNTs  is  significantly  higher  than  that  of  small-diameter
SWCNTs,  as  depicted  in Fig.  2(e).  Despite  the  lack  of  global
alignment, the excellent conductive pathways in Fig. 2(g) contribute
to  the  good  connection  between  different  domains  across  various
directions, yielding isotropic high conductivity. This conductivity is
the  highest  reported  to  date  among  films  prepared  from SWCNT
dispersions  (Fig.  2(h)).  Moreover,  these  domains  exhibit
characteristics  similar  to  polycrystalline  metal  films,  where
conductivity  is  enhanced  under  compression  during  bending  and
decreased  during  reverse  bending  [58].  As  shown  in Fig.  2(i),
bending  in  different  directions  results  in  opposite  changes  in
conductivity. The film conductivity stabilizes within two weeks after
doping  under  ambient  conditions  (Fig.  2(j)).  The  variation  of
conductivity over time is less than 10%.

The  uniformity  of  SWCNT  films  is  another  key  point  for
applications. Figure  3 exhibits  the  film  uniformity  without  cold
pressing.  High  uniformity  is  achieved  after  drying  rather  than

relying on cold pressing.  As depicted in Figs.  3(a) and 3(b),  large-
area  nematic  phase  was  observed  across  the  SWCNT  film,
confirming the continuous distribution of  densely  packed nematic
SWCNTs  in  the  film.  The  conductivity  exhibits  good  uniformity
over large areas (Fig. 3(c)). The film shows an average thickness of
1.1  μm  with  a  standard  deviation  of  <  25  nm,  indicating  that  the
thickness variation is  less  than 3% of the average value (Fig.  3(d)).
Owing  to  the  polymer  matrix  filling  the  voids  in  the  porous
SWCNT  films,  the  cross-sectional  SEM  image  reveal  a  uniform
thickness and flat surface, as shown in Fig. 3(e).

Compared with other SWCNT films, the film fabrication process
has  significant  advantages  in  simplicity.  CVD  demand  precise
control over reaction parameters, growth environment, and catalyst
distribution,  typically  involving  high  temperatures  and  vacuum
conditions  [2, 19, 20].  Post-growth  treatments,  such  as  superacid
treatment [28] and densification [2], further complicate the process.
Despite  yielding  high-performance  films,  these  methods  face
significant  limitations  in  scalability  and  yield  [19, 23].  Similarly,
liquid-phase processing relies on multi-step procedures and precise
control  over  film  formation  process  to  achieve  high-performance
films in recent works. Techniques to achieve alignment [11, 59] and
employing  superacid  [25]  introduce  additional  complexity  or
enhance  the  danger.  In  contrast,  by  utilizing  high-concentration
Nafion-SWCNT  dispersions,  high-performance  and  large-area
films are achieved in a single step through blade coating.  The film
conductivity  was  further  enhanced  to  top  level  among  reported
liquid-phase  film  by  simply  spraying  the  dopant.  Such  scalability
and performance  uniformity  are  rarely  reported,  underscoring  the
broad process window and industrial potential of this approach. 

3.3    Thermoelectric  performance  and  large-scale  hybrid
photovoltaic/thermoelectric system
The  TE  properties  of  the  SWCNT  films  prepared  under  different
conditions were investigated (Fig.  4).  The power factor reflects  the
thermal-to-electric  conversion  efficiency.  The  Seebeck  coefficient
denotes  the  thermal  voltage  gradient  generated  by  Seebeck  effect
under  a  temperature  gradient  and  is  related  to  the  derivate  of
density  of  states  of  SWCNTs  near  the  Fermi  level.  Among  the
tested  raw  SWCNTs,  CoMoCAT  dispersed  in  Nafion  solutions
exhibited  optimal  Seebeck  coefficient  (Table  S1  in  the  ESM)  and
was  used  to  fabricate  TE  devices.  1-μm-thick  SWCNT  films  were
prepared  by  blade-coating  using  different  dispersions. Figure  4(a)
illustrates  that  the  dispersion  conditions  have  minimal  impact  on
the Seebeck coefficient, except for a notable drop after doping. The
3  mg/mL  sample  prepared  by  shear  mixing  exhibits  the  Seebeck
coefficient  is  relatively  higher.  It  coincides  with  the  lowest
conductivity  in Fig.  4(b),  as  the  Seebeck  coefficient is  generally
inversely  related  to  conductivity.  However,  for  the 3  mg/mL
samples  prepared  by  sonication,  their  Seebeck  coefficients  remain
nearly  constant,  while  the  conductivity  significantly  increases  with
dispersion  quality.  Comparing  these  samples,  the  Seebeck
coefficient  and  conductivity  are  decoupled,  because  the  high
electrical  conductivity  is  obtained  through  enhanced  dispersion
quality other than charge injection. Doping further increases the PF
in the 3 mg/mL sample prepared by the present method (Fig. 4(c)).
The  PF  of  SWCNT  films  reached  414.36  and  654.37  μW/(m·K2)
before and after doping (Fig.  4(d)).  These PF values are compared
with  the  highest  PF  of  polymer-SWCNT  films  (Fig.  4(d)).  Using
industrial-scale coating technology,  the film area obtained through
the single-run coating process in this work significantly exceeds that
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reported  in  the  literature.  Considering  the  significant  property
differences  between  different  raw  SWCNT  materials,  devices
fabricated from the same type of  raw SWCNT are  generally  more
comparable. The TE performances are compared with the literature
that using CoMoCAT as the raw material (Fig. 4(e)). Although our
method  did  not  involve  any  post-processing  purification  of
CoMoCAT,  the  TE  devices  prepared  with  our  simple  approach
outperform  those  made  from  polymer-sorted  semiconducting
SWCNTs in size and power factor (Table S2 in the ESM).

A  flexible  TE  module  where  multiple  p-type  TE  films  were
connected  in  series  was  shown  in Fig.  4(f).  Such  small  module
exhibits power output of 3150 nW and power density (evaluated by
dividing  the  outpower  by  the  cross-sectional  area  of  the
thermoelectric  devices)  of  approximately  13.15  W/m2 at  a
temperature difference of 60 °C (Fig. 4(f) and Fig. S13 in the ESM).

Our  large-area  SWCNT  films  provide  a  heat  management
strategy,  serving as  both TE modules  and cooling system for  solar
cells (Fig. 5(a)). An A4-size film with SWCNT coated on both sides
was divided into 56 pieces.  The total  surface area of  these double-
sided films is approximately 1200 cm2 and they were connected to
the  back  of  a  330  cm2 solar  cell  with  copper  tape  (Fig.  5(a)).  The
thermoelectric  voltage  increases  with  the  number  of  series
thermoelectric film elements under varying temperature difference

conditions  (Fig.  5(b)).  The  apparent  thermal  conductivity  of  our
SWCNT film reaches 529 W/(m·K) (Fig. 5(c)), which is even higher
than  copper  (401  W/(m·K))  and  similar  with  that  of  densified
superaligned  buckypapers  [10].  The  high  thermal  conductivity  is
closely  linked  to  dispersion  quality,  as  the  thermal  conductivity  of
individual nanotubes differs by an order of magnitude from that of
bundles.  As  the  SWCNT  concentration  increases,  the  density  of
nanotubes within the film significantly rises, contributing more heat
conduction  pathways.  Additionally,  the  difference  between  the
apparent  thermal  conductivity  and  the  in-plane  thermal
conductivity  reported  in  the  literature  is  attributed  to  the  high
specific surface area and emissivity of the 1-μm film [12] (Fig. S14
in the ESM).

To simulate outdoor heating conditions in the laboratory, the cell
front  was  heated  to  approximately  61  °C  under  illumination  for
10 min,  under an ambient  temperature of  25 °C with no wind,  as
depicted  in Fig.  5(d).  In  the  PV/TE  system,  heat  is  efficiently
transferred  from  the  solar  cell  to  the  SWCNT  film  and
subsequently to the surface of the film, facilitating heat dissipation.
The  solar  cell  temperature  reached  53  °C  after  illuminating  for
10 min.  The high specific  surface area and emissivity  of  SWCNTs
contribute to efficient environmental heat exchange, making the far
end  of  film  to  approach  ambient  temperature  and  resulting  in  a

 

Figure 3    Uniformity  of  large-area  SWCNT  films.  (a)  Photograph  of  the  SWCNT  film  on  silicon.  (b)  SEM  images  of  different  regions  of  the  film.  (c)  Electrical
conductivity map of the corresponding to the film in (a). (d) Thickness distribution of the film in (a). (e) SEM image of cross-section of SWCNT film.
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large temperature gradient. In the steady state, the ∆T between two
ends of TE film was approximately 30 °C in the in-plane direction,
leading to a maximum open-circuit thermal voltage of 70 mV and
3500 nW (Fig. 5(e)). As the temperature increases, the open-circuit
voltage of the silicon solar cell decreases markedly, while its current
experiences  only  a  marginal  increase,  leading  to  a  substantial
reduction in efficiency. The performance of solar cell with/without
TE films is exhibited in Fig. 5(f). The absolute efficiency of the solar
cell increases by 0.63% when the temperature decreases from 61 to
53  °C.  For  example,  for  a  100  MW  PV  plants,  this  enhancement
potentially contributes to approximately 3 MW electric power. The
high  yield  of  uniform  wet-processed  SWCNT  films  enables  large-
scale  integration  with  standard-sized  solar  cells.  Their  lightweight
and  flexibility  grant  potentials  for  rooftop  applications.  Moreover,
the  output  voltage  of  SWCNT  film  is  suitable  for  electrochromic
materials,  which  change  color  under  voltage  of  0.2–2  V  [60].  The
thermoelectric voltage generated by an m2-scale PV/TE system can
drive  smart  windows,  enabling  them  to  regulate  indoor  sunlight
while  maintaining  high  photovoltaic  efficiency  under  intense
irradiation. 

4    Discussion
While  dispersion  quality  and  concentration  dominate  films’
conductivity,  the  drying  process  determines  the  uniformity  and
scalability.  Liu  et  al.  significantly  boosted  the  conductivity  by
dispersing  SWCNTs  in  ethanol  without  dispersants  followed  by
cold pressing [9]. They used mold drying to prepare SWCNT films.
He  et  al.  achieved  high-density  aligned  films  by  finely  controlling
the  filtration  process  [59].  Filtration  and  mold  drying  are  widely

applicable to different dispersion systems because they have a broad
tolerance  for  the  rheological  properties  and  drying  kinetics  of  the
dispersion. However, these methods are less efficient for producing
large-area  films.  Although  substrate  modification  and  precisely
controlled  evaporation  can  induce  uniform  SWCNTs  from
aqueous dispersions, these films are also limited to laboratory-scale
area  or  low  yield  [61−63].  Rheological  properties  and  the  drying
process  are  critical  in  industrial  film-forming  techniques.  Even
when the SWCNTs are well-dispersed, neglecting these two factors
may lead to dewetting and “coffee ring” [29, 30].

The  selection  of  solvent  and  dispersant  determines  the
rheological  properties  and  the  drying  process.  When  it  comes  to
industrial  firm-forming  techniques,  dewetting-induced  film
shrinkage  and  defects  is  a  challenge,  especially  for  SWCNT
dispersed in aqueous solutions [29]. Besides, “coffee ring” emerges
during solvent evaporation further decreasing the uniformity. These
non-uniformities  are  closely  related  to  the  properties  of  the
dispersion,  making  it  essential  to  examine  the  impact  of  SWCNT
concentration, solvent, and dispersants on the drying process.

Vde = kγθ3
/η

γ θ η
tdry

tde = L/Vde

The dewetting velocity is , where k depends on the
nature of liquid,  is the surface tension,  the contact angle and 
the viscosity [29, 64]. When the drying time ( ) is shorter than the
dewetting  time  (L is  the  length  scale),  rupture  and
defects are avoided [29, 64, 65]. We compared SWCNT dispersions
of  varying  concentrations  in  ethanol  with  Nafion  and  high-
concentration  SWCNT  dispersion  in  water  with  sodium  dodecyl
sulfate  (SDS),  a  widely  used surfactant  for  SWCNT dispersion.  As
shown  in Fig.  6(a) and  Fig.  S15  in  the  ESM,  increasing  SWCNT
content  slightly  altered  hydrophilicity.  The  contact  angles  also
reflect the wettability relating to the interfacial interactions between
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Figure 4    Thermoelectric performance of large-area SWCNT films. (a) Seebeck coefficient of SWCNT films prepared from different dispersions of CoMoCAT SWCNTs.
Conduct the test at a controlled temperature of 25 °C. These dispersions were prepared using different dispersion methods. (b) The electronic conductivity of the doped
SWCNT films corresponding to (a). (c) The power factors of the doped SWCNT films corresponding to (a). (d) Comparison of the PF values and area of the polymer-
SWCNT composite  films  with  those  reported  in  the  literature.  (e)  Comparison  with  the  TE  devices  fabricated  using  CoMoCAT SWCNTs.  (f)  Photograph  of  a  mini
thermoelectric module fabricated with the SWCNT film, and relationship between the output power and the temperature difference of the thermoelectric module.
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Vde

dispersions  and  the  substrates.  The  increased  contact  angle  with
SWCNT  concentration  indicates  less  wetting  to  the  substrate  and
decreased interfacial interactions. This is attributed to the increased
viscosity  and  the  hydrophobic  nature  of  SWCNT  [66].  However,
the  variation  in  contact  angle  is  not  significant.  And,  the  contact
angle  of  Nafion-SWCNT  dispersion  is  similar  with  SDS-SWCNT
dispersion at 3 mg/mL. This indicates that the interaction between
the dispersion and the hydrophilic glass substrate remains strong. It
contributes  to  a  slow .  The  surface  tension of  Nafion-SWCNT
dispersions  slightly  decreases  with  increasing  SWCNT
concentration and remains much lower than that of dispersions in
water (Fig. 6(b) and Fig. S16 in the ESM). The low surface tension
suppresses  the  shrinkage  of  liquid  film  towards  its  center  during
drying, promoting the uniform thickness. Meanwhile, the viscosity
of Nafion-SWCNT dispersion increases dramatically with SWCNT
concentration (Figs. 1(a) and 1(b) and reaches 103 times higher than
that  of  surfactant-dispersed  SWCNT  dispersion  [26].  This
significantly  extends  the  dewetting  time  for  Nafion-SWCNT

dispersions.  And,  the  dewetting  time  increased  rapidly  with
SWCNT  concentration.  By  monitoring  weight  changes  of  liquid
films,  we obtained the  drying times  in  3  mg/mL SWCNT ethanol
(tdry,  ethanol)  and  water  (tdry,  water)  dispersions.  At  room  temperature,
the tdry, ethanol is  shorter  than tdry, water.  In the Nafion-ethanol  system,
tde increases rapidly with SWCNT concentration, far exceeding the
tdry, ethanol at concentration above 2 mg/mL, as displayed in Fig. 6(c).
As a result, SWCNT can deposit on substrate before film shrinkage
and rupture occur.

The  self-pining  of  solute  at  the  contact  line  between  the  liquid
film and substrate  initiate  the  formation of “coffee  rings” [30].  As
the  solvent  evaporates,  the  compensating  flow  from  the  center  of
the liquid film carries solute to the contact line and accumulates in a
dense ring [30]. Therefore, the solute transport, driven by capillary
flow,  is  vital  for “coffee  ring” formation  [30].  In Fig.  6(d),  we
assessed  the  diffusion  rate  of  SWCNT  in  different  dispersions
(details  in  Supplementary  Note  3).  It  has  been  reported  that  the
transport  of  solutes  to  the  contact  line  is  significantly  suppressed

 

Figure 5    Photovoltaic/thermoelectric  system  fabricated  with  the  large-area  SWCNT  film.  (a)  Photograph  of  the  330  cm2 PV/TE  system.  The  right  panel  shows  a
schematic diagram of the PV/TE system. In operation, due to the significant power output difference between the silicon solar cell and the SWCNT TE device, they are
connected  to  external  circuits  separately  rather  than  in  series.  (b)  The  thermal  voltage  generated  by  different  numbers  of  serial  connections  at  different  temperature
differences. (c) Apparent thermal conductivity of SWCNT films prepared using dispersions with different concentrations (d) Variation of the solar cell temperature with
illumination time, with/without the backside TE devices. (e) Voltage–current curve and power–current curve of series-connected TE devices on the back of solar cell at a
temperature difference of 30 °C between the hot and cold ends. (f) Voltage–current curve of solar cell with/without TE devices on the backside under illumination.
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when  their  diffusion  rates  are  remarkably  lower  than Vde,  the
descending rate of the liquid surface [67]. The high viscosity of high-
concentration  Nafion-dispersed  SWCNT  effectively  hinders  the
outward  flow  of  SWCNTs  to  the  contact  line  and  avoid  the
formation of “coffee ring” [31]. For high-concentration SWCNT in
ethanol,  their  diffusion  rates  are  remarkably  lower  than  the
descending  rate  of  liquid  film,  as  shown  in Fig.  6(d).  Compared
with  water,  ethanol’s  faster  evaporation  leads  to  a  much  higher
Vde,  ethanol than Vde,  water,  where Vde,  water and Vde,  ethanol represent  the
descending  rates  of  water  and  ethanol  surfaces,  respectively.  It
reduces  the  duration  of  capillary  immersion  force  that  nanotubes
experienced.  Thus,  the formation of “coffee ring” is  suppressed by
hindering  SWCNT  long-distance  transport  to  the  contact  line,
further enhancing the uniformity of film.

As a result,  the SWCNT film prepared with current dispersions

using doctor blade exhibited no “coffee ring” SWCNTs, evidenced
by Fig.  6(e).  And,  the  uneven  distribution  within  the  film  and
defects caused by dewetting are not present (Figs. 6(g) and 6(h)) In
contrast,  the  films  prepared  from  aqueous  dispersions  exhibited
distinct “coffee  rings” (Fig.  6(h)),  along  with  numerous  holes  and
aggregated SWCNTs in Figs. 6(i) and 6(j).

Furthermore,  we  hypothesize  that  the  drying  process  promotes
the  formation  of  nematic  phases.  It  has  been  reported  that  fully
nematic  phase  emerged  at  3.3  mg/mL  [68].  So,  it  is  unlikely  that
fully nematic phase formed within the dispersion. Polarized optical
microscopy images confirm the isotropy of the 3 mg/mL SWCNT
dispersion  prepared  by  the  present  method.  Upon  drop-casting
onto a substrate, the solvent evaporation triggered the spontaneous
formation of a nematic phase (Fig. S17 in the ESM). The shear force
of  doctor  blade  may  result  in  shear  alignment  [65].  However,  the

 

Figure 6    Effect of the drying process on the uniformity of SWCNT films. (a) Contact angles of different SWCNT dispersions on untreated glass. (b) Surface tensions of
different SWCNT dispersions. (c) Dewetting times of SWCNT dispersions with different concentration and solvents. (d) Diffusion rates of SWCNTs in various SWCNT
dispersions. Notably, the 3 mg/mL sample dispersed in Nafion ethanol solutions in (a)–(d) was prepared by the present sonication method. (e) Photograph of SWCNT
film obtained by blade coating the high-concentration SWCNT dispersions prepared by the present dispersion method. (f) and (g) Optical microscopy images of the film
in  (e).  The  magnifications  of  these  two  images  are  different.  (h)  Photograph  of  SWCNT  film  obtained  by  blade  coating  the  surfactant-dispersed  high-concentration
SWCNT dispersion. (i) and (j) Optical microscopy images of the film in (h). The red circles mark the defects in the film.
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long-range  orientation  was  not  observed  in  SWCNT  films.
Meanwhile,  we  noticed  that  isotropic  nanotubes  are  distributed
beneath the nematic layers, as shown in Fig. 2(g) and Fig. S12 in the
ESM. In the liquid film, Nafion readily self-assemble on substrates
[69].  And,  the  SWCNT-Nafion  hybrid  adheres  strongly  to  the
substrate,  resisting  centrifugal  force  during  spin  coating  [55].  It
indicates strong interaction with substrates. Thus, the bottom-layer
SWCNTs preferentially deposit on the substrate along with Nafion
and retain their isotropy in the dispersion. The upper nanotubes are
concentrated  during  solvent  evaporation,  facilitating  the  isotropy-
nematic  transition.  Due  to  the  very  slow  diffusion  rates  of
SWCNTs,  the  concentration  occurs  across  the  entire  film,  leading
to a global nematic phases. 

5    Conclusion
We  established  a  method  for  preparing  high-concentration,  high-
dispersion SWCNT solutions in Nafion-ethanol systems, achieving
well-dispersed  SWCNTs  with  superior  dispersion  quality.  This
method  facilitates  the  scalable  fabrication  of  large-area  uniform
films with excellent electrical  performance,  reaching 1.97 MS/m in
A4-sized  samples.  Through  improving  the  dispersion  quality,
nematic  phase  emerges  in  the  SWCNT  films,  benefiting  carrier
transport.  Additionally,  the  large-area  SWCNT  films  exhibits  a
thermoelectric  power  factor  of  654.37  μW/(m·K2)  and  thermal
conductivity of 529 W/(m·K), demonstrating efficient application in
the  photovoltaic/thermoelectric  systems.  It  offers  new  insights  for
advancing  SWCNT  thermoelectric  applications.  Investigations  on
drying  process  reveal  that  the  high  viscosity,  fast  solvent
evaporation and low SWCNT diffusion rates collectively suppressed
the dewetting and “coffee ring”, which emphasizes the importance
of  the  combination  of  high-concentration  SWCNTs  with  Nafion
and  ethanol  in  achieving  superior  film  uniformity  and
performance. 

Electronic  Supplementary  Material: Supplementary  material
(relationship  between  viscosity  and  shear  rate  under  different
SWCNT concentrations, variation in viscosity with sonication time,
schematic  diagram  of  redispersion  strategy,  relationship  between
effective  acoustic  energy  delivered  to  the  dispersions  and  the
dispersion  temperature,  SEM  images  of  sediments  of  mild
centrifugation,  SEM  images  of  SWCNTs  in  stage  V  after
centrifugation,  quantitative  evaluation  of  enhanced  dispersion
efficiency,  analysis  on  the  dispersion  quality  and  efficiency,  the
influence  of  dispersion  volume  and  centrifugation  speed  on
dispersion  quality,  relationship  between  well-dispersed  SWCNT
concentrations  and  effective  acoustic  energy  delivered  to  the
dispersions,  analysis  on  the  doping  state  and  dispersion  quality  of
SWCNTs  at  varying  Nafion  concentrations  using  optical
absorption  spectra,  variations  in  optical  absorption  of  SWCNTs
dispersed  with  different  concentrations  of  Nafion,  the  oriented
domains  in  different  regions  of  the  large-area  film,  the  Seebeck
coefficients  of  different  raw  SWCNTs  dispersed  by  various
dispersants,  TE  performances  of  SWCNT  films  using  CoMoCAT
SWCNTs as raw materials, performance of the mini TE module in
Fig. 5(e), in-plane thermal conductivity of SWCNT films prepared
using  different  dispersions,  contact  angles  of  different  SWCNT
dispersions  on  untreated  glass,  surface  tension  assessment  of
different  dispersions  using  pendent  drop  apparatus,  diffusion  rate
of  SWCNTs  in  the  dispersion,  and  cross  polarized  microscopy

images of SWCNT film and SWCNT dispersion) is available in the
online  version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907383. 
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