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ABSTRACT: Carbon black (CB) has been widely used in many fields;
because the color depth of CB is not as good as dyes, black depth and
color fastness cannot meet the requirements of users. Therefore, the
application of CB in the textile field is greatly restricted. For this
purpose, in this paper, we prepared liquid DB@CB (disperse black dye
(DB)-modified carbon black) using mixed milling of CB and DB
(consisting of Disperse Blue 79, Disperse Orange 288, and Disperse
Violet 93). Using the dip-dry-bake method, polyester/spandex fabrics
with excellent color fastness, deep black color, and good electrical
conductivity were prepared. The rheological properties and interactions
of CB and DB were studied by rheometer and transmission electron
microscopy (TEM), the effects of DB@CB concentration on fabric
resistance and electrical conductivity were investigated, the properties of
DB@CB dyed fabrics were characterized by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS), and
the stability and conductivity mechanism of liquid DB@CB were analyzed. The results showed that the liquid DB@CB was a
pseudoplastic fluid based on strong intermolecular interaction by repulsive forces of CB and attractive forces of DB, improving the
ordered arrangement and stability of CB and DB molecules. The liquid DB@CB showed a two-dimensional lamellar structure with a
vortex-shaped helical molecular arrangement between CB and DB. The polyester/spandex fabrics dyed with DB@CB, had polygonal
crystal structures and π−π* intermolecular interactions. It not only improved the conductivity of the fabric but also shows excellent
color fastness, which can meet the application requirements of textiles and apparel for deep black, conductivity, and color fastness.

1. INTRODUCTION
Carbon-based materials, for example, carbon black (CB),
carbon nanotube (CNT) (single-walled carbon nanotube and
multiwalled carbon nanotube), graphene, etc., are environ-
mentally friendly materials and have become important.1 It has
been widely used in paint, coating, tires, functional textile, and
other fields. CB, which is widely available, easy to prepare, and
inexpensive, has received a great deal of attention from
researchers. CB can be used extremely versatile in the
treatment of dye wastewater pollution, such as a conductive
alkali-activated-steel-slag-magnesium-slag-based composite ce-
mentitious material (CACCM) could improve the photo-
catalytic degradation rate of the composite cementitious
material.2 CB can be used as a catalyst to improve catalytic
efficiency, such as CB coupled into the interfaces between g-
C3N4 and NiS photocatalysts exhibited the highest H-2-
evolution rates using a simple precipitation method,3 and the
tin monoxide (SnO)@CB nanoparticles has better activity
than other Sn catalysts for application in CO2 reduction, while
the high selectivity is attributed to a local pH effect arising
from the dense packing of nanoparticles in the conductive CB
matrix.4 CB, like other carbon materials, is widely used as a
filler in polymer matrices and as a finishing agent for surface

material modification, the conductive behavior of CB is mainly
governed by the increasing particle contact area and a limited
effect of the surfactant on the conductivity.5 Polymer/carbon
based composites can be prepared as electromagnetic
interference shielding materials.6 Cotton fabrics coated with
conductive CB, poly(vinyl alcohol), and natural rubber latex
can be prepared with electromagnetic interference shielding
and electrical conductivity.7 Polyaniline-coated sulfur/con-
ductive CB (PANI@S/C) composite has a high-rate charge/
discharge capability due to a synergistic effect on the high
electrical conductivity from both the conductive CB in the
matrix and the PANI on the surface.8 CB has great potential in
wearable electronic devices for human motion detection,
health monitoring, and other stretchable strain sensors. Thin
CB-doped poly(dimethylsiloxane) (CB-PDMS) is used as a
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strain gauge due to its high resistivity and strong dependence
on strain.9 The fabricated versatile pressure sensors, based on
microcrack-designed CB (CB@polyurethane) sponge via
natural polymer-mediated water-based layer-by-layer assembly,
exhibit excellent flexibility and fast response times.10 A simple
and facile solution mixing-casting method is adopted to
fabricate a highly stretchable strain sensor based on composites
mixing poly(dimethylsiloxane) (PDMS) with hybrid carbon
nanotubes (CNTs) and CB conductive nanofillers (CNTs-
CB).11 The flexible and wearable strain conductive sensors are
fabricated by mixing matrix poly(dimethylsiloxane) (PDMS)
with zero-dimensional conductive filler CB.12

The application of CB in textile and clothing fabrics is
mostly limited to electrical conductivity, electromagnetic
shielding, anti-static, and anti-ultraviolet applications.13−16

This is related to the shortcomings of the light color of CB
in textile fibers and the uneven distribution of CB on the fabric,
which is difficult to meet the requirements of functional
clothing fabrics. The electrical conductivity of CB is more
dependent on the increase in the particle contact area, the
preparation of CB, modification methods, surface polar groups,
and its microcrystalline structure.

The biggest disadvantage of CB for textile applications is the
lack of black depth and good color fastness. This research
solves this problem by preparing liquid DB@CB by combining
CB and disperse dye black (DB), where DB is C.I. Disperse
Blue 79 (DB-79), C.I. Disperse Orange 288 (DO-288), and
C.I. Dispersing purple 93 (DV-93) complex. The rheological
properties and interactions of CB and DB were studied to

investigate their stability. Meanwhile, using the pad-dry-bake
method, its effect on the electrical conductivity of polyester/
spandex fabric was studied by finishing it on fabric. And the
conductive mechanism of DB@CB was elaborated, and dyed
fabrics with electrical conductivity and deep black color were
prepared. This research provides a nonpolluting and low-cost
application of CB in textiles and a practical reference for new
uses of CB.

2. MATERIALS AND METHODS
2.1. Materials. The polyester/spandex fabrics were

supplied by Jiangsu Wuxi Zhihong Textile Co. LTD. (Jiangsu,
China). The fabric was warp knitted fabrics (92% 8.33 tex
polyester fabric, 8% 4.44 tex spandex fabric, 320.0 g/m2). The
power carbon black (N330) was supplied by Anhui Black Cat
Material Science Co., Ltd. (Anhui, China). The power disperse
dye of C.I. Disperse Blue 79, C.I. Disperse Orange 288, and
C.I. Disperse Violet 93 was supplied by Zhejiang Wanfeng
Chemical Co., Ltd. (Zhejiang, China). The structure of
disperse dyes is shown in Figure 1. The disperse agent of
DE-22 (a mixture of anionic and nonionic dispersant and
emulsion) and the adhesive agent of AE-20 were supplied by
Suzhou Changchunteng Import and Export Co. Ltd. (Jiangsu,
China).
2.2. Preparation of Liquid DB@CB. 2.2.1. Liquid DB@

CB. First, carbon black (CB, 25.0 g), DE-22 (9.5 g), and
deionized water (50.0 g) were mixed and continuously ground
with a vertical zirconium mill (2000 rpm) for 120 min. Then,
to the above solution were added disperse blue 79 (4.7 g),

Figure 1. Structural formulas of carbon black and disperse dye.

Figure 2. Diagram of liquid DB@CB preparation and application.
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disperse orange 288 (5.4 g), disperse violet 93 (2.5 g), DE-22
(3.0 g), and continuously grinding (2000 rpm) for 90 min.
Liquid DB@CB was made by filtration (shown in Figure 2).
2.2.3. Liquid Disperse Black Dyes (DB). It was prepared by

combining disperse blue 79 (13.3 g), disperse orange 288
(15.4 g), disperse violet 93 (7.0 g), DE-22 (14.3 g), deionized
water (50.0 g), and continuously grinding (2000 rpm) for 120
min.
2.2.4. Liquid CB. It was prepared by combining carbon black

(CB, 25.0 g), DE-22 (9.5 g), and deionized water (65.5 g) and
continuously grinding (2000 rpm) for 120 min.

The liquid Disperse Blue 79 (DB-79), Disperse Orange 288
(DO-288), and Disperse Violet 93 (DV-93) were prepared in
the same way as DB.

The rheology of liquid dyes was tested on a Rheolab QC
rotational rheometer (Austria Anton-Paar China Co., Ltd.,
Shanghai, China). The test conditions were 0 # rotor,
temperature 20 °C, and shear rate 0.1−1000 s−1. The shear
stress (y, Pa) and shear rate (x, s−1) were analyzed using a
linear equation (eq 1), and the viscosity (y, mPa·s) and shear
rate (x, s−1) were analyzed using the Morgan−Mercer−Florin
model (eq 2).

y C C x1 2= + (1)

y C C C x C x( )/( )C C
3 4 5 4

6 6= × + × + (2)

The transmission electron microscopy (TEM) was tested on
an H-9500E TEM (Hitachi, Ltd., Tokyo, Japan) or an FEI
Tecnai F20 TEM (FEI, Ltd.). The purpose is to observe the
interaction of the dye, carbon black, and dispersant.
2.3. Dyeing of Polyester/Spandex Fabrics. The liquid

DB@CB, adhesive agent AE-20 (5% of the mass of CB), and
deionized water were prepared into the dye solution,
polyester/spandex fabrics were impregnated, padded (100 ±
2% pick-up, shown in Figure 2), dried (80 °C), and thermally
set (at 180 °C for 90 s).

The color characteristic values (L*, a*, b*) were measured
on a spectrophotometer (Ultra Scan XE, Hunter-Lab., Reston,
VA) with a D65 light source and a 10° field of view. Here, L*
indicates the degree of color depth (the smaller the L value, the
darker the color); a* indicates the degree of reddish (+a*) and
greenish (−a*); and b* indicates the degree of yellowish
(+b*) and bluish (−b*).

The fastness to rubbing of dyed fabrics was measured
according to the standard (ISO105-171x12:2016) using a
friction fastness machine (model 670, James H. Heal & Co.
Ltd., Halifax, U.K.).

The washing fastness test was measured according to the
standard (ISO105-C02:2013) using a wash fastness tester
(Roaches International Co., Leek, Staffordshire, England).

Fabric resistance was measured on a source meter (Keithley
Source meter 3465, Keithley). Stretch deformation and stretch
rates were 30% and 48.75 mm/min, respectively.

Fabric electrical conductivity was measured according to the
standard (GB/T 1551−2021) using a four-point probe tester
(ST2258C, Suzhou Jingge Electronic Co., Ltd. Jiangsu, China).
The test conditions were 20 °C, 65% RH, and 24 h sample
equilibration.

Scanning electron microscopy (SEM) was performed on an
S-4800 SEM (Hitachi, Ltd., Tokyo, Japan) under the condition
that the surface of the fabric was sprayed with gold twice and
the surface morphology of the fabric was observed under the
accelerating voltage of 5 kV.

X-ray photoelectron spectroscopy (XPS) was tested on an
ESCALAB 250 XPS (Thermo, Waltham, MA), using Al Kα
radiation (hν = 1486.6 eV) operated at 14.0 kV and 200 W.

3. RESULTS AND DISCUSSION
3.1. Rheology of Liquid Disperse Dye and Carbon

Black. Figure 3 shows the rheology of the liquid disperse black

dye (DB), carbon black (CB), and a mixture of DB and CB
(DB@CB) (the samples of DB, CB, and DB@CB were
prepared according to Section 2.2).

It can be seen that the shear stress increased linearly as the
shear rate increased in BD, CB, and DB@CB. The relationship
between the shear stress (y, Pa) and shear rate (x, s−1) can be
described by a linear equation (eq 1) with R2 near 1 (0.981−
0.999), and the viscosity (y, mPa·s) and shear rate (x, s−1) can
be described by the Morgan−Mercer−Florin equation (eq 2)
with R2 near 1 (0.993−0.998), as shown in Table 1.

It can be seen by comparing the constants C1 and C2 that CB
was the smallest, DB@CB was the largest, and DB was
between CB and DB@CB. This was because CB was a plastic
fluid, C1 was small (−0.042), and C1 + C2x ≈ C2x, which was
close to the Newtonian liquid, and C2 was also small (0.002),
and the viscosity had the rheological characteristic of shear
thickening. CB was a plastic fluid at low shear rates (10−60
s−1) and a Newtonian fluid at high shear rates (60−1000 s−1),
with low viscosity values (about 1.6 mPa·s), also confirmed by
the high C4 (965.8) and C6 (2.455). DB was a pseudoplastic
fluid, and C1 was higher (0.644), but due to the small C2
(0.005), the linear increase in shear stress with increasing shear
rate was smaller. As the shear rate increased, the viscosity of
DB decreased rapidly at low shear rates (10−200 s−1), and
viscosity changes were smaller when the shear rate continued
to increase. Because C4 < 0 and C6 < 1, the viscosity of DB had
the rheological characteristic of shear thinning, which indicated
that the viscosity decreased rapidly at a low shear rate (10−200
s−1), and the change of viscosity was smaller when the shear
rate continued to increase. DB@CB was a typical pseudoplastic
fluid, C1 (0.644) and C2 (3.829) were the highest, and the
linear increase in shear stress with increasing shear rate was
great. As the shear rate increased, the viscosity of DB@CB
decreased rapidly.

Figure 3. Rheological properties of liquid disperse black dye and
carbon black.
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Compared to the viscosity of DB and DB@CB, C4 was very
small, C4 + xC6 ≈ xC6, and the Morgan−Mercer−Florin
equation (eq 2) can be replaced by a power function
mathematical model with R2 near 1 (0.976−0.994), as shown
in Table 2. It was found that as the shear rate increased, the
viscosity of DB@CB decreased more significantly than that of
DB.

In summary, it can be seen that CB is a plastic fluid with a
small-viscosity near-Newtonian fluid, DB is a pseudoplastic
fluid with medium viscosity, and DB@CB is a pseudoplastic
fluid with high viscosity. The viscosity of liquid dyes consists of
structural viscosity and shear viscosity. If the dye or carbon
black aggregates are changed, this will enhance the interaction
between the dye and carbon black, which will lead to an
increase in structural viscosity.
3.2. Aggregation and Interactions of Liquid Disperse

Dyes and Carbon Blacks. Figure 4 shows a TEM image of a
liquid disperse dye. Figure 4a,b shows a spherical dye aggregate

of DO-288 with a particle size of 55−60 nm, and the
interaction between the dye and the auxiliaries was visible
within the spherical dye aggregate.

Figure 4c shows the dye aggregates of DV-93 (particle size
approx. 200−300 nm), which were then aggregated into loose
dye aggregates of 800−900 nm by the interaction between the
dye and the auxiliaries. Figure 4d shows the dye aggregates of
DB-79, which were much looser. Figure 4e,f shows dye
aggregates of DB, which were a mixture of dye DO-288, DV-
93, and DB-79, forming loose dye aggregates with a particle
size of about 1.5−3.0 μm. The above dye aggregates formed a
colloidal structure with good dispersion stability.

Figure 5 shows the TEM image of the carbon black. Figure
5a shows the interaction between the nano CB and the
additives, and the aqueous nano CB could be uniformly
dispersed in the aqueous solution. It was observed that besides
the spherical aggregates of CB, lamellar CB aggregates were
also present (Figure 5b), which was different from the
spherical aggregates of conventional nano CB. The lamellar
carbon blacks showed pentagonal (Figure 5c) and hexagonal
(Figure 5d−f) aggregates, which were irregular in shape with a
maximum length of about 500 nm and a minimum length of
about 90 nm. During the mechanical decomposition of CB, in
addition to the generation of spherical CB aggregates, there are
also a large number of lamellar CB aggregates.

Table 1. Mathematical Model of Shear Stress, Viscosity, and Shear Rate

eq 1 eq 2

dye C1 C2 R2 C3 C4 C5 C6 R2

DB 0.644 0.005 0.996 −38956.1 −0.0027 3.492 0.577 0.998
CB −0.042 0.002 0.999 −11.4 965.8 1.583 2.455 0.993
DB@CB 3.829 0.019 0.981 −593934.3 −0.0004 −8.681 0.304 0.996

Table 2. Mathematical Model of Viscosity and Shear Rate

dye mathematical model (power function) R2

DB y = 71.2 + x(−0.389) 0.976
DB@CB y = 264.7 + x(−0.360) 0.994

Figure 4. TEM images of liquid disperse dye: (a) DO-288, (b) DO-288, (c) DV-93, (d) DB-79, (e) DB (×4.0k), (f) DB (×10.0k).
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Figure 6 shows the TEM image of DB@CB. Figure 6a shows
the presence of larger micelles in DB@CB, which were dyes

(DO-288, DV-93, DB-79), CB, and DE 20 forming aggregates
containing a large number of nanoscale granular colloids. The

Figure 5. TEM images of liquid CB. Image magnification (a)−(f) was 20.0, 12.0, 40.0, 25.0, 20.0, and 12.0k, respectively.

Figure 6. TEM images of liquid DB@CB: (a) 200 nm, (b) 100 nm, (c) 20 nm.

Figure 7. Schematic diagram of stability principle. (a) Liquid dye bilayer diffusion principle and (b) molecular arrangement of liquid DB@CB.
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presence of DB@CB colloids with a particle size of about
500−600 nm in DB@CB is shown in Figure 6b, and the
process of DB@CB colloid formation is shown in Figure 6c,
where the molecular arrangement resembled a vortex-shaped
helical curve.
3.3. Stability Analysis of Liquid DB@CB. To describe

the interaction between dyes and auxiliaries, a principle of
bilayer diffusion was established based on Figure 4a (see
Figure 7a).

With high-speed shear and collision, large dye particles can
be dispersed into fine particles, even nano-sized particles. In
the process of dye particle refinement, the additives can coat
the dye particles and form interactions. Due to the interaction
between the dye and the surfactant (e.g., electrostatic
interaction, H-bonding, van der Waals forces), an adsorption
layer (Stern layer) is formed, the potential of which is called
Stern potential. The Stern layer can characterize the degree of
dye aggregation, depending on the dye particle size, the
polarized solvent, and the strength of the counterion. In the
outer layer of the dye adsorption layer, it can continue to
adsorb surfactants and counterions, forming a diffusion layer of
a bilayer (called a sliding layer) and a counterion region, which
forms a ζ-potential.

The aggregation of adjacent dyes can form a cross-linking of
double electric layers, which can improve the stability of liquid
dye micelles when the repulsive forces between dye aggregates
prevail, and conversely, dyes have a tendency to aggregate and
reduce the stability of dyes (e.g., flocculation, precipitation).17

Thus, liquid dye stability depends on the adsorption, diffusion,
and interaction of dye particles with surfactants, which is a
dynamic adsorption−desorption process.

As CB has similar solid characteristics to disperse dyes with
weak water solubility, the interaction and stability of CB with
surfactants can be explained by the above-mentioned bilayer
model of adsorption and diffusion of disperse dyes. In the
process of CB mechanical decomposition, DE 20 can improve
the stability of liquid CB because it contains good hydrophilic
nonionic surfactants. For example, nonionic surfactants (Span
80 and Tween 40) contain −OH, −C�O, and −O−, which
can form H-bonds with CB and increase the interaction
strength of the Stern adsorption layer and the cross-linked
layer of the double electric layer.18,19

When the granular CB is in the process of high-speed
mechanical deconstruction, mechanical deconstruction force
can be due to smaller CB particle size, while the surfactant can
form electrostatic and physical adsorption on the surface of
CB. CB adsorption of anionic surfactant changes the nature of
the charge of the CB particle plasmas in water, which is caused
by the strong van der Waals forces between the hydrophobic
group of the anionic surface active group and the CB and is an
exothermic process.20−22

At the same time, the H-bonding of the nonionic surfactants
(such as Span 80 and Tween 40) can form a stable mass
aggregation of CB particles. Another example is that
polyoxymethylene chains can more easily form a solvent
water film around the CB, and the movement of polyoxy-
methylene chains is limited by the presence of H-bonds to
produce entropic repulsion, which effectively prevents
agglomeration, flocculation, and sedimentation of CB due to
its attraction.23,24

The lamellar carbon black aggregates are caused by
mechanical dissociation force and stable CB aggregates. Due
to the strong CB−additive and additive−additive interactions,

it can form an aqueous CB fluid that combines lamellar CB
and spherical CB.25,26 Therefore, CB has low viscosity fluidity
close to that of a Newtonian fluid.

The molecular arrangement diagram of liquid DB@CB was
established based on Figure 6c (see Figure 7b). When DB and
CB were present together, strong interactions were formed
between DB and CB and the molecular arrangement showed a
vortex-shaped helical curve.

Table 3 shows the intermolecular interaction forces between
disperse dyes (DV-93, DB-79, DO-288) and CB calculated

according to CS Chem 3D Gaussian software. The strong
intermolecular attraction of three disperse dyes was −122.136
(DV-93), −26.871 (DB-79), and −111.068 (DO-288) kJ/mol,
respectively. Therefore, in the liquid disperse dye black (DB),
the intermolecular attraction of the dyestuff was higher than
the repulsion, and DB showed a strong intermolecular
attraction. The CB intermolecular repulsive force was higher
than the attractive force, which showed a strong intermolecular
repulsive force. When both CB and DB coexist, there is a
strong interaction between DB and CB molecules, which is
beneficial to the stability of the liquid DB@CB and results in
the rheology of DB@CB with plastic fluid properties. This may
explain the appearance of a vortex-shaped helical molecular
arrangement between CB and DB molecules.
3.4. Conductivity of Fabrics Using Liquid DB@CB.

Figure 8a shows the relationship between DB@CB concen-
tration and resistance in the warp direction of the fabric. As the
concentration of DB@CB increased, the resistance of the
fabric decreased significantly, with resistances of 66.7 MΩ
(8%), 13.0 MΩ (12%), 463.2 kΩ (20%), 308.9 kΩ (30%),
respectively. Figure 8b shows the effect of DB@CB
concentration on resistance in the warp direction of the fabric
by 30% stretched. The stretch fabric increased the resistance
by 405.9 MΩ (8%), 34.9 MΩ (12%), 1.9 MΩ (20% CB), and
734.1 kΩ (30% CB), respectively. Figure 8c shows the effect of
DB@CB concentration on resistance in the weft direction of
the fabric by 0 and 30% stretched. As the concentration of
DB@CB increased, the resistance decreased significantly.
Similar to the fabric warp direction, the weft direction was
stretched and increased the fabric resistance. Resistance
increased by 6.3 MΩ (8%), 0.2 MΩ (12%), 84.0 kΩ (20%),
and 17.0 kΩ (30%), respectively, after 30% stretching of the
fabric. During the stretching process, the resistance of the
conductive fabric shows an increasing change, which indicates

Table 3. Intermolecular Forces of Disperse Dyes and
Carbon Black

DB

forces (kJ/mol) DV-93 DB-79 DO-288 CB

stretch 57.641 60.732 40.576 19.663
bend 83.260 131.897 75.062 66.230
stretch-bend −119.067 −127.637 −106.902 0.590
torsion −91.678 −94.883 −134.074 −1.986
non-1,4 VDW −18.563 −26.984 −22.826 −39.705
1,4 VDW 17.082 59.545 35.846 146.652
charge/charge −14.647 −23.223 0 0
charge/dipole −16.870 −18.035 1.164 0
dipole/dipole −19.294 11.719 0.086 3.252
total of repulsion 157.984 263.892 152.733 236.387
total of attraction −280.120 −290.762 −263.801 −41.691
total −122.136 −26.871 −111.068 194.696
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that the CB-film aggregated on the surface of the fibers has
good stretching properties and that the conductive CB has
good strain-sensing behaviors. This decrease in resistance
depends mainly on the difference in the microstructure of the
conductive filler and the interaction between the filler and the
substrate.27

Figure 8d shows the effect of DB@CB concentration on
conductivity. As the concentration of DB@CB increased, the
resistance decreased significantly and the conductivity
increased. The variation of fabric conductivity (y, ×10−5 S/
cm) with DB@CB (x, %) concentration can also be described
by a logistic model with R2 near 1 (0.998), y = 57.0/[1 +
exp(4.28−0.22x)], as shown in Figure 8d. It is shown in the
logistic model that when the concentration of DB@CB on the
fabric is low, the conductivity increases significantly by
increasing the concentration of DB@CB, and the conductivity

no longer increases significantly with increasing concentration
of DB@CB.

In this test, a uniform carbon black aggregation layer can be
formed on the fiber surface with uniform fine pore structure
and crystallization on the fiber surface (see Figure 9a,b). The
excellent conductivity of the fiber depends on the three-
dimensional continuous conductive network layer,28 and the
structure and performance of the CB-film aggregation as well
as the thickness of the conductive network layer have less
influence on the electrical conductivity. In addition, the effect
of additives (surfactants, binders) in aqueous CB emulsions
has a limited effect on the conductivity of the CB.5 The
aggregated CB-film on the surface of the fabric is an
anisotropic conductive film, which can be obtained by shear
flow-induced assembly of the carbonaceous filler,29 and by the
induced assembly of the warp and weft yarns of the fabric in

Figure 8. Effect of DB@CB concentration on fabric resistance and electrical conductivity. (a) Fabric warp resistance (Unstretched), (b) fabric warp
resistance (Stretched 30%), (c) fabric weft resistance, (d) fabric conductivity.

Figure 9. Surface properties of DB@CB dyed fibers. (a, b) SEM of DB@CB dyed fabric (×10.0k). (c) Electrical conductivity of DB@CB dyed
fabric. (d) XPS of polyester/spandex fabric and DB@CB dyed fabric. (e) High-resolution C 1s XPS spectra of polyester/spandex fabric. (f) High-
resolution C 1s XPS spectra of DB@CB dyed fabric.
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this test. For example, the resistance in the warp of the
polyester/spandex fabric was significantly higher than the
resistance in the weft. The surface of the fabric formed an
orderly arrangement of CB crystals, both spherical structured
crystals and polygonal block crystals with a particle size of
about 200−500 nm (Figure 9b). Such block crystals have not
been reported and may be related to the presence of various
lamellar CB aggregates in the liquid CB. The lamellar carbon
black aggregates dominate the formation and growth of block
crystal structures.

The polyester/spandex fabric of DB@CB had excellent
electrical conductivity (3.1 × 10−4 S/cm, 20% DB@CB),
which can light up a light bulb as a circuit conductor (see
Figure 9c). The XPS spectra of the polyester/spandex fabric
and DB@CB dyed fabric are shown in Figure 9d−f. The
elemental compositions of samples polyester/spandex and
DB@CB were similar, and only the elemental content was
different. The main element was C (284.7 eV, C 1s), N (399.0
eV, N 1s), and O (532.6 eV, O 1s). The C 1s of the sample
polyester/spandex corresponds to C−C/C−H (284.8 eV), C−
O (286.5 eV), and O−C�O (288.8 eV), and the C 1s of the
sample DB@CB corresponds to C−C/C−H (284.8 eV), C−O
(286.2 eV), O−C�O (288.2 eV), C�C (283.6 eV), and
π−π* (290.1 eV), where C�C and π−π* are the peaks of CB.

The equivalent spheres of CB aggregate as basic units to
describe the nonlinear conductive behavior have drawbacks
and do not explain the conductive mechanism of block crystal
structures.30 In this test, we have observed many lamellar CB
aggregates, block crystal structures, aqueous CB with near
Newtonian fluids, a vortex-shaped helical molecular arrange-
ment, and π−π* intermolecular interactions (peak area of
5.86%). Therefore, it is believed that a two-dimensional carbon
structure exists in the liquid DB@CB. The excellent dispersion
and stability of the CB in the finishing solution facilitate the
formation of effective conductive paths and the generation of a
stable electrical signal with a higher conductivity.31,32 In
addition, the lamellar carbon black may be a two-dimensional
carbon structure, and the existence of flat bands in two-
dimensional carbon quantum materials, in which the electrons
interact strongly with each other, can produce special electrical
properties.33 In contrast, block crystals may have an intrinsic
misalignment stacking that causes near-electron flat bands to
appear on the surface of block crystals, the mechanism of
which is related to the quantum spin Hall effect,34 significantly
enhancing conductivity.
3.5. Dyeing Properties of Fabrics Using Liquid DB@

CB. Table 4 shows the effect of DB@CB concentration on the
dyeing properties of polyester/spandex fabrics. It could be seen
that as the DB@CB concentration increased, the electrical
conductivity increased, the black depth increased, and the
black fabric showed a slight reddish-bluish color. When the
concentration of DB@CB was 5%, the rubbing and washing
color fastness were excellent (with 4−5). Continuing to
increase the concentration of DB@CB, it also had good color

fastness, with rubbing and washing color fastness reaching 3−4
and 4 grades, respectively, which can meet the requirements of
color fastness of textile garments.

This is because a uniform CB film can form on the fabric
surface, and when the black depth reaches a certain value, even
if a thicker CB film is formed, the effect on the color depth is
smaller.

Under high-temperature baking conditions, the disperse dye
on the surface of the fabric diffuses, penetrates, and fixes inside
the fiber, so DB@CB can produce dark black fabrics with
excellent fastness and good electrical conductivity. The
processing method of pad-dry-bake is both simple and
economical, and the process has no wastewater emission.

4. CONCLUSIONS
In this study, liquid carbon black and disperse dye black (DB@
CB) are prepared. It is used to dye polyester/spandex fabrics
with a short process of dip-dry-bake method. The fabric has
the properties of deep black color, excellent color fastness, and
good electrical conductivity. Liquid carbon black has the
characteristics of a near-Newtonian fluid, showing repulsive
forces between carbon black molecules, while liquid dispersion
black alone shows the characteristics of a plastic fluid, showing
attractive forces between dye molecules. Due to the strong
interaction between carbon black and disperse dye, there are
vortex-shaped helical molecular arrangement and two-dimen-
sional lamellar structure between liquid DB@CB molecules,
showing pseudoplastic fluid characteristics, and its viscosity
and shear rate accord with Morgan−Mercer−Florin and power
function mathematical models. Therefore, liquid DB@CB has
excellent stability.

The polyester/spandex fabric dyed with liquid DB@CB has
low resistance and can even light up a light bulb, and its
electrical conductivity and DB@CB concentration are by the
logistic model mathematical model. Its excellent electrical
conductivity is related to the ordered arrangement of carbon
black aggregates, block crystals, and π−π* intermolecular
interactions. DB@CB dyed polyester/spandex fabrics have the
advantage of deep black color, excellent color fastness, and
rubbing and washing color fastness of not less than 3−4.

The modified carbon black method provided in this study is
both practical and economical to meet the garment require-
ments of conductive textiles, and the process has no
wastewater emission, which can find new uses for carbon
black modification.
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