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Alina Lyuleeva-Husemann, Qiang Zhang, Aqeel Hussain, Er-Xiong Ding, Fengrui Yao,
Janne Halme, Kaihui Liu, Junichiro Kono, Hua Jiang, and Esko I. Kauppinen*

Although single-wall carbon nanotubes (SWCNTs) exhibit various colors in
suspension, directly synthesized SWCNT films usually appear black. Recently,
a unique one-step method for directly fabricating green and brown films has
been developed. Such remarkable progress, however, has brought up several
new questions. The coloration mechanism, potentially achievable colors, and
color controllability of SWCNTs are unknown. Here, a quantitative model is
reported that can predict the specific colors of SWCNT films and unambigu-
ously identify the coloration mechanism. Using this model, colors of 466
different SWCNT species are calculated, which reveals a broad spectrum of
potentially achievable colors of SWCNTs. The calculated colors are in excel-
lent agreement with existing experimental data. Furthermore, the theory
predicts the existence of many brilliantly colored SWCNT films, which are
experimentally expected. This study shows that SWCNTs as a form of pure
carbon, can display a full spectrum of vivid colors, which is expected to com-

plement the general understanding of carbon materials.

Carbon materials generally appear either colorless or black. For
instance, a chemically pure and structurally perfect sp*>-bonded
diamond is totally transparent and shows no color, while sp?-
bonded graphitic structures, such as graphite, graphene,* and
carbon nanotubes (CNTs)34 are usually black. CNTs are com-
monly understood to comprise carbon atoms in a hexagonal,
honeycomb-like lattice, shaped into a tubular structure. In
particular, as-produced multiwall CNTs are even recognized as
super black material,P! which can be utilized in optical systems
and space applications.®! However, later studies have shown

that when single-wall CNTs (SWCNTs) are
sorted by diameter”-'% or atomic structure
[i.e., (n,m)],1 they strikingly exhibit var-
ious distinct colors in suspension. More
recently, colorful SWCNT thin films were
produced by a novel one-step fabrication
procedure, enabling the direct synthesis
of colorful SWCNTs that were previously
thought impossible.

Despite numerous studies on SWCNT
colors, the coloration mechanism has
not been fully understood. Currently, no
theoretical model can reliably predict the
color of a given SWCNT film. Namely,
predicting the range of possible SWCNT
colors has not been possible, nor has
explaining why SWCNTs with certain
atomic structures [specified by (n,m)] dis-
play stronger colors than other CNT spe-
cies. This lack of understanding largely
prevents us from further elaborating the
controlled synthesis of color-specified SWCNT materials.

Here, we report the results of both experimental and theoret-
ical studies providing answers to these long-standing questions.
First, by studying colored thin films with varying thicknesses,
we established a quantitative relationship between the obtained
colors and the optical absorption spectra of the films. This
relationship confirms the absorption-dominated coloration
mechanism of SWCNT-based films. Based on this finding, in
combination with SWCNT optical absorption studies, we con-
structed a comprehensive theoretical model that can describe
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Figure 1. Relationship between collection time and color of film. a) Calibrated photographic image of as-synthesized SWCNT films with six different
thicknesses indicated by the duration of collection. The colors range from light gray to obviously green to nearly black. b) Transmittance spectra of the
same SWCNT films. Right circles: colors calculated from each corresponding spectrum. c) Top view of the perceptually uniform lightness—chroma—hue
space (L*C#*h). Color coordinates measured from the calibrated photographs (+) and calculated from the OAS (-). Error bars indicate uncertainty AE = 5
for measuring colors in the calibrated photograph. In the top view where the radial (circumferential) direction indicates chroma (hue), the six colors
lie on the same line pointing toward the green—yellow hue, which indicates that varying the film thickness does not change the hue. d) Side view of
the L*C*h space. The maximum chroma (most vivid color) is obtained at a moderate absorbance, whereas films that are either too thin or too thick
are less visually colorful.

and predict colors for various species of SWCNTs with different The OAS of the samples were studied by directly transferring
(n,m). We performed calculations for 466 different (n,m) species  the photographed films from the white filters to quartz substrates,
of SWCNTs and found excellent agreement between the theo-  which were then characterized in a spectrophotometer. Figure 1b
retically calculated and existing experimental data. Our results  shows the acquired OAS of the six samples shown in Figure 1a
will enable the further development of permanent pure-carbon  in terms of the transmittance spectra T(1) = 10°4%, where A(1)
dyes!®! as well as electrochromic devices!”! for optical and aes-  is the measured optical absorbance, and T(4) is the transmit-
thetic applications. tance. The circles on the right side of Figure 1b indicate colors
To discover the relationship between the optical absorption  calculated from the acquired OAS using a modeled relationship
spectrum (OAS) and visual color, we studied dry film samples  (see Methods in the Supporting Information) and the standard
with various thicknesses. Figure 1a presents photographs of  quantitative process.'>-?!l Although OAS is widely used to char-
six samples prepared under the same synthesis conditions™  acterize colorful SWCNT-based samples,/1%1115:22 ng quantitative
but with different collection durations, which determine the  relationship has been established between the OAS and the color
thickness of the film. The photographs are uniquely calibrated  properties of SWCNTs. The coloration of SWCNT suspensions
(Figure S1, Supporting Information) so that the color obtained  can be explained qualitatively by subtractive color theory!!” as the
from the calibrated photographs is reproducible within the pre-  color of SWCNTS is dominated by absorption, like pigments. The
cision of human eyes,'®"l regardless of variations in the camera  same trend can be observed in the presented dry film samples.
and lighting settings. Figure 1a shows that the same (n,m) com-  As shown in the transmittance spectra of Figure 1b, the greenish-
position™ can exhibit different colors at different thicknesses.  yellow color of the film can be explained by the fact that the film
The thin (10-min sample) and relatively thicker film (150-min  allows more yellow and green light to pass through than any other
sample) are less obviously green than the samples of moderate  color of light. We note that the absorption-dominated nature of
thickness. Notably, previous studies have demonstrated that to ~ SWCNT color is also attributed to the weak scattering factor of
reliably extract color from images, lighting control and photo- ~ SWCNT films?®l and their luminescence, which lies outside the
graphic calibration are required.'®! The careful photographic  visible region.???/ Comparing Figures 1a and 1b reveals excel-
calibration in this study ensures experimental repeatability and  lent agreement between the colors measured from the calibrated
provides a foundation for further analysis. photograph and those calculated from the acquired OAS.
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Figure 2. Verification of the coloration model by SWCNT film results. a) Simulated OAS of (6,5) SWCNT film and measured OAS of solution-separated
(6,5)-SWCNT-enriched film formed by vacuum filtration. Inset: photograph of the film on filter paper and colors calculated from the experimental and
simulated OAS. b) Experimental and simulated OAS of FC-CVD SWCNT dry film with many (n,m) species. Inset: photograph of the green film (identical
to the 60 min sample of Figure 1a), calculated color from the experimental OAS, and color calculated by adding up the simulated OAS generated from
optical transitions. c) (n,m) composition for simulating the OAS of (a), which is purely (6,5) SWCNTs. d) (n,m) composition for simulating the OAS of
(b), which is obtained by electron diffraction in a transmission electron microscope.'” In the legend, M and S represent the metal and semiconductor
species, respectively, and the graded color represents the count of each (n,m) in the sample statistics.

The relationship between the visual color and the OAS of
an SWCNT film can be further studied by a standard analytical
method. In order to ensure comparability, the color coordinates
measured from the calibrated photograph and those calculated
from the OAS are decomposed into three scalar components,
namely, lightness, chroma, and hue (i.e., in the CIE L*C*h color
space).l'%l Figure 1c,d show the top and side profiles of the decom-
posed 3D (Figure S2, Supporting Information) color coordinates,
respectively. While the lightness indicates the amount of light
relative to that of the reference (zero absorbance corresponds
to pure white, i.e., lightness = 100, in this study), chroma and
hue indicate the vividness and the type of the color, respectively.
Compared with other scales such as luminance-hue—saturation,
this more psychovisual linear scale enables a more accurate
quantification that better matches the perception of human
eyes.[%l In both Figures 1c and 1d, the measured and calculated
colors of each sample correspond well within the error range,
suggesting the validity of this model for calculating the color of
SWCNTs from their OAS. As shown in Figure 1c, the data points
of SWCNT films with various absorbance values lie on a line of
constant green-yellow hue, indicating that SWCNT films with dif-
ferent thicknesses exhibit the same hue. The change in chroma
is more informative. As shown in Figure 1d, one film exhibits
an optimal absorbance to display the most vivid color, indicated
by the highest chroma (Table S1, Supporting Information). This
property provides a fair way to compare the colorfulness of dif-
ferent SWCNT species. Given an OAS of a certain SWCNT
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sample, we can attain the most vivid color by reliably simulating
its OAS for different thicknesses according to the Beer—Lambert
law.?>?71 A similar trend can be expected for SWCNT suspen-
sions, where the absorbance is tuned by varying the length of the
optical path or by varying the SWCNT concentration.

Since we have established the correlation between the OAS and
color of SWCNT samples, we move further to establish a general
coloration model (see Methods in the Supporting Information
and Figure S3, Supporting Information) that describes the rela-
tionship between color and the atomic structure [i.e., (n,m)] of
SWCNTs. This coloration model has four modularized sections.
The first section (the Transition sub-model) is for simulating
SWCNT optical transition energies!?>?® based on an extended
tight-binding calculation with many-body corrections.?*-32l The
second section (the Absorbance sub-model) is based on a sys-
tematic model for the SWCNT absorption cross-section!3*34
(see Methods in the Supporting Information and Figure S4,
Supporting Information). The next sections (the Radiance and
Coordinate sub-models) are based on the aforementioned OAS
calculations and color standards, respectively. To demonstrate
how the coloration model works, we first produced a solution-fil-
trated film enriched with (6,5) SWCNTs.13>-% We then compared
the OAS and its color calculated using the coloration model
(Figure 2a). The spectra were normalized by the first transition
(Sn) peak. A m-plasmon peak fitted with a Lorentzian shape was
included as a routine.?343 Figure 2a presents the calibrated
photographic image, the color calculated from experimentally

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 3. Relationship between the colors and (n,m) of SWCNTs. a) Map of the most vivid colors of 466 (n,m) CNT species. The smaller-diameter
species tend to have higher chroma (more vivid colors). b) The calculated colors plotted on the CIE chromaticity diagram compared with the sSRGB

gamut (color range).

acquired OAS, the color calculated from simulated (6,5)-
SWCNTs (distribution shown in Figure 2c), and the spectra
are in good agreement. Note that the spectrum generated by
the absorbance sub-model in conjunction with the fit of the
plasmon peak accounts for the relative peak height and width
in the dry SWCNT film, thus offering a more accurate predic-
tion than other existing models.?83439 In this way, the coloration
model effectively explains and predicts the OAS and colors of
(n,m)-SWCNT-enriched films.

The coloration model is also valid for mixed (n,m) thin film
samples. The same process in Figure 2a was applied to analyze
the directly synthesized green film."® To simulate the OAS of
the film, optical absorbance as weighted by the (n,m) compo-
sition was added (Figure 2d). The photograph in Figure 2b is
the same as that of the 60 min sample shown in Figure 1a. The
experimental and simulated spectra agree well in the visible
region (380-780 nm). The larger difference between the two
spectra beyond the visible region is attributed to the extension of
the semi-empirical absorbance sub-model (see Methods in the
Supporting Information) and the bundling effect. The calculated
colors are in excellent agreement, highlighting the effectiveness
of the coloration model in predicting sample color. Colors of
SWCNT films with mixed (n,m) can thus be explained.

The coloration model was applied to calculate the color of
SWCNTs with specific (n,m). Figure 3a shows the color map of
a total of 466 (n,m) SWCNTs. Most species [e.g., (15,7) and (16,1)]
display vivid colors, while the color of a few other species [e.g.,
(18,11) and (20,10)] appears grayish. We note that as the diameter
increases, the colors of SWCNTs tend to have lower chroma
(appear less vivid), similar to the trend of large-diameter SWCNTs
approaching the character of graphene (Figure S5, Supporting
Information). These 466 (n,m) combinations cover SWCNTSs that
were experimentally separated 40 or identified.[>334!

To illustrate the color range of SWCNTs, the color map
in Figure 3a is plotted on the CIE chromaticity diagram in
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Figure 3b,! wherein the triangle shows the color range of

standard red-green-blue (sSRGB) displays. Pioneering work by
Yanagi et al. has shown that SWCNTs can form primary colors,?!
which can be mixed to obtain colors of arbitrary hue. Here, the
coloration model further indicates how high the chroma of
the colors can reach, which is important for real applications.
Some SWCNT species with extreme chroma in the red region
are (9,3) and (8,5). Some examples in the green region are
(18,5) and (22,0) SWCNTs (Figure S6, Supporting Information).
Some of the points are located outside the sRGB color range
(Figure 3b), meaning that the colors of these SWCNTs are so
intense that they exceed the color display capacity of standard
display screens. Although most of those colorful SWCNT spe-
cies have not been experimentally prepared, our model predicts
their existence; thus, we predict a future in which vividly colored
SWCNT thin films or suspensions are experimentally available.
The calculated colors of SWCNTs with different (n,m) can
be verified with existing experimental data. Figure 4 displays
photographs of single-(n,m)-enriched SWCNT suspensions
from various experimental studies.'"™ These photographs,
without color modification, are directly compared with the cal-
culated results from the coloration model. A minor mismatch
can be observed between experimental samples of the same
(n,m), especially for popular (n,m) for which data are available
from different references. The chroma and lightness vary from
sample to sample, but the hues generally match. For example,
with (7,5) SWCNTs, which were present in all four references,
the aqueous two-polymer phase-extracted sample (Figure 4d) has
a fainter color than the other three samples. Nevertheless, all
four (7,5) samples exhibit an aquamarine (light blue-green) hue,
in agreement with the color calculated for that (n,m) (Figure 4e).
We ascribe such minor mismatch to different sample concentra-
tions, lighting and photographic conditions, and minor impuri-
ties in the sample. Nevertheless, the excellent match between the
prediction of the coloration model and the experimental results

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Verification of calculated colors by experimental images of single-chirality-enriched SWCNT suspensions. Images are cropped and moved
for convenience of comparison, but their colors are not altered. a-d) Comparison of: a) aqueous two-phase separation by DNA; b) simple gel chro-
matography; purities from the original report are indicated by the percentages; c) temperature-controlled gel chromatography; d) aqueous two-phase
extraction separated semiconducting CNT suspensions. a) Adapted with permission.[¥l Copyright 2016, American Chemical Society. b) Adapted with
permission.["l Copyright 2011, Springer Nature. c) Adapted with permission." Copyright 2013, American Chemical Society. d) Adapted with permis-
sion.['Zl Copyright 2016, American Chemical Society. e) Comparison of 23 of 466 calculated colors correlated with experimental data. Metallic (semi-
conducting) (n,m) SWCNTs are indicated by the white (black) text in the color plate. f) Distribution of experimentally correlated colors arranged by

diameter and chiral angle; most of them are semiconducting CNTs with diameters below T nm.

of solution-processed SWCNTs suggests that the (n,m) compo-
sition mainly accounts for the color of SWCNT-based samples.
The color map (Figure 3a) generated by the coloration model can
also explain the colors of samples based on mixtures of multiple
(n,m) SWCNTs (Figure S7, Supporting Information).®9710

In the aforementioned discussion, we explained the coloration
mechanism of SWCNT suspensions and films of both single chi-
rality and of mixed (n,m). One can modulate the hue of colors
by mixing SWCNT samples, though the new color will be less
vivid (have lower chroma) than at least one of the parent colors.
Because the color range of SWCNT pigments is determined
by their most colorful species, and the colorful species (ones
with a chroma greater than 50) have small diameters (<2.3 nm)
(Figure S5, Supporting Information), we believe that the color
map, which covers all (n,m) below diameters of 2.3 nm, shows
the achievable color range for all SWCNT-based films. Other fac-
tors affect the color appearance of SWCNT-based samples such
as the peak width (affected by bundling?>#%), relative height of
the peaks (affected by dielectric environment and doping), or the
intensity of the 7-plasmon peak in the OAS. We thus carried out
a sensitivity analysis to determine the influence of each of these
factors. Notably, the z-plasmon peak, located mainly in the ultra-
violet region, has more influence (Figures S8 and S9, Supporting
Information) on color than the other two minor factors. How-
ever, the 7-plasmon peakl!*>** has been poorly studied, and
its relationship with SWCNT species has not been reported. It is
expected that the structural defects on SWCNTs would also affect
the color, but our model in the current shape, unfortunately,
has to leave it out for the time being. In this work, the SWCNTs
produced from the floating catalyst chemical vapor deposition
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(FC-CVD) process contain little defects which have been demon-
strated by both high-resolution TEM observations and Raman
measurements.>?] We believe that further investigating these
factors would increase the accuracy of the SWCNT color model.

In conclusion, we have established a systematic quantitative
coloration model for understanding the colors of SWCNTs. The
new model incorporates theoretical calculations of optical tran-
sition energies, a semi-empirical model for optical absorption,
established standards in color science, and our own work on
the relationship between OAS and visual color. The resulting
coloration model explains the mechanism underlying the col-
oration of SWCNT films. With the help of the coloration model,
we obtained a color map of 466 different species of SWCNTs
that discloses the color range of SWCNTs. This study shows
that pure carbon atoms arranged in a hexagonal, honeycomb-
like lattice, when shaped into a tubular structure, can produce a
full spectrum of strongly colored pigments.

Experimental Section

Synthesis of FC-CVD SWCNTs: SWCNTs were synthesized in an
FC-CVD system based on the thermal decomposition of ferrocene
by flowing CO (50 sccm chemical carbon monoxide, 99 vol%, AGA)
through a cartridge storing ferrocene. The ferrocene-containing gas was
then injected through a water-cooled injector probe, which maintained
a constant temperature (24 °C). Pure CO was also introduced from
the main inlet (250 ccm) and from the bypass inlet (100 ccm) to avoid
turbulence and to ensure laminar flow. The ferrocene vapor immediately
decomposed into iron vapor after exiting the injector probe and entering
the tube furnace (Entech, Sweden), followed by nucleation to iron

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

nanoparticles in the quartz tube at a maximum temperature (850 °C).
The iron nanoparticles catalyzed the growth of SWCNTs inside the
reactor, and CO, was used to tune the growth of SWCNTs.?’] In this
work, an additional CO, flow was used (1.0 ccm, controlled by mass flow
rate, Aalborg System, USA), corresponding to a volumetric fraction of
0.25 vol%. Finally, the SWCNT network was collected downstream from
the reactor for various times using a membrane filter with the help of a
vacuum. The resulting SWCNT films were directly press-transferred onto
a quartz slide without any purification for the absorption measurements,
as described in further detail in the previous report.['’]

Preparation of Solution-Separated (6,5) SWCNT Films: The aqueous
two-phase method®l was used to enrich (6,5) SWCNTs, and a controlled
vacuum filtration methodP®l was used to fabricate films enriched with
(6,5) SWCNTs. To increase the thickness of the film, the films were
transferred via the wet-transfer technique.l’’] The purity was determined
to be 93.2 + 0.4% by an optical procedure.

Measuring Absorbance: The absorption spectra of SWCNT films were
measured by a UV-visible-near-infrared spectrometer (Agilent Cary
5000). In detail, the SWCNT film was transferred from the filter to a
quartz substrate. Another empty quartz substrate was used as a reference
to avoid the influence of substrate contribution. The wavelengths ranging
from 200 to 2600 nm were used. The beam was tuned to a suitable size
to fit the sample size.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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