
https://doi.org/10.1002/adma.202006395
https://doi.org/10.1002/adma.202006395


www.advmat.de

�������  (� of �) ' ���� The Authors. Advanced Materials published by Wiley-VCH GmbH

COMMUNIcATION

Colors of Single-Wall Carbon Nanotubes
Nan Wei, Ying Tian, Yongping Liao, Natsumi Komatsu, Weilu Gao, 
Alina Lyuleeva-Husemann, Qiang Zhang, Aqeel Hussain, Er-Xiong Ding, Fengrui Yao, 
Janne Halme, Kaihui Liu, Junichiro Kono, Hua Jiang, and Esko I. Kauppinen*

DOI: ��.����/adma.���������

that when single-wall CNTs (SWCNTs) are 
sorted by diameter[����] or atomic structure 
[i.e., (n,m)],[�����] they strikingly exhibit var-
ious distinct colors in suspension. More 
recently, colorful SWCNT thin �lms 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 �lm. Namely, 
predicting the range of possible SWCNT 
colors has not been possible, nor has 
explaining why SWCNTs with certain 
atomic structures [speci�ed 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-speci�ed 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 �lms with varying thicknesses, 
we established a quantitative relationship between the obtained 
colors and the optical absorption spectra of the �lms. This 
relationship con�rms the absorption-dominated coloration 
mechanism of SWCNT-based �lms. Based on this �nding, in 
combination with SWCNT optical absorption studies, we con-
structed a comprehensive theoretical model that can describe 

Although single-wall carbon nanotubes (SWCNTs) exhibit various colors in 
suspension, directly synthesized SWCNT �lms usually appear black. Recently, 
a unique one-step method for directly fabricating green and brown �lms 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 speci�c colors of SWCNT �lms and unambigu-
ously identify the coloration mechanism. Using this model, colors of ��� 
di�erent 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 �lms, 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.

Dr. N. Wei, Dr. Y. Liao, Dr. Q. Zhang, Dr. A. Hussain, Dr. E.-X. Ding,  
Dr. J. Halme, Dr. H. Jiang, Prof. E. I. Kauppinen
Department of Applied Physics
Aalto University School of Science
Aalto �����, Finland
E-mail: esko.kauppinen@aalto.�
Dr. Y. Tian
Department of Physics
Dalian Maritime University
Dalian ������, China

The ORCID identi�cation number(s) for the author(s) of this article 
can be found under https://doi.org/��.����/adma.���������.

N. Komatsu, Dr. W. Gao, Dr. A. Lyuleeva-Husemann, Prof. J. Kono
Department of Electrical and Computer Engineering
Rice University
Houston, TX �����, USA
Dr. F. Yao, Prof. K. Liu
School of Physics
Academy for Advanced Interdisciplinary Studies
Collaborative Innovation Center of Quantum Matter
Peking University
Beijing ������, China
Prof. J. Kono
Department of Physics and Astronomy
Rice University
Houston, TX �����, USA
Prof. J. Kono
Department of Materials Science and NanoEngineering
Rice University
Houston, TX �����, USA

' ���� The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

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)[�,�] 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,[�] which can be utilized in optical systems 
and space applications.[�] However, later studies have shown 
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The relationship between the visual color and the OAS of 
an SWCNT �lm 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).[��] Figure��c,d show the top and side pro�les of the decom-
posed �D (Figure S�, 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 � ���, 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 
quanti�cation that better matches the perception of human 
eyes.[��] In both Figures��c and �d, 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��c, the data points 
of SWCNT �lms with various absorbance values lie on a line of 
constant green-yellow hue, indicating that SWCNT �lms with dif-
ferent thicknesses exhibit the same hue. The change in chroma 
is more informative. As shown in Figure� �d, one �lm exhibits 
an optimal absorbance to display the most vivid color, indicated 
by the highest chroma (Table S�, Supporting Information). This 
property provides a fair way to compare the colorfulness of dif-
ferent SWCNT species. Given an OAS of a certain SWCNT 

sample, we can attain the most vivid color by reliably simulating 
its OAS for di�erent thicknesses according to the Beer�Lambert 
law.[�����] 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 S�, 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 �rst section (the Transition sub-model) is for simulating 
SWCNT optical transition energies[��,��] based on an extended 
tight-binding calculation with many-body corrections.[�����] The 
second section (the Absorbance sub-model) is based on a sys-
tematic model for the SWCNT absorption cross-section[��,��] 
(see Methods in the Supporting Information and Figure S�, 
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 �rst produced a solution-�l-
trated �lm enriched with (�,�) SWCNTs.[�����] We then compared 
the OAS and its color calculated using the coloration model 
(Figure��a). The spectra were normalized by the �rst transition 
(S��) peak. A �-plasmon peak �tted with a Lorentzian shape was 
included as a routine.[��,��,��] Figure� �a presents the calibrated  
photographic image, the color calculated from experimentally 

Figure �.  Veri�cation of the coloration model by SWCNT �lm results. a) Simulated OAS of (�,�) SWCNT �lm and measured OAS of solution-separated 
(�,�)-SWCNT-enriched �lm formed by vacuum �ltration. Inset: photograph of the �lm on �lter paper and colors calculated from the experimental and 
simulated OAS. b) Experimental and simulated OAS of FC-CVD SWCNT dry �lm with many (n,m) species. Inset: photograph of the green �lm (identical 
to the �� min sample of Figure��a), 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 (�,�) SWCNTs. d) (n,m) composition for simulating the OAS of 
(b), which is obtained by electron di�raction 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.
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acquired OAS, the color calculated from simulated (�,�)-
SWCNTs (distribution shown in Figure �c), and the spectra 
are in good agreement. Note that the spectrum generated by 
the absorbance sub-model in conjunction with the �t of the 
plasmon peak accounts for the relative peak height and width 
in the dry SWCNT �lm, thus o�ering a more accurate predic-
tion than other existing models.[��,��,��] In this way, the coloration 
model e�ectively explains and predicts the OAS and colors of 
(n,m)-SWCNT-enriched �lms.

The coloration model is also valid for mixed (n,m) thin �lm 
samples. The same process in Figure �a was applied to analyze 
the directly synthesized green �lm.[��] To simulate the OAS of 
the �lm, optical absorbance as weighted by the (n,m) compo-
sition was added (Figure �d). The photograph in Figure �b is 
the same as that of the �� min sample shown in Figure �a. The 
experimental and simulated spectra agree well in the visible 
region (������� nm). The larger di�erence 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 e�ect. The calculated 
colors are in excellent agreement, highlighting the e�ectiveness 
of the coloration model in predicting sample color. Colors of 
SWCNT �lms with mixed (n,m) can thus be explained.

The coloration model was applied to calculate the color of 
SWCNTs with speci�c (n,m). Figure��a shows the color map of 
a total of ��� (n,m) SWCNTs. Most species [e.g., (��,�) and (��,�)] 
display vivid colors, while the color of a few other species [e.g., 
(��,��) and (��,��)] 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 S�, Supporting 
Information). These ��� (n,m) combinations cover SWCNTs that 
were experimentally separated[�����,��] or identi�ed.[��,��,��]

To illustrate the color range of SWCNTs, the color map 
in Figure� �a is plotted on the CIE chromaticity diagram in 

Figure� �b,[��] wherein the triangle shows the color range of 
standard red�green�blue (sRGB) 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 (�,�) and (�,�). Some examples in the green region are 
(��,�) and (��,�) SWCNTs (Figure S�, Supporting Information). 
Some of the points are located outside the sRGB color range 
(Figure� �b), 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 �lms or suspensions are experimentally available.

The calculated colors of SWCNTs with di�erent (n,m) can 
be veri�ed with existing experimental data. Figure� � displays 
photographs of single-(n,m)-enriched SWCNT suspensions 
from various experimental studies.[�����] These photographs, 
without color modi�cation, 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 di�erent references. The chroma and lightness vary from 
sample to sample, but the hues generally match. For example, 
with (�,�) SWCNTs, which were present in all four references, 
the aqueous two-polymer phase-extracted sample (Figure��d) has 
a fainter color than the other three samples. Nevertheless, all 
four (�,�) samples exhibit an aquamarine (light blue-green) hue, 
in agreement with the color calculated for that (n,m) (Figure��e). 
We ascribe such minor mismatch to di�erent 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 

Figure �.  Relationship between the colors and (n,m) of SWCNTs. a) Map of the most vivid colors of ��� (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 sRGB 
gamut (color range).
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