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Abstract Gao et al. have proposed a facile method of
silica nanoparticle synthesis called the solvent varying
technique (SVT). Silica nanoparticles (SNPs) have been
synthesized using the SVT. The diameters of the SNPs
produced by these recipes are sensitive to drying tem-
perature especially when they are used to form photonic
crystal films on the surface of textiles. The colour ap-
pearance of the coated fabrics can be affected by unused
reactants from the colloidal suspensions. These form a
thin layer on the surface of the SNPs, which can ad-
versely affect the constructive interference of light from
the photonic crystal. In this paper, the original SNP
solutions have been processed using a centrifuge and
solvent replacement technique in order to reduce this
problem. ATEM was used to record the morphology of

the surface of the original and centrifuged particles. The
resultant images show that there were fewer impurities
present on the surface of the centrifuged SNPs than that
of the original SNPs. DLS was used to measure the
diameters and dispersion of the original and the centri-
fuged particles. A spectrophotometer was used to mea-
sure the reflectance of the samples. The chromaticities
of the coated fabrics using both the original and centri-
fuged SNPs dried at a range of temperatures (40 °C,
60 °C, 80 °C and 100 °C) have been compared. It was
determined that the centrifuged SNPs could be dried at
higher temperatures than previously reported with little
effect on the colour appearance of the photonic crystals.
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Introduction

In the textile industry, coloured fabrics are generally
produced using the application of dyestuffs
(Santamaría Razo et al. 2008). Many production pro-
cesses using dyestuffs pollute the environment (Paul
2011). Structural colouration has been suggested as a
solution to this problem (Hyoki et al. 2009, Gao et al.
2016a, b). Structural colours are also known as physical
colours (Dufresne et al. 2009, Hyoki et al. 2009). Ex-
amples of structural colours can be observed in the
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Highlights
• The centrifuge and solvent replacement technique can remove
unused reactants from the surface of silica nanoparticles produced
using the solvent varying technique.
• These centrifuged SNPs (C-SNPs) have been dried over a greater
range of temperatures than previously reported and the C-SNPs
produce uniform photonic crystals on coated polyester.
• The photonic crystals produced from the centrifuged SNP
solutions produce a narrower bandwidth of wavelength reflection.
This produces a sharper reflection peak and more chromatic
surface coatings.
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natural world, for instance, the colour of some insect
wings and bird feathers (Zi et al. 2003, Paul 2011, Gao
et al. 2016a, b). In order to produce structural colour,
many researchers have produced artificial photonic
crystals using a range of materials (Xu 2000). Photonic
crystals (PCs) were first proposed by John and
Yablonovitch in 1987 (Yablonovitch 1987, Galisteo-
Lopez et al. 2011). A PC is an artificial periodic struc-
ture with photonic band gaps (PBG) (Braun et al. 2001,
Joannopoulos 2001, Gao et al. 2017a, b). Photonic
crystals can preferentially reflect particular wavelengths
of l ight by control l ing photon propagat ion
(Joannopoulos 2001). Structural colours are produced
by artificial opals by a process of light diffraction (Paul
2011).

Self-assembled nanostructured materials have an in-
teraction with particular wavelengths of light (Dufresne
et al. 2009; Galisteo-Lopez et al. 2011). These materials
provide a platform for a variety of applications in the
photonics research field. In recent years, several articles
have been published that introduce and suggest the
advantages of photonic crystals used for the colouration
and coating of materials such as textiles (Gao et al.
2017a, b). For instance, Shang et al. proposed that under
external magnetic stimulation, a one-dimensional chain-
like photonic crystal fibre structure can be formed by
producing Fe3O4@C superparamagnetic colloidal nano-
crystal clusters (SCNCs) embedded into a polyacryl-
amide matrix. In addition, in the chain-like fibre struc-
tures, the distance between each particle can create a
reversible colour change because of the elastic deforma-
tion of the fibre. Owing to this reversible change, the
chain-like fibre structures can show brilliant colours
ranging from red to green. As these fibres are conduc-
tive, they can also be used as sensors to detect deforma-
tion (Shang et al. 2015). Yuan et al. suggested a new
structural colouration technique to fabricate structurally
coloured fibres using electrospinning. A monodispersed
P(St-MMA-AA) solution of nanospheres and poly(vi-
nyl alcohol) (PVA) were mixed. The PVA acted as a
binding material to adhere the particles together. Green
(220 nm), red (246 nm) and violet (280 nm) structurally
coloured fibres were produced using this method (Yuan
et al. 2015). Apart from producing colloidal fibres,
researchers have also studied the fabrication of colourful
photonic crystal structures on fabrics, such as cotton,
polyester and nylon fabrics (Gao et al. 2017a, b). Liu
et al. applied a vertical deposition self-assembly method
to fabricate monodisperse P(St-MAA) colloidal

particles on polyester fabrics. The colours produced
were brilliant and vivid on the surface of fabrics (Liu
et al. 2015a, b). Gao et al. used the gravitational sedi-
mentation method to coat fabrics with silica nanoparti-
cles (SNPs). This produced silica photonic crystals on
the surface of cotton and nylon substrates. The samples
were dried at 60 °C in the oven and structural colours
were successfully produced (Gao et al. 2017a, b).

In this investigation, the solvent varying technique
(SVT) suggested by Gao et al. (Gao et al. 2016a) has
been used to create batches of “original” silica nanopar-
ticles (O-SNPs). These O-SNP solutions have then been
further processed using a solvent replacement and cen-
trifuge technique to produce centrifuged silica nanopar-
ticles (C-SNPs) (Lu and Owens 2018). Black polyester
fabric was coated with SNPs using the gravitational
sedimentation method. The self-assembly of SNPs pro-
duced coloured PC fabrics. The morphology of the
SNPs on the surface of the polyester fabrics was record-
ed using a scanning electron microscope (SEM). The
changes in particle size and the colour differences be-
tween fabrics coated using the original and centrifuged
SNPs have been discussed. This paper reports that
centrifuging the original SNP solutions can significantly
improve the chroma of the coated fabrics. Three differ-
ent batches of ethanol were used to create the O-SNPs in
this paper (with concentrations of 99.97, 99.96 and
99.99%) and these batches were measured using the
following techniques: transmission electron microscopy
(TEM) (batch 1), scanning electron microscopy (SEM)
(batch 2), dynamic light scattering (DLS) and spectro-
photometry (batch 3).

Experimental

Materials

Tetraethyl orthosilicate (TEOS, 99.0%, Fisher Scientific
Co., Ltd., UK); batch 1 ethanol (EtOH, 99.97%, VWR
Science Co., Ltd.); batch 2 ethanol (EtOH, 99.96%,
VWR Science Co., Ltd.); batch 3 ethanol (EtOH,
99.99%, Fisher Scientific Co., Ltd., UK); ammonia
hydroxide (NH3·H2O, 25%, Fisher Scientific Co.,
Ltd., UK); distilled water (dispensed from USF-ELGA
water purifier in the laboratory). All reagents were
applied as received without any further purification.
Black plain-woven polyester fabrics were sourced from
a local fabrics market.
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Synthesis of silica nanoparticles

The SNPs were produced following the solvent varying
technique (SVT) suggested by Gao et al. The synthesis
of the nanoparticles was performed in one 250-ml
round-bottomed flask. The SNPs are created via two
reactions, i.e. hydrolysis and condensation polymeriza-
tion. Firstly, a mother solution was prepared by mixing
8 ml ammonia hydroxide, 3 ml distilled water and a
certain initial volume of ethanol in the 250-ml flask. The
flask was submerged in the water bath. The water bath
was placed on a hotplate. Magnetic stirrers were placed
both in the flask and the water bath. When the reaction
temperature reached 60 °C, TEOS (6ml) was added into
the flask. The flask was sealed with silicone grease to
mediate the temperature throughout the experiment.
Stirring was maintained during this procedure. The
whole reaction temperature was maintained at 60 °C
for a duration of at least 3 h. After 3 h, the final solution
was removed from the flask and transferred into a clean
glass bottle.

Post processing of the silica nanoparticles

The SNP sample solutions were centrifuged (Thermo
Scientific Sorvall Legend × 1 Centrifuge) twice with the
speed of the centrifuge set at 14500 r/s. SNP sample
solutions were centrifuged for 10 min. Firstly, the orig-
inal colloidal suspensions (25 ml) were added into cen-
trifugal tubes and then the tubes were inserted into the
centrifuge. Once centrifuged, the silica nanoparticles
collected at the bottom of the tube. The supernatant
was removed and replaced with 25 ml of EtOH. The
tubes were then placed into an ultrasonic water bath
(Ultrawave U95) for 30 min to ensure the silica nano-
particles were adequately dispersed in the EtOH.

Deposition of SNPs onto black polyester fabrics

In this investigation, the black polyester fabrics were cut
into circles with a diameter of 25 mm which would
cover the bottom of a glass tube of the same diameter.
The fabrics were washed using deionized water. This
reduced the impact of the original dyestuffs and any
remaining impurities on the sedimentation of the SNPs.
Post washing, the fabrics were dried in the oven. The
washed fabrics were placed into the transparent glass
tubes and target volumes of colloidal suspensions were
added. The samples were then dried in the oven. Four

pieces of SNP-coated polyester fabric were coated using
3 ml of the same batch of original SNP solution. The
coated fabric samples were dried in a Gallenkamp Hot-
box oven at 40 °C, 60 °C, 80 °C and 100 °C, respec-
tively. The corresponding centrifuged SNP solution was
used to coat four pieces of woven polyester fabric and
the procedure was then repeated in the same way as for
the original SNP solution.

Characterization of SNPs and PCs

The SNPs were characterized using TEM, SEM and
colorimetry. Micrographs were captured from a TEM
(CM20) and an SEM (Zeiss Ultra 55). Reflectance
measurements were obtained from a spectrophotometer
(Datacolor SF 650). The morphology of the SNPs was
investigated using TEM (CM20) and SEM micro-
graphs. The diameters of a random sample of particles
were measured using ImageJ software (National Insti-
tute of Health, USA) (Schneider et al. 2012). The aver-
age particle diameters and the colloidal dispersion in
solution were measured using a DLS instrument
(Malvern Zetasizer Nano S). The reflectance properties
of the SNP-coated polyester fabrics were measured
using a DataColor SF650 spectrophotometer.

Results and discussions

A comparison between the original and centrifuged
SNPs

Figure 1a, b, c show TEM micrographs of the original
SNPs. It can be observed that there are impurities on the
surface of the particles and these impurities affect the
final particle diameters, as measured by the DLS instru-
ment, and observed colour quality. This suggests that
not all of the chemicals have been exhausted during the
reaction using the SVT recipes. Figure 1d, e, f show the
morphology of particles after being centrifuged twice. A
comparison of the micrographs between the original
particles and the centrifuged particles suggests that after
centrifuging, impurities were removed. Since the impu-
rities have been removed from original colloidal sus-
pensions, the average diameters of centrifuged particles
has also been reduced. In Fig. 1, the average diameter of
the original SNPs was 246.70 nm whilst the average
diameter of the processed particles (C-SNPs) was ap-
proximately 221.10 nm. These differences between the
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particle diameters, due to the unused reactants, produce
photonic crystals with a different morphology and hence
a different colour appearance. This has been quantified
and discussed in the “Ordered structure of SNPs on
black polyester fabrics” section.

Application of centrifuged SNPs to polyester fabric

The comparisons in the “A comparison between the
original and centrifuged SNPs” section are based on
the diameter of silica spheres and the following discus-
sions are about the effect of particle size on colour
appearance. Figures 2 and 3 show two black polyester

fabrics coated using original Fig. 2a and centrifuged Fig.
3a SNPs, respectively. Making a visual comparison
between these two images, it can be seen that the black
polyester fabric coated using the centrifuged SNPs pro-
duced a highly reflecting surface which is more chro-
matic (ΔC* = 6.29) than that produced using the origi-
nal SNPs. The different colours of the fabric samples
shown in Figs. 2a and 3a can be easily discriminated
(ΔE*(ab) = 19.82).

Figure 2b–d show micrographs of the morphology
of the original SNPs on the black polyester fabrics as
imaged from directly above. Figure 3b–d show the
SEM images of the morphology of the black polyester

Fig. 1 TEM images of SNPs
made using 70 ml batch 1 ethanol
(99.97%), magnification, a and d
× 10,000, b and e × 15,000, c and
f × 27,500. Micrographs 1 a–c
show particles from the original
SNP solution and micrographs d–
f show particles from the centri-
fuged solution
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fabrics coated with the centrifuged SNPs. When com-
paring the original and centrifuged SNPs at the same
magnification (Figs. 2d and 3c), it can be observed
that there is a reduction of the surface contaminants
which coat the photonic crystals. The photonic crystal
produced from the centrifuged SNPs on the black
polyester fabrics are more systematically ordered than
the original SNPs. An example of face-centred cubic
(fcc) structures on the surface of the coated fabric is
indicated by a red hexagon (the (111) planes) (Fig. 3d)

Ordered structure of SNPs on black polyester fabrics

Five recipes were produced using the SV method and
these solutions provided uniform (PDI < 0.1) colloidal
batches of SNPs, as shown in Table 1. From the DLS
measurements of the SNP solutions, it can be observed
that for both the original and centrifuged SNPs the
average particle diameter decreases with increasing eth-
anol and this relationship is consistent with that reported
by Gao et al. (Gao et al. 2016a, b). The diameter

Fig. 2 a Image of polyester
fabric (25-mm diameter) coated
using the original SNPs (IPhone 6
Plus). SEM micrographs (b–d):
micrographs of polyester fabrics
coated with the original SNPs
produced using 75 ml of batch 2
EtOH (99.96%) (blue-green ap-
pearance), b × 1000, c × 2000, d
× 5000

Fig. 3 a Image of a polyester
fabric (25-mm diameter) coated
using centrifuged SNPs (iPhone 6
Plus). SEM micrographs (b–d):
centrifuged SNPs produced using
75ml of batch 2 ethanol (99.96%)
(green appearance), b × 2000, c ×
5000, d × 30,000
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differences between the original and centrifuged parti-
cles also reduce with increasing volumes of initial
ethanol.

Discussions in the “A comparison between the orig-
inal and centrifuged SNPs” section were based on a
comparison of particle diameters of the SNPs pre- and
post-processing. The “Ordered structure of SNPs on
black polyester fabrics” section discusses the effect of
applying the centrifuged SNPs to circular pieces of
black polyester fabric. The optimum sedimentation con-
ditions such as the oven temperatures on the colour
appearance of the PCs on the surface of black polyester
fabrics are investigated. The SNPs were synthesized
using 40 ml, 45 ml, 55 ml, 65 ml and 85 ml of initial
ethanol. These solutions were deposited onto black
polyester fabrics (diameter 25 mm) in glass tubes (also
with a diameter of 25 mm). For each batch of SNPs
(3 ml), four different oven drying temperatures (40 °C,
60 °C, 80 °C and 100 °C) were used. Similarly, the
corresponding centrifuged SNP solutions were also ap-
plied to the surface of the black polyester fabrics and
dried at the same four temperatures.

According to previously published results (Gao
et al. 2017a, b), the SNPs which were created using
40 ml and 45 ml of initial ethanol did not show much
colour or appeared white. However, in this investiga-
tion, post centrifuging, the black polyester fabrics
coated using the centrifuged SNPs did present col-
ours, as shown in Fig. 4. According to the chroma
difference data in Table 2, colours of the coated
fabrics created using the centrifuged SNPs are more
chromatic than that of fabrics coated using the orig-
inal SNPs. The higher chromaticness of these colours
can also be observed in the reflectance spectra
(Fig. 5). A narrower band of wavelengths around
the peak reflectance value of the fabrics coated using
the centrifuged SNPs is observed unlike the flatter
reflectance spectra of the fabrics coated using the
original SNPs. The reflectance spectra of the coated

fabrics from the original batches of SNPs show a
wider wavelength bandwidth around the peak wave-
length of reflectance. Figure 5 also indicates that the
fabrics coloured using centrifuged SNPs synthesized,
using 40 ml and 45 ml of initial ethanol, produce
bright, chromatic colours with C*(ab) values of 20.44
and 22.82 respectively (both samples dried at 80 °C).

Table 1 Average diameters of O-SNPs and C-SNPs (DLS results)

EtOH (ml) O-SNPs (nm) PDI C-SNPs (nm) PDI

40 463.60 0.04 294.53 0.03

45 451.57 0.05 325.40 0.04

55 411.13 0.04 296.97 0.03

65 389.93 0.02 275.00 0.03

85 323.30 0.04 251.20 0.03

Fig. 4 Black polyester fabrics coated using the original and
centrifuged SNPs and dried at different temperatures (40 °C,
60 °C, 80 °C and 100 °C). Each fabric was coated using 3 ml of
the SNP solution (batch 3 ethanol, 99.99%)

Table 2 Chroma differences (ΔC*) of coated fabrics (comparison
of C-SNPs to O-SNPs)

EtOH (ml) 40 °C 60 °C 80 °C 100 °C

40 15.14 13.23 17.97 10.23

45 12.21 13.36 15.53 15.33

55 16.87 24.01 16.12 12.29

65 14.20 18.12 18.32 17.21

85 15.57 17.06 16.80 15.82
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In the “A comparison between the original and cen-
trifuged SNPs” section, post centrifugation, the SNP
diameters were reduced compared to the SVT O-SNPs
and the colour appearance of the coated fabrics conse-
quently changed. Figure 4 illustrates that the black poly-
ester fabrics coloured using the original SNPs which
were created using 40 ml, 45 ml and 55 ml of initial
ethanol show a slight red hue. However, the fabrics
coated using the same centrifuged SNPs display red-
orange colours. In a similar trend, the fabrics coated
using O-SNPs which were produced using 65 ml and
85 ml of ethanol show green and green-blue colours
respectively, whilst the corresponding C-SNPs produce
yellow-green fabrics and green fabrics respectively. The
colour differences between the original and centrifuged
SNPs are shown in Table 3, ΔE*(ab) values. The
ΔE*(ab) values between fabrics coated using the orig-
inal and centrifuged particles are large (> 5). The

coloured fabrics created using the original and centri-
fuged SNPs show different colours.

Table 4 indicates that the differences in the hue of the
fabrics coated using the original and centrifuged SNPs
reduced with the decrease in the particle diameter of the
synthetic particles. Theoretically, the reduction in particle
diameters should cause the particles to show the colour of

Fig. 5 Reflectance spectra of
SNP-coated polyester fabrics
using original and centrifuged
SNPs which were created using
40 ml (a) and 45 ml (b) of the
batch 3 ethanol (99.99%) and
dried at 40 °C, 60 °C, 80 °C or
100 °C

Table 3 Colour differences (ΔE*(ab)) of coated fabrics (compar-
ison of C-SNPs to O-SNPs)

EtOH (ml) 40 °C 60 °C 80 °C 100 °C

40 18.80 19.39 35.37 23.08

45 32.39 16.92 22.53 24.95

55 23.14 44.16 22.37 15.41

65 21.12 20.69 22.26 25.03

85 21.36 26.60 28.42 24.04
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the smaller particles; for example, if the original particles
show yellow, then they should show yellow or green after
centrifugation; however, the experimental results show
that this is not the case. This is because the impurities in
the original SNP solutions form white films on the sur-
face of the fabrics. These films cover the surface of
coloured fabrics which leads the coloured fabrics
appearing less saturated. This phenomenon can be ob-
served from the light reflectance spectra shown in Figs. 5
and 6. The reflectance spectra of fabrics coated using the
original SNPs were closer to neutral reflectance spectra
than those of the fabrics coated using the centrifuged
SNPs, especially the SNPs created using 40 ml, 45 ml
and 55 ml of ethanol (Fig. 7). Therefore, the diameters of
the original particles do not provide a reliable estimate of
the colour using Bragg’s law. These samples appear to
have a white film covering the PC that diffusely scatters
the incident light. The corresponding centrifuged SNPs
are colourful in comparison.

Table 4 Hue angles of coated fabrics for O-SNPs and C-SNPs

Hue 40 °C 60 °C 80 °C 100 °C

40 ml O-SNPs 315.91 317.76 336.61 359.62

C-SNPs 12.15 23.48 16.65 5.74

Δ hue 303.76 294.28 319.96 353.88

45 ml O-SNPs 313.37 326.44 322.34 343.04

C-SNPs 1.52 9.83 5.41 4.60

Δ hue 311.85 316.61 316.93 338.44

55 ml O-SNPs 332.21 41.96 320.98 327.45

C-SNPs 8.51 8.50 3.93 357.36

Δ hue 323.70 33.46 317.05 − 29.91
65 ml O-SNPs 184.81 178.56 180.03 178.23

C-SNPs 151.35 153.28 147.64 136.29

Δ hue 33.46 25.28 32.39 41.94

85 ml O-SNPs 206.81 214.20 211.07 212.55

C-SNPs 179.59 178.07 169.77 175.32

Δ hue 27.22 36.13 41.30 37.23

Fig. 6 Reflectance spectra of the
coated fabrics coated using
original and centrifuged SNPs
which were created using 55 ml
(a) and 85 ml (b) of the batch 3
ethanol (99.99%), respectively.
The samples were dried at 40 °C,
60 °C, 80 °C or 100 °C
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In addition to the colour changes, the brightness of
SNPs on fabrics also increases post centrifugation. In
Fig. 5, the peak wavelengths of the coated coloured fabrics
using the centrifuged SNPs are visibly sharper than those
of the coated fabrics using the original SNPs. The influ-
ence of the purity of the dried particles on the colour
appearance, but also the effect of temperature on the colour
of the particles has been investigated. Figures 5 and 6
demonstrate that according to the peak wavelength, it can
be seen that for the centrifuged SNPs created using 40 ml
and 55 ml of ethanol, 100 °C produces the highest reflec-
tance value at peak wavelength. Similarly, 80 °C is the
suggested drying temperature for centrifuged SNPs pro-
duced using 45 ml of ethanol. 100 °C is the suggested
drying temperature using 85 ml of ethanol as these condi-
tions both lead to the highest peak wavelength values.

The temperature not only affects the colour appearance
of the fabrics coated with SNPs but also affects the spatial
uniformity of the colouration. Figure 4 shows that the
original and centrifuged particles do not completely cover
the surface of the fabrics when dried at 40 °C and the
particles collect at the centre of the fabrics. The first
column of fabrics, shown in Fig. 4, do not have a spatially
uniform coating of SNPs. When the optimum temperature

is reached, the particles will adhere evenly to the surface of
the fabrics by natural gravity sedimentation. Figure 8
shows a representation of the PC formation. This process
is affected by the SNP diameter. There is a negative
relationship between particle diameter and the initial vol-
ume of ethanol. With a decrease of particle diameter, it is
observed that the particles tend to accumulate in themiddle
of the surface of the fabrics (Fig. 4). It can be observed that
in the recipes with an initial ethanol volume of 40 to 85ml,
the particles gradually accumulate in the centre of fabrics
when the drying temperature is 40 °C.

Conclusions

A colorimetric comparison of photonic crystals created
from original and centrifuged SNPs has been presented.
The post-processing of the SNPs produced using only the
SVT technique produced smaller particles with less varia-
tion in the average particle diameter in all cases. The
centrifuge and replace technique provides more uniform
PCs that produce brighter colours when coating polyester
fabric. Drying the original SNP solutions produced from
the SV technique produces PCs that display desaturated

Fig. 7 CIE a*b* plot of a* (x-
axis) and b* (y-axis) of SNP-
coated fabrics using the original
and centrifuged SNPs (created
using 40 ml, 45 ml and 55 ml of
batch 3 ethanol (99.99%))

Fig. 8 Process of gravity
sedimentation. Fabrics were
uniformly coated with the SNPs
and the darker red areas above
represent the deposition of less
SNPs on the fabric post drying
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colours. This appears to be due to the presence of unused
reactants on the surface of the dried SNPs. The centrifuge
and replace solvent technique can effectively improve the
quality of SNPs, not only in the final arrangement of the
photonic crystals but also in the removal of impurities from
the surface of the SNPs. The reduction of unused reactants
allows the colloidal crystal films created on the surface of
fabrics by gravity sedimentation to be more uniform and
more vibrant in colour (chroma increases on average 15C*
units) when compared to fabrics coated with the original
SNPs. The impact of drying temperature on the colour
appearance of the fabric samples using the centrifuged
SNPs shows little variation between 60 and 100 °C. The
centrifuged particles present bright colours when dried at
temperatures between 60 and 80 °C which is higher than
previously reported. The optimum temperature to produce
spatially uniform photonic crystals from the centrifuged
SNPs varies between solutions based on the target particle
diameter.
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