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Abstract. Cetyltrimethylammonium bromide (CTAB)-stabilized low-aspect ratio gold nanorods have been synthesized
using seed-mediated wet chemical approach. Freshly cleaved highly oriented pyrolytic graphite (HOPG) surface is used as a
substrate for the deposition of nanoparticles via the droplet drying technique. Owing to the presence of CTAB molecules in
suspension, nanoparticles on the non-wetting HOPG surface get deposited in the form of a coffee-stain ring. Such deposits
at various positions of the coffee-stain ring have been characterized by scanning helium ion microscopy (HIM) and atomic
force microscopy (AFM). Besides the assembly of nanoparticles, AFM is specially employed to investigate the deposition
of CTAB molecules. The deposition and distribution of nanoparticles are studied and quantified at various positions of the
coffee-stain ring. On flat HOPG terraces, HIM shows merely the deposits of the gold nanostructures whereas AFM reveals
both nanoparticles and CTAB deposits over the surface. This research study primarily focused on the nanoparticle deposits
within the coffee-stain ring formed over the non-wetting HOPG terraces.
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1. Introduction
Gold nanoparticles of various shapes are unique materials
having distinctive properties and diverse applications [1–11].
Interesting concepts such as exciton coupling effect, interactions of plasmon-exciton, magnetic and surface plasmon
coupling effect that arises from the nanoparticles organized
structures help to facilitate their mutual interaction with one
another within the array [12–14]. Evaporation induced selfassembly mechanism is one of the most easiest, low cost and
popular technique to achieve ordered arrays of nanoparticles
at various length scales as well as in the form of various
domains oriented in different directions [15–21]. Although
essential developments have been established in this field,
however, it is still challenging to establish nanoparticles into
pre-defined configurations.
The ability of nanoparticles to self-assemble at various
surfaces in two and three dimensions is another factor for
further applications. Therefore, knowlege of the substrate
morphology and response of the additional nanoentities (such
as CTAB) together with the nanoparticles in suspension
towards the substrate surface is essential to accomplish as
well as predict ordered arrays at various sites of the substrate for nano-engineering applications [18]. Highly oriented
pyrolytic graphite (HOPG) is frequently used as a substrate for
nanoparticle deposition [22]. Such surface provides numerous advantages such as easy cleaving by transparent adhesive
tape allowing repeated use of a similar substrate, provides a
flat surface of an atomic level and uncontaminated with very
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few defects [23]. Multi-layers of graphene are placed on top of
each other on the HOPG substrate [24]. Thus, self-assembly
on the HOPG surface can be directly related to the assembly
of graphene [25,26]. Such substrate-directed arrangements
were recently observed in excess CTAB molecules with gold
nanorods in suspension [22].
It is important to understand that low-aspect ratio (AR)
gold nanorods are essential in numerous fields of science and
technology. However, their most efficient and pertinent applications in photo-thermal cancer therapy [27–29] makes them
extremely important. Besides their use in medical applications, self-assembly behaviour of these low-AR gold nanorods
is another important aspect to be evaluated and studied further.
Herein, low-AR CTAB-stabilized gold nanorods are synthesized by using a well-known seed-mediated approach.
Self-assembled nanoparticle arrays on the HOPG substrate
were achieved by following the drop-casting technique
and studied at various positions of the coffee-stain ring.
Such deposits are characterized on the HOPG surface by
means of high-resolution scanning helium ion microscopy
(HIM) and atomic force microscopy (AFM). The main
aim for employing two different imaging techniques is to
evaluate the self-assembly of gold nanostructures on the
HOPG substrate as well as the role of CTAB molecules
on the assembling behaviour of nanoparticles. The parameters recorded during evaporation of the aqueous phase of
a suspension droplet is compared with the deposition of
nanoparticles at various locations within the coffee-stain
ring. This study will further elaborate the understanding of
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Figure 1. (A) HOPG surface with flat terraces and step edges (bright lines at extreme left and right of the
image). (B) STM line scan display height of the step edges.

self-assembly behaviour of nanoentities through droplet drying mechanism.

2. Experimental
2.1 Materials
Hydrogen tetrachloroaurate (HAuCl4 · 3H2 O, 99.999%,
Aldrich), sodium borohydrate (NaBH4 , 99%, Aldrich), ascorbic acid (AA, 99%, Merck), hydrochloric acid (HCl, 37%,
Merck), cetyltrimethylammonium bromide (CTAB, Aldrich,
98%), silver nitrate (AgNO3 , 99%, Acros), were used. MilliQ water was used (18.2 M cm), obtained from Simplicity
185 system (Millipore).

2.2 Synthesis
A two-step seed-mediated technique described by Nikoobakht
and El-Sayed [30] was used to synthesize gold nanostructures.
Initially, CTAB-coated seed particles were prepared by mixing 25 µl of HAuCl4 (0.1 M) in 10 ml of CTAB (0.1 M). Later
60 µl of ice-cold NaBH4 (0.1 M) was added with constant
stirring for 15 min. The solution quickly turns light brown,
indicating the formation of gold seeds. This solution was set
aside at room temperature for an hour.
For the synthesis of gold nanocubes, the growth solution
was made by mixing 50 µl of HAuCl4 (0.1 M) with 10 ml of
CTAB (0.1 M). This solution was kept at 30◦ C for 25 min to
dissolve the CTAB completely with rigorous stirring. Thereafter, 20 µl of AgNO3 (0.1 M) was added at room temperature.
Then 70 µl of ascorbic acid (0.1 M) was introduced, and followed by 100 µl of HCl (1 M). Finally, 25 µl of the seed
solution was introduced into the growth solution, and was left
undisturbed at room temperature overnight.
Just before use, the as-prepared nanoparticle growth solution was centrifuged at 15,000 rpm for 10 min to remove the

excess CTAB; this equals 21,130g by consuming the geometry of the rotor (radius: 8.4 cm). These gold nano-suspensions
were then stored in the refrigerator.

2.3 Deposition
HOPG substrate was ultrasonically cleaned in acetone for
10 min at room temperature. Then these substrates were rinsed
using ethanol and distilled water and followed by drying in
a nitrogen flow. Next, 2 µl droplet of the gold nanoparticle
suspension was placed on a clean substrate and subsequently
allowed to evaporate at room temperature. Within 2 h the
solvent was completely evaporated. The image in figure 1A
shows the HOPG surface that highlight step edges (bright
lines) at extreme left and right of the same image. Also, a line
scan using STM displays the flat territory as well as step-edge
heights on the HOPG surface (see figure 1B). The different
values of step-edge heights in figure 1B can be attributed to a
few and more multiple-layered graphene.

2.4 Characterization
Scanning HIM measurements were carried out using an
ultra-high vacuum (UHV) Orion Plus HIM from Zeiss.
The microscope is built-in with an Everhardt-Thornley (ET)
detector for the detection of secondary electron (SE). A microchannel plate positioned below the last lens and just above
the sample permits the qualitative analysis of backscattered
helium (BSHe). This detector provides images, where the dark
region corresponds to light elements, with low backscatter
yield, and bright regions, having a high backscatter probability, which correspond to heavy elements in the sample.
AFM imaging was carried out in tapping mode using Agilent 5100 AFM using HQ:NSC35/Al probes (Mikromasch)
with a spring constant of 5–16 N m−1 and a resonance frequency of 150–300 kHz.
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Figure 2. HIM images of low AR gold nanostructures at (A,B)
outer edge of the coffee-stain ring and (C,D) near the inner edge of
the coffee-stain ring. The inset in A is a deposited coffee-stain ring
left by a suspension droplet on the substrate. Red dashed rectangular
regions in C illustrate successive areas (height 200 nm) within the
image in which number of particles are counted whereas white flowing arrow indicates progression of such areas. The inset in D is the
quantification of number of nanoparticles at various locations with
respect to the outer edge of the coffee-stain ring.

3. Results
HIM images of low-AR nanostructure deposits are shown in
figure 2. At the outer edge of the coffee-stain-like deposits are
shown in figure 2A and B. These deposits are showing transition from more-dense deposits to less-dense deposits as one
moves from the outer edge towards the inner region as shown
in figure 2A–D. An image of a coffee-stain ring is shown in
the inset of figure 2A. It is clearly depicted in figure 2 that
begins with initial dense deposits (figure 2A), which continues in a sequential image shown in figure 2B. However, on the
extreme left, figure 2B shows deposit of nanoparticles similar
to the dense deposit presented in figure 2A but on the right
side of figure 2B, close-packed arrangements begin to breakup
into islands of deposits and depleted zones. A monolayer
of such arrangements continues and shows more breaks in
deposits as shown in figure 2C. Eventually, deposited islands
of nanoparticles become smaller and smaller (comprises of
few nanoparticles) in size at the inner region of the coffeestain ring (figure 2D). Further, nanoparticle distribution at a
particular distance from the outer edge of coffee-stain ring
is shown in the inset of figure 2D. Overall distribution of
deposited nanoparticles for the distance of 0–14 nm with
respect to the outer edge within a coffee-stain ring are shown

Page 3 of 7

118

Figure 3. (A–D) Gold nanoparticles and CTAB deposits away
from main deposits within the coffee-stain ring (inner side of the
droplet).

by red squares and the overall probable behaviour is indicated
by the blue dashed curve.
Images of some of the isolated deposits mostly observed
at the vicinity of the inner regions of the ring are shown in
figure 3. It is performed for the purpose to evaluate the presence of CTAB molecules around such deposits. In figure 3A
and B there is no clear evidence of the presence of CTAB anywhere with these deposits. However, some traces of CTAB
deposits are observed with the nanoparticles in figure 3C
and D. This is relatively common during droplet drying that
CTAB generally moves towards the inner region away from
the coffee-stain ring and deposits in the middle of the droplet
as shown in the inset of figure 2A.
CTAB molecules in suspension together with gold nanorods
allow the coffee-stain-like deposits on the non-wetting surface
such as the HOPG terraces [22]. AFM images clearly shows
nanoparticle deposition over the HOPG together with the selfassembled layers of CTAB (see figure 4). It has been observed
that all nanoparticles are merely deposited over CTAB layers on HOPG terraces. This image can be divided into three
main parts: (i) the shining bright regions are gold nanoparticles, (ii) slightly bright carpeted regions represent CTAB
layers and (iii) the relatively dimmer region is the HOPG terraces. Analysis of the AFM image shows that nanoparticles
are completely depleted from the HOPG terraces (dimmer
area). Line scan of two different regions in the inset of the
image (figure 4) are shown on the right side of a similar image.
Plots of such lines (red and black) clearly show the height of
the deposited nanoentities in their respective colours. The red
line in figure 4 shows the height profile of the self-assembled

118

Page 4 of 7

Bull. Mater. Sci.

(2020) 43:118

Figure 4. AFM image of CTAB-coated gold nanoparticles on the HOPG terraces. The line scans (black and
red arrows) are plotted at the right side in their respective colours.

Figure 5. Histogram of number of nanoparticles in a rectangular
region (as shown in figure 2C) of each image of figure 2 vs. distance
of separation in a coffee-stain-like ring. The histogram quantifies
number of nanoparticles at the outer edge (green), middle (red) and
inner edge (blue) of the deposited coffee-stain ring.

CTAB molecules on terraces of the HOPG and nearly equal to
2.5 nm, this value is exactly analogous to the reported length
of the CTAB molecule [31]. Similarly, the height of the gold
nanoparticle is about 16 nm similar to other nanoparticles
shown in the histogram for width distribution (figure 7).
In figure 5, the distance in a coffee-stain ring (nm) is
referred to the statistical analysis of the number of particles in

the rectangular region (with a short length of 200 nm) of each
image in figure 2. For instance in figure 2A, while moving
from left to right where for each step of 200 nm, the number
of particles are counted. Therefore, figure 2A first step is
200 nm, after the first step, the second step is located at 400
nm, the third step is at 600 nm and so on. Also, nanoparticles
at the outer edge of the coffee-stain ring is shown in figure 2A,
the middle in figure 2B and the inner edge in figure 2C and D,
respectively. The rectagular areas considered for the counting of nanoparticles in each image (figure 1) is elucidated
in figure 2C as dashed rectangular regions. This mechanism
of particle counting of each image shown in figure 2 is followed in the histogram in figure 5. To quantify the number
of nanoparticles deposited at various positions of the coffeestain ring, histograms are plotted for each subsequent step of
200 nm for the images displayed in figure 1. The green bars
in figure 5 present the largest number of gold nanoparticle
(figure 2A) deposition at the outer region of the coffee-stain
ring. The nanoparticle deposits in figure 2B, designated by
the red bars in figure 5 are depicted at subsequent locations
for each left-to-right increment of 200 nm. These bars clearly
show less number of particles than those observed at the outer
edge. Similarly, the number of nanoparticles further decreases
as one moves around the inner edge of the coffee-stain ring
(figure 2C and D) as depicted by blue bars in figure 5.

4. Discussion
CTAB-stabilized gold nanoparticles of low-AR are prepared
in water and a droplet from the suspension is deposited on
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Figure 6. (A) Contact angle, (B) volume and (C) height behaviour of a droplet during evaporation of aqueous phase. (D) Schematic
representation of a droplet evaporation and changing physical parameters such as height (blue arrows), contact angle (black curve
arrows), convective flow (red dashed arrows) induced by higher evaporation rate near the contact points than the middle of a droplet
(green dashed arrows).

a freshly cleaved HOPG surface. This droplet on the substrate after evaporation of the liquid phase subsequently leaves
behind a coffee-stain ring-like deposit. These deposits are
characterized initially by using HIM at various positions of
the coffee-stain ring. Such deposited ring-like structure (that
contain nearly entire nanoparticles) is investigated at the outer,
middle and inner edge of the coffee-stain ring.
The self-assembly of nanoparticles obtained by means of
evaporating the suspension droplets leads to many interesting
geometries and domains [15,18]. As these nanoparticles generally synthesize in high yield and nearly monodisperse [30],
hence large-scale assembled arrays can easily be obtained
using the simple and widely used droplet drying technique
[22]. The behaviour of various parameters such as contact
angle, volume and height of a droplet during evaporation of
the aqueous phase are shown in figure 6. Figure 6D shows
a schematic representation of a droplet drying with decreasing contact angle and height as well as the convective flow
mechanism which arises owing to the faster evaporation rate

near the contact points [32] within the droplet that leads to
the formation of ring-like deposits. All aforementioned quantities show non-linear behaviour and indicates that initially
all aforementioned parameters drop down slowly (run-no.:
0–2000). After this slow behaviour, a moderate behaviour
is seen in the middle (run-no.: 2000–4000) while relatively
faster dropping of the curves is observed in the end (run-no.:
4000–6000) (figure 6). The comparison of these experimental
physical parameters (figure 6A, B and D) with the deposited
nanoparticle arrays on the HOPG surface could possibly be
explained in the following ways:
i. Slow varying parameters: Initially large number of closepacked arrays at the outer edge of the coffee-stain ring
indicates that owing to the slow evaporation rate, convective flow brings about migration of most of the
nanoparticles towards the three-phase contact line. So,
these particles had enough time to self-assemble in closepacked arrays as shown in figure 2B.
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corners indicating that some cube-like nanoparticles also exist
and are rod-like in shape.
The green bars in figure 5 represent the largest number of
gold nanoparticles (figure 2A), which indicate deposition at
the outer region of the coffee-stain ring. As discussed earlier
the droplet has a large number of nanoparticles in suspension
and therefore a large number of particles are deposited. The
number of particles reduces as soon as the contact line reaches
the middle of the ring (particles shown in figure 2B) as represented by the red bars in figure 5. Even within these specific
regions as one moves inward (100–1400 nm) the number of
particles reduces as shown in the histogram of particle distribution (figure 5). Similarly, blue bars show a number of gold
nanoparticles at various regions of the HIM images as seen in
figure 5D, these bars show the lowest number of nanoparticles.
The most probable reason for such low concentration at the
end within the suspension droplet is due to the utilization of
particles at the outer and the middle region of the coffee-stain
ring.
5. Conclusion

Figure 7. Histogram of long-axis (length) and short-axis (width)
of gold nanorods. Blue and red curves are normal fits of the data bars
and the inset in each panel provide average values of the data.

ii. Moderate varying parameters: Due to the intermediate
nanoparticle concentration in suspension at the middle of
the coffee-stain ring, leads to deposition of moderate number of nanoparticles within the ring as shown in figure 2B
and C.
iii. Fast varying parameters: Owing to the limited number of
nanoparticles in suspension as well as relatively higher
evaporation rate of disappearing droplets leads to rapid
changes in physical quantities (figure 6). As a result
small bunches of nanoparticle deposits are observed (see
figure 2D).

Histograms of long and short axes of gold nanorods showing the average value of the AR of gold nanorods nearly equal
to 1.4. As shown in figure 7, the average value of the length
and width of gold nanorods is equal to 47.21 and 32.6 nm,
respectively. This corresponds to the above-mentioned AR for
the gold nanorods. Although, looking into the HIM images,
most of the gold nanoparticles are anisotropic and rod-like in
shape but there exists some nanoparticles that display sharp

This study highlights the deposition and distribution of
CTAB-stabilized low-AR gold nanorods on the HOPG terraces using the state-of-the-art characterization techniques
such as HIM and AFM. However, AFM is specifically used to
highlight the existence of CTAB in suspension with the gold
nanoparticles. The presence of CTAB molecules in suspension changes the wettability of HOPG terraces by establishing
CTAB self-assembled layers. Such assembled arrays of CTAB
molecules facilitate the deposition in the form of a coffee-stain
ring over the HOPG surface and by doing that it prevents
the contact line from slipping over the surface. AFM analysis revealed that gold nanoparticles were only deposited over
the CTAB layers on the HOPG terraces whereas regions that
showed no CTAB deposits were observed with no nanoparticle deposits.
At various locations of the coffee-stain ring such as the
outer, middle and inner regions, nanoparticle deposition as
well as distribution is evaluated in detail. The outcome of
this study showed that most of the nanoparticle deposits were
observed at the outer edge and at the middle of coffee-stain
ring. However, significantly low number of nanoparticles
were observed around the inner edge of coffee-stain ring.
The deposition effect at various locations within the ring are
mapped with the drying dynamics of the suspension droplet.
Our results will help to further improve the understanding of
self-assembly behaviour especially for low-AR gold nanorods
using the droplet drying technique.
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