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We present a study of the deposition and assembly of Cetyltrimethyl
Ammonium Bromide (CTAB) coated gold nanorods onto Highly
Oriented Pyrolytic Graphite (HOPG) surfaces. Room temperature evaporative self-assembly of gold nanorod suspension droplets typically
gives rise to nanorod deposits exhibiting various shapes in relation to
the substrate properties. This work is focused on the study of the eﬀect
of HOPG step-edges on the alignment and orientation of the prolate
nanoparticles. The surface topography was investigated using Scanning
Electron Microscopy (SEM) and scanning probe techniques, Scanning
Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM).
These local imaging tools enable identiﬁcation of the spatial distribution and mutual orientation of nanorods. Our results show a surprisingly pronounced orientation of the nanorods at the proximity of stepedges. The possible mechanisms that govern the assembly are discussed
in detail.
Nikoobakht and El-Sayed [1] introduced eﬃcient approaches to
synthesize gold nanorods. These methods are often used for synthesis of
gold nanorods with high yield and a very low degree of polydispersity.
The availability of nanoparticles with high yield, and uniform shape
and size has enabled a wide range of studies focused on the self-assembly of the prolatenanoentities [2–5]. Self-assembly of colloidal nanocrystals into ordered superstructures has emerged as a powerful
strategy for the bottom-up fabrication of novel nanostructured materials with pre-deﬁned design, fascinating (collective) properties, and
promising applications in functional devices [2,3]. Considerable progress has been made in the spontaneous self-assembly of gold nanorods
into two dimensional (2D) and three dimensional (3D) superstructures
with long-range ordering [3–5]. However, it remains a challenge to
develop facile, controllable and reproducible self-assembly approaches
toward discrete gold nanorod supercrystals with well-deﬁned
morphologies and characteristics.
In numerous studies [6,7] focused on controlled surface processes,
HOPG is often chosen as a model substrate. It has been claimed that the
areas of the highest activity on the HOPG surface are step edges [8].
Francis et al. [9] reported the growth of 3D clusters of silver and gold
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on the terraces and the growth of quasi-one dimensional chains of
clusters along the step edges. Furthermore, a variety of shapes and sizes
can be obtained depending on the pre-treatment and environment
during deposition. Penner and co-workers [10,11] have performed a
systematic study aimed at ﬁnding appropriate conditions to obtain
narrowly dispersed homogeneously distributed metal nanoparticles on
HOPG. They have also investigated the conditions that lead to the
formation of uniform nanowires at HOPG step-edges [12,13]. Metallic
nano-deposits on HOPG can be prepared by several techniques such as
chemical vapor deposition [14], physical vapor deposition [13], open
circuit potential deposition by immersing it in a solution of metal ions
[15], electrochemical deposition by applying potential pulses [16];
deposition primarily at step-edges has been observed in a number of
reports [12,13,17].
Here, we present a study of gold nanorods deposited from aqueous
suspensions onto HOPG substrates. Droplets of nanorod suspension are
deposited onto a freshly cleaved HOPG surface followed by room
temperature evaporation of the solvent. Deposits consisting of nanorods
and surfactant are imaged using SEM, STM and AFM, and analyzed with
reference to the contact line motion and morphology of the substrate.
To our knowledge, this is the very ﬁrst attempt to study dynamics of
nanorods and their assembly from liquids onto HOPG surfaces.
Gold nanorods (AR-3 and AR-5) used in this work were synthesized
following the well-known seed mediated protocol described by
Nikoobakht and El-Sayed [1]. Highly Ordered Pyrolytic Graphite
(HOPG) is a well-deﬁned, pure form of graphite that has a very smooth
surface due to its layered structure. The carbon layers are held together
by weak Van der Waals forces. This allows easy cleavage along the
(0001) Hexagonal Close Packed (HCP) plane. Cleaving is done using
scotch tape thereby creating a clean pristine surface. The freshly
cleaved surfaces are used as substrate material without any further
treatment. Contact angle measurements with pure water droplets on
HOPG yield static, advancing and receding contact angles of 87.4°,
97.9° and 51.3°, respectively; for gold nanorod suspensions slightly
lower values, typically 10–15° lower were obtained, which is ascribed
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Generally, nanorods deposited near step-edges exhibit a strong
preferential orientation as shown by the histogram in the inset of
Fig. 2F, G. To obtain the histograms, the angle of the long axis relative
to the step-edge direction is determined for a large number (more than
500) of nanorods in diﬀerent SEM images. Within the step-edge deposits nanorods are oriented in an end-to-end fashion, while they are
predominantly aligned parallel to the step-edges, Fig. 2C and D. Away
from the step-edges on the graphite terraces, close-packed assemblies of
side-by-side aligned nanorods were found which do not exhibit a preferential orientation, Fig. 2E and F. The random orientation is also
obvious from the histogram in the inset of Fig. 2F, H. Moreover, on the
terraces the nanorods are distributed primarily in a single layer. Close
examination of several images revealed that only very few isolated
nanorods are observed at the terraces.
Here we present Scanning Tunneling Microscopy (STM) images of
plasmonic nanorods with a stabilizing coating of CTAB. As far as we are
aware STM has not yet been employed to study deposits of surfactantstabilized gold nanorods on any substrate. STM studies of mixed
monolayer surfactant coated nanoparticles have been reported both
experimentally and through simulation [21,22]. However, HOPG was
not used as a substrate in this work. Fig. 3A and B reveal features, which
may be ascribed to traces of a residual layer around the gold nanorods,
dried from suspension; considering the composition of the liquid, with
excess amounts of CTAB, we assume this residual layer to consist primarily of CTAB. Height proﬁles along three lines (1, 2 and 3, indicated
in Fig. 3A) are plotted in the inset of the same ﬁgure showing the height
of rods as well as the CTAB layers in the vicinity of the rods. Similarly,
height proﬁles taken along the green [4] and red [5] lines in Fig. 3B are
also plotted in the inset of the same ﬁgure. A more quantitative analysis
of these results indicated that the length and width (approx. 50 nm and
10 nm, resp.) of the nanorods were in good agreement with our observations in the SEM images of Fig. 2. The height of the nanorods,
however, in the proﬁles is 0.7 nm, which is considerably smaller and
does not agree with the diameter of the gold nanorod used in this work.
Using the known step-edge height on HOPG surfaces (0.33 nm), we
carefully veriﬁed the calibration of the z-direction to eliminate this as a
potential source for error. A possible explanation for the considerable
smaller height of the nanorods in comparison to expectations based on
their diameter is most likely related to the limited conductivity of the
CTAB layer on the substrate and also on the nanorod surface. The reported [23] thickness of the fully stretched CTAB molecule is 2.2 nm,
whereas the length measured is reported [24] to be 1 nm–1.5 nm.
However, as the STM image in Fig. 3B reveals, the thickness of the
CTAB layer on HOPG is 0.4 nm–0.8 nm, indicating that the deposited
layers of these molecules might be oriented parallel on the surface.
Besides, STM results suggest that the aforementioned variation in the
CTAB height could be due to a single and double layer deposition of the
molecules on the HOPG. The presence of a CTAB layer on the HOPG
substrate will provide a barrier for tunneling. However, when the STM
tip probes a coated gold nanorod, current has to pass through three or
more layers of CTAB, i.e. on both sides of the gold nanorod along with
layers deposited on the HOPG surface. As a consequence the apparent
height is markedly smaller than the physical dimension of the nanorod.
The SEM images in Fig. 2 clearly show alignment of nanorods along
the step-edges. However, these results do not conclusively indicate
whether the nanorods are placed on the upper or lower side of the step
edge. For this purpose, we use AFM to identify their position with respect to the step-edges. Fig. 3C shows an overview of the nanorod deposits close to the step-edges. The white square region in Fig. 3C is
enlarged in Fig. 3D, showing the dominant deposition of nanorods at
the lower side of the step-edge. The step-edge height in this case
amounts to be ≈ 5 nm (corresponding to multiple HOPG steps) while
the diameter of the nanorod is ~ 10 nm as depicted in the inset of
Fig. 3D. Unlike the STM results, the height determined by AFM is in
good agreement with the physical dimensions, i.e. the diameter of the
nanorods used in this work.

primarily to the presence of the CTAB surfactant in the liquid.
HOPG has a ﬂat surface and is conductive. As such, it can be used in
a number of diﬀerent analysis techniques to investigate deposition and
assembly of entities on the surface [7,14,17]. SEM images were recorded by using a Zeiss 1550 system with an optimum resolution of
1 nm at an accelerating voltage of 2 kV. For the analysis of the CTABcoated (C19H42BrN) gold nanorods, a NaioSTM (Nanosurf, version 3.1)
was used. Typically, the set point for the tip-current and tip-voltage
amounted to 1 nA and 1.5 V, respectively, to visualize the deposits on
the HOPG surface. Tapping mode AFM imaging was performed on an
Agilent 5100 atomic force microscope using HQ:NSC35/Al probes
(Mikromasch) with anominal spring constant of 5–16 N/m and resonance frequency 150–300 kHz.
In the experiments a 5 μl droplet of nanorod suspension is deposited
on an HOPG surface and the solvent was allowed to evaporate at room
temperature. Typically after 2 h the solvent has completely evaporated
leaving bright regions of deposits on the surface. For SEM and AFM
measurements, nanorod suspensions of AR-5 (1.89 × 1011/cm3) were
allowed to dry on the HOPG substrate, while deposits after drying of
two diﬀerent nanorod suspensions (AR-3 and AR-5) were used for the
STM experiments. For STM analysis the reason for choosing AR-3 nanorods is the high concentration (1.18 × 1012/cm3) of these particles
with respect to the AR-5 nanorods. In fact, it was very diﬃcult to ﬁnd
nanorods on the surface owing to the small scanning area
(500 nm–500 nm) of the STM. Using a concentrated suspension of nanorods will ultimately increase the probability to catch them under the
STM tip.
Fig. 1A shows UV–Vis spectra of as-synthesized gold nanorods.
Histogram of the width and length of nanorods were obtained using
image analysis software ImageJ. The average value of width and length
of nanorods are mentioned in the inset of Fig. 1B. SEM images are
shown in Fig. 1C and D for AR-3 and AR-5 nanorods respectively. The
inset in Fig. 1D shows a photograph of dried droplet of suspension. A
schematic representation of a CTAB molecule is depicted in Fig. 1E.
In contrast to the oxide-coated silicon substrates [4], the hydrophobic nature of HOPG does not inhibit strong pinning of the threephase contact line at a ﬁxed location. As a result, stick-slip-like contact
line motion [18] was observed during drying and correspondingly
patchy deposits are generally observed on the surface after drying.
Pinning generally occurs as soon as nanoparticles arrive at the threephase contact line due to the convective ﬂow induced by the evaporation of the solvent [4]. The suspended nanoentities close to the
contact line will initially deposit on the surface as shown in the topright part of Fig. 2A. Such deposits are often observed on hydrophilic
surfaces, while on hydrophobic surfaces, such as HOPG, their occurrence is less frequent. Due to the smaller contact area and larger contact
angles, slip behaviour of the three-phase contact line is more likely on
hydrophobic surfaces such as HOPG. Therefore, after the very ﬁrst
pinning the contact line slips and will suppress (as expected) the coﬀeestain eﬀect. Hence, ‘coﬀee-stain’ like dense deposits are much less
probable on non-wetting surfaces [19,20]. Furthermore, the step-edge
geometry and the interaction with the solute and solvent may also
contribute to the pinning of the contact line.
The area, density and height (single layer and multilayer) of the
deposits depend on the nanoparticle concentration in the vicinity of the
three-phase contact line. The initial deposits appear dense and consist
of many stacked layers with no preferential orientation. Moreover, the
deposits have diﬀerent sizes at the positions where the contact line is
pinned; in some cases deposits appeared as dense wide arrays while
elsewhere only thin dilute lines were observed. In addition, the deposited superstructures away from the initial deposits predominantly
exhibit nanorods distributed in a single layer, Fig. 2B and C. The regions
where the three-phase contact line had moved were not completely
depleted of nanorods, but instead exhibited clusters close to the HOPG
step-edges, Fig. 2D. Nanorods in these clusters showed preferential
orientation (arrowed yellow) in the direction of the step-edge.
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Fig. 1. (A) UV–Vis of AR-3 (blue) and AR-5 (red) gold nanorods. (B) Histogram of width and length of AR-3 (a,b) and AR-5 (c,d) gold nanorods; the normal ﬁts are depicted by the red
curves and its peak values for AR-3 and AR-5 are mentioned in the inset of (B). (C,D) SEM images of AR-3 and AR-5 nanorods; the inset in (D) shows a photograph of the dried suspension
droplet. (E) Schematic representation of a CTAB molecule. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

HOPG surface is schematically summarized in Fig. 4(B–E).
For the gold nanorod, it is very much likely in a ﬂuidic environment
with a moving contact line to deposit preferentially at the lower side (as
shown in Fig. 3D) of the step-edge for the reason that the step-edge wall
could oﬀer physical support to the dragging rods on the surface. Conversely, no deposition at the upper position of the step-edge suggests
that the evaporation induced ﬂuid ﬂow may sweep the nanorods away
from the proximity of the step-edge on the upper terrace. Furthermore,
it has already been reported that the lower end of the step-edge is most
hydrophilic whereas the upper end of the step-edge is most hydrophobic in nature [25]. In this work, variations in hydrophobicity/hydrophilicity were attributed to variation of the atomic coordination at
the top and the bottom of the steps. Such eﬀects might also play a role
here. Moreover, speciﬁc functionalities originating from the edges of
graphene ﬂakes and likewise the step-edges of HOPG have been reported [8,17]. The larger activity implies altered energetics at these
places, this might also play a role here. To abridge, the alignment of the
nanorods at the lower end of the step-edges of the HOPG substrate will
possibly due to the minimization of free energy that drives the

As described earlier, we deposited droplets containing CTAB-stabilized gold nanorods and an excess concentration of CTAB molecules on
a freshly cleaved HOPG surface; this is schematically shown in Fig. 4.
During the subsequent evaporation, the contact line remains pinned for
a while due to the large concentration of particles and after slipping it
leaves behind large area deposits (shown by the red line peaks in
4B–4E), as it is evident from the nanorod deposits shown in Fig. 2A–B.
In this respect the behaviour is similar to that of nanoparticle droplets
evaporating on hydrophilic surfaces [4]. However, after the initial
pinning the three-phase contact line moves inward in a stick-slip
fashion [18], leaving behind annular regions of relatively dilute deposits; the composition of these nanorod assemblies depends on the
particle density and solution composition close to the contact line.
Moreover, in the dried droplet ﬁnger print, we observed typical nanorods aligned along the step-edges and also close-packed single-layer
self-assembled features on the ﬂat terraces of the HOPG. The latter did
not show any preferred orientation relative to the substrate. The feature
of stick-slip motion (blue dashed lines) as well as the relative density
(red line) of the gold nanorods after evaporation of the solvent on the
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Fig. 2. SEM images at various locations on the
HOPG surface after drying. (A) First deposits of
gold nanorods (arrows indicate the slip deposits
of nanorods close to the step-edges). (B, C)
Nanorods preferentially assembled at the stepedges. (D) Enlarged view of end-to-end aligned
nanorods next to the step-edges, and (E, F) single
layer arrays of nanorods on terraces. The inset in
(F) shows angular histograms of gold nanorod
orientation with respect to the step-edge direction on HOPG, (G) at the step-edges, and (H) on
terraces.

orientation of the nanoparticles. As a ﬁrst suggestion, one may assume
that capillary interactions give rise to the orientation of the long axis
along the step-edge direction, see Fig. 5. Attractive Van der Waals interactions or even depletion forces may be considered, since at a stepedge there is, in principle, more contact area between nanorod and the
diﬀerent facets of the surface.
However, the step-height on the HOPG surface amounts to 0.33 nm
for a single step; bunching gives rise to multiples of this. The nanorod
radius of curvature is typically one order of magnitude larger. As such,
the excluded volume potentially leading to depletion driven alignment
or the larger Van der Waals forces due to interaction with the surface
morphology will in general not be very pronounced as composed to the
thermal motion of the nanoparticles.
Although the density of deposited nanoparticles on the HOPG terraces is much lower, however, we do observe clusters of nanorods in
these areas. The clusters generally consist of a single layer of a ﬁnite
amount of mutually aligned nanorods. Despite the orientation relative
to each other, we did not observe any preferential orientation of the
clusters with respect to the substrate surface features. The agglomeration is most likely driven by a similar mechanism as reported previously
[6], aided by the capillary force due to the receding contact line.
To summarize, in this paper we presented results of a study into the
deposits of gold nanorods on freshly cleaved HOPG surface. An aqueous
droplet containing gold nanorods was dried. After complete evaporation of the ﬂuid, the nanoparticle deposits were analyzed using diﬀerent
imaging techniques, SEM, STM and AFM.
From the topographical analysis on the hydrophobic HOPG surface,
we conclude that the three-phase contact line is not pinned during the

entire evaporation process, as it is on hydrophilic substrates. The deposits reﬂect the stick-slip motion of the contact line with dense annular
deposits that in general shows reduction in density after subsequent
pinning (where the contact line ‘sticks’) separated by more diluted regions (where the three-phase line ‘slips’). The dense deposits, corresponding to position where the contact line stopped moving, exhibit
features similar to those on hydrophilic substrates. In the more dilute
regions, nanorods preferentially arrange along the HOPG step edges,
and more speciﬁcally on the lower side of the step. The majority of the
terraces separating the steps were mostly depleted of nanorods. At locations where deposits were observed, they exhibited “aligned side-byside assembly”, but not oriented along any speciﬁc directions of the
substrate.
We also presented the STM-based study of CTAB-coated gold nanoparticles. The conducting HOPG substrate enables STM imaging, and
surprisingly the CTAB layers on the nanorod surface are suﬃciently
conductive to allow tunneling current to pass through. We have been
able to detect not only individual nanorods but also their multi-layered
clusters. Due to the limited conductivity of the CTAB layers, the height
features are not in agreement with the actual dimensions of the nanorods.
In contrast to STM, AFM analysis did not show any discrepancies in
measurements of nanorod dimensions. Importantly, AFM images revealed that nanorods preferentially accumulate on the lower side of the
step-edge. This was very much expected during drying on non-wetting
surfaces like HOPG, for the reason that nanorods ﬂow with the liquid as
the contact-line moves inward, and eventually settles with the stepedges. Consequently, low energy position for the gold nanorods will be
28
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Fig. 3. STM images of rods with traces of HOPG;
the inset in (A) shows line scans along arrows 1,
2, and 3, and the inset in (B)shows plots of the
green [4] and red [5] line scans. Aspect ratios of
the nanorods amounted to 5 (A) and 3 (B). Setpoints for tunneling are 1.5 V and 1 nA. (C)
Overview and (D) enlarged AFM images of gold
nanorods deposited at the step-edges of HOPG.
The inset in (D) depicts cross-sections indicated
by the green [1] and red [2] lines. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version
of this article.)

Fig. 4. (A) Schematic representation of a droplet containing
CTAB-coated nanorods (radially colored orange yellow rods) and
a surplus of CTAB (purple tail with yellow head) on the HOPG
surface; the black dotted arrows indicate the relative evaporation rate of the solvent. (B, C, D, E) Stick-slip like shrinking
droplet (blue dashed line) leaves behind subsequent deposits of
gold nanorods. The size of the deposited particle rings within the
stick regions is shown by the peaks in the red line. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Schematic drawing showing the alignment of nanorods at a step-edge and isotropically distributed nanoparticles on the HOPG terraces.

the instance when their long axis orients along the direction of the stepedges.
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