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Investigation of copper nanoscale electrocrystallization under directed and non-directed
electrodeposition from dilute electrolytes†
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Directed electrochemical deposition (DECD) with scanning probes has recently emerged as a bottom-up
fabrication alternative to control the 3D morphology at the individual nanostructure level. In order to
fabricate functional nanostructures with desired electrical properties, reactivity or stability, it is of utmost
importance to control crystal growth. Investigating crystal formation in DECD is not straightforward due to
the low fabrication yield and the final structure tending to be an aggregation of multiple particles. Here, we
provide a simple method to investigate the early stages of electrochemical growth with atomic force
microscopy (AFM). Geometric analysis of AFM topography images provide a rapid and quantitative
identification of faceting in nano-crystals, with statistical independence of grain size distribution. We
compare the growth evolution in macroscopic electrochemical deposition of Cu on Au with that under
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directed growth conditions. We find that the directed deposition from micromolar electrolytes in this work
is distinctly different than that of conventional copper deposition, but results in similarly shaped spheroidal
nuclei as those obtained in macroscopic growth from highly dilute electrolytes. The method presented
here opens many possibilities to study in situ electrochemical crystal growth or surface stability in
operando under electrochemical conditions.

Introduction
Controlling the shape evolution of crystallization processes is
an important step in tailoring materials for specific
functions.1,2 Solution-based growth, such as electrochemical
deposition, is a convenient growth method that allows for
considerable control over the growth conditions through
combinations of solvents, additives, and pH, in addition to
heat and pressure.3–5 For instance, the evolution of crystal
morphology is typically controlled through capping agents
that hinder growth from certain crystal facets by specific
adsorption.6,7 As such, by judiciously choosing growth
parameters and environment, morphology related properties
can be tuned for a wide variety of applications ranging from
catalysis to nano-photonics.8–10
Recently, localised electrochemistry has emerged as a new
way to direct the growth in space as it happens, in a 3D
printing fashion.11–15 Moving scanning probes and pipettes
have been shown to direct growth for a number of metals
and semiconductors into intricate 3D nanostructures. Most
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of these methods can be considered to operate far from
equilibrium conditions and the final structures are formed
by the agglomeration of small islands/particles. Studying the
early stages of electro-crystallization is often not trivial.16–19
In fact, even in the well-studied case of electrodeposition of
planar metal films, many fundamental questions remain. For
instance, recent in situ transmission electron microscopy
(TEM) and scanning probe microscopy (SPM) measurements
have revealed different growth dynamics at the individual
nucleus level as compared to classical electro-crystallization
models.18,20 This is even more complex in the case of
directed electrochemical growth, where the low density and
small volume of the deposits hampers the use of standard
characterisation methods, such as X-ray diffraction, X-ray
photoelectron spectroscopy (XPS) or TEM.
In this work, we use in situ and ex situ atomic force
microscopy (AFM) to investigate crystal growth in copper
electro-crystallization localized and directed by a moving
nanoelectrode in close proximity of a gold substrate in a
highly dilute electrolyte, as recently demonstrated by us.15
Copper and its oxides are particularly important active
elements for CO2 reduction, gas sensors and photocatalysis.21 AFM mapping of the growing nanocrystals yields
high resolution imaging of their surface, which holds
information on crystal orientation through faceting. We
combine AFM topography, to obtain the overall size, with
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inclination mapping to highlight the shape and orientation
of nanoscale growth centres. As such, one can investigate
early stages of growth or small metal clusters, where
topography alone is not always conclusive in identifying
facets and crystal orientations. The crystal growth in directed
nanoscale-electrochemistry is compared to that in macroelectrochemical copper deposition. We find that the
nanoscale deposits resemble a spheroidal shape similar to
those found in macroscopic electrodeposition under the
same conditions, but distinct from typical copper growth in
more concentrated electrolytes. We show that the footprint of
islands in tip-mediated deposition is limited by the tip size,
and that the structure has an increasing aspect ratio after
coalescence of individual islands, which is critical for the
controlled fabrication of out-of-plane structures.

Results and discussion
We confine and direct Cu2+ electrochemical deposition on a
Au substrate with nanoscale resolution by translating a biased

Fig. 1 a) Schematic representation of the direct patterning of
electrochemical deposition. b) 3D AFM image of a single Cu line made
with directed electrodeposition by translating the AFM tip electrode
along a 1 μm long path at 10 nm s−1. c) Projected (footprint) area (black,
left) and total deposited volume (blue, right) of directed electrochemical
Cu lines for increasing writing time. The latter is varied by means of the
translation speed of the tip along the 1 μm long lines. The projected area
and volume are obtained from ex situ AFM topography maps as shown in
the small panels above (scale bar 250 nm).
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AFM nano-electrode along a pre-defined path over the
substrate's surface, as schematically represented in Fig. 1a.
The growth occurs periodically by the local electrostatic
interaction of the charged tip with the substrate upon the
discharge of the double layer (see ref. 15 for further details on
the writing mechanism). To maximise the electrostatic
interaction, the salt concentration needs to be low, <10 μM.
In this way, we have shown that scanning probe direct writing
can deterministically draw structures with a resolution of ∼50
nm, as the example of a line shown in Fig. 1b. In this case,
the tip was translated at a speed of 10 nm s−1, resulting in a
more or less continuous line that appears to consist of many
individual islands. By decreasing the translation speed of the
tip (i.e. increasing the writing time), we observe that the
particle density in 1 μm-long lines increases rapidly with time
at short writing times and gradually saturates as islands
coalesce but do not expand laterally. This effect is represented
by the projected area (footprint) of individual lines as a
function of writing time (Fig. 1c, black data points, see
Experimental). In contrast, the total volume of the lines
(Fig. 1c, blue data points), as obtained from ex situ AFM
topography images (ESI-1†), linearly increases with writing
time, or total charge passed through the system. The footprint
and volume trend with writing time indicates that the tip size
limits the width of the written path and out-of-plane growth is
favoured at longer writing times.
From AFM topography images of lines fabricated by
directed Cu electrodeposition, where the individual islands
can be discerned (see Fig. 2a), we observe spheroidal-like
particles with no clear facets as those reported in literature
for (non-directed) Cu electrodeposition from CuSO4
salts.22,23 The non-directed deposition is shown as a
reference in Fig. 2b, where topography was obtained after
the non-directed Cu2+ electrodeposition on Au using 100
mM CuSO4 electrolyte upon applying −50 mV to the Au vs. a
Cu reference electrode wire for 6 seconds. Notice that the
salt concentration is similar to what is used in standard Cu
electrodeposition, and it is five orders of magnitude higher
than in our directed growth experiments and it leads to
slightly lower pH values (pH ∼4 vs. ~6 for the dilute
electrolyte). In agreement with literature, growth under high
salt concentration results in well-defined faceted nanocrystals. As a fairer comparison, we have also performed
non-directed Cu2+ electrodeposition with the same
electrolyte conditions as in the directed case (1 μM), the
topography of which is shown in Fig. 2c. For the dilute
case, we use a macroscopic Cu wire as counter electrode
instead of the tip, as a means to replenish copper ions and
avoid depletion in the bath. After 50 minutes of
potentiostatic growth at −1 V vs. Cu wire quasi reference
electrode, the gold substrate was covered by small (<100
nm) elongated nanostructures, where longer growth times
resulted in higher particle coverage (see Fig. 2c and ESI-3†).
The resulting morphology is very different to the
concentrated electrolyte case. Similar thin leaf-like
morphologies have been found for the (electro)chemical and
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where θ(x, y) is the inclination at the (x, y) position, dx and dy

Fig. 2 Left a–c) a) AFM topography of a line written at 10 nm s−1 with
directed Cu2+ electrodeposition, which shows a few individual islands
along the writing path. b) AFM topography of non-directed Cu
electrodeposition grown from a 100 mM CuSO4 solution. c) AFM
topography of non-directed Cu electrodeposition in the same
electrolyte conditions as a) (1 μM CuSO4), showing a random
distribution of small fin-like elongated particles. The scale bar in all
images is 300 nm. Right d–f) normalised histogram of the angle
distributions for the particles indicated on the left. The dashed lines
correspond to the expected inclination distribution for a spheroidal
shape with dimensions obtained from the topography images. The
curves are vertically shifted for clarity.

hydrothermal growth of CuO.24,25 Kartal et al.24 suggested
that CuO or Cu2O forms during deposition by the
spontaneous chemical oxidation of Cu with dissolved oxygen
in the electrolyte when the deposition rate is small.
Considering the Pourbaix diagram for Cu at room
temperature in the absence of an acidic supporting
electrolyte, the deposit is expected to consist of Cu for low
salt concentration and either Cu or Cu2O for high salt
concentration.26,27 Due to the low metal salt concentration
yielding a very low current density (∼1 μA cm−2) and the
fact that the solution was exposed to air, the
macroscopically grown nanostructures in a dilute electrolyte
solution are likely to be oxidized. In fact, we confirm the
presence of CuO (90%) and Cu2O (9%) with XPS
characterisation, when growing for 7 hours under these
conditions (ESI-3†).
To better assess particle shape and differences between
differently grown particles, regardless of overall size, we
consider gradient maps, where each pixel represents the
magnitude of the local inclination with respect to the
substrate through the simple arithmetic operation:28
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are defined by the scan resolution and dz corresponds to the
measured topography. Converted topography images can be
found in the ESI† document. Fig. 2d–f show the normalized
histogram of the inclination angle within two of the particles in
each growth condition, indicated with a colored square or
ellipse in Fig. 2a–c. In the angle distribution for the
macroscopic growth with a standard solution (Fig. 2e), we
observe three to four prominent well-defined peaks in each
particle, at ∼28° and 42° or ∼20° and 50°, arising from the two
facets that can be seen in the particles in Fig. 2b. The ∼70°
angle between the two facets in both particles is in good
agreement with that expected between the {111} planes of a Cu
crystal with respect to a {110} base. The broad peaks at around
60° and 67° are likely an artefact due to the tip shape. Despite
that the nominal tip shape should allow access to angles up to
65–75°, we observe that the main contribution to the high angle
peak comes from the edges of the particle, where tip
convolution is expected.
In contrast, in both cases where dilute electrolytes were
used, the angle distribution is broad, asymmetric, and centred
at small angles (Fig. 2d and f), which is well reproduced by that
of the top half of a spheroid (dashed curves) with base size and
height as given by the topography images (see additional
information on the spheroid analysis, and histograms for
additional islands in ESI-4†). In the case of directed growth,
the particle footprint is more symmetric, and the base-toheight aspect ratio is smaller, giving rise to a narrower angle
distribution as compared to that grown in the regular EC-cell.
We also observe some deviation in the angle distribution from
that of a spheroid. A peak at low angles (around 10° for the
particle marked in green and at ∼15° for that marked in red in
Fig. 2a) and the absence of angles from 30° and onwards
deviate from the simple spheroid shape. Both deviations can
be attributed to a slightly slanted base around the particle that
is consistently found in islands in direct-written lines (ESI-4†).
In the case of non-directed growth, a broad secondary peak in
angle distribution can be discerned around 55–60°, which we
attribute again to a tip artefact.
To investigate the island growth kinetics and shape
evolution of nanoscale directed growth compared to selfassembly we use the analysis developed by Guo et al.,29 where
geometrical parameters of individual particles of multiple
sizes are considered. Comparing the geometric information
of particles of different size provides information about
growth kinetics, where it is assumed that each island grows
independently and obeys the same growth law. Fig. 3a plots
the volume and projected area obtained from AFM
topography images of islands found in multiple directwritten lines by translating the tip along 1 μm long trajectory
(red markers). Particles are defined by a pre-defined height
threshold in the topography maps (see Experimental section,
ESI-3 and ESI-5†). We have considered several different
conditions for the directed growth, such as voltage and AFM
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Fig. 3 Particle shape evolution analysis. a) Volume and footprint area
plot for multiple individual particles grown under different conditions.
Light and dark red circles: directed growth from 1 μM CuSO4(aq); blue
triangles: non-directed growth from 1 μM CuSO4(aq); green squares:
non-directed growth from 100 mM CuSO4(aq). The geometrical
parameters have been obtained by ex situ scan-assist AFM topography
images, as explained in the Experimental section. The solid line
represents the ideal isotropic hemispherical growth case. The dashed
lines are power law fits to the data points. b) Footprint (a) symmetry
evolution represented by the minor vs. major axis for the equivalent
ellipse of multiple individual particles. Different markers correspond to
different growth conditions as in a).

writing parameters. Similarly, we also include geometrical
data from individual particles obtained from non-directed
growth conditions from the dilute electrolyte (blue markers).
As reference, we also include the volume and footprint area
of copper particles grown from a higher concentration of 100
mM CuSO4 (green markers). AFM and SEM images of the
latter are shown in the ESI-2.†
As explained in ref. 29, the volume (V) and footprint (A) of
a growing particle increase following the power-law:
V = αAm
where α is a proportionality constant that depends on the
particle shape (e.g. α = 1/2 or 1 for a spherical or cubic shape,
respectively) and m carries information about the growth
mechanism. The latter is also the slope in a doublelogarithmic representation and is defined as m = 1 + b/2a,
where a and b are the corresponding exponents for the lateral
and vertical growth over time, respectively (i.e. width ∝ timea
and height ∝ timeb). Consequently, the m-slope reveals
whether the particle grows isotropically (a = b and thus m =
1.5), preferentially in-plane (a > b, m < 1.5) or preferentially
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out-of-plane (a < b, m > 1.5). It is interesting to note that for
the dilute electrolyte, geometrical data of all particles follow a
common trend with a slope of m ∼ 1.1 as obtained from
fitting a power-law to the data regardless of growth
conditions (directed or non-directed). This analysis confirms
preferential in-plane growth for the dilute electrolyte. This is
in contrast to particle growth in more standard
electrochemical conditions (100 mM CuSO4), which is
represented by the green data points. In agreement with
literature,30 we find that the growth in standard
electrochemical conditions to be more isotropic with a slope
of m ∼ 1.26 in the double-logarithmic representation.
The similar slopes found in the two growth methods from
the dilute electrolyte initially suggests that confining electrodeposition does not influence the growth kinetic mechanism,
but it is ruled by the electrolyte. However, despite the area–
volume relation being the same, we find that the nondirected grown nanostructures are generally more elongated
and wire-like (see also Fig. 2). To better illustrate the
progression of the nanostructure footprint, Fig. 3b represents
the largest and smallest in-plane dimensions (major and
minor axis from a fitted ellipse, respectively) of the same
individual particles as in Fig. 3a. As expected from the AFM
and SEM images, self-assembled nanostructures (blue data
points) preferentially grow along one of the two in-plane
dimensions (i.e. highly anisotropic), which leads to thin
elongated structures where the thickness is observed to be
limited to <10 nm for single rods, only growing higher at
much longer growth times, where individual rods also start
to overlap (ESI-3†). As mentioned earlier, the slow deposition
rate could lead to copper oxidation, which self-limits the
crystal thickness and results into highly anisotropic CuO
growth. In these conditions, the deposition rate is limited by
the low ion concentration.
On the other hand, in directed deposition (red data
points) the in-plane growth is notably isotropic until the
particle size reaches the tip diameter (∼50 nm, indicated by
the grey dashed line), at which point the particle width (in
the direction perpendicular to the writing direction)
saturates. It should be noted that the data points for the
largest major axes consider a more or less fully coalesced line
(1 μm). The particle evolution in directed deposition
resembles that found in the electrochemical copper
deposition from 100 mM CuSO4 in this aspect (green data
points). In this case, the in-plane growth is clearly isotropic
as the two in-plane dimensions are approximately the same
as the particles grow (Fig. 3b). We believe that despite the
low ion concentration, the close proximity of the tip counter
electrode to the substrate facilitates a faster deposition rate
compared to the non-directed case with the same electrolyte
conditions, evidenced by the fact that a much longer
deposition time was required to grow the non-directed
sample compared to the lines (factor 30 for the images in
Fig. 2), despite yielding smaller islands. On the other hand,
the fact that the vertical growth is hampered in the directed
case as compared to growth from a non-dilute electrolyte, we
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believe is likely due to the restricted ion access by the tip
itself. A 2D radial diffusion of ions towards the deposit would
promote an increasing lateral growth rate (a > 1, and m <
1.5) and thus decrease the aspect ratio over time.
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Conclusions
In this paper we use the geometrical data obtained with AFM
to investigate the electrochemical growth of nanoscale copper
particles from a highly dilute (1 μM) electrolyte. We distinguish
and compare growth in a regular 3-electrode electrochemical
cell and growth directed by a nanoelectrode AFM tip. From the
topography images we show that the growth of copper can be
directed out-of-plane using tip-mediated growth, if the tip
speed is low enough for different islands to coalesce. We
analyse the shape of these copper islands through the
inclination distribution, which shows that they have a
spheroidal shape in both dilute cases, in contrast to copper
growth at higher concentrations. Furthermore, we show that
the early stage of growth in the dilute electrolyte is
preferentially in-plane for both the directed and non-directed
deposition. A striking difference however is that lateral growth
is confined to 1 dimension in the non-directed deposition,
similar to shapes observed in copper oxide species; whereas
the tip-mediated growth is isotropic in-plane, until it reaches
the bounds of the tip diameter. The latter is comparable to the
growth in more concentrated electrolytes.

Experimental
Sample fabrication and electrodeposition
For the direct writing, we use a 2-electrode configuration
consisting of an insulated AFM tip, except for a Pt coated
apex,31 and the metal substrate. The potential is controlled by
either a CH760E or a BioLogic SP-300 potentiostat. The
substrate electrode consists of a silicon substrate coated with a
chromium adhesion layer and a gold top layer contacted from
the top. Electrodeposition was done from 100 mM and 1 μM
aqueous (MilliQ®, 18.2 MΩ cm) copper sulfate solutions
(CuSO4·5H2O, 99.995% from Sigma-Aldrich). The low
concentration electrolyte was prepared before every experiment
from a 1 mM CuSO4(aq) stockpile and diluted (1000×) using
fresh MilliQ water. Due to the hydrolysis of CuSO4, the solution
is more acidic for the higher salt concentration (pH ∼4 vs. 6).
The electrochemical cell used for the in situ mapping of copper
nuclei, and the nanoscale deposition is shown schematically in
ESI-6.† The nondirected deposition from the dilute electrolyte
was done in an electrochemical cell outside of the AFM setup,
with an exposed electrode area of 1.5 cm2 using a coiled copper
wire as the counter electrode. The measured open circuit
potential in this cell for the 1 μM CuSO4 electrolyte is ∼650 ± 90
mV vs. Cu QRE (obtained for 7 samples, as shown in ESI-7†).
Atomic force microscopy (AFM)
AFM measurements were performed using a Bruker
Dimension Icon. The protocol for the directed nanoscale
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writing is explained in depth in ref. 15. The in situ images as
shown in Fig. 2b, and ESI-2† are obtained with the ScanAsystFluid+ probe (Bruker, nominal tip radius 2 nm), in PeakForce
tapping mode. Ex situ images were obtained with the
ScanAsyst-Air probe (Bruker, nominal tip radius 2 nm). Ex
situ images were also used for the directed nanoscale
deposition as the SECM probe used for the deposition was
relatively large compared to the features of interest (nominal
radius 25 nm).

AFM data treatment
AFM images were treated by removing the polynomial
background (first or second order) and removing image defects
by aligning rows or removing scars using the Gwyddion
software.32 The shape analysis is done using height
thresholding and considering the pixels underneath the
resulting mask. Projected (footprint) area and deposited
volume (Fig. 1) are obtained using a height threshold of 2 nm
(∼3× the sample roughness) for every written line. The masks
in Fig. 2 are obtained by manually identifying the islands and
combining that with a height threshold, the histogram was
then obtained using the slope distribution tool, with
inclination maps constructed through the arithmetic operation
as mentioned in the main text (ESI-4†). Similarly, for the data
in Fig. 3, the area of interest was combined with height
thresholding after which the grain correlation tool was used to
get projected area vs. volume and major vs. minor axis of the
equivalent ellipse (the numbers in Fig. 3 are multiplied by 2 to
reflect diameters rather than radii).

XPS measurements
XPS spectra were acquired using a Scienta Omicron HiPP-3
analyzer using an entrance slit of 2.5 mm, and a
monochromatic Al Kα source operating at 20 mA emission
current. The base pressure was ∼2 × 10−9 mbar, and the
operating pressure was ∼5 × 10−9 mbar. Survey and highresolution spectra were acquired at pass energies of 500 eV
and 100 eV respectively. Data analysis and quantification
were performed using KolXPD from Kolibrik.
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