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ABSTRACT: This Letter shows that copper nanowires grow through the
diffusion-controlled reduction of dihydroxycopper(I), Cu(OH),”. A
combination of potentiostatic coulometry, UV—visible spectroscopy, and
thermodynamic calculations was used to determine the species adding to
growing Cu nanowires is Cu(OH), . Cyclic voltammetry was then used to
measure the diffusion coefficient of Cu(OH),” in the reaction solution.
Given the diameter of a Cu nanowire and the diffusion coeflicient of
Cu(OH),", we calculated the dependence of the diffusion-limited growth

rate on the concentration of copper ions to be 26 nm s™' mM™.

Independent measurements of the nanowire growth rate with dark-field optical microscopy yielded 24 nm s™ mM™" for the
growth rate dependence on the concentration of copper. Dependence of the nanowire growth rate on temperature yielded a low
activation energy of 11.5 kJ mol™', consistent with diffusion-limited growth.
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S elf-assembly is the spontaneous organization of compo-
nents such as atoms and molecules into patterns or
structures (e.g., crystals) without human intervention."” In the
past decade, the number of syntheses available that enable
control over the anisotropic self-assembly of atoms into
nanostructures has increased from less than a dozen to
thousands.>™® The ability to make and use anisotropic
nanostructures has advanced tremendously, but the degree to
which the growth process is understood depends upon the
synthetic methodology. For nanowire growth in the vapor
phase, it is generally recognized that semiconductor nanowires
grow via a process in which material in the vapor phase is
incorporated into a growing nanowire via nanoparticle
catalysts."’"'* For self-assembly in the liquid phase, CdTe
nanowires, iron oxyhydroxide nanowires, and PbSe nanorods
have been shown to grow through the oriented attachment of
smaller spherical nanoparticles.">™** Bi,S; nanowires have
recently been shown to exhibit polymer-like nanowire growth
kinetics.'® In constrast, for metal nanowires, it is not clear
whether the species adding to the nanostructure consists of
metal ions, reduced metal atoms, or metal clusters. In addition,
it is not clear what mechanistic step limits the rate of
nanostructure growth.

Metal nanowires have the potential to be a low cost
replacement for the transparent conductor, indium tin oxide
(ITO), in touch screens, flat-panel displays, thin-film solar cells,
and organic light emitting diodes."’ ™ Improving the proper-
ties and cost of nanowire-based transparent electrodes requires
greater control over the structure and yield of nanowires in
solution phase syntheses, which in turn motivates mechanistic
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studies of nanowire growth in solution. However, as the growth
of metal nanowires has generally been difficult to observe in
real time, there is as yet very little quantitative analysis of
nanowire growth kinetics in solution, let alone a clear
relationship between the growth kinetics and nanostructure
morphology.'*'™>% The recent development of in situ
transmission electron microscopy (TEM) and transmission X-
ray microscopy (TXM) has enabled the real time visualization
of spherical nanoparticle and nanorod growth in a liquid
environment, semiconductor nanowire growth in the vapor
phase, as well as the galvanic replacement reaction between Ag
nanowires and HAuCl,.'"'>?"?%2673% TEM or TXM-based
visualization has yet to be applied to the solution-phase growth
of nanowires, perhaps due to the lack of temperature control
and the high cost of the current technology.

Cu nanowires synthesized through the ethylenediamine-
(EDA-) mediated approach have previously been shown to
grow along the [110] direction with a S-fold twinned crystal
structure.>* > This growth direction and crystal structure is the
same as for Ag nanowires grown with a polyol synthesis using
polyvinylpyrrolidone (PVP) as a capping agent.”” Similar to the
case of Ag nanowires and PVDP, it has been hypothesized that
EDA preferentially binds to the higher surface energy {100}
facets that make up the sides of the wire, leaving the lower
energy {111} facets on the ends of the nanowire open to
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Figure 1. (A) Camera image and schematic cross-sectional view of the reaction cell with the dark field optical microscope. Real time growth of Cu
nanowires recorded at (B) 0, (C) 32, (D) 65, and (E) 108 s. Scale bar is 2 ym.
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Figure 2. (A) Plot of length versus time for five Cu nanowires. Dependence of the growth rate on the (B) [Cu(Il)], (C) [N,H,], and (D)
temperature. Each data point and error bar in parts B—D represents the average and standard deviation of ten measurements.

atomic addition. Indeed, it has previously been shown that
increasing the concentration of EDA in the Cu nanowire
synthesis decreases the rate of addition of Cu to the ends of the
nanowires.*® However, it was not clear what species was adding
to the nanowire or what mechastic step limited its rate of
growth.

Here we introduce a growth model derived from real time
observation of Cu nanowire growth in solution with dark field
optical microscopy (DEOM).*® By enabling the measurement
of the axial growth rate of nanowires in real time, DFOM
provides a way to probe the reaction mechanism under a variety
of conditions quickly, and at relatively low cost. By using
DFOM to observe the growth rates of Cu nanowires grown at
various reaction temperatures, concentrations of Cu(NO,),,
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and concentrations of N,H,, we determined that Cu nanowires
grow through the diffusion limited reduction of Cu(OH),™.
The initial formation of Cu seed particles and subsequent
nanowire growth can be visualized in a reaction cell situated in
the viewing plane of a dark field optical microscope (see Figure
1A, experimental details are given in the Supporting
Information). The reaction solution is made by mixing
NaOH, Cu(NO;),, EDA, and N,H, in water at room
temperature. A typical nanowire growth process (see Movie
S1, Supporting Information) at 343 K was recorded at rate of 1
frame per second. Four frames extracted at 0, 32, 65, and 108 s
are shown in Figure 1B—E. Here, O s is chosen as the last frame
in which no nanowire is visible. The reaction temperature was
monitored by a thermocouple situated next to the cell; this
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Figure 3. (A) UV—vis absorbance spectra of (i) 14.3 M NaOH + 4.7 mM Cu(NO,),, (ii) solution (i) + 0.11 M EDA, and (iii) solution (ii) + 25 mM
N,H,. (B) Pourbaix diagram of the Cu-EDA-H,O system with 1 mM of Cu(II) and 100 mM of EDA. (C) CVs of solutions i, ii, and iii at 100 mV
s'. (D) Remaining Cu(OH),>™ vs charge transferred during the reduction of Cu(OH),>™ at —0.45 V. Straight lines represent the theoretical trend

for a one- or two-electron reduction of Cu(OH),*".

thermocouple was calibrated by comparing the output to a
secondary thermocouple located in the cell under the same
reaction conditions (Figure S1). By measuring the lengths of
the Cu nanowires in different frames, we determined the
growth rate of individual nanowires.

The growth of Cu nanowires was examined under various
temperatures, concentrations of Cu ions ( [Cu(H)]), and
concentrations of hydrazine ([N,H,]). As seen in Figure 24,
the axial growth rate of the Cu nanowires is constant over time;
this was the case for all the experimental conditions for which
we show data in Figure 2. When the reaction was carried out
with [Cu(II)] = 4.7 mM and [N,H,] = 25 mM at 343 K, the
Cu nanowires grew at a rate (dL/dt, where L is the nanowire
length and ¢ is the growth time) of 86 + 4 nm s™". If [Cu(1I)]
was increased from 1.9 to 5.6 mM while keeping [N,H,] and
temperature (T) constant, the growth rate increased linearly
from 17 to 103 nm s~ with a slope of 24 nm s™' mM ™" (Figure
2B). In contrast, the growth rate is independent of [N,H,]
between 19.8 and 62.6 mM (Figure 2C), indicating that the
reduction of the ionic copper precursor is not the rate-limiting
step responsible for nanowire growth. The growth rate is also
temperature dependent, and increases with increasing temper-
ature from 333 to 363 K (Figure 2D). The log of the growth
rate is linear with respect to the reciprocal of the temperature
with a slope of =600 nm K s~ at [Cu(I)] = 4.7 mM and
[N,H,] = 25 mM. Cu nanowires do not form outside of the
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range of concentrations and temperatures shown in Figure 2B—
D.

To facilitate the further interpretation of this real-time
growth data, we will first provide additional experimental results
to show that the species adding to the Cu nanowires is
Cu(OH),". Prior to the addition of EDA and N,H, the
solution of Cu(Il) in concentrated NaOH (pH ~15) appears
deep blue, with a broad absorption peak at ~650 nm (curve i,
Figure 3A). This absorption spectrum is consistent with the
formation of a Cu(OH),>~ complex.*® After addition of EDA
there is negligible change in the absorption spectrum (curve ii,
Figure 3A). By titrating NaOH into a solution containing EDA
and Cu(II), we can observe that there is no spectral difference
between a solution of Cu(II) and NaOH with or without EDA
at a [NaOH] > 14.3 M (Figure S2). These results indicate that
EDA does not coordinate to Cu(II) under the conditions used
for the Cu nanowire synthesis.

If N,H, is added to the blue solution containing NaOH,
EDA, and Cu(Il), the solution turns colorless and the
absorbance peak disappears (curve iii, Figure 3A). This spectral
change indicates that the colored Cu(OH),”” complex has
been reduced to a colorless Cu(I) complex. The color change is
accompanied by the formation of N, bubbles from the
oxidation of N,H,. The Pourbaix diagram of the Cu—EDA—
H,O system indicates this Cu(I) species is Cu(OH),” at pH =
~15 (Figure 3B, see the Supporting Information for the
calculations). The clear reaction solution remains relatively
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stable at room temperature, and neither Cu nanowires nor
nanoparticles form for several hours. In contrast, rapid
precipitation of Cu,O octahedra occurs in the absence of
EDA.*® One possible explanation of this is that EDA enhanced
the dissolution of Cu,O nanoparticles to give Cu(EDA),",*

which is labile toward OH™ substitution:

Cu,O + 4EDA + H,0 — 2Cu(EDA)," + 20H"~

Cu(EDA)," + 20H™ — Cu(OH),” + 2EDA

EDA was also observed to stabilize Cu(OH),” during cyclic
voltammetry (CV). A cyclic voltammogram of Cu(Il) in 14.3
M NaOH exhibits a broad reduction peak at ~ —0.8 V vs NHE,
resulting in the deposition of Cu(0) on the electrode (curve i,
Figure 3C). Because of the broad nature of the peak, it was
difficult to determine if Cu(II) was reduced to Cu(0) directly
or through a Cu(I) intermediate. In the reverse scan, sequential
peaks corresponding to the oxidation of Cu(0) to Cu(I) and
Cu(Il) were observed. Upon addition of EDA, the broad
reduction peak was split into two distinct peaks at —0.4 and
—1.0 V (curve ii, Figure 3C). Upon further addition of N,H, to
the solution containing EDA, NaOH, and Cu(NO;),, the CV
profile exhibits no change (curve iii, Figure 3C).

In contrast to the second peak at —1.0 V that results in the
heterogeneous deposition of Cu(0), the first peak at —0.4 V is a
homogeneous process that arises from the reduction of
Cu(OH),*” to Cu(OH),". By scanning the potential between
0.1 and —0.7 V to avoid overlap with the reduction to Cu(0) at
—1.0 V, we observed well-defined reversible redox peaks for the
Cu(OH),* /Cu(OH),” redox couple. The peak current
density (/ ) was proportional to the square root of the scan
rate (v 2p), indicating a diffusion-controlled redox process
(Figure S3). Sustained electrolysis at —0.4S V resulted in
conversion of the solution color from deep blue (indicating the
presence of Cu(OH),””) to nearly clear (indicating the
presence of Cu(OH),”). By correlating the amount of charge
transferred at —0.45 V to the concentration of Cu(OH),>” that
remained in the solution (Figure S4), we confirmed that the
reduction processes occurring at —0.4 V is a one-electron
reduction process (Figure 3D), consistent with reduction of
Cu(OH),* to Cu(OH),".

Now that we have partly addressed the question of the
species that adds to the Cu nanowire, we turn our attention to
showing that the growth of Cu nanowires is limited by the rate
of diffusion of Cu(OH), to the surface of the nanowire. After
they sprout from the seeds, Cu nanowires grow with a relatively
uniform diameter (which is always smaller than the diameter of
the seed).>® Within the range of growth conditions studied
here, which encompass the range of conditions for which Cu
nanowires formed, the diameters of the Cu nanowires appear
almost constant (see Table S1). From over 300 measurements,
the radius of the Cu nanowires grown in the reaction cell was
determined to be 30.6 + 6.0 nm. Each growing nanowire can
thus be approximated as an ultramicroeletrode with a constant
diameter and tip surface area (A). According to previous
HRTEM characterization, the Cu nanowires have a pentagonal
cross section.®® With an average nanowire radius of r = 30.6
nm, the area at the end of the nanowire is A = 3.44/% = 3221
nm? (see Figure S5 and $6). The electrochemical potential of
the nanowire electrode is fixed at the redox potential of N,H,,
resulting in a constant potential for reduction of Cu(OH),™.
According to Faraday’s Law, the mass added (m) to the
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nanowire tip is proportional to the amount of charge
transferred (Q):

QM ItM

m= > = =

zF zF (1)
where I is the current passed through the nanowire, F is the
Faraday constant, M is the molar mass of copper, and z (equal
to 1) is the number of electrons necessary to reduce Cu(OH),~
to Cu(0).

To see if the growth of Cu nanowires is limited by the rate of
diffusion, we compare the growth rate of a nanowire to the
diffusion-limited maximum growth rate. At an ultramicroele-
trode, the diffusion-limited steady-state current derived from
Fick’s second law is given by*'

1=*4pc
r (2)
where C is the concentration of Cu(OH),, and D ~ 0.91 X
107 cm? s~ is the diffusion coefficient for Cu(OH),™ at 343 K.
We determined the diffusion coefficient for Cu(OH),” from
the slope of the plot of j, vs v'/> (Figure $3) and the Randles—
Sevcik equation (Table $2):*

F 1/2
j = O.4463zFC(Z vD )
» RT (3)

where R is the gas constant. The diffusion coeflicient obtained
here is comparable to those of reported for other Cu complexes
in the literature (Table $3).*

By combining eq 2 and dm =2.79pr’dL with eq 1, the
diffusion-limited rate of nanowire growth at a given temper-
ature is

% = 1.23(M)DC
dt pr (4)

where p is the density of copper. With eq 4, the maximum
growth rate of a nanowire is linearly dependent on [Cu(1I)]
with a slope of 26 nm s™ mM™" at 343 K. This is only slightly
larger than the experimentally measured nanowire growth rate
dependence on [Cu(Il)] of 24 nm s™' mM ™" at 343 K (Figure
2B). These data are very strong evidence in support of a model
by which Cu nanowires grow through the diffusion limited
addition of Cu(OH),™ to the end of the nanowire.

Additional evidence for the diffusion-controlled growth of Cu
nanowires comes from the low activation energy, E, for
nanowire growth. From eq 4 and D = Doe BRI (D, is the
frequency factor), we can show that the log of the growth rate is
linearly dependent on the reciprocal of temperature at fixed
reagent concentrations:

ay_ (%) MC
ln(—) =274 ln[1.23(—)D0]
dt T pr (s)

By fitting the data in Figure 2D with eq S, we determined the
activation energy for Cu nanowire growth to be 11.5 kJ mol™
(Table S4). Such a low value indicates a diffusion-controlled
process.**

Finally, we show that N,H, provides the thermodynamic
driving force for reduction of the Cu(OH),” intermediate at
elevated temperatures. We verified this by measuring the open
circuit potential (OCP) in the growth solution with a Cu
nanowire network on a glass substrate as the working
electrode.* ™ An OCP of —0.30 V was measured in a
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solution of Cu(Il)/EDA/NaOH, a potential that stabilizes
Cu(Il) as indicated by the Pourbaix diagram (Figure 3B).
Addition of N,H, lowered the OCP to —0.62 V, a potential
sufficient to reduce Cu(Il) to Cu(I), but insufficient to further
reduce Cu(I) to Cu(0) at room temperature. This is consistent
with the observation that the clear reaction solution containing
Cu(OH),” is stable at room temperature. However, elevating
the solution temperature in the electrochemical cell to 343 K
decreased the OCP to —0.70 V, suggesting that increasing the
temperature increased the potential of N,H, to give up its
electrons to Cu(I). In addition, the increase in temperature
shifted the onset potential of reduction of Cu(I) to Cu(0) from
—0.75 to —0.68 V. These two effects together contribute to the
reduction of Cu(OH),” to metallic copper at elevated
temperatures.

We summarize the above results and analysis with the Cu
nanowire growth model illustrated in Scheme 1. Oxidation of

Scheme 1. Growth Model of Cu Nanowires

N,H, provides the electrochemical potential for reduction of
Cu(I) to Cu(0) at the end of the nanowire at 343 K. Once this
potential is in place, the growth rate is kinetically limited not by
the concentration of the reducing agent, N,H,, but by the
diffusion of Cu(OH),” to the end of the nanowire.

In conclusion, we demonstrate the first diffusion-controlled
model for nanowire growth in solution. We further provide
spectroscopic and electrochemical data that suggest that Cu
nanowires grow through the addition of Cu(OH),™. As the
nanowire growth does not depend on the concentration of the
reducing agent, N,H,, the role of this species is to provide the
potential necessary to reduce Cu(OH),*” to Cu(OH),” at
room temperature, and Cu(OH),” to Cu(0) at elevated
temperatures. We now know what species adds to a growing
copper nanowire, the rate limiting step of nanowire growth, and
the activation energy for nanowire growth. From previous
work, it is clear that EDA affects the growth rate and aspect
ratio of copper nanowires,”® but there is still no direct
experimental evidence to verify why the nanowire grows in one
dimension. Nevertheless, we expect this model of diffusion-
controlled growth can be applied to better understand a wide
variety of nanostructure syntheses, leading to better control
over the assembly of atoms into well-defined morphologies
with desirable properties.
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