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Abstract

Penta-twinned metal nanowires are finding widespread application in existing and emerging 

technologies.  However, little is known about their growth mechanisms.  We probe the origins 

of chloride- and alkylamine-mediated, solution-phase growth of penta-twinned Cu nanowires 

from first principles using multi-scale theory. Using quantum density functional theory (DFT) 

calculations, we characterize the binding and surface diffusion of Cu atoms on chlorine-

covered Cu(100) and Cu(111) surfaces.  We find stronger binding and slower diffusion of Cu 

atoms on chlorinated Cu(111) than on chlorinated Cu(100) – a reversal of the trend for bare 

Cu surfaces.  We also probe inter-facet diffusion and find this proceeds faster from Cu(100) 

to Cu(111) than the reverse.  Using the DFT rates for hopping between individual sites at 

Ångstrom scales, we calculate coarse-grained, inter-facet rates for nanowires of various 

lengths – up to hundreds of m – and diameters in the 10-nm range.  We predict nanowires 

with aspect ratios around 100 based on surface diffusion, alone.  We also account for the 

influence of a self-assembled alkylamine layer that covers most of the {100} facets, but is 

absent or thin and disordered on the {111} facets and in an “end zone” near the {100}-{111} 

boundary.  With an end zone, we predict a wide range of nanowire aspect ratios in the 
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experimental ranges.  Our work reveals the mechanisms by which a halide – chloride – 

promotes the growth of high-aspect-ratio nanowires.

Keywords:  nanowire, Cu nanocrystal, density-functional theory, surface diffusion, 

Markov chains, crystal growth

Introduction

Penta-twinned metal nanowires are finding applications in many different technologies, 

ranging from health monitoring and human-machine interfaces1–3 to smart fabrics4–6 to windows 

that provide shielding from electromagnetic interference,7,8 change color or tint in response to 

light,9 and are self-heating.10 These nanowires are beneficial for catalysis11 and applications in 

transparent and flexible electronics, such as touch screens, and various elements of solar cells.  

Though silver is currently the material of choice in many of these applications, copper is an 

attractive target material because it has comparable properties with less cost.

Shape control of penta-twinned nanowires is important for their performance in many 

applications – for example, high-aspect-ratio nanowires are desirable for flexible, transparent 
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conductors.12 However, despite much attention13 the mechanisms that conspire to determine the 

shape in various types of nanowire syntheses are unclear.  One interesting aspect of penta-twinned 

nanowires is the strain they possess by virtue of their shape.  The five-fold geometry [cf., Figure 

1(a)] is not space filling for fcc lattices, so these objects acquire a complex strain distribution to 

maintain a contiguous, space-filling geometry.14,15  The earliest explanations for the growth of 

such shapes involved the accumulation of strain with increasing nanowire diameter, such that 

atoms would accumulate at the ends of a growing nanowire and increase its length to limit the 

strain.13,16  Recent calculations based on empirical embedded-atom method potentials show that 

strain can influence the surface diffusion of Ag atoms on penta-twinned nanowire seeds and the 

aggregation of Ag atoms on the nanowire ends and this effect could explain the growth of 

nanowires with aspect ratios around 100 for the Ag system – consistent with relevant 

experiments.17

Experimental studies of penta-twinned Cu nanowire growth with ethylamine diamine (EDA) 

capping agent indicate that oxidation occurs on the {100} side facets of the nanowires [see Figure 

1(a)], but not the {111} end facets.  This phenomenon increases the reduction rate of the Cu(OH)2
− 

ion (and the Cu deposition rate) on Cu(111) relative to Cu(100), enhancing the growth of long 

Page 4 of 46

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

wires.18,19 Recent calculations with quantum density-functional theory (DFT) are in support of this 

experimental observation.20  However, significant surface oxidation has been ruled out in other 

experimental studies of Cu nanowires, 21–24 so this mechanism is not universal.

Another popular explanation is that capping agents involved in nanowire growth, such as 

various linear alkylamines used in Cu nanowire synthesis, selectively adsorb to the fcc{100} 

nanowire side facets, leaving the {111} end facets bare and open to deposition from the solution 

phase.25  However, there is little direct evidence for such a hypothesis. First-principles calculations 

with density-functional theory (DFT),26 molecular dynamics (MD) simulations,27,28 and recent 

experiments24 indicate small differences in tetradecylamine (TDA), hexadecylamine (HDA), and 

octadeclyamine (ODA) binding to Cu(100) and Cu(111), such that facet-selective alkylamine 

adsorption is unlikely the main driver in Cu nanowire formation. Theoretical estimates indicate 

much larger differences in capping-molecule binding are needed to induce nanowire growth.17

Recent theoretical and experimental studies show that the combination of HDA and Cl binding 

to Cu {100} and {111} facets can result in HDA displacement by Cl on the {111} (nanowire end) 

facets, while HDA fully covers the {100} (nanowire side) facets.24,29  Although this scenario is 

conducive to facet-selective deposition on the nanowire ends, electrochemical results in this study 

showed the reduction rate of Cu ions on a single-crystal Cu(111) surface in the same solution 

environment as the wires was 14.7 times higher than the reduction rate on a single-crystal Cu(100) 

surface.24  If Cu-ion reduction occurred only at the nanowire surfaces (as experiments suggest23), 

such that the deposition rate was equal to the reduction rate, theoretical considerations show this 

difference in rates is insufficient to explain the growth of high-aspect-ratio nanowires.17  
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If facet-selective deposition cannot completely explain the growth of Cu nanowires with 

adsorbed Cl and HDA, we considered that surface diffusion could play a role.  Our recent DFT 

study showed Cl adsorption can reduce the surface energy of Cu(100) relative to Cu(111) and 

provide a thermodynamic driving force for the growth of {100}-faceted Cu nanostructures, such 

as nanowires.29–31  Herein, we show how this thermodynamic driving force is manifested 

kinetically, in faster Cu-atom surface diffusion on Cl-covered Cu(100) than on Cl-covered 

Cu(111).  Below, we show how surface diffusion could play a key role in the growth of Cu 

nanowires.  In conjunction with some degree of facet-selective deposition, this could lead to 

nanowires with aspect ratios greater than 1000.

Results / Discussion

We consider the growth of penta-twinned Cu nanowires in the presence of chloride, which 

could arise from the CuCl2 salt that is usually the precursor for such nanowires.  In previous work, 

we used ab initio thermodynamics to characterize various Cu(100) and Cu(111) surface structures 

with adsorbed chlorine and HDA under various solution-phase chloride and HDA chemical 
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potentials.24,29  Figure 1(a) shows a schematic of a penta-twinned nanowire and Figure 1(b) shows 

a relevant portion of the phase diagram from our previous studies.24,29  

From Figure 1(b), both Cu(111) and Cu(100) contain ½ monolayer (ML) of Cl at the highest 

solution-phase chloride concentrations (chemical potentials).  With these Cl coverages, the HDA 

monolayers are weakly physically adsorbed on the surfaces, so we depict Cu surfaces with 

adsorbed Cl and no HDA.  As we decrease the chloride chemical potential, Cu(111) remains HDA-

free with ½ ML Cl, but Cu(100) contains chemisorbed Cl and HDA at two different coverages.29  

In our studies below, we consider Cu atom adsorption and diffusion on Cu surfaces containing ½ 

ML of Cl.  This is likely the rigorous case when the solution contains high chloride concentrations 

and javelin-shaped structures, akin to nanowires, form in experiments.24  It is also possible that Cu 

nanowires have domains containing ½ ML of Cl in coexistence with domains containing adsorbed 

HDA (alkylamine) and Cl, as ab initio thermodynamics calculations have limitations on the cell 

size for considering features such as disordered organic layers, nanocrystal edges, and phase 

coexistence. 
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Figure 1. (a) Schematic of a penta-twinned nanowire, indicating {111} end facets (light) and {100} 

side facets (dark).  (b) Phase diagram of the co-adsorption of HDA and Cl on Cu(100) and Cu(111) 

derived from reference 29.  In all regions, ½ ML Cl covers Cu(111) and a top-down view is shown.  

In the light blue region, Cl adsorbs at ½ ML coverage on Cu(100).  Adjacent regions depict ¼ ML 

HDA and Cl on Cu(100) at lower  (side view) and ⅓ ML HDA and Cl on Cu(100) at higher ∆𝜇𝐻𝐷𝐴

 (side view).∆𝜇𝐻𝐷𝐴

Cu Atom Binding

We investigated the binding configurations for a Cu adatom on the chlorinated Cu surfaces at 

the highest chloride chemical potentials shown in Figure 1, by identifying various possible sites 

and optimizing them.  Figure 2 shows the final binding locations with respect to the Cu surface 

atoms. We summarize the binding energies in Table S1 and we show the relaxation of the adsorbed 

Cu atom and the Cl surface atoms in Figures S1 and S2 in the Supporting Information (SI).   On 

bare Cu(111), a Cu atom has two binding sites – fcc and hcp (cf., Table S1) and the binding 

energies are similar.  In contrast, Figure 2(a) shows five different binding sites for a Cu atom on 

Cu(111) with ½ Ml of adsorbed Cl .  On bare Cu(100), a Cu adatom has just one binding site – the 
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four-fold hollow.  When we add ½ ML of Cl to Cu(100), three binding sites emerge for the Cu 

atom: the four-fold hollow ①, the atop ②, and a four-fold hollow site in which the Cu is 

underneath a Cl atom ③, as shown in Figure 2(b).  

We find (see Table S1) that a Cu atom has stronger binding to all the binding sites on 

chlorinated Cu(111) than to those on chlorinated Cu(100) – opposite to the trend for bare Cu 

surfaces.  This reversal is significant for the growth of five-fold twinned Cu nanowires from seed 

crystals because the stronger binding of Cu atoms to the {111} end facets provides a 

thermodynamic driving force for wire growth.  Indeed, a simple detailed balance would dictate 

that nanowires could be grown with very high aspect ratios – if the deposition rate was sufficiently 

slow.  However, it has been observed experimentally that nanowire growth is dependent on the 

deposition rate.21,32 To understand the interplay of these kinetic mechanisms, we characterized Cu 

atom surface diffusion.

Cu Diffusion Barriers

Figure 2 shows possible pathways for the diffusion of a Cu adatom on the chlorinated Cu 

surfaces.  We calculated these energy barriers using the climbing-image nudged elastic band 

(CINEB) method.33  We list the energy barriers for these pathways in Table S2 and Figure 3 depicts 

the minimum-energy pathways associated with the transitions in Figure 2.  We identified five 

different diffusion pathways on ½ ML of Cl-Cu(111) [orange arrows in Figure2(a)] on ½ ML of 
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Cl-Cu(111), with energy barriers ranging from 0.05 eV to 0.23 eV [Table S2].   With three binding 

configurations for a Cu adatom on ½ ML of Cl-Cu(100), we find three different diffusion pathways 

for this surface: ① ↔ ②, ① ↔ ③, and ② ↔ ③, as shown in Figure 2(b).  We also note that 

diffusion on chlorinated Cu(100) reveals the strong role of Cl.  As we see in Figure S3, when a Cu 

adatom diffuses from one binding site to another, it discards its original coordination with 

neighboring Cl atoms at the initial state and creates a new coordination with neighboring Cl atoms 

at the final state. Thus, Cl plays a key role in diffusion on these surfaces. 

Figure 2. Diffusion pathways, indicated by orange arrows, of a Cu adatom on (a) ½ ML Cl on 

Cu(111) and (b) ½ ML Cl on Cu(100). Cl atoms are green and Cu atoms are orange.
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In addition to hopping, diffusion could also occur by an exchange mechanism, in which the Cu 

adatom takes the place of a Cu surface atom, which then becomes an adatom.  We characterized 

the energy barriers for several different events involving exchange diffusion [cf., Figure S4]. 

However, all the energy barriers for exchange are greater than 1.0 eV (see Table S3), so we expect 

exchange is not prevalent in this system.

Figure 3.  Relative energies along the minimum-energy pathways for Cu atom diffusion on ½ ML 

of Cl on Cu(100) and Cu(111). Energies are relative to ① for each surface.  The sites are shown 

in Figure 2.

Figure 3 shows minimum-energy pathways for the diffusion of a Cu atom on the chlorinated 

Cu(100) and Cu(111) surfaces.  The initial and final states for each surface are both ① - the global 

minimum on each surface.  As indicated in Figure 2, the potential-energy surface for Cu atom 

binding and diffusion on Cu(111) is more complex than that for Cu(100).  In addition, we see that 

the diffusion barrier on Cu(100) is lower (diffusion is faster) than on Cu(111). 
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It is interesting that the trends for Cu atom diffusion on the two chlorinated Cu surfaces are 

reversed compared to those for the bare surfaces. We find diffusion barriers for Cu atoms of 0.04 

eV on Cu(111) and 0.55 eV on Cu(100), in good agreement with previous theoretical 

calculations,34–36 indicating a Cu atom diffuses much faster on bare Cu(111) than on bare Cu(100). 

In contrast, Cu atoms diffuse more easily on ½ ML-Cl-Cu(100) than on ½ ML-Cl-Cu(111).  This 

is in agreement with the thermodynamic trend of a lower surface energy for chlorinated Cu(100) 

than for chlorinated Cu(111) and stronger binding of a Cu atom on chlorinated Cu(111) than on 

chlorinated Cu(100).
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Figure 4.  Binding sites for a Cu atom (shown in magenta) near the {100}-{111} edge of the inter-

facet slab in Figure S5. View is from the perpendicular direction to the {100} facet.  Sites 1, 2, 

and 3 occur at fixed locations with respect to the Cu surface atoms and have multiple 

configurations for the nearby Cl atoms, designated as 1a, 1b, etc.

We also studied the diffusion of a Cu adatom between the {111} and {100} facets using the 

Cu inter-facet slab shown in Figure S5.  A discussion regarding the convergence of our 

calculations for this slab is included with Table S4 and Figure S6.  Figure 4 shows possible 

binding sites for Cu atoms near the {111}-{100} edge of the inter-facet slab and Table S5 lists the 

binding energy for each configuration.

As shown in Figure 4, we identified 10 unique binding sites near the {100}-{111} facet edge 

compared to those on the {100} and {111} facets.  Table S5 indicates the binding energies on the 

{111} facet are mostly lower than those on the {100} facet. In particular, the binding energy at 

site Ⓕ has the lowest energy among all sites – even those on flat Cu(111). If Cu atoms accumulate 

on Ⓕ, they add to the {100} surface, which is favorable for the growth of nanowires. Actually, 

most of the sites near the edges have lower binding energies than those on the flat Cu surfaces, 

which promotes growth of the {100} facet to produce nanowires.
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Figure 5 shows the barriers for {100}-{111} inter-facet hopping and exchange diffusion.  We 

see more red arrows going from {100} to {111}, which generally indicates more facile diffusion 

from Cu(100)→Cu(111) than from Cu(111)→Cu(100). Thus, inter-facet diffusion facilitates Cu 

nanowire growth.

Figure 5.  Forward and reverse energy barriers (in eV) for inter-facet diffusion between the sites 

in Figure 4. Hopping processes are denoted by solid arrows and exchange processes are denoted 

by dashed arrows.  The lower barrier for each forward-reverse pair is highlighted in red. 

Coarse-Graining Diffusion
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To predict the growth morphologies of the wires, we incorporate all of the site-to-site 

hopping rates from the DFT calculations into coarse-grained calculations based on the theory 

of absorbing Markov chains.37–39   Here, the hopping rate  from site i to site j takes the form𝑟𝑖𝑗 

     ,                                                                  (1)𝑟𝑖𝑗 =  𝜈0𝑒
―

𝐸𝑖𝑗
𝑘𝑇 

where  is the preexponential factor, which we take to be 1013 s-1 for all site-to-site hopping 𝜈0

processes, and  is the activation energy obtained from DFT.  To coarse-grain diffusion, using 𝐸𝑖𝑗

the theory of adsorbing Markov chains, we define two types of states: transient states and 

absorbing states. Atoms in transient states are able to transition to other states, while the absorbing 

states are final states and atoms remain in them irreversibly for the purpose of obtaining a rate.  

For a pathway containing NA absorbing states and NT transient states, the Markov matrix M is given 

by

                                                        (2)𝐌 = ( 𝐈 𝟎
𝐑 𝐓)       ,

where I is the identity matrix with a dimension of , 0 is a null matrix with the dimension 𝑁𝐴 × 𝑁𝐴

of  and R is the recurrent matrix with a dimension of .  T is the transient matrix 𝑁𝑇 × 𝑁𝐴 𝑁𝐴 × 𝑁𝑇

with a dimension of . The transient matrix contains information on transitions between 𝑁𝑇 × 𝑁𝑇

transient states.  The elements of the transient matrix are given by

            ,                                              (3)𝑇𝑖𝑗 = { 0    ,        if 𝑖 = 𝑗
𝑟𝑖𝑗𝜏𝑖  ,        if 𝑖 ≠ 𝑗
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where  is the reciprocal of the sum of rates to leave site i for all nearest-neighbor sites.  The 𝜏𝑖

elements of the recurrent matrix, which contains information on transitions between transient and 

absorbing states, are given by

       .                   (4)𝑅𝑖𝑗 = 𝑟𝑖𝑗𝜏𝑖

With the above matrices, we can obtain the mean-first passage time (MFPT)  , the net 〈𝑡𝑒𝑥𝑖𝑡〉

rate , and the probabilities of exiting into various absorbing states  using〈𝑡𝑒𝑥𝑖𝑡〉 ―1 𝑃𝑒𝑥𝑖𝑡

      ,                (5)〈𝑡𝑒𝑥𝑖𝑡〉 = 𝑝𝑇
0 ∙ (𝐈𝐓 ― 𝐓) ―1 ∙ 𝜏

and

   ,                       (6)𝑃𝑒𝑥𝑖𝑡 = 𝑝𝑇
0 ∙ (𝐈𝐓 ― 𝐓) ―1 ∙ 𝐑

where  is the vector of , contains the probabilities for an atom to be initially located at transient 𝜏 𝜏𝑖 𝑝𝑇
0

site i, and IT is an identity matrix with the same dimensions at T.  It should be emphasized that 

coarse-graining diffusion in this way is an exact solution for the conditions under which we apply 

it.

To demonstrate our coarse-graining procedure, we illustrate the net diffusion rate between 

two neighboring sites labelled ① on Cu(100) in the SI.  As shown in Figure 6(a), site ① is the 

initial state and the neighbor site ① is the final, absorbing state, which we designate below 

as 1’. Sites ② and ③ are the transient states.  We find  using Equation 5 and from 〈𝑡𝑒𝑥𝑖𝑡〉

Equation 6,  since we only have one absorbing state.  The net rate for an atom to 𝑃𝑒𝑥𝑖𝑡 = 1.0

hop from 1 to 1’ is then given by .  We calculated  for various temperatures 𝑟11′ = 〈𝑡𝑒𝑥𝑖𝑡〉 ―1 𝑟11′

and parameterized this net rate using Equation (1).  We obtain an overall barrier of 0.14 eV 
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and an overall pre-exponential factor of  from an Arrhenius plot of  3.675 × 1012 𝑠 ―1 ln (𝑟11′)

vs. .1 𝑇

Figure 6. Coarse-graining diffusion from individual hops among sites, to net hops covering 

several sites, to inter-facet rates using the theory of absorbing Markov chains.  (a) Hops among 

the three minima on Cu(100) are coarse-grained to net hops between nearest-neighbor ① 

sites.  (b) The hops from (a) are further coarse-grained to two different types of second-

nearest neighbor net hops, as described in the text.  (c)  The inter-facet hopping network in 

Figure 5 is coarse-grained to net hops between Ⓘ and Ⓕ. (d) Hops among the five minima 

on Cu(111) are coarse-grained to two different types of hops between ① and ②, as described 

in the text.
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In our approach, we account for every possible atomic-scale site on a growing Cu 

nanowire.  It would be virtually impossible to describe the growth of nanowires in the ten-

micron range without additional coarse graining. One feature we exploit is that the coarse-

graining of diffusion can be extended to larger areas, as we see in Figure 6(b), where we 

illustrate net hops to second-neighbor sites on Cu(100).  Diffusion to second-nearest 

neighbors is anisotropic such that diagonal hops (black arrows) are slower than up, down, left, 

and right hops (yellow arrows).  This is because there are fewer pathways to achieve diagonal 

hops than the other types of hops.

For diffusion from Cu(100) to Cu(111), illustrated in Figure 5 and Figure 6(c), the process 

proceeds from the initial state Ⓘ to the absorbing state Ⓕ. The overall barrier is 0.13 eV and 

the overall pre-exponential factor is .  Diffusion from Cu(111) to Cu(100) 6.00 × 1011𝑠 ―1

proceeds from Ⓕ  to absorbing state Ⓘ , with an overall barrier of 0.68 eV and a pre-

exponential factor of . With a lower diffusion barrier, it is significantly easier 4.23 × 1013𝑠 ―1

to diffuse from {100} to {111} than the reverse.

For diffusion on Cu(111), shown in Figure 6(d), we designate ① or ② as absorbing states, 

depending on the pathway, and all other states are transient states. The atom can diffuse 
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between minima ① and ② through two pathways: ①↔⑤↔④↔② (pathway 1) and 

①↔③↔② (pathway 2).  We used the Arrhenius equation to calculate the overall barriers 

and pre-exponential factors for each of these pathways and the results are shown in Table 1. 

Table 1. Net diffusion barriers on Cu(111).

Pathway ①↔③↔② ①↔⑤↔④↔②

Direction Forward Reverse Forward Reverse

Net barrier (eV) 0.23 0.22 0.15 0.14

Net prefactor ( )𝒔―𝟏 𝟐.𝟗𝟗 × 𝟏𝟎𝟏𝟐 𝟑.𝟎𝟎 × 𝟏𝟎𝟏𝟐 𝟒.𝟐𝟓 × 𝟏𝟎𝟏𝟐 𝟒.𝟐𝟔 × 𝟏𝟎𝟏𝟐

By incorporating net diffusion rates on the {100} and (111) facets, as well as the {100}-

{111} inter-facet diffusion rates into the theory of absorbing Markov chains, we obtained 

MFPTs to transit from one facet to another.  For diffusion from {111} to {100}, all sites on 

{111} were taken as transient states and the {100} edge sites (Ⓘ  in Figure 6) were 

absorbing states.  All sites on {100}were designated as transient states and {111} edge sites 

(Ⓕ in Figure 6) were the absorbing states for diffusion from {100} to {111}.
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Figure 7 shows inter-facet transit rates  and  for a seed-sized 𝑅{100}→{111} 𝑅{111}→{100}

decahedron with a diameter of 30 nm and with several different lengths.  To obtain the 

inter-facet transit rates, we assumed an equal probability for each site to be occupied 

initially (i.e., each element of  in Equations 5 and 6 is 1/N, where N is the total number 𝑝𝑇
0

of transient states on the facet).  This is equivalent to assuming each site has an equal 

probability for atom deposition.  We also employ reflecting boundary conditions, which 

allows us to consider ¼ of a {100} facet and just one {111} facet in our calculations.
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Figure 7. Inter-facet diffusion rates compared to typical deposition rates for a penta-twinned 

nanocrystal with a diameter of 30 nm and several different lengths.  The shaded area 

corresponds to typical deposition rates.

Figure 7 shows  is many orders of magnitude greater than  and 𝑅{100}→{111} 𝑅{111}→{100}

the difference decreases as the length of the seed increases.  For a seed length of 44 nm, 

 is six to seven orders of magnitude greater than .  The difference 𝑅{100}→{111} 𝑅{111}→{100}

decreases to two to three orders of magnitude when the length increases to one micron.  

 decreases with increasing length of the growing wire because more diffusion 𝑅{100}→{111}

is needed for an atom to reach the end of a wire if the wire is longer.  If the Cu deposition 

rate was infinitely slow, detailed-balance considerations would lead to nanowires with 

aspect ratios greater than 1000.

Figure 7 depicts a likely range of deposition rates in the growth of Cu nanowires.  We 

obtained this range from the experimental studies of Kim and colleagues, who quantified 

the nanowire length L as a function of time t for Cu nanowires capped with TDA and 

ODA.23  They found a linear growth rate over time, such that dL/dt = 5 nm/s for ODA.23  

Considering an average nanowire diameter of 30 nm in those experiments, we estimated 
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a total Cu deposition rate of around 105 atoms/s.  We estimate the total deposition 𝑅𝑑𝑒𝑝 =

rates in other relevant studies are around 105 atoms/s or lower, based on the nanowire 

lengths achieved over the experimental time span.21,22  It has been discussed in several 

studies that the deposition rate can decrease over time, as the reducing agent is 

consumed.21,32  To account for such a decrease, we extended the deposition-rate range in 

Figure 7 down to 104 atoms/s.  It is evident from Figure 7 that the deposition rate is higher 

than the rate for Cu atoms to transit from {111} to {100}.  Thus, we need to include this 

rate in our analysis, as we discuss below.

Nanowire Aspect Ratios

To predict kinetic nanowire aspect ratios including deposition effects, we analyze linear 

facet growth rates, which are the accumulation rates of atoms on the two facets.  Cu atom 

accumulation rates on the {111} and {100} facets are given by

and               
𝒅𝑵{𝟏𝟏𝟏}

𝒅𝒕 = 𝑹𝒅𝒆𝒑,{𝟏𝟏𝟏} + 𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏} ― 𝑹{𝟏𝟏𝟏}→{𝟏𝟎𝟎}           ,                                    (𝟕)

𝒅𝑵{𝟏𝟎𝟎}

𝒅𝒕 = 𝑹𝒅𝒆𝒑,{𝟏𝟎𝟎} + 𝑹{𝟏𝟏𝟏}→{𝟏𝟎𝟎} ― 𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏}            ,                                     (𝟖)
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where Ni is the number of deposited atoms within a time t and Rdep,i is the deposition rate – 

both on facet i.  Also . Because  𝑹𝒅𝒆𝒑 =  𝑹𝒅𝒆𝒑,{𝟏𝟏𝟏} + 𝑹𝒅𝒆𝒑,{𝟏𝟎𝟎} 𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏} ≫ 𝑹{𝟏𝟏𝟏}→{𝟏𝟎𝟎}

(cf., Figure 7), we have

𝒅𝑵{𝟏𝟏𝟏}

𝒅𝒕 = 𝑹𝒅𝒆𝒑,{𝟏𝟏𝟏} +  𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏}           ,                                        (𝟗)

and

𝒅𝑵{𝟏𝟎𝟎}

𝒅𝒕 = 𝑹𝒅𝒆𝒑,{𝟏𝟎𝟎} ― 𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏}              .                                      (𝟏𝟎)

From Equation 9, we see the {111} facet will continually accumulate Cu atoms, growing 

the wire.  When the wire initially begins to grow,  (see Figure 𝑅{100}→{111} ≫  𝑅𝑑𝑒𝑝 > 𝑅𝑑𝑒𝑝,{100}

7), which means every atom deposited on the {100} facet moves rapidly to the {111} facet, 

leaving the {100} facet bare for some time before another deposition.  As the wires grow 

longer,  decreases and the wires will increase in length until they reach a length 𝑅{100}→{111}

 at which𝐿 ∗

 𝑹{𝟏𝟎𝟎}→{𝟏𝟏𝟏}(𝑳 ∗ ) = 𝑹𝒅𝒆𝒑,{𝟏𝟎𝟎}            .                                               (𝟏𝟏)

Subsequently, {100} accumulation will commence, thickening the nanowire diameter.  It is 

evident from Figure 7 that with the criterion of Equation 11, we will not predict nanowires 
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with aspect ratios much beyond 100 – even if the deposition rate decreases by an order of 

magnitude due to a loss of reductant.  According to our calculations, the deposition rate would 

have to decrease to around 100 s-1 to achieve nanowires with aspect ratios around 1000.  

Although experiments do not achieve such low deposition rates, to our knowledge, the 

diffusion model captures one important, experimentally observed aspect of Cu nanowire 

growth:  Higher aspect ratios are achieved with lower deposition rates.21

Selective Cu Deposition Near Nanowire Ends

Since DFT calculations indicate there is a Cl- chemical-potential regime for which the 

{111} facets possess weakly adsorbed (or no) HDA, while the {100} facets possess HDA at 

full coverage, we can consider that selective deposition occurs near the nanowire ends.  

Although this appears to be at odds with electrochemical experiments, which indicate a 

modest difference in Cu deposition/reduction rates on Cu(100) and Cu(111) single-crystal 

surfaces, our calculations show it may be possible to reconcile such differences.

It seems likely that differences in Cu-ion deposition on the {100} and {111} surfaces of 

Cu nanowires could be large, even though the difference on single-crystal surfaces is small.  

There is evidence from both experiments40–42 and theory43,44 that the finite size of a crystal plane 
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can significantly affect the assembly of adsorbed ligands, which would, in turn, affect the 

deposition rate.  Particularly pertinent are our recent MD simulations, which indicate TDA ligands 

formed well-defined self-assembled monolayers (SAMs) on Cu(100) in water at experimental 

temperatures, such that the barrier for desorption of a TDA molecule from the SAM was around 

2.0 eV.23  However, TDA formed a disordered bilayer around an 8 nm-diameter decahedral Cu 

nanocrystal, in which the coverage in the inner layer was only 60% of the coverage on single-

crystal surfaces.44  Moreover, exchange between inner- and outer-layer TDA occurred over 

nanosecond times, which is markedly faster than for single crystal surfaces.44   Thus, it is entirely 

conceivable that alkylamine capping molecules adopt disordered configurations around {111} 

nanowire ends, where they are relatively weakly bound24 and the surface topography is 

irregular.  By contrast, these molecules bind more strongly to the {100} nanowire sides,24 

which present relatively large single-crystal planes to facilitate alkylamine ordering – at least 

sufficiently far from the nanowire ends.   Thus, it is possible that there is a nanowire “end 

zone”, where deposition occurs selectively.  By allowing for limited deposition in an “end 

zone”, we combine all aspects of the theoretical predictions regarding diffusion in the present 

study and alkylamine ordering observed in prior work.23,24,44
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To include the influence of a disordered “end zone”, we considered the model sketched 

qualitatively in Figure 8. We allow deposition to occur only in the nanowire end zone, 

diffusion between the {111} and {100} facets, as well as diffusion between the {100} end-

zone region and the {100} SAM-covered region. Intuitively, deposition near the nanowire 

ends facilitates the growth of high aspect-ratio wires.  However, if the end zone is too long, 

atoms can accumulate there.  Further, if diffusion can occur into the SAM-covered zone, Cu 

atoms could be delayed or retained there as the nanowire grows longer.  This increases the 

inter-facet transit time and is detrimental for achieving high aspect ratios.
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Figure 8.  Main features of the end-zone model for deposition and diffusion on Cu nanowires.  

Solid arrows indicate deposition into the end zone (light-orange color) including the {111} 

facets and an adjacent {100} region.  Dashed arrows indicate diffusion between {111} and 

{100}, as well as diffusion between the {100} end zone and the {100} SAM-covered zone, 

shown in dark orange.

Two parameters in Figure 8 are the length of the {100} end zone and the extent to which 

diffusion occurs into the SAM.   We can estimate a possible length of the end zone from the 

experimental studies of Zhang et al., who found that disorder due to edge effects could extend 

for distances ranging tens of times greater than the ligand length.40  In experiments of interest, 

ODA capping molecules have all-trans lengths of around 2 nm.23  Thus, it is conceivable that 

the extent of the disordered zone could range between 20 and 200 nm.  As for the extent of 

Cu atom diffusion into the SAM, we envision two limits:  no diffusion into the SAM and 

unlimited diffusion into the SAM, with diffusion barriers equal to those on the Cl-covered Cu 

surfaces (cf., Figure 3).
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We consider predicted nanowire aspect ratios in the two limits outlined above. If there is 

no diffusion from the end zone to the SAM-covered zone, then the end-zone length could be 

more than 1 micron before accumulation would begin to occur on the {100} facets, based on 

the 30-nm diameter wire in Figure 7.  This distance exceeds the anticipated 20-200 nm 

window discussed above and indicates wires could be grown indefinitely (subject to the 

depletion of growth reagents) to achieve aspect ratios much greater than 1000.  Although Jin 

et al. reported growing some Cu nanowires that reached mm lengths,21 this is not a common 

scenario.  On the other hand, if diffusion within the SAM on Cu(100) is as rapid as diffusion 

on ½ ML Cl-Cu(100), then the aspect ratios become more limited.  Below, we consider 

predictions based on these two limits for three different experimental studies.21,22,28

Figure 9 shows experimental and predicted nanowire aspect ratios as a function of the 

nanowire diameter for the three different experiments. The full rectangles in Figure 9 indicate 

the ranges of nanowire diameters and aspect ratios observed in experiments.  The darkened 

regions of the boxes indicate our predicted nanowire aspect ratios as a function of nanowire 

diameter for various temperatures probed in the experiments. Assuming an end-zone length 

of 20 nm and unlimited diffusion into the SAM-covered zone, we obtain a lower bound on 
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the nanowire aspect ratios.  This is the curve with symbols defining the bottom of the darkened 

region for each experiment.  We note that the lower limits fall well within the predicted range 

of nanowire aspect ratios in each of the three experimental studies, indicating that it would be 

possible to use an even smaller end-zone length to match experiments.  Our calculations 

indicate somewhat higher aspect ratios can be achieved for smaller diameters.  Unfortunately, 

the experiments do not attempt to correlate diameter and aspect ratio, so the experimental 

ranges are presented as rectangles in Figure 9.   Assuming no diffusion into the SAM-covered 

zone, we can achieve all the experimentally observed nanowire aspect ratios for end-zone 

lengths up to around 1 m (assuming a 30-nm diameter nanowire).  In fact, our predicted 

aspect ratios could even exceed experimentally-observed aspect ratios in this limit, as 

discussed above.  However, based on experimental observations that the nanowire aspect 

ratios often depend on the deposition/reduction rate,21,32 it seems likely that this upper limit is 

not achieved experimentally.
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Figure 9.  Ranges of diameters (nm) and aspect ratios (length divided by diameter) observed 

in three different experimental studies:  Kim,28 Jin,21 and Luo.22  The rectangles indicate the 

full experimental ranges of observed lengths and diameters.  The darkened portions of the 

rectangles indicate the range of theoretical predictions.  The symbols delineate theoretical 

predictions with an end-zone length of 20 nm and full diffusion in the SAM, as described in 

the text.

Conclusions
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Thus, accounting for atom deposition and surface diffusion in a Markov-chain model for 

which the rates are obtained from DFT calculations, we are able to predict a wide range of 

nanowire aspect ratios in the experimental ranges.  Key features that lead to predictions of 

nanowire aspect ratios over 1000 are (1) weaker atom binding and faster diffusion on chlorine-

covered Cu(100) than on chlorine-covered Cu(111) and (2) selective Cu atom deposition near 

the {111} nanowire ends due to the absence or disorder of a protective alkylamine SAM.  We 

predict higher nanowire aspect ratios with lower Cu atom deposition rates, in agreement with 

experiment.21,32  Moreover, because our model incorporates surface diffusion as a driving 

force for nanowire formation, we can also rationalize the growth of javelin-like Cu nanowires 

at very high solution-phase chloride concentrations, where the alkylamine SAM is absent.24  

When the deposition rate exceeds the average rate for {100}-{111} transport, accumulation 

will commence in the middle of the nanowire, where the MFPTs are the longest.

Penta-twinned nanowire growth has been observed in a number of different metal systems 

and our prior work showed bare Ag nanowires can grow from penta-twinned seeds as a 

consequence of the strained structure of these seeds17 – no special additive is needed to 

achieve an aspect ratio around 100. It is difficult to model such strain effects in DFT 
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calculations and these effects could also be present in the system studied here.  Nevertheless, 

it is evident that there are strong driving forces for the formation of chlorinated, SAM-covered 

Cu nanowires in the absence of strain.  Halides have been linked to high-aspect-ratio 

nanowires in other metal systems – Ag, Pt, and Pd45–47 and it is possible they exert a similar 

influence in these systems, as well.

Methods

All DFT calculations were performed with the Vienna ab initio Simulation Package (VASP) 

with the projector augmented-wave method to describe the interaction between the valance 

electrons and core ions.48–52 The generalized gradient approximation (GGA) by Perdew, Burke, 

and Ernzerhof was used for the exchange-correlation functional.53 The energy cutoff for the plane-

wave basis set was 400 eV and Monkhorst-Pack grids were used.54 We used a (12 x 12 x 12) k-

point mesh for calculations of bulk Cu.  For the total energy of an isolated Cu atom and a single 

Cl2 molecule in the gas phase, we used a cubic unit cell with a side length of 20 Å and a single k 

point. 

To represent the Cu surfaces, we used a periodic unit cell that consisted of six Cu layers. During 

structural optimization, we allowed the top three layers and adsorbed species to fully relax. The 

bottom three layers of the slab were fixed at the bulk positions, with a calculated lattice constant 

of 3.64 Å, which is in good agreement with other theoretical values using a GGA functional55–57 

but slightly higher than the experimental values of 3.615 Å 11 and 3.610 Å59.  We used a value of 

10-6 eV for the energy convergence criterion and a 0.01 eV/Å for the force convergence criterion. 
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We represented Cu(100) with a (4 x 6) surface unit cell and used a (6 x 4 x 1) k-point mesh. For 

Cu(111), a (4 x 5 x 1) k-point mesh was used for the (6 x 4) unit cell. We included a vacuum space 

of 15 Å and a dipole correction along the surface normal.

We used the DFT-D2 method of Grimme to account for long-range van der Waals (vdW) 

interactions.60 To account for the screening effect of the bulk metal, we employed the dispersion 

coefficient (C6) and the vdW radius (R0) for Cu of Ruiz et al.,61 while the default values of C6 and 

R0 suggested by Grimme were used for the other elements. The cutoff radius for the vdW 

interactions was 40.0 Å.

To calculate the binding energy for Cl and Cu atoms on the Cu surfaces, we used,

                               (13)𝐸𝑏𝑖𝑛𝑑,𝑋 =
1
𝑁𝑋

[𝐸𝑠𝑙𝑎𝑏 + 𝑋 ― (𝐸𝑠𝑙𝑎𝑏 + 𝑁𝑋𝐸𝑋)]      , 

where  can be either Cu or Cl absorbed on the Cu surface,  is the energy of an isolated  in 𝑋 𝐸𝑋 𝑋

vacuum (here,  for  = Cl),  is the number of  on the Cu surface,  is the energy 𝐸𝑋 =
1
2𝐸𝑋2 𝑋  𝑁𝑋 𝑋 𝐸𝑠𝑙𝑎𝑏

of the Cu slab – either a bare or chlorinated Cu slab, and  is the energy of an optimized Cu 𝐸𝑠𝑙𝑎𝑏 + 𝑋

slab with .   We performed convergence tests for the cut-off energy, the number of k-points, and 𝑋

the vacuum space. Table S6 shows the results of convergence tests for the binding energy of a Cu 

adatom on all the chlorinated Cu surfaces.

We employed the climbing nudged elastic band (CI-NEB) method to determine the energy 

barrier for the diffusion of a Cu adatom on the bare and chlorinated Cu surfaces.62,63 The value of 

the spring constant was 5.0 eV/Å2 and the force convergence criterion was 0.05 eV/Å for these 

calculations, with 3 – 6 images, depending on the individual diffusion pathway. We conducted a 

vibrational analysis to confirm each identified transition state had a single imaginary frequency.
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