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Complex hierarchical metamaterials are currently the focus of many cutting-edge studies
due to their potential to advance such critically important areas of technology as energy
storage and transformation, sensing, photovoltaics, nano-medicine, antibacterial and self-
regenerating materials. However, deterministic design of novel hierarchical metamaterials
remains problematic due to the lack of efficient, highly reliable methods for controlling the
internal structure and design of materials. Here we propose an advanced comprehensive
model to simulate the formation of complex hierarchical metamaterials with controllable
structure. The control is achieved via selective deposition of noble metal nanoparticles (Au,
Au, Pd, Pt). Moreover, we theoretically examine and experimentally verify the novel
method. This approach allows for the sophisticated spatiotemporal control of growth con-
ditions and, as a result, achieving the targeted internal structure of metamaterials. This
opens a way to the deterministic design and formation of complex multi-material met-
amaterials on the basis of metal oxides and noble metal nanoparticles. Moreover, we pre-
sent a fundamental insight related to the longstanding question about the bottom-up and
top-down growth types that vary for various materials and systems, and is quite difficult
for the direct experimental verification.

{W&MATERIAL FORMATION IN PLASMA

1. Introduction

Complex hierarchical nanomaterials and metamaterials are currently in the focus of research efforts worldwide.[***]
Multicomponent architectures at nanoscale feature many unique properties and functions, which enable various
applications including biological,!! gas and mechanical sensors,>® devices for energy collection and storage,!”**
nanoscale therapeutic systems,'*'! platforms for light-driven!*? and chemical catalytic reactions,*>'* biotechno-
logical applications,!*>*! hydrogen fuel production,!”! wastewater decontamination,*® and technologies for space
exploration and space economy.!** ?l However, the trial and error approach which is often used for designing the
hierarchical metamaterials is limited for its high cost. Besides, it is slow and does not guarantee the desired results.
Here we propose, theoretically examine via advanced simulations, and then experimentally verify a new approach
for the deterministic assembly of complex nanomaterials. In this approach, selective deposition of metal nanopar-
ticles is used to sophisticatedly control the formation of the desired internal structure.

As a model system we have selected the hierarchical metamaterial primarily consisting of long metal oxide (CuO) nan-
owires loaded with noble metal (gold) nanoparticles. Such systems are promising due to their outstanding morphol-
ogy-conditioned properties.”?! Among other metal oxide nanowires, arrays of copper oxide nanowires exhibit excellent
properties required for advanced batteries,’? field emission devices,””! and supercapacitor applications.'**?”) How-
ever, copper oxide-based metamaterials suffer from such shortcomings as e.g. high rates of agglomeration, low con-
ductivity and electrochemical stability. These could be overcome by synergistically combining CuO with e.g. conducting
polymers, carbon nanotubes or graphene-based materials!?*??! using in situ modification of copper foam,® room tem-
perature chemical synthesis,**! high temperature annealing,*? thermal oxidation of pre-synthesized copper nan-
owires,** facile solution-phase technique,*! anodization in sodium bicarbonate solution,®*! thermal oxidation of cop-
per foil in oxygen*®! and many other methods."*”!
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Such a plethora of available technologies naturally resulted in many studies aimed to reveal the parameters that
control the growth, with the central question: - Is it possible to efficiently control the architecture, structure, and
morphology of the growing material through the simple adjustment of the synthesis conditions? Experiments that
varied temperature,® heating rate,*” oxygen flow,"” humidity and external electric field,!*"! initial roughness of
copper substrates!*? and others have demonstrated these parameters cannot definitively control the growth. Be-
sides, near all of above-mentioned parameters are inter-dependent and not always could be directly controlled —
e.g. substrate roughness affects surface growth via diffusion, yet itself can change during the process due to sput-
tering; strong electric fields could be generated at long nanowires due to charging,'**! and so on. Based on this, we
can state:

v’ It is unlikely that complex hierarchical metamaterials could be deterministically assembled using a relatively
simple control sequence of direct controls such as temperature, time, gas pressure and similar

This means that some specialised control tools are needed for selective, deterministic control of the architecture,
structure, and morphology of the growing hierarchical metamaterial. In this article we demonstrate that (i) the
method of selective deposition of nanoparticles is effective in controlling the morphology of the growing copper
oxide nanoarrays, and (ii) this method is deterministic, i.e. the targeted structure can be predicted, modelled, and
then synthesised. For this, we first modelled the whole growth under the selective deposition control that aimed to
significantly enlarge the nanowires by re-distribution of diffusional fluxes using deposited nanoparticles, and then
performed the direct experiment which demonstrated formation of targeted structures. Similar methods could be
designed for material architectures that target specific applications, thus avoiding the trial-end-error method.

The discussed technological process includes three separate stages (Figure 1). At the first stage, an array of copper
oxide nanowires on the substrate was formed by use of microwave atmospheric plasma discharge (until the nan-
owires cannot grow anymore) (i). Then, the deposition of gold nanoparticles on the array to cover the side surfaces
of the nanowires by the noble metal (ii) was made. Finally, re-exposition of the modified array in the microwave
plasma was used to increase the length of the nanowires (iii). This process was utilized by simulation and then by
real physical synthesis. In this process, plasma is necessary to significantly accelerate the growth process, while the
stage of the intermediate deposition of gold allows overcoming the limit of the maximal length of the nanowires
conditioned by the limited diffusion path of copper from the nanowire root to the tip. Hence, the combination of
the plasma-enhanced growth and the deposition of noble metals is utilized as a promising tool to synthesize the
metal oxide nanowires in a productive and cost-effective way.

STAGES OF THE DESIGNED DEPOSITION-CONTROLLED GROWTH OF NANOWIRES
(I) Oxidation of copper (I) Deposition of Au nanoparticles (1) Second oxidation

Secondary growth
after Au deposition

Au nanoparticles

Nanowires

/

»

Substrate

Growth of nanowires Decoration Hierarchical metamaterial
saturated formed

Figure 1. General scheme of the proposed process and simplified scheme of the processes during the decoration-controlled
nanowire growth. Stages of the designed deposition-controlled growth of nanowires: (1) afterglow oxidation of copper; (1) dep-
osition of Au nanoparticles; (lll) second oxidation.
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2. General description of the model

The fast saturation of the dependence of nanowire length on time was experimentally observed in the
process that utilizes low-pressure plasma.[**l In contrast, atmospheric plasma used in this work is not as-
sociated with the ballistic effects caused by the ion bombardment, which results in less damaged surfaces
of the growing nanowires. Moreover, large number of radicals ensures the high chemical activity of oxygen
plasma at atmospheric pressure, as well as its ability to conduct the fast oxidation of copper substrates.
At that, the substrates exhibit a formation of a layered structure of Cu,0 and CuO oxides, which are also
denoted as copper (I) (or cuprous), and copper (ll) (or cupric) oxides, respectively. Formation of the layers
is conditioned by the interaction of oxygen molecules adsorbed on the substrate surface from the gas
phase, and copper atoms diffusing towards the surface from the bulk copper. It is believed that nucleation
of nanowires occurs in CuO layer, which is evidenced by a typical morphology of the nanowires protruding
from this layer. Further growth of these 1D nanostructures is described by the processes of the delivery of
copper atoms through the oxide layers, and diffusion of these atoms along the nanowire surface. Since
oxygen is adsorbed by the side surface of the nanowires, the flux of copper atoms is decreased with the
distance from the nanowire root due to the reaction of oxidation. At some time, the nanowire ceases to
grow, because all copper atoms are consumed on their diffusion path to the tip. However, deposition of
noble metals, like gold, protects the side surfaces from the oxygen adsorption, thus forming a shield for
the copper atoms, and allowing the nanowire growth to be resumed (Figure 2).

SCHEMATIC OF THE GROWTH OF A NANOWIRE

PLASMA
Deposition of gold prevents s ‘ l Adsorptlon of oxygen on nanowire tip
adsorption of oxygen molecules / Ea02nwt

P TOP SURFACE OF NANOWIRE
\
/

on side surfaces of nanowires. 0; oo
This prevents decrease in Cu flux <

SIDE SURFACE OF NANOWIRE

Nx2s CuO + O3(gas) 2 CUO + O(:a020ws)
Cu20 + 02 =2Cu0 + 0O

¢o

Plasma ensures
functionalization and

sputtering of the surface Surface diffusion (&czs) of Cu20

through CuO and oxidation (é&x-dis) on
the side surface of nanowire

CuO/GAS PHASE BOUNDARY

CuO + O2(gas) 2 CUO + O3(2002)
Cu0+0,=2Cu0+0

Cu20/CuO BOUNDARY
CuO + Cu = Cu0
2Cu>0 + 0, =4Cu0

Grain (&) and lattice (&c11)
diffusion of copper in Cu20

Cu/Cu20 BOUNDARY Copper substrate

d[uZO

Figure 2. Schematic of the growth of nanowire partially decorated with noble metal nanoparticles. The oxide layer
usually consists of two sub-layers, namely copper (ll) oxide (or cupric oxide CuO), and copper (I) oxide (or cuprous
oxide Cuy0). Both oxides are formed because of the diffusion of the species, which can be lattice, boundary, or
surface diffusion. In this case, the copper atoms moving from the copper layer are involved into the oxidation pro-
cess on a side surface of the growing nanowire. A large number of elementary processes is involved in the growth,
and all of them should be properly addressed in the advanced model (see details in the supplementary Information).
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To provide a theoretical description with a purpose of establishing the possible control means when ap-
plying the stage of noble metal deposition in the process of copper oxide nanowire growth, a multifactor
model was developed. The central point of the proposed strategy of intermediate deposition is to combat
a growth saturation, when the nanowires stop growing at some point. Instead, after the intermediate
deposition, continued growth was expected and then confirmed by simulations and direct experiment.
Figure 1 illustrates the proposed strategy (left panel) and the simplified set of the physical and chemical
processes taken into account (see the full schematics of the processes in Figure 2). The oxide layer usually
consists of two sub-layers, namely copper (Il) oxide (or cupric oxide CuO), and copper (I) oxide (or cuprous
oxide Cu,0).[*>“¢ Both oxides are formed via lattice, boundary, and surface diffusion. The copper atoms
moving from the copper layer are oxidated at the side surface of the growing nanowire, so the copper flow
from the nanowire (NW) base to the NW top decreases, and the longer is the NW, the lower is the flow of
copper atoms.*”! At some stage the growth is terminated because all diffusing copper is oxidized on the
NW sides. The intermediate deposition of noble metal allows to resume the growth since the noble metals
do not interact with the oxygen and prevents O, adsorption, and the surface is relatively free from the
adsorbed oxygen (Figure 3). The copper atoms now can reach the top, copper is delivered to the NW top
where it is involved into the reaction with the oxygen adsorbed on the NW top, and the NW continues to
grow.

. A o..= Surface NOT COVERED by gold
. . . < nx Total surface
Figure 3. Scheme of controlling the nanowire array mor- — Q ?
phology by the intermediate deposition of gold. Here, ty 2 /o ------
is a time when gold nanoparticles are deposited on nan- % Q ? P % ? P R
owire, Loz is a gold-free length of a part of the nanowire & Q L w2
grown after gold deposition on the part Lywi, Lot is a total ..g Q P ? ,P L
length of the nanowire after the treatment. Intermediate ¢ =
deposition of noble metals (e.g. gold in the case of study) 2 | Ry L rwi
allows efficient control over the morphology of acomplex 4
nanomaterial directly during the formation process. 2
Copper »
Stage 1 Stage 2 Stage 3 Time, t

Oxide growth ~ Deposition  Oxide growth
before deposition of gold after deposition

This mechanism was proposed, simulated with a multifactor model (see the detailed description of the
model in the Supplementary Information, SI) and experimentally verified. In the model, the following sce-
nario was used: first (see the detailed description of the model in SI), oxygen molecules are adsorbed on
the surface of the sample and react with copper atoms which diffuse through a layer of copper oxide to
the surface exposed to the oxygen. Oxygen molecules are dissociated with the two main reactions:
Cu,0 + 0 = 2Cu0 and CuO + Cu = Cu,0. Importantly, the oxide boundary can be shifted because of
the reactions, but the key factor of the actual oxide layer growth is the diffusion of copper atoms from the
top of the Cu,0 oxide surface to the top surface of CuO oxide, where the generation of a new CuO oxide
layer occurs (Figure 2).14%49 This key process was modelled in three stages: (i) dissociation of the cuprous
oxide, (ii) jump of the released copper atom into the neighbouring node occupied by the cupric oxide, and
(iii) the generation of the cuprous oxide in the new location of the copper atom (see details in the SI).

One principal problem in modeling of such systems is the difference in the characteristic energies of the
adsorbed particles on various surfaces on NW, thus all processes were modeled separately. For example,
three different expressions for the Langmuir adsorption isotherm were used via three different Langmuir

constants P;:
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M 3/2 ( at 1)
Poili=123 = (_Z,T(;lzz) (kBTs)S/ZexP[ ei T: ] 1

where Mo; is the mass of O, molecule, &, are the adsorption energies of O, molecule on CuO surface (i = 1),
side surface of CuO nanowire (i = 2), and tip of CuO nanowire (i = 3), respectively; & is the internal energy of
02 molecule; h is the Planck’s constant (kgxm?s?); e is the elementary electric charge (C); ks is the Boltz-
mann constant (kgxm?2s2K1); and pressure Po; has the standard dimension Nxm2 (kgxm™s2).5% The diffu-
sion of copper atoms through Cu,O layer occurs in two different ways: either through the boundaries be-
tween the oxide grains or directly through the body of the grains. On the other hand, when considering a
diffusion of molecular oxygen adsorbed on the upper surface of CuO oxide to the boundary between CuO
and Cu;0, only the mechanism of the diffusion along the boundaries of CuO grains (short-circuit diffusion)
was considered. The stage of the intermediate deposition results in changing the number of adsorption
nodes (Figure 2), which could be occupied by oxygen molecules, because the deposited atoms of noble metal
occupy a part of them.

The key factors of growth were calculated as follows (see the full model in the Sl provided). In particular, the
key growth parameters such as the rate of increase of the nanowire length dL,,,, /dt and radius dR,,,, /dt
are described by the expressions:

1/2
dLnw _ Nyx2s Vo e(ex—_dis—Eczs) Ny2t €Ex—dis 3
(an) - nCuZOnW(LnW)COS ( exp |— an Voexp o, (2)
dt Nno Dcuso kpTs kpTs

dRnw
dt

Nyx2s €Ex—dis 3 Nyx2s e(Ex— dlS_ECZS)
(Z,t, Lyw) = nCuZOnw(an) VOexP ( )aOCOS [( ——_€exp [ ] (3)
kpTs No DCuSO kpTs

which show strong dependence on the density of oxygen molecules adsorbed on side surface of the nan-
owire n,,¢ and on the nanowire tip n,,;, as well as on the current nanowire length L,,,,. In turn, both of the
parameters are exponentially dependent on the energies of adsorption €9, and €402 on the correspond-
ing area:

anS(t) _ Po> (4)
- Y“nx 3/2 . ]
No Moo 5/2 [_e(gaOZS_SL—OZ)]
(Znhz) (kpTs)*/“exp kgTs +Poz
nxzt(t) _ POZ (5)
- Unxt 3/2 —&; '
no Mo, 5/2 [_e(saozt £i_02)
(322) " (kpTo)S/2exp =02 |+Po;

This fact explains the characteristic morphology of 1D objects that grow like nanowires. The difference of
the adsorption energies, when €,025 < €402¢, results in much lower concentration of oxygen molecules on
the side surface. It allows the atoms of copper to migrate from the nanowire root towards its tip without
being involved into the reaction of oxidation on the side surface, which is accompanied by thickening of the
nanowire, and to be oxidized only on the tip, where the concentration of the adsorbed oxygen is large
enough. Moreover, the shape of the nanowires is affected greatly by the internal energy of oxygen molecule
€i_o2, Which can reverse the sign of the exponent at £, < €;_02, thus changing the growth conditions.
The mechanism of this effect can be described by analogy of interaction of over-pressurized balloon that
interacts with a surface and bursts thus releasing the internal energy stored in the balloon and transferring
it to the translational energy of the motion of the balloon remnants relative to the surface. Thus, the adsorp-
tion energy of oxygen molecule is decreased when the crystalline structure of the side surface of nanowire
is close to the ideal structure. Besides, the transition of energy to the internal states of the molecules addi-
tionally decreases the probability of the molecule attachment to the surface. In contrast, the defected sur-
face of the nanowire tips is beneficial for the oxygen adsorption, oxidation of copper, and non-anisotropic
growth of the nanowires. In particular, the dependence of the growth process on the adsorption energy
explains why the thermally-grown nanowires possess higher aspect ratio than those obtained in plasma-
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driven processes, where the nanowire surface is intensively bombarded by the plasma ions, which results in
generation of defects, increase of the oxygen adsorption energy, and decrease of the aspect ratio. Moreover,
as it follows from the above equations, high excitation of oxygen molecules caused by the plasma environ-
ment, can suppress the nanowire growth at all. However, there is a way to overcome the limitations caused
by the oxygen adsorption by covering the side surface of the nanowires with nanoparticles of noble metals,
which is described by factors a,,,, and «a;,,,; that equal to the parts of the side surface and tip area, which are
non-covered by the noble metal. The above expressions state that the concentration of the adsorbed oxygen
is linearly dependent on these factors.

Much more complicated is the dependence of the concentration of copper atoms at the roots of the nan-
owires N¢y20nw ON the factors of growth including the current parameters of the system:

Mo

Ncuzonw (Loxz) = _

ayV Ny (t 2(agsexp[— 1z | n

1+2 ZDO 0 Lox2 xnz;()exp[_(pd] ( £z Rp[ ((6))625]) Sln[(achexp[_(chs])1/2an] + antCOS[(‘XEZSEXP[_(PEZS])l/ZLnW]
0c2 0s nw x2S
e(ey_gis—€2) e(ey_gis—€2S) n v . . .

where Qoo =28 oo — — 2 e =22 —2 [, is the current thickness of CuO oxide

kBTs kBTs ) DCuSO

layer. The concentration depends on the energy &-qis of oxygen molecule dissociation at the presence of
Cuz0 composite, energy &2 of Cu diffusion in CuO layer, and energy &5 of Cu diffusion along the side surface
of CuO nanowire toward its tip.

The complete model comprising 50 equations was then solved numerically according to the following algo-
rithm that enabled calculation of all essential energies, states and growth parameters (Figure 4). First, the
initial conditions have been assigned as a typical value set for the similar experiments. Next, all essential
mechanical and chemical processes were simulated. The results were presented as the growth rates de-
scribed in detail in the next section.

3. Results and Discussions

A final system of the equations describing the growth was assembled (see SI, Equations S1 —S50) and then
used for the modeling at the conditions used in the experiment. These data allowed calculating the thick-
nesses of both oxides, length L,w(t) and diameter 2R,w(t) of nanowires on time t. Figure 5 shows the cal-
culated dependences of the length and diameter on growth time, moment of deposition of noble metal
(gold), diffusion energy of copper along the nanowire surface &2s, and fraction anx of the side surface of
nanowires not covered with the noble metal. Figure 5 also shows markers that correspond to the experi-
ments by Altaweel et al.,*" used as benchmarks to realistically calibrate the growth rates. At later stages
the growth saturates.? Apparently, intermediate deposition onto the saturated nanowires allows obtain-
ing the maximum length after secondary oxidation.

The model predicts that the maximum length is significantly affected by the energy &:.2s of copper diffusion
on nanowire, so we used two values of this parameter for the calculations. Importantly, the values of
energies can be changed by varying concentrations of defects on the surface via ion bombardment. The
lower value of the diffusion energy leads to the formation of longer nanowires —about 6.5 um (Figure 5b),
instead of 2.8 um for an energy of 0.56 eV (Figure 5a). The dotted lines predict the growth process after
gold deposition at a certain time t; (after four, eight or twelve hours of nanowire growth). Figures 5d,e
show the results for different values of ratio anx. When reducing anxs = 1.0 (absence of gold on the side
surface of the nanowire) to anxs = 0.15 (gold covers 85% of the side surface), almost twofold increase in
the length of the nanowire is predicted, i.e. the formation of long and thin nanowires is available. Im-
portantly, the diffusion activation energy &:.2s does not affect the diameter of the nanowire, while the ratio
anx allows adjusting the nanowire diameter.
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ADVANCED SIMULATION ALGORITHM
TAKES INTO ACCOUNT ALL ESSENTIAL PHYSICAL AND CHEMICAL PROCESSES

€a02s €a02t €a020 %D @ @ Ec11
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Anx Nyx2s Nyor Nyo S

Ocut Cu20b
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Ncu20nw

Dpy Leuo Leuzo
Ec2s Rnw an
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- Process controls: substrate temperature T,, oxygen pressure Py,, density of nanowire nuclei D,,,, ratio of the cross-sections occupied by grain boundaries
to the cross-sections occupied by grains S¢,.0,/ Scuz0: > relative surface of nanowires not covered by noble metal «,,,

- Process energies: internal energy of oxygen molecule ¢;_,; energies of adsorption of oxygen on surface of oxide layer CuO &5,
on side surface of a nanowire ¢,,,, on tip of a nanowire ¢,,,,; energies of diffusion of copper atoms through Cu20 (grain boundary diffusion ¢.4, and
lattice diffusion &.4;), through CuO layer ¢,,, along the side surface of a nanowire ¢.,,; energy of diffusion of oxygen through CuO layer &,,; energy of
dissociation of oxygen molecule at presence of Cu20 composite &,_ 45

- Densities of oxygen molecules on surface of oxide layer CuO n,, on side surface of a nanowire n,,,, on tip of a nanowire n,,,; density of copper atoms at a
root of a nanowire ng, »g,,, ; diffusion fluxes of copper atoms through Cu20 ¢, (grain boundary diffusion ¢, s, and lattice diffusion ¢, ), through CuO
layer ¢, »; diffusion flux of oxygen through CuO layer ¢, 4

00 0N

- Growth parameters: length L,,, and radius R,,, of a nanowire, aspect ratio L,,max / Ruwmax » thicknesses of Cu20 L, 5, and CuO L, oxide layers

Figure 4. General scheme of the simulation for modelling the noble metal decoration-mediated growth of nanowires. Starting from setting
the initial parameters typical for the experiments, the simulation route followed all essential chemical and physical processes to simulate the
growth in detail (see the abbreviations for energies and other parameters in the Sl provided).

Thus, under the condition of ion bombardment (&.2s = 0.56 eV) and significant coverage of the side surface
with noble metal (anx = 0.15), the nanowires with a length of 9 um and a diameter of 0.1 um (aspect ratio
90) were produced instead of the nanowires with 3 and 0.13 um, respectively (aspect ratio 23). When the
intensity of ion bombardment is decreased (&2s = 0.46 eV), even longer (12 um at the maximum) nan-
owires with almost constant diameter along the length can be achieved. The results of 3D modelling are
shown in Figure S1, which clearly indicates the effectiveness of the proposed approach.

Importantly, the state of the oxygen adsorbed on the nanowire surface should not be neglected, according
to the simulation. The concentration of oxygen on the surface should be controlled independently by
choosing the appropriate growth conditions, when the crystalline structure is not damaged by the treating
fluxes, to avoid formation of large number of surface defects followed by the increase of the activation
energy &zs. It can be achieved by use of atmospheric plasma post glow, when the surface is treated by
oxygen radicals and exited states, but not the oxygen ions as in the case of implementation of low-pressure
plasma discharges. The ‘mild’ atmospheric plasma conditions are associated with lower energy &2s and,
correspondingly, longer and thinner nanowires (c, d) as compared to the case of low-pressure RF plasma,
where the energy & is increased due to the ion bombardment (a, b), and the nanowires becomes shorter
and thicker at the saturation point.
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Moreover, the radius of the upper part of the nanowire after the gold deposition exceeds the radius of the
lower part (half-covered by the gold particles). This was explained by the different oxidation activity of
these parts due to the gold deposit that prevents the adsorption of oxygen on the lower part, and not
affects the adsorption of the side surface grown after the gold deposition. When the gold covers almost
all side surface of the nanowire (anxs = 0.01), the maximal increment in the nanowire length can be ob-
tained, as it is shown in Figure 5e.

GOLD DEPOSITION GOLD DEPOSITION

£ @ 1 t ts 315°C o) t t ts

:: 6 a T + T # T ; T g_ 0-15 T Il T ; T Il T
E _ Gold deposition __ — é Gold deposition

° |ncr<ta)ases the length W _ _’_(.._ — a sharpens nanowires |
ol y about x 2 B -~ p —
.§ 4 | k // / / - = 0.1 - \ —— — — — —
o “ // // 2 8 —
7/ c —_—————

g | ] g 0.05 / _
5 an=015 1 5 U Q= 0.15 .
g &2s = 0.56 eV o &25 = 0.56 eV

% O 1 1 1 1 1 1 1 .S 0 1 1 1 1 1 1 1
-0 2 4 6 8 10 12 14 16 B 0 2 4 6 8 10 12 14 16
£ Time of growth, h Time of growth, h

:3: 9 T T T T T T T g— 0_15 T 1 T 1 1 1 1

= = =
5 | S IR N )
£ 6 7 Z 4 £ 01

o / [e) —_— =
: : ————"

Lg 3t am=015 {1 = 0.05 J Om=015
£ 25 = 0.46 eV % 25 = 0.46 eV

8 O 1 1 1 1 1 1 1 'g 0 1 1 1 1 1 1 1

- 0 2 4 6 8 10 1214 16 A& 0 2 4 6 8 10 12 14 16

Time of growth, h Time of growth, h
e

g. 6 T T T T T T T :1- 0.15 T T T T T T T

é e ___(gnx=0-15 1 g f aﬂx=10
EHRIO T 8 |0

o 4t 77 _~-—7 = 01 g
% - % G = 0.7
[ j -

g 2 | anx:l.o | E 0-05 anx—o.ls |
s g

= &2s = 0.56 eV g &e2s=0.56 eV
o 1 1 1 1 1 1 1 ®© 0 1 1 1 1 1 1 1

§ 00 2 4 6 8 10 12 14 16 © 0 2 4 6 8 10 12 14 16

Time of growth, h Time of growth, h

Figure 5. Results of simulations. The calculated dependences of length Law(t) (3, ¢, €) and diameter Daw(t) (b, d, €) of nanowires
on growth time t, moment of gold nanoparticle deposition t;, activation energy &:2s of copper diffusion along the nanowire, and
ratio anxs of the side surface not covered with gold. Solid lines describe the growth without intermediate deposition, while the
golden arrows and dashed lines highlight the growth for the trends obtained for the gold-mediated growth process. Specifically,
the dashed lines in (a-d) denote the growth for various moments of gold nanoparticle deposition t;, while the dashed lines in
(e,f) show the growth for different coverages (anx) of the side surface of nanowires with gold. Dots mark the experimental
results.[5Y] Combination of the correct time moment (a, b), when the dependence of the length on time reaches the saturation,
i.e., a nanowire cannot grow anymore, and a sufficient dose of deposition (when the nanoparticles of noble metal protect the
already-grown surface from further oxidation, e, f) allows obtaining the best results, when two-fold increase of the nanowire
length is achieved. The procedure of the gold deposition can be repeated again for the part of the nanowire grown after the
previous stage of the gold deposition to lengthen the nanowire further.
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To demonstrate the possible efficiency of the intermediated deposition, a faster plasma-enhanced process
was used for the simulation. As was demonstrated by Filipi¢ et al.,*”! when applying RF discharge to the
growth of oxide structures, the dependence of a nanowire length on time reaches the saturation mode
just 20 minutes after the process started. The results of the simulation using this model are also shown in
Figure 6, where the length and diameter of the nanowires are calculated as a function of time t, moment
of deposition of gold nanoparticles to, and ratio anx. The points shown in Figure 6 present the experimental
data reported in the cited paper. Figure 6a and Figure 6b describe the growth of a nanowire without gold
deposition (anx = 1.0). The implementation of the gold deposition in the amount to cover a half of the side
surface of a nanowire (anx = 0.5) changes the nanowire morphology as shown in Figure 6¢,d. The nanowire
length increased up to about 40 % (Figure 6¢), while the change in the nanowire radius is not so significant
(Figure 6d) as it was demonstrated in Figure 6f.
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Figure 6. Results of simulations. Dependence of the nanowire length on time t (a, c, e), and shape of nanowires (b, d, f)
for t = 1000 s and t = 2400 s for different coverage (anx) of side surface with gold nanoparticles. Growth of nanowire with-
out gold deposition (anx = 1.0) (a, b); gold was deposited at tp = 1000 s, when the saturation mode was reached so the
length of the nanowires reached its maximum, and the gold nanoparticles covered a half (c, d) of the side surface
(anx = 0.5) or almost all (e, d) side surface of the nanowire (amxs = 0.01). The nanowire length and radius are Lyw: and Rz
(b, d, f) at the moment t = t;, and stay almost the same if the deposition is not conducted (b). With gold (d, f), the radius
of the covered part is increased at t = 2400 s to the radius Rnwi2, and additional substructure with a radius Rnw2 and length
Lnw2 is formed on the tip of the nanowire, thus increasing the total length to Lnw: (dashed line Rnw: presents the final shape
of the nanowires). Dots mark the experimental results.[>?
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In Figures 6a-e the continuous red lines present the results of simulations made by use of the developed
model to explain the experimental data shown by the red dots. The experiments were conducted until the
saturation of the dependence of a nanowire length on time was achieved, and it was expected that further
measurements will follow the red line. The black dashed lines represent the cases with deposition of gold
that occurs at tp. Thus, the red and black lines coincide up to the moment tp. After this time moment, the
dashed lines indicate the growth of the nanowires that is promoted by the deposition of gold (dotted
lines). Without the deposition, the growth is terminated due to the saturation (red line after ty). So, the
deposition protects the side surface of the nanowires from the oxidation and increases the diffusion path
of copper atoms, thus ensuring the increase of the nanowire length. When deposition is very small (a), the
length only slightly increases and the intermediate coverage of the side surface with gold (c) results in the
significant prolongation. The nanowire length is doubled when almost entire side surface is covered (e).

Figures 6a,b clearly illustrate the presence of the saturation mode in the nanowire growth observed in the
experiments with low-pressure RF plasma; here a highly-defected nanowire surface formed under the
condition of significant ion bombardment is suggested withing a frame of the developed model. The the-
oretical calculations explain the saturation by the existence of a maximal path that a flux of copper atoms,
which diffuse from the nanowire root towards the tip, can overcome under a condition of the flux losses
caused by the reaction of oxidation on the side surface of the nanowire. In this case, the higher concen-
tration of adsorbed oxygen molecules on the side surface results in shortening of the diffusion path, and
the ion bombardment promotes the adsorption by increasing the number of surface defects and the value
of the adsorption energy. Deposition of noble metal (gold) decreases the adsorption energy thus hindering
the oxygen adsorption; thus, the copper flux can overcome the longer path as is shown in Figure 6c. At the
same time, long exposition of the nanowire that was ‘armoured’ by the gold nanowire at the lower part,
can result in decrease of oxygen adsorption on the gold layer, or even termination (Figure 6e) while the
tip of the nanowire that was formed after the deposition can increase its diameter with time, as it is shown
in Figure 6d). If the gold nanoparticles cover almost the whole surface of a nanowire after the deposition
stage, the mushroom-like nanostructure can be developed as is shown in Figure 6f.

4. Control Experiment

A direct control experiment was performed to check the simulations-derived behaviour and thus to con-
firm the key principles of growth control via selective noble material deposition.

A schematic of the experimental setup and the description of the process are presented in Figure S2 (SI).
Microwave generator operating at 2.45 GHz and 100 W of applied power was used for growing U oxide
nanowires in Ar with 10 vol.% of O, plasma at atmospheric pressure (see the detailed description in Sl).
After reaching a 600 nm length in one hour of the process, the nanowires were covered by gold nanopar-
ticles in a metallizer and then were oxidized for one more hour. The produced materials were character-
ized by SEM, TEM and EDX methods (Figures S3 and S4). The lengths of the nanowires are between 1 and
1.5 um, with a large number of nanoparticles with diameters between 2 and 5 nm observed at the base of
the nanowires. On the other hand, no nanoparticle was visible at the top of the wires (Figure S3c). To
confirm these observations, high resolution images were taken respectively at the top (Figure S3d) and at
the base of the nanowires (Figure S3e,f). The crystal structure of the upper part of the nanowire is com-
parable to observations made on the nanowires without gold deposits. In particular, in the upper part of
the image, the spacing between two consecutive planes is 0.25 nm, which is compatible with the lattice
parameter of the (-111) plane of the monoclinic phase of CuO. To fully verify the nature of the nanoparti-
cles, energy dispersion spectra (EDS) were acquired respectively in the middle (Figure S4a) and at the base
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of the nanowires (Figure S4b). These spectra clearly show the presence of gold at the base of the nan-
owires. No trace of gold is visible at the top of the nanowires. In addition, a random analysis of the nan-
owires in the sample confirmed that the nanoparticles are only present in the lower part, approximately
between the base (at the interfacial zone between the film and the wires) and the middle of the nanowire.

5. Conclusions

A method to control the nanowire growth by the intermediate deposition of nanoparticles of noble metals
on a side surface of the nanowires is proposed, analysed numerically, and verified experimentally. The
intermediate deposition and the nanoparticle-induced re-mapping of surface processes can drastically
change the morphology of the nanowires due to the reduction of the oxidation reactions on a side surface
of the nanowires, shielded by noble nanoparticles. This makes it possible for the copper atoms to diffuse
along the nanowire surface from the nanowire bottom to the tip to reach higher altitude above the level
of copper oxide, and finally to increase to nanowire length. According to the simulations and the verifica-
tion experiment, the intermediate deposition can be a promising tool in the development of new technol-
ogies of copper oxide nanostructures.

Moreover, the experiment has presented a fundamental insight related to the longstanding question
about the bottom-up and top-down growth types that vary for various materials and systems, and is quite
difficult for the direct experimental verification.>°* In this experiment the metal nanoparticles could be
considered as markers of the nanoparticle growth zone and they did not change their location on the nan-
owire during the second round of oxidation, this directly indicates that copper oxide nanowires do not
grow from the bottom like human hair. This experiment provides a strong verification in favour of the
assumption about the growth of copper oxide nanowires on their tips, so the nanowires increase their
lengths when a new layer of material is added as a result of oxidation on the nanowire tip.
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1. Description of the model

To provide a theoretical description with a purpose of establishing the possible control means when applying the
stage of noble metal deposition in the process of copper oxide nanowire growth, a multifactor model was
developed. A schematic of the nanowire growth at presence of noble metal of the side surface of a nanowire is
shown in Figure 2.

In the model, the following reactions on a copper sample and oxide layers that are formed on the sample as a
result of its oxidation after exposure to oxygen environment are discussed. First of all, oxygen molecules adsorb
on the surface of the sample where they meet copper atoms that diffuse from a layer of copper through a layer of
copper oxide to the surface of the oxide exposed to the oxygen atmosphere.

Oxygen molecules are dissociated at the oxidation of Cu,0. The released oxygen and by-diffusion-delivered copper
atoms are subject to the following reactions:

Cu,0 + 0 - 2Cu0, (51)
Cu0 + Cu - Cu,0. (S2)

The oxide boundary can be shifted because of the reactions, but the key factor of the actual oxide layer growth is
the diffusion of copper atoms from the top of the Cu,0 oxide surface to the top surface of CuO oxide, where the
generation of a new CuO oxide layer occurs.

To describe the copper diffusion to the surface of the oxide we considered a three-stage process: dissociation of
the cuprous oxide, “jump” of the released copper atom into the neighbouring node occupied by the cupric oxide,
and the generation of the cuprous oxide in the new location of the copper atom; the following reactions take
place:

Cu,0 — Cu0 + Cu — Cu,0 (S3)

This last process can be considered as diffusion of Cu,0 oxide into CuO oxide: the copper atom reacts with the
CuO oxide at each “jump” in that case. When the generated Cu,0 composition reaches the upper layer of the CuO
oxide, it can be involved into reaction (S1) where the new CuO adsorption node is generated, which results in
growing of the CuO oxide layer.

The adsorption of oxygen molecules can occur on a surface of oxide (CuO) layer (nx, m?), on a side surface of a
nanowire (nxzs, m2), as well as on a tip (nx:, m2) of the nanowires. The densities are related to a density of the
adsorption nodes, which is a surface density of atoms of CuO oxide no. Due to the difference in the energies of the
adsorption, three different expressions of the same form of Langmuir adsorption isotherm are used [1]:

Nxo _  Po2
- 7
Ng Poo+Po2

Ny2 Po2

I = (S4)
Ng Pos+Po2

Nx2t _ Po2

Ny Pot+Po2’

where Pg, Pos, Po: are the constants that depend on surface temperature, and Po; is the partial pressure of oxygen,
Pa; the constants are expressed as

— (Moz. 3/2 5/2 _e(&q02i—¢i-02)
Poi = (Znhz) (kBTS) exp[ kpTs ’ (S5)

where Mo; is the mass of O, molecule, kg; &0z are the adsorption energies (eV) of O, molecule on CuO surface
(i—0), side surface of CuO nanowire (i—s), and tip of CuO nanowire (i —>t), respectively;
&-.02 is the internal energy (eV) of O, molecule.

Page 2 of 12



According to the literature [2], copper atoms can diffuse through Cu,0 layer in two different ways: either through
the boundaries between the oxide grains (this flux is designated as ¢cu1s) or directly through the body of the grains
(this flux is designated as ¢c.1). The total flux of the copper atoms diffusing from the copper part of the sample to
the boundary between Cu,O and CuO oxides considers the relative cross-sections occupied by the inter-grain
boundaries or grains:

Pcur = PeurvPcurn + PeuiPeurrs (S6)

where Pcy1p and Py are the ratio of the cross-sections associated with two mechanisms, respectively, to the total
cross-section:

Scuz0b

Scuz01
P = (S7)
Scuzob+Scuzol’ Cutl

P =
Culb
ScuzobtScuz01

where Scuz0p and Scuzor are the cross-sections occupied by the grain boundaries and grains, respectively.

In turn, they are expressed as:

Cu20 2
S _ ”(dCuzo"' 2 ) _ ”d(%‘uzo _ ”d(%‘uzo 1+ bcuzo -1 S _ T[d(ZJuZO (58)
cu20p = 2 . = a4 T , cuzol =,
Cu20

where dcuz0 and beyzo are a diameter of Cu,0 grain a thickness of the grain boundary, respectively.

After substitution, one may obtain:

Poutp = ([1 + bC”ZO]Z - 1) (1+ M)_Z, Py = (1+7222) g (S9)

2dcuzo 2dcuzo 2dcuzo

It is assumed that copper atoms delivered to the boundary between the oxides, are consumed at their interaction
with CuO layer according to reaction (2), and this reaction is a driving force of the diffusion; any reactions in the
volume of Cu,0 layer of a thickness Lo are not considered. Then a density n.,(z) of the copper atoms is:

d?ncyi
Dewii— 5+ =0, (510)
Pcui
Ney — Neyo = — Dzﬂ aoLox1, (511)

where D¢, is a diffusion coefficient, which is dependent on the temperature Ts, potential well &1, numerical
coefficient apcz, and lattice vibration frequency vp:

voal eEc1i
DCull - DOcllexp [_ _Cll] = aDcli%exp [_ FCTISL]f (512)

In turn, the latter depends on the temperature [3]:

__ 2kpTs

0 =7 (s13)

where h is the Plank’s constant.

To describe the fluxes through the boundaries between Cu,0 grains and the volume of Cu,0O grain, indexes “b” or
“I” should be substituted.

The fluxes delivered to the boundary between the oxides (z = L;), are
1 €&c1i
Pcuti = 3ncuvoexp |~ m]. (514)
A dependence of the fluxes on thickness of Cu20 layer can be found by combining the equations (S11) and (S14):

exp |—2=2x]. (15)

kpTs

1 nCuO 0
aovo
1+ Lox1
2Dgc1i

Pcuti =

Then, the total flux of copper atoms supplied to the CuO/Cu,0 boundary can be found:
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Peur = ((1+M)(11+ML0,(1) exp [_ kBTS] + (1 : 2I’Cuzo)(ll. agvo x1) exp [_ f;?;]) @' (516)

2bcy20 2Dgc1b dcuzo 2Dgc11

where ap is Cu,0 lattice parameter; nqo is the surface density of atoms of the copper sample, m™.

When considering a diffusion of molecular oxygen adsorbed on the upper surface of CuO oxide to the boundary
between CuO and Cu;O, only the mechanism of the diffusion along the boundaries of CuO grains (short-circuit
diffusion) is taken into account. When the molecule reaches the boundary between the oxides, thermal
dissociation of O, at presence of Cu,O oxide occurs. At that, the flux of oxygen molecules does not react on the
way to the inter-oxide boundary. Thus, the flow . of the oxygen molecules can be found similarly to the flows of
copper atoms through Cu,0 layer:

— Px2400
Ny = Nyo = — DxOxZ Loxz: (517)

where Doy is a constant; ny is the surface density of adsorbed oxygen molecules on the top surface of CuO oxide,
mM; Loxz is a current length of CuO layer.

Under a condition that one molecule of oxygen can decay to two atoms when contacting with Cu,0, the flux of
oxygen atoms to the boundary between the oxide is:

v ee eEx_di e(exatEx—_dis)
Px1 = Nx1Vx—dec = 2Mx2Vy—dec = 2Nz~ €XP (_ xz) exp (_ x—dls) = Ny2VoeXp (_ xz—xdts)’ (518)
2 KkpTs KkpTs kpTs

where &; is a potential well for physisorption on the CuO grain, eV; ny; is a surface density of the oxygen
molecules at the boundary between the CuO and Cu,0 oxides, while n,; is a surface density of oxygen atoms after
the dissociation; vo/2 exp(—e(&xy + €x_ais)/kgTs) is a frequency of the jumps of O, toward Cu,O oxide from
CuO oxide and dissociation at the jump, &c.qis is the energy of the dissociation at the presence of Cu,0.

By combining equations (S17) and (518), the flux of oxygen atoms to the boundary between CuO and Cu,0 is:

Op1 Nxo Yo exp (_ e(5x2+5x—dis)). (519)

agVo
1+ ) 2 kgT
2Dox2 0x2 Bls

A counter flux of copper atoms from the Cu,0/CuO boundary to the top of the CuO oxide is found by use of the
speculations like the above:

_1 Ny _ Nxo Vo e(ec2+ex—dis)
Pcuz = EnCuz n Ve2 = 135070 —exp\————), (S20)
0 +—2D0C2L0x2 2 kpTs

where Dq; is a constant; nc,z is a surface density of the copper atoms present in the form of Cu,0 oxide at the top
of CuO oxide; nxo/no is a probability to find an adsorbed oxygen molecule on the surface of the CuO oxide; v, is a
frequency of the jumps of the copper atom toward O, molecule from Cu,O oxide and dissociation of the oxide at
the jump, & is the energy of dissociation at the reaction (S3).

Unlike the growth of CuO and Cu,0 layers, the diffusion of copper from the bottom part of a nanowire to its tip is
accompanied with loss of copper flux due to reaction of oxidation (S1) oxidation on the side surface and top of the
nanowire. However, by considering the fact that the nanowire roots are submerged into the layer of CuO oxide, a
part of the flux of copper is not oxidised while diffusing along the nanowire root. At that the density ncuzonw of
copper atoms at the bottom of a nanowire is connected with the initial density nc,0 of copper atoms by the
equation:

_ Pcuznw

Ncuzonw = Ncuz20

€Ec2

Doc2 €XP( KpTs

5 oLoxy = 1o — Maol'oxz- (521)
Cu2 )

where the density ncuz0 is considered to be equal to n, since this is the density of Cu,0 in the Cu,0/CuO boundary.

As for the side surface, where the oxidation takes place, the distribution of the copper atoms along the nanowire
surface is:
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_ €&cs 0%ncy(2) €Ex—dis
Deusoexp (— 52) Then® nCu(z)—vOexp( acds), (s22)
9%ncy(2) Nx2s e(ex—dis—Eczs)
072 _nCu( ) ny DCusO exp ( kpTs )r (523)

where nys is the number density of oxygen molecules adsorbed on the side surface of a nanowire, and & is the
energy of dissociation in reaction (S3).

For ncu(0) = Ncuzonw the solution is

Nx2s

- (S24)

o g |-

nCu(Z) = Ncu20nw€0S [( 6 Deuso

A rate of conversion (s!) of Cu atoms from Cu,0 to CuO on the side surface of a nanowire is:

Lnw egx—dis
Neys(Lpw) = Ncu (Z) VO exp 2Ry (2)dz =
0 No kB Ts

_ Nx2s €E€x—dis Lnw Nx2s Vo e(ex— dlS_SCZS)
= Ncu20nw n—ovoexp (— TTS) 2 f RnW(Z)COS [( 0 Deuso ——€exp [ TTS z|dz. (S25)

Since a nanowire radius usually changes weakly along the nanowire, the following assumption R,w(0) = Rnw(Lnw)
can be used to simplify the expression:

n;chS Voexp (_ eix—ﬁis)
Neys(Lnw) = 2mRy,, (0) 0 B 172
e(gx dlS 5c23)]> /

Ny2s Vo
N Deuso

X NeyzonwSin [( X250 exp [— —e(ex-dis—eczs)]) Ve an]. (S26)

No DCu.sO kpTs

exp [

As for the reactions on the nanowire tip, the rate of the conversion by the tip of a nanowire with the length L, is:

€&x—_dis

kg Ts

Neyt (an) =TMNcy (an) VO exp ( ) nerzw (an) =

_ 2 €Ex—dis x2s _Yo _e(gx—dis_g(:Zs) 1/2
= Ry, (an) vo exp ( Teals ) Ncu20nwCOS [( o Doyes EXP [ —n ) Lowl|  (527)
where nyz: is the density of O, molecules adsorbed on the tip.

The flux of Cu atoms consumed by a nanowire is

Pcuznw (an) n'RZ—(O) [NCus(an) + NCut(an)] (528)
By use of the assumption Rnw(0) = Raw(Lnw) the expression is simplified:
Nx2s €&x—dis
(pCuan(an) = Ncuzonw n—svoexp (_ TTi) F(an): (S29)
-1/2
2(Mx2s Vo o, e(ex—dis—%cas) o 1/2
( "o Dcuso [ kpTs ) sin [(% Yo exp [_ e(&x—dis—&cas) ) an] +
F(an) = Ruw(0) Nno Dcuso kpTs (530)
Nxat Nx2s Vo _ e(&x—gdis—Ecas) 1/2
+ Nx2s cos [( Ny Dcuso exp [ kpTs ]) an
Combination of (521) and (S29) results in:
nxzsvoexp(_eixi)F(an)
Ocuznw Lnw) = (S31)

L 2o0Vo ”XZS,, [ e(sx dis— ECZ):I
1+ L exp F(L
Doc2 0x2 kgTs ( ‘I’lW)

and after substitution (531) to (S21):
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No

n L = oo , S32
CuZOnw( on) 1+22]_;]0C02Lox2VLF(an) ( )
At a time t the nanowires grown per unit of area consume the flux:
an—m an—m nxzsvoexp(_eix_’;isis)}:(ll)
Pcuan(t) = fo Pp (L) Pcuznw (L)AL = fO pp(L) Ve, Tras elggx_dis_gcz) dL, (S33)
1+DOchox2 no exp[ kpTs ]F(L)
where pp(L) is the density of distribution of the nanowires on length.
Finally, two expressions can be obtained for the rate of the nanowire growth in length
ALy a3
L = Neyt(Lpw) ————==
dt ( nw) Cut( nw) TL_R%W (an)
Nx2s V. e(ex—dis—Eczs) 1/2 Ny €Ex—dis
= Neyz0nw (Lnw)COS [(n_j?zso exp [_ # ) Lpw n—ztvoexp (_ T;Z) ag, (S34)

and the rate of growth of nanowire radius

dRyw
dt

Nyx2s ( egx—dis) 3
z,t, L =Ny (2)—vgexp|—————|ap =

1/2
Ny2s €Ex—dis 3 Ny2s Vo e(ex_dis—Ec2s)
=n L —=7yyex (——)a cos [(——ex [—— z|. S35
cuzonw (Law) n, JO€XP KT, ) &0 10 Deuso S XP KpTs (S35)

In the case of application of the stage of intermediate deposition the schematic of the nanowire growth is shown
in Scheme S3.

The stage of the intermediate deposition results in changing the number of adsorption nodes, which could be
occupied by oxygen molecules, because the deposited atoms of noble metal occupy a part of the nanowire surface
yet do not serve as adsorption nodes for oxygen. This fact is reflected by introducing the additional conditions:

Po2
Ny (t) — Pos+Po>’ t< tdep (536)
o Onx ~oz t=tge ,
Pos+Poy’ P
Po2
Nxae(t) _ Pos+Poz’ b< taep (537)
o Anxt ~oz , t2 tdep
Pos+Po2
] Surface NOT COVERED by gold
Scheme S3. A schematic of changing a morphology of Onx = Total surface (? ? P
a nanowire in a case when the maximum length of the - ____ N
nanowire is achieved before the stage of the g (i P (2 ?
intermediate deposition of gold: to is a time when the £ ({) e
discharge is powered off, and gold nanoparticles are § Q 9 truz
deposited on a surface of a nanowire (time of the § ?
deposition of gold is not considered); Liwzisalengthof & |~ F T & N N L
the nanowire at the moment to; Rowz is a radius of the E | 1 I 1
nanowire at the moment to; Lnw2 is a length of a part of % f_'lwz Lows | | | |
the nanowire grown after at the moment to (gold is - [ [
deposited on the part Lnwi, while the part Lnwz is L I | I
considered as gold-free); Rnwiz2 is a radius of the part Copper _
Lawi of the nanowire grown after to; Rnwz is a radius of Stage 1 Stage 2 Stage 3 Timet
the part Lowz of the nanowire grown after to; Lowt isa S L2 >
total length of the nanowire after the treatment Oxide growth Deposition Oxide growth
before deposition of Gold after deposition
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where tgep is the time when the deposited metal is considered as acting on the side and top surfaces of a
nanowire; anx and anx: are the coefficient less than unity, which describe the parts of the side and top NW surfaces
that are non-covered by the noble metal, respectively.

Finally, a system of the equations is set:

( Pb1 Pu
1+apiloximin 1+ Loximin

)Acr (Loxl (t) < Loxlmin) A (Loxz (t) = Lonmin)

P P 2B, 2C. D
( 2 + 2 )Ac - ( + ) an Z3 :D (L0x2mm) (Loxl (t) > Loxlmln) A (Loxz (t) < Lonan)

1+apiLox1 1+aj1Lox1 1+bLoxzmin 1+cLox2min

dLox1
— P P 2B, 2C. ox
dat (1+ablilLox1 + 1+aliox1) ZAC - (1+bLoxz + 1+CLoxz) an 0—3 ! D (Loxz) (Loxl(t) > Loxlmln) A (Loxz (t) > Lox2mln)
P P
(1+ab1::x1mm 1+a11l:x1min) ZAC' (Loxl(t) < Loxlmin) A (Loxz (t) > Lox2min)
0, otherwise
(538)
2B, 2C, ) L
, t)>1L i) N\ (L t)<L ;
(1+bLox2min 1+¢Lox2min ( oxl( ) oxlmln) ( on( ) onmln)
Pp1 P11 2B, 2C,
dL _( + )A+( + ),L £) > Loximin) A (Lox2 () > Loxam
dotxz = { 1+apiLoxs 1+ap1 Loy c 1+bLoys 1+CLoya ( oxl( ) oxlmln) ( oxz( ) onan) (539)
Pp1 Py )A L
— t)<L in) N (L t)>1L i
(1+ab1Lox1min 1+ay1 Loximin c ( oxl( ) oxlmln) ( oxz( ) OmelTL)
\ 0, otherwise

P P
( - + “ )AC’ (Loxl(t) = Loxlmin) A (Loxz (t) = Lonmin)

1+apiLoximin 1+a11L0x1mm

P P %
( " + y )AC an gx1 D (Lonmm) (Loxl(t) > Loxlmln) A (Loxz (t) < Lonmm)
1+apiLoxt 1+aj1Lox1 2

dLoy

= P P al S40
dat (1+ablllLox1 1+aliox1) Ac - an ﬁDc(Loxz)r (Loxl (t) > Loxlmin) A (Loxz (t) > Lonmin) ( )
P P
(1+ab1£:x1min + 1+a11Llolx1min) Ac' (Loxl (t) < Loxlmin) A (Loxz (t) > Lonmin)
\ 0, otherwise
Ny ()
aL(t) 2 o) nCuZOnW(Lonmin)v (Loxl (t) > Loxlmin) A (Loxz (t) < Lonmin)
anw — < nx25(t) L L L L L (541)
dt aL(t) 2t (0 nCuZOnw( on)' ( oxl(t) > oxlmin) /\( oxz(t) > onmin)
. 0, otherwise
dL aL(t)nCuZOnw(Lonmin)COS(.BLan)' (Loxl(t) > Loxlmin) A (Loxz (t) < Lonmin)
% =1 arOncuzonw Lox2)c0sBrlnw),  (Lox1(6) > Loximin) A (Lox2(t) > Loxamin) (542)
0, otherwise
with the following initial conditions: Lox1(0) = L1o, Lox2(0) = Lo, Lox(0) = L1 + Lzo.
The parameters used in the system are:
14 14 e(exz+ex—dec) 14 e(ecztex—dec)
A = nCan(3) 70; B, = anoa(g) 7°exp (_ sz—Tsd) ;o Ce= nxoag 7°exp (_ ZkB—TSd) ; (s43)
Nyas(t) ap(t) .
D.(L;) = nCuZOnw(Li)T[R w(Lnw)ag (t)cos(B, () Lny) + 2Ry, (0) n zs(t) ﬁL(t) sin(BL(t)Lyw); (s44)
= _ Cecun]. -1 _egcu],
Ppy = (1+ dCuzo)exP[ kBTs] ; Py = (1+2bCu20) exp[ kBTs]' (s45)
2bcyzo dcuzo
_ _QovYo , _ _QoVo ., _ QoVo , — %Yo ,
1 = 2Doc1p’ G = 2Dgc1;’ " 2Dy’ 2Dgc (s46)
Po2 Po2
, t<t , t<t
Nyos(t) _ Pos+Po2 dep Nype(t) Pos+Po2 dep (s47)
n - Po2 ! n - Po2 ’
0 nX 5 poy’ t = tagep 0 Onxt PostPog’ t 2 taep
xzt( ) Ex—dis \ . Typs () _Yo _ e(Ex—dis—Eczs) 1/2 .
0 = PO vy (<), ) = (0 e[St} g

Page 7 of 12



o

_ Nxas(®) _ e(ex—gis—&c2)] . N — .
yL(0) = B oxp [ - St g0 (L) = T (549)
2 ) "
F(an) = Sln(ﬁL (t)an) + mx2t COS(BL(t)LnW)- (s50)
BLRnw(0) Nx2s

2. Details of simulation

The model simulated the growth of CuO nanowires at the fixed conditions described in the experimental
section. Thus, the oxygen partial pressure was set to 2.1-10* Pa, and the experimental dependence of the
sample temperature is approximated by the expression: Ti(t) = (Trpax — To) (1 — exp[—t/T]) + 293
(K), where Tmax=315°C; Tp=20°C, 7=40s.

The adsorption energy &o2 = 1.46 eV on a surface of CuO oxide was set to fit the experimental data and
is higher than the value of 1.35 eV perfect calculated by Sun et al. [4] for the adsorption of O; on the
perfect and oxygen-deficient CuO surface with vacancies. This difference can be explained by the higher
disorder in crystallinity of the real oxide. The energy &o02nws = 0.1 eV of oxygen adsorption of side surface
of a nanowire corresponds to the lowest energy of O, adsorbed on the perfect and oxygen-deficient CuO
(111) surface [4], where the adsorption energies of the modes O, being perpendicular to the I, I, IV, V,
VI, VIl and VIII sites are between 0.1-0.18 eV. At the same time, the energy &zo2nwt = 0.385 eV is located
in the range between the energy of 0.32 eV that is calculated for the O, adsorbed on the Il site (Oza)
mode), and the energy of 0.45 eV that fits to Ozp) mode [4]; both of the modes correspond to the
adsorption of O, on the perfect CuO (111) surface. It should be mentioned that Hu et al. also pointed
that the attraction between O, and CuO (111) is weak; according to their data the binding energy is
0.27 eV per O molecule [5].

3. Additional simulation results

The value of the dissociation energy of O; on the Cu;0 surface &.qis = 0.65 eV is close to the value of
0.85 eV for O, dissociation on the Cu;0 (111) surface (M(d)=>P3 reaction) and is higher that the energy
of 0.18 eV (M(e)—>P4 reaction) that were calculated by Zhang et al. for O, dissociation on the Cu;0
oxygen-deficient surface [6].

The energies &1, =0.98 eV and &u=1.5eV of the boundary and lattice diffusion of copper atoms
through Cu;0 layer were set to correspond the reported data [2,7] and to fit the results on the measured
thicknesses of Cu20 and CuO oxides.

The energy & = 0.8 eV of O diffusion through CuO layer is engaged to describe the growth of CuO layer
not only in this experiment, but also the results obtained by Zhu et al. and Yuan et al. in their
experiments [8,9]. The energies &2 =0.66 eV and &2s=0.46 eV (or 0.56 eV) of Cu diffusion in the CuO
layer and along the side surface of CuO nanowire toward its tip were set to fit the ratio of thicknesses of
both oxides to the data from the experiments. The internal energy &o2=0.31 eV of oxygen molecules
adsorbed on surfaces of oxide layer and nanowires, is used to fit the experimental data within the frame
of the developed model.

The results of 3D modelling are shown in Figure S1, which clearly indicates the effectiveness of the
proposed approach.
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Figure S1. Growth of copper oxide nanowires at the dependence on the activation energy &2s of copper diffusion along the
surface of the nanowire; gold deposition was realized after 8 hours of nanowire growth (Fig. 6): a — one hour of growth, b —
two hours; ¢, d — 16 hours without gold deposition: ¢ — &2s=0.56 eV; d — &2s=0.46 eV, d, e — 16 hours of growth under
condition of the deposition of gold at the eighth hour of growth: e — g5 = 0.56 eV; f — g2 = 0.46 eV.

4. Description of the experiment

The reactor was made of a fused silica tube passing through a resonant cavity connected to a microwave
generator operating at 2.45 GHz and 100 W of applied power. During the plasma source operation, Ar -
10 vol.% O, plasma at atmospheric pressure is forced to stay on the tube axis by a rotating fan. Neutral
species that are not subjected to the influence of the electric field exit the reactor through an orifice of
400 um in diameter. A total flow rate of 275 sccm (standard cubic centimetre per minute) is injected in
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the plasma, which produces a laminar post-discharge (Figure S2b), containing atomic oxygen and various
neutral excited species of oxygen like the singlet state of O,. The beam diameter is nearly twice the
diameter of the hole (~ 800 um). Under these experimental conditions, the gas temperature is ~1200 K
and high thermal gradients exist. The evolution of the surface temperature of the substrate was
determined by heat transfer simulation from time-resolved infrared measurements on the sample
backside. The surface temperature reaches a steady state after about 3 minutes and the maximum
temperature lies in the range [280 — 350 °C], depending on the experimental conditions. The hole-
substrate distance is 2 mm and the treatment is performed in a confined environment to prevent air
contamination. Figure S2 shows a copper thin film after afterglow oxidation. Coloured rings appear on
the substrate area hit by the afterglow over a diameter comprised between 1 and 2 centimetres.

(a) Copper layer on Glass Substrate
Microwave

Power Circulator ——

Supply - Afterglow
Figure S2. Schematic of the
experimental  setup  (a), v Plasma
photograph of copper thin film Coaxial Cable @)
after  two-hour  afterglow Microwaves Cavity

oxidation (b), and photograph
of the micro-afterglow through
a 400-um diameter orifice (c).

Fused Silica Tube —
Rotating Fan ) Ar

Mass Flow
Controller

5. Experimental results

To follow the growth of nanowires during synthesis, gold particles were used. The synthesis process was
divided into 2 steps of one hour each, under the conditions described previously (Ar - 10 vol.% O3, 275
Nccm, 100 W). Under these conditions, a one hour-long treatment led to the formation of relatively long
nanowires: around 600 nm in the optimal growth zone. After this first step, the sample was covered by
gold in a metallizer (Denton Vacuum Desk V). The duration of the deposit was short enough for the gold
to form separated nanoparticles on the surface of the sample.

Gold was chosen because of its non-oxidizable nature. After gold deposit, the sample underwent a
second oxidation treatment for one hour under the same conditions. The obtained nanowires were
characterized by transmission electron microscopy (TEM). It can be seen in the general view (Figure S3)
that the lengths of the nanowires are between 1 and 1.5 um. A large number of nanoparticles with
diameters between 2 and 5 nm are observed at the base of the nanowires (Figure S3b).

On the other hand, no nanoparticle was visible at the top of the wires (Figure S3c). To confirm these
observations, high resolution images were taken respectively at the top (Figure S3d) and at the base of
the nanowires (Figure S3e,f). The crystal structure of the upper part of the nanowire is comparable to
observations made on the nanowires without gold deposits. In particular, in the upper part of the image,
the spacing between two consecutive planes is 0.25 nm, which is compatible with the lattice parameter
of the (-111) plane of the monoclinic phase of CuO. Other interplanar spacings of approximately 0.23 and
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0.20 nm are measured observed at the base of the nanowires, especially in the nanoparticles. These
spacings correspond respectively to the (111) and (200) planes of the face centered cubic phase of gold
(JCPDS 03-065-2870) but also to the (111) and (11-2) planes of CuO.

To fully determine the nature of the nanoparticles, energy dispersion spectra (EDS) were acquired
respectively in the middle (Figure S4a) and at the base of the nanowires (Figure S4b). These spectra
clearly show the presence of gold at the base of the nanowires. No trace of gold is visible at the top of
the nanowires. In addition, a random analysis of the nanowires in the sample confirmed that the
nanoparticles are only present in the lower part, approximately between the base (at the interfacial zone
between the film and the wires) and the middle of the nanowire.

These observations show that nanowires continued growing during the second oxidation stage without
affecting the position of the gold nanoparticles. These results confirm that the growth of nanowires is
not affected by the base of the wire but by diffusion of copper ions towards the top. In addition,
nanoparticles seem to be present on the surface of nanowires. However, the diameters of the nanowires
increase weakly between 1 and 2 hours of treatment under these experimental conditions: on average
between 55 and 60 nm. These experiments therefore do not allow a decision to be made between
surface and volume diffusion mechanisms.

Figure S3. Electron microscopy of CuO nanowire: (a)
General overview of CuO nanowires after the
deposition of Au nanoparticles and two-step
oxidation process; (b) Base and (c) top of the
nanowires; High resolution of top (d) and base (e
and f) of the nanowires.
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Figure S4. EDX measurements at the top (a) ant base (b) of a nanowire.
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