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Supplemental information
1. Working principles of CVD and ALD techniques
In CVD, a solid material is produced from a vapor precursor via a chemical reaction. Such
a reaction may take place either on a surface or in a gas phase. Typically, two types of reactions
are distinguished in CVD: (i) thermal (pyrolytic) decomposition and (ii) exchange reaction. In
both cases, the gaseous reactant(s) is continuously admitted into the reactor by the flow of a
gaseous precursor and the gaseous by product(s) is continuously removed out of it. However, the
former associates with the decomposition of single gaseous reactant whereas the latter relies on
the reaction between two gaseous reactants. And the solid material that nucleated on the surface
of substrate is obtained in the form of a coating, powder, or single crystal. Figure S1 illustrates
such reactions for a thin film growth.
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Figure S1. Simplified schematic of the two most common types of thin film deposition by CVD:
(a) thermal decomposition (pyrolytic) reaction and (b) exchange reaction. In both cases the
precursor molecules are continuously supplied and the gaseous byproduct molecules are
continuously removed. Reaction conditions need to be tuned in order to avoid chemical reaction
in a gaseous phase, which may lead to surface roughening and formation of nanoparticles.

ALD is a surface-controlled process that applies a strategy of sequential exposure and purge
steps to remove all the physisorbed molecule(s) from the system (Figure S2). In contrast to CVD,
the gaseous precursors are supplied one at a time into the reactor and purge steps are applied
between reactant introductions. In a typical ALD cycle, a first gaseous precursor introduced into
the system forms a chemically-bonded molecule layer on the substrate surface with all the
physisorbed (extra) molecules cleaned off by the following purging process. When a second
precursor vapor is introduced, it reacts selectively with the chemisorbed layer of the first
precursor, thus creating a monomolecular-level layer of an ALD coating. The excess
(physisorbed) molecules of the second precursors are similarly purged off with an inert gas. By
repeating the process cycles, atomic layer-by-layer growth of the coating is achieved with a
precise control over the thickness governed by the number of ALD cycles. Benefitting from such
a precise operation where only chemically-bonded molecule(s) can react on the surface for each
exposure, ALD could give rise to very dense, conformal1, uniform and very thin (sub-nm, if
needed) coatings on complex 3D porous substrates. Another advantage of ALD - it generally
requires lower reaction temperature than CVD. While plasma enhancement reduces deposition
temperature for both processes, plasma-assisted ALD (PA-ALD) allows deposition at room
temperature and even below, which could be particularly attractive for coating deposition on
thermally sensitive substrates. The serious limitation of ALD, in turn, is a relatively slow
deposition rate.
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Figure S2. Simplified schematic of thin film formation by ALD. The precursors are introduced
one at a time with a purge cycle in between. The reaction occurs only on the surface and very
uniform film formation on porous substrates becomes possible.
2. Mechanism of CVD growth of nanowire
A CVD growth of various nanostructures on substrates will be illustrated using nanowire
growth as the most general example (Figure S3). Their growth commonly follows the so-called
vapor-liquid-solid (VLS) mechanism.2 Three growth types could be distinguished: the tip
(floating) catalyst growth, root catalyst growth and catalyst-free (self-catalytic) growth (Figure
S3a).In the case of a tip catalyst growth, the catalyst-substrate interaction is weak (catalyst has
an acute contact angle with the substrate), the gaseous precursor decomposes on the surface of a
catalyst and (in a most common case of a liquid catalyst) the precursor species (e.g., individual
atoms) dissolve into it. Due to the concentration gradient, the precursor diffuses down through
the catalyst. After reaching saturation or supersaturation (at a fixed growth temperature), the asdissolved precursor precipitates out and nucleates at the liquid/solid interphase, leading to an
axial crystal growth and pushing the catalyst droplet off the substrate. Three types of catalysts
could be distinguished: (i) all-liquid catalyst seed (FigureS3b, left),2 where precursor species
diffuse through the bulk of the catalyst; (ii) solid catalyst with the liquid layer at the surface and
at the interface with the nanowire,(Figure S3b, middle),3, 4 where precursors diffuse along the

surface to the liquid-solid interface before being incorporated into the solid phase; (iii) solid
catalyst with the liquid layer only at the interface with the nanowire (Figure S3b right),5 where
precursor is adsorbed at the solid surfaces and a significant surface diffusion area (including the
catalyst, nanowire and even the substrate) accelerate the nanowire growth rate.6 In the case of a
root catalyst growth, the catalyst droplet has a strong interaction with the substrate (catalyst has
an obtuse contact angle with the substrate) (FigureS3c). The initial precursor decomposition, its
dissolution in a liquid catalyst and its diffusion towards the nanowire occur similar to that of the
tip catalyst growth case. However, because of the strong interaction, the precipitation fails to
raise the catalyst up.7 In the case of a catalyst-free nanowire growth, a self-catalytic process is
believed to take place. By heating the substrate to a temperature above the melting point of a
small nanowire nuclear (which have smaller melting point than the bulk due to the high
curvature

8-11

), the gaseous precursor react with and dissolve into the liquid. When size of the

nuclei exceeds a critical value, it precipitates to form a solid alloy layer beneath the molten
curved tip, thus inducing nanowire growth. Figure S3d demonstrates the possible correlation
between the size of the catalytic particles and the resulting diameters of the nanowires. The
minimum radius of the nanowire could be expressed as following 12:

2V1
σ lv
RTLn( S )
where V1 is the molar volume of the droplet, σlv is the liquid-vapor surface energy, and S is
Rm =

the degree of vapor supersaturation. Accordingly, a smaller catalyst requires a higher degree of
supersaturation. Nevertheless, the chemical potential of the component in the metal-alloy catalyst
increases as the size of the catalyst decreases due to the Gibbs-Thompson effect:
2γ
r
where ∆µ is the chemical potential difference of the alloy species in the liquid droplet, γ is
∆µ =

the surface energy and r is the radius of curvature of the droplet. Therefore, with the size
decreasing, it becomes more difficult to dissolve a vapor component into a liquid alloy, and to
reach supersaturation states that induce the growth of nanowires.12
In addition to the VLS growth, other growth mechanisms (including such as vapor-solid (VS)
and solution–liquid–solid (SLS), where no catalytic liquid metal is needed, and etc.) may take
place.13 For those, we refer the readers to more specialized literature.14-28
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Figure S3. Schematic illustration of nanowires’ growth on a substrate by CVD: (a) three
common growth types – tip and root catalyst-assisted CVD, catalyst-free CVD; (b) three
common types of catalysts at the tip of the nanowires – liquid (L) catalyst, solid (S) catalyst with
a liquid surface and interface, solid catalyst with a liquid interface and the corresponding
dominating paths for the diffusion of the source atoms; (c) dominating diffusion paths of the
source atoms from the root catalyst (liquid phase is shown as an example); (d) relationship
between the size of the nanowire and the size and shape of the tip catalyst particle as determined
by a balance of the surface tension of the catalyst and the catalyst-nanowire interface tension
during the nanowire growth.
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