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Abstract

Forest-like nanostructures, their synthesis, phogserand applications are reviewed.
Nanoforests are mainly represented by carbon nhasfwinc and titanium oxides, and
gold, much lesser by other metals, metal oxideserales and phosphides. These
nanostructures generally consist of more simple dijects, such as nanowires,
nanopillars, nanorods, nanotrees, nanofibers omtobes. Synthesis methods for
nanoforests vary from catalytic pyrolysis or thermd@composition of hydrocarbons to
electrophoretic deposition, hydrothermal routectets beam lithography, focused-ion-
beam technique, vapor phase transport, facet-sadestiching and pulsed deep reactive
etching technologies, among others. A row of applims for the forest-like
nanostructures are generalized, for instance aoeeh detectors, photoanodes in solar
and fuel cells, supercapacitors and energy stodageces, SERS applications, optical
and MEMs switching devices, water splitting proesssCQ fixation, and as supports /
targets for biomolecules. In general, it is expedteat more varieties of compounds and
materials with exciting properties can be obtaimedhis form in near future, thus
expanding numerous applications of forest-like samnetures.

Keywords. Nanoforest, nanotree, nanowires, carbon nanotubas, oxide, titanium
dioxide, protein nanoforests.

I ntroduction

“Nanoforests”, or “forest-like nanostructures”, asconglomerate of nanotrees and
nanobushes and other “nanovegetation”-like nanoiires, as well as simple nanorods,
nanopillars, nanowires, nanobars, nanoneedles, betteoand other relative 1D
nanostructures, have been reported mainly for carmEnotube$,although they are
known for a few metal oxides (for example Zn&hd TiG>) or organic nanoforests of
peptide nanotubésit is known that 1D nanostructures above are newsdmerging
materials, possessing extraordinary propertiesaavatiety of applications, in particular
in nanophotonic and optoelectronic devices. Say @hgglomerations could be much
more effective in comparison with 1D precursors,particular due to an increased
surface areaThat’s why a series of novel applications haventieend for nanoforests,
for instance for preparation of solderless and loleralectrical contactsjn the area of
photovoltaic devices and thermoelectric uséslt is also well-known that 43D
nanomaterials are widely applied as catalysis irarety of processesX® ** 213 jn
particular for methanol oxidatiorf. > *® 7 In this respect, current and future
achievements in novel catalytic processes on naestfbasis could be a big-foot step in
further development of this field.

Comprehensive reviews on nanotechnology, contaisegions on nanoforests with
particular covered aspects, have been recentligheul*® *° In this review, we present
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a concise state of the art of this type of nanctiires, their preparation, peculiarities,
and current applications, taking into account tmaoforests (except those of CNTSs)
can be still considered as relatively rare morpggl@lthough very promising.

Most common nanoforests
Carbon nanotubeforests (CNTFs)

The nanoforests on the basis of carbon nanotublemdgendubitably most studied
forest-like structures among other compounds, wimseber is certainly limited, and
have got useful applications. The CNTFs” peculjaiit comparison with other carbon
and non-carbon species, is that the forests ofocananotubes are currently known as
the darkest artificially produced materidlyeing able to adsorb the entire visible range
of electromagnetic wave much more efficiently thaary other black material. They
exhibit near-perfect optical absorption (reflecen@.045%) due to low reflectance and
nanoscale surface roughness. At the same timegrtarAnotubes are able to reflect
light like a mirror when the CNTs in the forest® anechanically bent and flattened
with proper controf® Under a controlled mechanical processing of theT§Nhe
mirror-like reflection from the processed area wifi%0—15% reflectivity was observed,
having possible applications for fabrication of rolithically integrated reflector-
absorber arrays.

Carbon nanotube forests may include "regufdtiamboo-like?® helicaf* and branched
structures, as well as a CNT forest-on-forest, whte number of layers in such a
system can vary from ofteto two?2° four?’ eighf® and even forty? and second- and
third-order CNT forest structuré$3! Integrated simulation of active carbon nanotube
forest growth, the diverse CNT forest morphologiasgd mechanical compression is
discussed in a recent repdttn particular, CNT forest morphologies may be galig
aligned to the growth axis or highly tortuous, wtérsistently wavy CNTs intermixed
with aligned and straight carbon nanotubes. Thpedds on the height of CNT forest,
the CNT diameter, surface density, and growth dard. The length of some CNTs
may exceed the height of the carbon nanotube fodégerent CNTs in the same
nanotube forest can be different in tortuosity bemgjth. Comprehensive information on
CNTs forests is present in a highly recommendecelext comprehensive recent
review>® citing 679 references. This shows an increasirigrést to this type of
nanostructure having a variety of applicationspfrcatalysis to biosensors.

Synthesis. In general, CNTs forests can be synthesized hglytie pyrolysis on
supported catalysts as described below; using wanersions of the CVD methdd?°

% by the template method with £); membranes; by graphite sputtering (this technique
is used much more rarely), by electrophoresis etedirophoresis of CNTs from
dispersion¥ *® and by chemical grafting of CNTs onto substrdteRarticular aspects
of methods for the synthesis of CNTFs are mentidneseveral review?’ ** Among
them, we note a wide use of mono- and polymetabitalysts and supports for their
preparation, mainly at high temperatures and usiwegtylene as carbon source
{although ethylene mixtures with £ (the equipment is shown in Fig. 1) or
C,H4/H,/H,0/Ar*® were used}. Thus, the growth of dense CNT foreatsome metallic
layers (Mo, Ta, W, and Ir) by thermal decompositiminC,H, diluted in NH was
studied®* The growth process and resulting structure of GbfEsts were shown to
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depend on metal substrates, process duration, tatopg and thickness of the
stabilizer (Al). In a related repoft,dense CNTSs forests (height-©800 nm and a mass
density of 1.2 gm®) were prepared on copper support at 450°C, usiothl®/o
multilayer catalyst. The nanotubes exhibited vergrrow inner spacing. Main
characteristics of the formed material are highrrttag effusivity and a thermal
conductivity, suitable for possible uses in heasighation devices. Another classic
example consists of vertically aligned SWCNTs fagrgsown using FePt alloy particles
on a MgO substrat®. Sometimes, metal-based catalyst should be additjoactivated
prior to use. Thus, an oxidative pretreatment of Ee, or Ni growth catalyst on SO
support can be used to switch the growth mode of<RKom tip growth to root
growth?” Dense vertically aligned nanotube forests can bmwiy this way. The
oxidative treatment effect was explained by appkas®ong interaction “catalyst-
support (SiQ)”, limiting the surface diffusion, sinterizatiorf oatalyst NPs, and their
binding to the surface of SpOIn addition, vertically aligned small diametein¢de- and
few-walled) carbon nanotube forests were also grdwnthermal CVD over the
temperature range 560-8@ and 1F to 14 mbar partial pressure range, using
acetylene as the feedstock and:@ysupported Fe nanoparticles as the catéfyst.
Following mechanism of their formation (Fig. 2) described by reactionsl-g);
alternative mechanism is shown in Fig*°3Curiously (Fig. 3G), nanoforest zones
consisting of sinuous (Fig. 3G, left section, upd almost straight (Fig. 3G, right
section, down) carbon nanotubes can be sometimeseébat the same bulk growth
conditions.

4 Reﬂected beam

Gaseous

precursor Preheater

Source beam
Growth Exhaust

I 5i:Ns cap
CNT forest _ dlsplac-EmEnt
I
To g
|
|
|
Resistively heated IR temperature
platform (p++ Si} sensor

Fig. 1. Obtaining CNTs forest by CVD method. Reproducedhwiermission of the
American Chemical Society.
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Fig. 2. Schematic of CNT growth process. Copyright. Repceduwith permission of
the American Chemical Society.
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Fig. 3. Collective growth mechanism of a CNT forest: (Apgth stages and SEM
images of (B) tangled crust at the top of fore@), gligned and dense morphology near
the top of a self-terminated forest, (D) less aigjrand less dense morphology in the
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lower region of a self-terminated forest, and (Eradhdomly oriented morphology at the
bottom, induced by the loss of the self-supportiogest structure. Reproduced with
permission of theAmerican Chemical Society. (G) View of a coexistence of sinuous-
like and almost straight carbon nanotubes in theesianage (authors’ own data).

Additionally to metals above as supports, CVD-dsdidormation of a dense CNTs
(length 13-14 mm and diameter of 10-100 nm) foreknown using spin-coated iron
oxide (FeOg3) thinfilm on Si substrate starting from a mixtweacetylene, hydrogen
and nitrogen for 45 min at 700%€ Also, vertically aligned ohmic-conductive carbon
nanotube forests were grown on TiSiN refractoryduaniive films and reached area
densities of (5.1+0.1)x16tubes crif and mass densities of approximately 0c3ng.>
The above support had a function as a diffusiomidrarthe resulting nanoforest grew
according to the root growth mechanism. An addé#lodiscontinuous AIQ layer,
inhibiting catalyst nanoparticle sintering, allowaéximizing the CNTs area density.

To optimize high-temperature growth of CNTFs, sal/studies have been carried out,
since an important obstacle of CNTs fabricationndustrial mass production is the
growth efficiency. Thus, for the case ofti; as precursor in water-assisted CVD, it was
establishetf that, for 10 min. optimum growth conditions, SWCHbFests with ~350
um/min initial growth rates, ~2500m height, and extended catalyst lifetimes could be
reached by increasing the dwell time to ~5 s. hdestrated the generality of dwell
time control to highly reactive gases. In anothesearch, in order to tune the CVD-
growth of CNTs forests (DWCNTs or SWCNTs) on wafergroduction of CQ is a
simple and controlled way. When its concentration grows, the CNTs forests are
transformed as follows: CNTs forests radial blocks » bowl-shaped forests. It is
possible to control the diameter distribution arallwmumber of the CNTs this way. At
36.8 mol% of CQ, the content of SWCNTs in the forest was found&o70%. Also,
under increased GQroncentration, a smaller diameter and decreasddwaber for
CNTs were revealed. It was suggested that €Quld be as a weak oxidant and
generates water. Among other synthesis meffidds CNTFs, we note high voltage
electrophoretic deposition (HVEPD), used to obt@irests of aligned MWCNTSs on
long strips of conductive substrafgs.

Soecial studies of CNTFs internal structure and other properties. XPS analysis of a
CVD-grown forest of MWCNTs using monochromatic AloKradiation showed
essentially only carbon presence (1s peak at 284)3° In order to evaluate properties
of the “internal content” of CNTFs, the precise amhtinuous control method for the
average diameter of SWCNTSs in a forest ranging fioBito 3.0 nm with 1 A resolution
was offered’ This control was reached through tuning of thealyat state
(composition, size, and density) applying arc plastaposition of nanopatrticles. These
results showed a direct relationship between tinesable height and the diameter of
SWCNTs. On their basis, the fundamental difficulyfabrication of tall and small
diameter SWCNT forests was suggested. In additlom,internal nanostructure of the
CNTs forest, consisting of mostly empty space betwd#he nanotubes, allows capture
photons effectively, yet allows electrons to escapsily (Fig. 472 This makes possible
to use CNTS forests in ranging from photocathodesotar cells.
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~2mm

Fig. 4. (Left) A photo of a carbon nanotube forest ovanid tall and 5 mm on each
side (note the silicon substrate with a thickneE€9.6 mm), effectively forming a

macroscopic object. Inset is a scanning electramaygraph of the sidewall of the forest,
showing the overall alignment of the nanotubes #mal significant internanotube
distance. (Right) A schematic of the experimentvshg the electrons exiting from the
sidewall of the forest, as well as those emergmgnfthe top surface of the forest.
Reproduced with permission of thenerican Chemical Society.

Vertically aligned CNTs possess a peculiaritynaiviness, regardless of the control of
their fabrication process. Study of this phenomemawed® that the inherent waviness
is the main mechanism by which the effective mosldtiCNTSs is reduced by several
orders of magnitude. The high compliance of forestsarbon nanotubes was found to
be because of the inherent waviness of individudlr§; and not necessarily due to
bending and buckling of CNTs. Theechanical compression effect on the thermal
conductivity of the closely-aligned parallel SWCNTgrest was investigated by
molecular dynamics simulatioi8 Among other findings, the thermal conductivity was
shown to be linearly enhanced by increasing comspyesbefore the buckling of
SWCNT forests. At the same time, the thermal cotiditiy decreases quickly with
further increasing compression after the forestuskled. The intertube van der Waals
interaction is strengthened by the compression taedsmoothness of the inter-tube
interface is maintained during compression. In @alali buckling-driven delamination

of CNTs forests from their growth substrates whebjected to compression was
revealed® It was postulated that the post-buckling tensitesses, being developed at
the base of the CNT forests, serve as the drivargef for delamination. Also, the
fundamental dependenekectrical conductance andthermal diffusivity on the diameter
and defect level for aligned SWCNTs forests (fadtian scheme see Fig. 5) was
evaluated? It was definitively concluded that high thermaffasivity and electrical
conductance would be extremely difficult to simakausly reach by a single SWCNT
forest structure using CVD technique.

CatalyCFe thin film Nanoparticles SWCNT growth .

Sputter phase Formation phase Growth phase SWCNT forest
—— e — — I
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Fig. 5. Schematic of synthesizing SWCNT forests by tailgrFe thin film thickness
and formation temperature. Reproduced with permmssif the American Chemical
Society.

Liquid flow dlippage over superhydrophobic surfaces made of CNTs ferest
incorporated in microchannels, was also stuffietVe need to note that CNTFs
composites with highly hydrophobic properties can dveated by special methods.
Thus, a stable superhydrophobic surface was craged) the nano-scale roughness
inherent in a vertically aligned CNTs for&8fThis became possible due to the use of a
thin conformal hydrophobic polytetrafluoroethyle(®TFE), which coated the surface
of the CNTs. In this material, essentially sphdrinacrometer-sized water droplets can
be suspended on top of the CNTs forest. This effegld be explained on the basis that
that the appearing difluorocarbene radicals magchttcovalently to the nanotube
surface and subsequently polymerize from these.sitke product could get several
applications, in particular as fillers for nanocarapes and single strand conductors in
molecular electronics. Among other important stagdiee mention the linearized Gouy-
Chapman-Stern theory of an electric double layenegalized for morphologically
complex and disordered electrod@sn particular its significance was illustrated for
forest of nanopillars. The theory allows analyzihg effect of compact layer thickness,
concentration, shapes and their fluctuations, aphety a general understanding of
capacitance in complex interfacial systems.

Applications of CNTFs and their composites belong to a variety of arizas academic
to technical and medicinal. Thus, CNTs nanoforesdsh with a thin conformal coating
of dielectric, can provide an economic fabricatioh sensitive and uniform SERS
templates® CNTFs are also considered as particularly promigemplates for the
formation of porous metal oxides &8s, TiO,, V.05 and ZnOY’ A bi-layer Au-carbon
nanotube composite (a vertically aligned MWCNT<efty sputtered with an Au layer)
was fabricated as a potential low-force electricaintact surface for possible
applications in MEMs switching devicé$The penetration of Au atoms into the forest
directly influences the electrical characterisnéshe composite, depending on loading
conditions (the effective resistivities are in taage from 303 m down to 54 £ m).

Sensing uses are also common. Thus, a unique catidrinprocess of a sharp Si
microneedle array and MWCNT forest was developeatapplied a reference electrode
for a non-enzymatic glucose sensfigThe registered sensivity was found to be
17.73+3 pA/mM-cm® This electrode can be used for painless diabétsting
applications. Also, carbon nanofiber forests (CNFftewn on glass microballoons are
able to detect directlyPlasmodium falciparum histidine rich protein-2 (PfHRP-2)
antigen as low as 0.025 ng/mL concentration in phate buffered salin®.This effect
can be applied for early diagnosis of malaria attteroinfectious diseases. Among
technical applications, CNTs forests have beenaledeto reduce the access of abrasive
particles to compressible sealing elements of §dinin addition, a spray-based coating
technique was applied for deposition of nanoscakgicgs of polystyrene and poly-3-
hexylthiophene onto carbon nanotube forests, basng bonding medium that produces
thermal resistance by expanding the area avaifableeat transfer at CNT contadts.

Diamond-based nanoforests are known, in addition to CNTFs and CNFFs aboveisT
an electrode with 3D structure on the basis of batoped diamond nanorod forest
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(BDDNF) was fabricated by hot filament CVD metha¢tFCVD) method (Fig. 62 In
its preparation, the electroless metal depositiEMD) method and HFCVD technique
were combined for growing the BDDNF on Si nanowiras a result, a 2D B-doped
diamond electrode was transformed to 3D analoghis. dlectrode was found to exhibit
a better selectivity and sensivity for biomolecdietection (for example, for glucose
oxidation in basic conditions) in comparison witlongentional planar B-doped
diamond electrodes.

/e A iR

Si wafer Silicon nanowires BDDNF

Fig. 6. Plots of fabrication of the BDDNF. Reproduced wpplermission of the
American Chemical Society.

Zinc oxide nanoforests

Hydrothermal-assisted synthesis. Zinc oxide, an extraordinary compound in
nanotechnology, which can exist in a huge varidtgtouctural types, from classic to
less-common, is widely presented in the forest-likems, similarly to the CNTFs
above. The ZnO nanoforests can be prepared byies sd#rtechniques, mainly by the
hydrothermal routé? the methods for the controlled growth of ZnO naimesy leading,
in particular, to nanoforests formation, are re\gevin’> In a typical synthesis, 3D ZnO
willow-like nanoforests (Fig. 7) were preparei a facile hydrothermal route using
ZnO nanobranches onto preformed ZnO nanowire grtays representing a wonderful
morphology-controlled synthesis, tuning systemd#lticaammonia and PEI
(polyethylenimine) concentrations, influencing orhet architecture of ZnO
nanoforest$® This unique product has prominent PEC water smlitperformance: a
high photoconversion efficiency of 0.299% at 0.89W. RHE) was observed. In a
related reporf! the high density nanoforest containing long brauctree-like
multigeneration hierarchical ZnO nanowire photoasodas hydrothermally fabricated
(Figs. 8-9). For this branched material, the lightiversion was found to be 5 times
more than the efficiency of the materials basedipstanding ZnO nanowires, due to
highly enhanced surface area and reduced chargebagation. Additionally, flexible
solar cells could be made using thus obtained maest. In addition, the hydrothermal
methods can be united with other techniques, assXample, it was reporté&tfor the
electron beam lithography (EBL). The EBL in combination with subsequent
hydrothermal synthesis (Figs. 10-11) was appliefabyicate patterned ZnO nanorod
arrays with different spacing distances and desssitn silicon (Si) substrate. The
geometric parameters of ZnO nanorod arrays canxpedently controlled in this
process. The purpose of the EBL use was to fakritte¢ patterned ZnO seed layers
with different spacing distances and areas withhhgrecise; the next step, a
hydrothermal growth method, was used to controldiresity and morphologies of ZnO
nanorod arrays. Such a combination allows integmatf patterned arrays into real
devices.
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onto the preformed ZnO nanowire arrays in precursolutions with different
concentrations of ammonia but without PEI. Repreduwith permission of thRoyal
Society of Chemistry.
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Fig. 8. Two routes for hierarchical ZnO NW hydrothermabwth. Length growth (LG)
(a-b-c), branched growth (BG) (a-bd), and hybricb{e:d-e). Notice polymer removal
and seed NPs for branched growth. Reproduced wetimigsion of theAmerican
Chemical Society.
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Fig. 9. SEM pictures of ZnO nanowire forest: (a) tilteéwj (b) cross section view, (d)
magnified view of backbone (red dotted line) andtfgeneration branches (blue dotted
line), and (e) magnified view of a branch. (c) TEture and selected area electron
diffraction pattern of a ZnO nanowire. Reproduceithvpermission of théAmerican
Chemical Society.
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(a) Spincoating PMMA (b) Pattern fabrication by EBL. (c¢) Magnetron sputtering
on the Si substrate Zn0O

@Q

(d) Strip PMMA in acetone

@ Sisubstrate
() PMMA photoresist

() ZnO seed layer

(¢) Hydrothermal growing
Bl 750 nanerod ZnO nanorod arrays

Fig. 10. Schematics of the experimental procedures of petteZnO nanorod arrays.
(&) Spincoating PMMA on Si substrate; (b) Patteabrication by EBL method; (c)
Magnetron sputtering ZnO seed layer; (d) Strip PMNA acetone solution; (e)
Hydrothermal growth ZnO nanorods on the patternedasa Reproduced with

permission of th&pringer.
W tip

e

-

@ sisubstrate (T Au electrode @l ZnO nanorod

Fig. 11. Schematics of the apparatus used for the syntloéssrO nanorod arrays.
Reproduced with permission of tBpringer.

Other methods for ZnO nanoforest fabrication haeenbalso used, although more
rarely. Thus, multiple-generation-step depositd@nched ZnO nanostructures were
carried out byvapor phase transport.”® The second generation of ZnO nanowires was
grown on the first one. Depositing the third getierg the diameter of the branches
decreases artthe number of branches increases, meanwhile théhfgeneration leads
to the nanoforest-like morphology. Comparing suctanbhed ZnO forest-like
nanostructures with ZnO upstanding nanowire ana@sgit was establishél that the
light-conversion efficiency for dye-sensitized sotzlls (DSSC) of the high-density
ZnO nanoforest, made of branched ZnO nanowire pimoides, was found to be about 5
times higher than that of DSSC's comprising of apding ZnO nanowires. Applying
structural approaches to reach a large increasethef surface area for ZnO
nanostructure, ZnO 3D nanostructures ({1011}-stdck@anocones and {1010}-
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nanoforest) were fabricated gcet-selective etching andoriented nanocrystal growth,
respectively’! In comparison with original ZnO hexagonal nanocstiactures, the 3D
structures above exhibited a much higher photogatgbroperty for photodegradation
of RhodamineB. Growth control can be also carried out by othethads. Thus, the
control of ZnO nanowire growth with uniform heigltiameters, and high crystalline
quality was studied by focused-ion-beam (FIB) assisted approach, using an alloy Au-
Ga catalyst at 880-9402 Observing the differences in growth behavior and
mechanisms for ZnO nanowires using Au and Au-Gaat revealed that, in particular,
the FIB-assisted process led to improved nanowingommity. In addition, a
straightforward method, based on two-photon abswormf a gating photon and a probe
photon, was developed to measure the diffusive Idtugle of light inside ZnO
nanowire forest$® It was suggested that the light dwell time camie# predicted from
SEM images.

Doped or mixed composite nanoforests of ZnO witieotnetal oxides are also known.
Thus, 3D core/shell ZnO/Mn{branched nanowire arrays (Fig. 12), fabricated &s
shown in Fig. 13, exhibited five times larger areapacitance, smaller inner resistance
and better rate performance than their nanowir@yarounterpart&' Electrodes on this
3D nanoforest basis possess considerable apphcptitentials for miniaturized energy
storage devices. In additionanosecond pulsed laser deposition (Figs. 14-15%° used
for preparation of a forest of Al-doped ZnO nanesrat high @pressures, can be also
applied to fabricate other metal oxides importamttéchnological applications such as
Nb,Os (see below), TiQ Al,O3, WO; and AgOs..

)

Flg 12 Typlcal SEM images of the syntheS|zed 3D ZnO@Mn@re@shelI (a & b)
nanowire arrays and (c, d) forest of nanotreesrétiyged with permission of thoyal
Society of Chemistry.
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Fig. 13. Schematic illustration of the fabrication procefs the designed 3D
ZnO/MnQ, core/shell nanowire array electrode and the nameforcounterpart.
Reproduced with permission of tReyal Society of Chemistry.
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Fig. 14. Scheme of the pulsed laser deposition apparagzoduced with permission
from Journal of Visualized Experiments.
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Fig. 15. Pictorial view of the deposition process in vacuamd in the presence of inert
and reactive gases. Reproduced with permission fréournal of Visualized
Experiments.

Silicon nanofor ests

Silicon nanowires (SINW) are known as excellentenats for use in highly-efficient
and cost effective thermoelectric devi€&These applications were reviewed recently,
for instance, the application of electrical SiINWsed devices in the gas phd5&he
top-down techniques of their production includingidation, lithography, and
anisotropic etching (plasma, wet, and metal-as$istee well-establishef.Nanoforests
on Si nanowire basis should therefore have muchaddnand applications in distinct
device type$? *° Thus, a 3D symmetric micro-supercapacitor waategeon the basis
of polypyrrole (PPy) coated silicon nanotree (SiNfiybrid electrodes was fabricated
by a two-step process including Si nanotrég®-assisted growth on Si substrates and
further electrochemical deposit of conducting patyt Resulting remarkable cycling
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stability after thousands of cycles showing a losapproximately 30% was revealed.
Low-reflective “black silicon” surface was produchy apulsed deep reactive etching
technology at r.t., varying bias power duty circle and etchimindow size’? At 0.25
duty cycle, the height of the Si forest was foundbe to about 1Qum and 0.9%
reflectance. Also, nanopillar-forests (heights eferal microns, density 20h? and tip
diameters 5-10 nm) with numerous nanoscale gapg Wadricated on the basis of
advantage of convexes on Poly-Si surfaces as supgtouctures in sidewall
technology’® Showing a high SERS-active capability, they mayehapplications in
biological monitoring and chemical detection.

Water splitting continues nowadays to be one oftbpics in the nanotechnology and
creation of novel ecomaterials, in particular olicen basis. Thus, using an artificial
photosynthesis system containing an interfacialedajor charge transport, two
semiconductor light absorbers with large surfaceaarand spatially separated
cocatalysts to facilitate the water reduction ardlation, on the basis of Si nanowire
array (Fig. 16) a 0.12% solar-to-fuel conversioficefncy was reached: the efficiency
of these results is comparable with natural phattssis processés.

h d’

ohmic contact

Fig. 16. Schematics of the asymmetric nanoscale tree-literbstructures used for
solar-driven water splitting: a) Structural scheigsmatof the nanotree heterostructure.
The small diameter Ti©nanowires (blue) were grown on the upper half oBia
nanowire (gray), and the two semiconductors absbfferent regions of the solar
spectrum. The two insets display the photoexcitect®n—hole pairs that are separated
at the semiconductor-electrolyte interface to camy water splitting with the help of
cocatalysts (yellow and gray dots on the surfabg)Energy band diagram of the
nanotree heterostructure for solar-driven wateittspg). The photogenerated electrons
in Si and holes in Ti@move to the surface to perform water splittingjlevthe holes in

Si and electrons in T recombine at the ohmic contact between the two
semiconductors. Reproduced with permission ofAtmerican Chemical Society.

TiO; and other transition metal oxides and their hydrated forms
Similarly to ZnO nanoforests described above, iitan dioxide nanoforests are

frequently prepared by the hydrothermal syntfiésisd applied mainly for solar cell
purposes as photoanodes with high conversion eredfigiency® Thus, this technique
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was applied to obtain TiOhierarchical nanoforest structures without the akany
template or additive (reactior®7).”” The transformation mechanism “nanorod
nanotree” arrays was proposed and shown in FigThig. type of structures combining
the properties of 1D and 3D nanostructures coule maore interesting properties than
simple arrays of nanorods because of their higloeogity and specific surface area,
where the nanobranches with good connections to tthek. Maximum energy
conversion efficiency was observed using DSSCs madleese films containing a thin
“adhesive” layer of nanocrystalline TiCfor higher dye loading and light harvesting.

H,SO, + H2Ti205'H20 - TI(SO4)2 + H,O (6)
Ti(SO)z + HO - TiOp + HSQy (7)
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Fig. 17. (a)—(d) Schematic procedure for the formation hef forest-like hierarchical
photoanodes. (e) A cartoon of the presumed preiatealectron pathway in the
hierarchical photoanodes. Reproduced with permmssad the Royal Society of
Chemistry.
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Flexible DSSC (reviewed 1) belong currently also to an area of elevatedréste
Thus, highly efficient Ti substrate-based all-fldei DSSC, containing a TiO
nanoforest underlayer (prepared by 3-step processguacid, HO,, and TiCl
treatment), were preparédThese DSSC showed a relatively high conversiomggne
efficiency of 8.46%. As an example of other battampde application, the nanoforests
of parallel self-organized sodium titanate/titananotrees were obtained by a several-
step process including an anodic oxidation of Tisfdao form amorphous Ti©
nanotubes, sodium insertion, thermal dehydratiahaystallization of Nal'igO,3/rutile
nanotrees’® The height (about 8.0m) of the nanotubes was found to be similar to the
nanoforest, but the morphology varied from alignehotubes to complex-texture
nanotrees. This material can be applied as higloqpeance anode for Na-ion
microbatteries.
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Other transition metal oxides are represented eva examples, as, for instance
C0;04@NiC0,0, nanoforestd® Single-crystallinep-cobalt hydroxide B-Co(OH)}
hexagonal-phase nanostructures with distinct mdogjes, in particular having a
forest-like shape, were hydrothermally preparedange scale in supercritical water
(SCW) and triethylamine (both an alkaline and a plexing reagent) from Co powder
(metal source}®® Varying the ratio “SCW : triethylamine”, branchéanoforest, Fig.
18, ratio 2:1) or non-branched nanowires (ratio),1ahd nanobelts having branched
nanoneedles (ratio 1:2) were obtained.

Fig. 18. Images of forest-like cobalt hydroxide structuReproduced with permission
of theElsevier Science.

Nanoforests of vertically aligned MBs nanocrystals were prepared pyised laser
deposition (see its description abov¥} It was found that a partial pressure of oxygen is
needed to develop this growth, revealing the ingu# of gas composition and
pressure. The formed material was tested in DSS& @isotoanode material. Also, a
forest structure on the basis of vertically align®®,(B) nanobelt s(NB) was
solvothermally prepared using a vertically oriehtgraphene (VOG) network as the
underlying support (Fig. 19f* After its further expansion to a 3D folded foresing
folded conductive Ni foam (Fig. 20), the final maaé was tested as electrode for
energy storage, showing an excellent performanc#iroeed by a stable discharge
capacity and high cycling stability (>2000 cycles).
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(a) Substrate VoG VO,(B) NB Forest

! 7 77 " 48
Fig. 19. (a) Schematic showing the synthesis of a(Bp NB-based forest structure on
a VOG-coated flat substrate. (b) Lattice strucillustrating the double-layered crystal
structure of VQ(B). Crystal directions a, b and c represent [1]JOJ0], [001]
directions, respectively. (c) Cross-sectional SEMge of VOG. (d and €) SEM images
of a representative VAB) NB forest with the width of an individual NB d~2 mm.
The inset of (e) depicts a photo of artificial tdioik comparison. (f) High-resolution
TEM image indicating the single-crystal structurfeam individual NB. The lattice
spacing of 0.35 nm corresponds to the (110) crystale of VQ(B). Reproduced with
permission of th&oyal Society of Chemistry.
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3-D VO,(B) NB Forest iz s e
Fig. 20. (a) Schematic of 3D V£B) NB forest synthesis showing that the EOG
structure is first grown around the Ni foam sketetand then, using the EOG/Ni foam
as a support, 3D V4B) NB forest structure is synthesized inside thanf. (b and c)

SEM images of the EOG/Ni foam. The inset of (cdhis TEM image of the EOG flake.

(d and e) SEM images of the 3D WB) NB forest. The inset of (d) is the cross-
sectional view SEM image of the \¥(B) NB forest in the EOG/Ni foam that indicates
most space in the foam is occupied by the.(BPactive material. The top inset of (e) is
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the TEM image of an individual NB, and the bottamsat of (e) is the cross-sectional
view SEM image of the NB forest. Reproduced witpesion of theRoyal Society of
Chemistry.

Mono- and polymetallic nanofor ests

Metal-based nanoforests are limited by Au, Sn amdesPt/Ag nanostructures. Thus,
highly unconventional anisotropic growth of forasiade of gold nanowires from
nanocrystals was recently discus$®din particular, a) nanowires cannot grow from
colloidal seeds, but they can grow from substratenll seeds, b) nanowires can grow
from only one side of the seeds, and their diamistendependent on seeds size, c)
ultrathin, vertically aligned nanowires were obsehon substrates with use of aqueous
solution at r.t. It was suggested that, in thigeays the strong binding of ligands leads
to selective deposition of gold at the ligand-deft interface between Au seeds and
oxide substrates (Fig. 21). Gold nanoforests cawe bartain applications. Thus, densely
packed Au nanowires were vertically grown on 3-apnopyltriethoxy silane
functionalized glass slid€8 and used as a sensor for the multiple detection of
malachite green, 1-naphthalenethiol and rhodam{aan6aqueous solution (detection
limit 10° m). A complex 3D nanoforest on the basis of Sronaafs having a core-shell
structure was grown on genetically engineered calffolds'®’ The resulting material
exhibited supreme capacity utilization and cyclsigbility toward Na-ion storage and
release.
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Fig. 21. (a,b) Schematics illustrating (a) the specificaions used for the syntheses of
AuNWSs on Si/SiQ substrates; (b) because of the strong ligandsAthaleposition
selectively occur at the Au substrate interfaceprBa@uced with permission of the
American Chemical Society.

Pt-Ag tubular dendritic nano-forests (tDNFs) wereown by two-step galvanic

replacement reaction (Fig. 22) at r.t. and applaedcost-effective methanol oxidation
reaction under solar irradiatidff The first step was the growth of Ag nanoforest (1
um in thickness) on silicon wafer in AgN@olution and then #PtCk was used as the

precursor for Pt deposition, converting silver diict nanoforects into Pt-Ag tDNFs.

The observed solar response (6.4% of enhancemenxidation current) was attributed
to the strong LSPR due to the Ag DNFs, so this natean be used in photo-electro-
chemical fuel cells. In addition, the nanodendriteest-like trimetallic structures

composed of Pt, Au, and Ag showed an excellent amethoxidation reaction catalytic

activity in comparison with bare Pt electrodes thukarger active surface ar&g.
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Pt-Ag tDNFs

1* GRR
Si(s) + 4Ag* (aq) + 6HF (aq) 4Ag(s) + (PtClg)* (aq)
= 4Ag(s) + H,SiF, (g) + 4H (aq) —> Pt(s) + 4AgCl(s) + 2CI" (aq)

Fig. 22. The schematic drawing of the two-step GRR proc&eproduced with
permission of th&pringer.

Ga/P and Ga/As nanofor ests

These nanoforests can be applied for distinct usegarticular, as supports for
biomolecules. Thus, for supported fluorescentlyelad phospholipid bilayers, used as a
model for biomembranes, the formation of fluid soed bilayers on GaP vertical
nanowire forests was observed under self-assemioiyn fvesicles in solutioht’
Another application was reportgd in the area of functional optical devices, which
were fabricated on the basis of GaAs/AlGaAs nanevgrest by sectioning quantum-
dot-in-nanowires systems by a “nanoskiving” proc€ssy. 23). The quantum dots
inside the nanowires are functional exhibiting aotpluminescent emission
(wavelengths 650-710 nm).
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AlGaAs/GaA b
i} AISAAGS nsanoposts )

wrl gz~

substrate etch GaAs, etch epoxy

Fig. 23. Nanoskiving process. (a) The GaAs/AlGaAs nanovdgrest is grown by MBE
on a silicon wafer. (b) The wires are hexagonahvatGaAs core and AsGay 25AS
shell. (c) The nanowire forest is embedded in epaxg¢ UV-cured. (d) The block of
epoxy with the embedded nanowires is then cleaffemhd sliced on an ultramicrotome
with a diamond blade. (e) The slices are transfleore a new substrate. (f) Optionally,
the epoxy can be etched by oxygen plasma, lealimglices freestanding on the wafer.
(g) The core can also be etched by citric acidvitephollow-core slices. Reproduced
with permission of thémerican Chemical Society.
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Organic nanoforests

Nanoforests on the basis of organic compounds arg vare and mentioned in
reviews'? 2 and are made mainly of peptides, for example dipldanine'** Thus,
peptide nanoforest (Fig. 24) biosensors, testegpf@nol detection, were found to be
more sensitive than those modified with carbon hames or combined coating and 17-
fold more sensitive than uncoated electrbdeSeveral applications for organic
nanoforests, for instance for tobacco mosaic uarsoforest arrays, were achieved for
preparation of 3D patterned LiFePfanorods, used in lithium batterfg$.

ST
Nanoforest

Fig. 24. FF (diphenylalanine) peptide nanoforest deposite@n electrode, illustration
and SEM image, respectively. Reproduced with pesimrsof theJohn Wiley & Sons.

Conclusions

Nano- and micrometric forest-like structures areegally made of more simple 1D

nanostructures, such as nanowires, nanopillarsprads, nanotrees, nanofibers or
nanotubes. They are generally known for simpleganic compounds and well-studied
mainly for carbon nanotubes and zinc oxide. In cafS€NTS, their nanoforests are

currently known as the darkest artificially proddaeaterials. For different compounds,
synthesis methods can vary. If for CNT nanoforestsn methods are CVD / spray

pyrolysis / thermal decomposition of such hydrocahas GH,, where the nanoforest

grows on metal catalysts, or electrophoretic dejosi for ZnO nanoforests the

principal method is hydrothermal route, among otimethods, such as electron beam
lithography (as well as lithography-free approadh focused-ion-beam technique,

vapor phase transport, facet-selective etchingaaimhted nanocrystal growth. For the
formation of silicon nanoforests, pulsed deep feacetching technology and pulsed
laser deposition are preferable.

Nowadays, the nanoforests possess a variety ofcapiphs, for instance as sensors /
detectors for glucose, phenol, malachite greenadhthalenethiol, rhodamine 6G,
among others (CNTs, Au, organic nanoforests), mraides in sol&t® and fuel cells
with high photoconversion efficiency, supercapasitand energy storage devices (ZnO,
Pt-Ag, Si, TiQ), SERS applications (CNTs, Si), optical and MEMstshing devices
(CNTs, GaAs/AlGaAs), as well as for water splittipgppcesses (Si), GClixation,**
and as supports for biomolecules (GaP). The vénmi@aowires can be applied to study
proteins (target of a range of different drugs)ichbare active in the cell membranes, so
the nanoforest could be of great importance botlpfarmaceutical research as basic
cell researcti?® One of causes for their advantages is that naestohave shown much
larger surface area in comparison with non-branchegstanding nanowires and
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nanorods. As a concluding remark, forest-like ntmggtures are currently actively
studied® **? and it is expected that more varieties of compsuah be obtained in this
form and find useful applications.
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