Applied Materials Today 50 (2026) 103248

Contents lists available at ScienceDirect

MATERIALS
100 ,

Applied Materials Today

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/apmt APPLIED

Functional vanadium oxide nanostructures fabricated via atomic layer
deposition: A review

Carina Hedrich *®, Robert H. Blick ”, Martin Ritter *®, Robert Zierold "®, Kaline P. Furlan

@ Hamburg University of Technology (TUHH), Electron Microscopy Unit (BeEM), Eifiendorfer Strafie 42, Hamburg 21073, Germany

® University of Hamburg, Center for Hybrid Nanostructures (CHyN), Luruper Chaussee 149, Hamburg 22761, Germany

¢ Karlsruhe Institute of Technology (KIT), Institute of for Applied Materials (IAM), Ceramic Materials and Technologies (KWT), Haid-und-Neu-Str. 7, Karlsruhe 76131,
Germany

ARTICLE INFO ABSTRACT

Keywords: Vanadium oxide nanostructures have emerged as a promising material system for a wide range of applications
Vanadium oxide based on their structural, electronic, optical, and catalytic properties. The multiple phases of vanadium oxides, e.
Nanostructures

8., V203, VO3, and V205, feature distinct crystal structures and properties which contribute to their versatility.
There are several methods to fabricate vanadium oxide nanostructures such as sol-gel synthesis, hydrothermal
methods, physical vapor deposition, sputter deposition, chemical vapor deposition, atomic layer deposition
(ALD), and solid-state reactions. From those techniques, ALD offers precise control over the conformality,
thickness, and composition of thin films leading to unique possibilities for the functionalization of previously
prepared nanostructured templates with vanadium oxides. This review summarizes recent advancements in the
synthesis of ALD-based vanadium oxide nanostructures focusing on suitable ALD precursors, ALD process con-
ditions, and required post-deposition thermal annealing treatments to transform the as-deposited vanadium
oxide films to distinguished crystalline phases. The functional properties of ALD-based vanadium oxide nano-
structures in catalysis, electrochemical energy storage, sensors, and stimuli-responsive “smart” devices are
presented. Moreover, existing challenges in fabrication and practical application are discussed. Finally, future
perspectives on tailoring the properties of ALD-based vanadium oxide nanostructures by adjusting templates,
optimizing the vanadium oxide film thickness, or utilizing supercycle ALD processes are outlined, which can pave
the way for sustainable applications and “smart” devices.

Atomic layer deposition
Thermal annealing
Phase control
Functional oxides

1. Introduction high surface-to-volume ratio and confinement effects [1,3-6,8]. Besides

directly synthesizing VyOy nanostructures, they can also be fabricated by

Vanadium oxides exist in a plethora of stoichiometries and crystal-
line phases which determine a multitude of different functional prop-
erties [1-5]. These include catalytic activity, electrochemical energy
storage capability, gas sensing properties, and insulator-to-metal tran-
sition (IMT) related properties [1-7]. Such vanadium oxide (VxOy)
structures can be synthesized by several methods, for instance hydro-
thermal method [1,3,4], sol-gel technique [1,4], chemical vapor depo-
sition (CVD) [1,2], physical vapor deposition (PVD) [1,8], sputter
deposition [1,7,9], solid-state reactions [5], and atomic layer deposition
(ALD) [2,7]. Among the V,Oy structures produced by these methods,
nanostructured V4Oy — in which at least one dimension is in the nano-
meter regime — provides improved properties and/or great potential for
new functionalities when in comparison to bulk materials, due to their
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first creating a nanostructured substrate of a different material and
subsequently functionalizing this substrate with V,Oy. Such a two-step
approach allows for larger design freedom since the nanostructured
template shaping process is independent from the V,Oy functionaliza-
tion. Hence, in the first step, the template could be shaped in many
different formats and even prepared under conditions that are not
suitable for the formation of V4Oy. Moreover, the template material can
be freely chosen which can add further functionalities such as conduc-
tivity to the template. In the second step, the nanostructured template is
functionalized with VyOy for example by wet impregnation, CVD,
sputter deposition, PVD, or ALD.

From these functionalization techniques, ALD is particularly inter-
esting because it offers the possibility of conformally coating even
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complex shaped substrates due to its inherent self-limiting gas-solid
surface reactions [10-13] and precise control of the growth rate —
denoted as growth per cycle (GPC) — often in the sub-nanometer range
[10-12]. A standard ALD process is divided into sequential half-cycles
consisting of individual pulses and exposures of a single precursor
separated by pumping of the excess unreacted precursors [10-17].
Thermal ALD is the most commonly used type, where the temperature of
the ALD reactor activates the chemical reaction between the precursor
molecules and the substrate [10]. In plasma-enhanced ALD (PEALD),
one precursor is substituted by a gas plasma to generate reactive species
allowing for a lower required system temperature which enables ALD of
materials that cannot be deposited by thermal ALD processes [10,14].
In general, ALD processes can be used to deposit a plethora of ma-
terials including oxides, nitrides, fluorides, sulfides, selenides, tellurides,
and metals [11,14]. Furthermore, the same material can be deposited by
using different precursors, where their functional groups determine the
possible reactions and the precursors’ reactivity. To deposit compound
materials such as metal oxides, typically two precursors are necessary
whose functional groups are compatible with each other to induce re-
actions at the substrate surface. The precursor choice depends on various
factors, e.g., precursor reactivity, precursor evaporation temperature,
thermal decomposition of the precursor, precursor handling, oxidation
state of the element of interest in the precursor molecules, reaction
by-products, and desired ALD reactor temperature. For VxOy deposition,
thermal ALD and PEALD processes were reported [7,11]. Different
p-diketonates, alkoxides, and alkylamides were applied as vanadium
precursors in combination with water, oxygen, ozone, or oxygen plasma
as oxidizing precursors. A detailed overview about the possible pre-
cursors and their combination for VxOy ALD is extensively described in a
review article by Prasadam et al. [7]. In contrast to this previous work,
we present an updated list of the processes used and focus our overview
on their use for the fabrication of nanostructures based on V4Oy.
Nevertheless, even though ALD offers excellent conformality in
combination with precise thickness control and tunability of the mate-
rial composition to tailor the materials’ properties, the set of parameters
to successfully perform coating of porous or 3D structures might differ
significantly from the “standard” deposition onto planar substrates.
What is more intriguing, is that the final properties of the deposited
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material have also been found to vary greatly, depending on the sub-
strate or template. Thereby, this review article presents an overview
about ALD-based V;Oy nanostructures and their functional properties in
catalysis, gas sensing, electrochemical energy storage, optics, or stimuli-
induced properties switching for smart devices as schematically sum-
marized in Fig. 1. As other comprehensive review articles — not
specialized on ALD - in the literature already reported on the structure,
properties, and applications of different vanadium oxide phases [1-6,8],
this article only briefly summarizes the key characteristics of the rele-
vant VyOy phases that are fabricated by ALD. Nevertheless, to establish
the relation between ALD process-phase-properties, the properties of
different ALD-based vanadium oxide phases are presented and the ALD
processes that have been applied to fabricate VyOy nanostructures with
different phases are discussed (Section 2). As our main focus is on VyOy
nanostructures prepared via ALD, Section 3 of this article describes the
properties and applications of ALD-based VxOy nanostructures classified
according to the obtained VyOy phases. At last, existing challenges and
future perspectives of VxOy nanostructures fabricated via ALD are pre-
sented in Section 4 and Section 5.

2. ALD of vanadium oxides
2.1. Vanadium oxide phases and properties

The unique properties of vanadium oxides (VxOy) depend on the
vanadium atom oxidation state between + 5 and —3 whereby the range
from + 5 to + 2 presents the most common oxidation states [1,4].
Thermodynamically stable phases can consist of both, single oxidation
states such as divanadium trioxide (V,03, oxidation state +3), vanadium
dioxide (VO,, oxidation state +4), and divanadium pentoxide (V5Os,
oxidation state +5), as well as mixed oxidation states such as trivana-
dium pentoxide (V30Os, oxidation states +3 and +4) and trivanadium
heptaoxide (V3Oy, oxidation states +4 and +5) [1,4]. Aside from these
phases, several metastable phases exist as depicted in the phase diagram
in Fig. 2. The Magnéli series with the chemical formula V,O2, 1
(3 <n<9) and the Wadsley series with the formula V02,1 are ex-
amples of such metastable phases [1,18]. Moreover, mixtures of
different phases are often observed for vapor phase deposited
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Fig. 1. Schematic overview of ALD-based fabrication of functional vanadium oxide nanostructures and their application fields.
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Fig. 2. Phase diagram of vanadium oxides. The combination of temperature
and oxygen atomic fraction dictate the obtainable V Oy phases. Figure reprinted
with permission.[2] Copyright 2014, Wiley-VCH.

as-synthesized vanadium oxides. Subsequently, they can be transformed
into pure phases by different post-deposition procedures involving
reduction or oxidation reactions [2,7,9]. A common practice is the
thermal annealing of VyOy structures in controlled atmospheres and
temperatures to obtain the desired phase(s) [1,2,4,7]. Nevertheless,
fabricating phase pure VyOy structures is often challenging due to the
complex thermodynamics in the VyOy system as shown in Fig. 2. Hence,
different phases and oxidation states typically co-exist. V05 is the
thermodynamically most stable phase which tends to form during
storage at room temperature and ambient conditions [2]. Further, the
vanadium oxidation state is very sensitive to slight changes of the sur-
rounding atmosphere and temperature. Consequently, the more pro-
cessing steps are required, the more intricate is the targeted preparation
of a specific V4Oy phase.

In general, vanadium oxides exhibit strong electron-electron and
electron-lattice interactions [2,5,6,18]. Many vanadium oxides show an
insulator-to-metal transition (IMT) accompanied by an alteration of the
crystalline structure upon temperature increase. The IMT causes
extensive changes in the (opto-)electronic properties. Thereby, films or
nanostructures featuring an IMT are particularly interesting for appli-
cations as sensors, memory devices, and stimuli-responsive “smart”
devices. For bulk V;Oy phases, the IMT is reported at about 70 K, 130 K,
150 K, 160 K, 170 K, 240 K, 340 K, 450 K, and 530 K for VgO;s, V50,
V6013, V203, V6011, V407, VOZ, V305, and V205 phases, respectively [1 5
5,18]. From these, V503, V205, and VO, are the most explored phases
and thus, described in details in the next paragraphs.

The V,03 phase exists in a hexagonal corundum structure at room
temperature [1,2]. During the IMT at 160 K, it transitions from an an-
tiferromagnetic insulator with monoclinic symmetry to a paramagnetic
metal with rhombohedral symmetry [2]. The IMT is caused by strong
electron-electron interactions and lattice coupling of the Mott-Hubbard
transition. V903 is often applied in catalysis or electrochemical energy
storage [1,2].

Catalysis is also the main application for the V205 phase which has
an orthorhombic layered crystal structure and is a wide bandgap semi-
conductor with a bandgap of 2.3 eV [1,18]. It shows a high catalytic
activity and can also be utilized in gas sensing and optoelectronic de-
vices [1]. Moreover, the layered structure renders it well-suited for
electrochemical energy storage applications such as supercapacitors and
batteries where electrolyte ions have to be intercalated in the material
during the storage process [1]. Notably, V205 does not undergo a
transition of the crystal structure at the IMT [18,19]. Instead, the IMT at
530 K is caused by changes in the electronic structure mostly at the
materials’ surface. Hence, thin films show a more pronounced IMT
compared to bulk structures [18,19].

Meanwhile, the VO, phase presents a sharp and highly reversible
IMT around 340 K where it transforms from a monoclinic type insulating
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phase to a rutile type metallic phase [1,2]. This structural transition is
accompanied by significant changes in the (opto-)electrical properties.
Especially the materials’ conductivity increases by several orders of
magnitude [18]. Based on the IMT close to room temperature, VO, can
be applied in sensing, optics, and electrical switches [1,18].

Mixed VxOy and substoichiometric phases are often amorphous or
only present nanocrystalline domains [1]. Since it has been reported that
the mixture of different oxidation states can expand the functional
performance compared to pure single phases, mixed phases can be
beneficial for applications in catalysis and energy storage [1,9]. Mixed
oxidation states also exist in vanadium oxides of the Magnéli and
Wadsley series whereby the compounds from the Magnéli series — except
V7013 - present IMTs [5]. However, as these phases are metastable, their
practical applicability is limited.

2.2. ALD processes for vanadium oxide nanostructures

A variety of ALD processes for vanadium oxides have been developed
over the last decade. We hereby forward the readers interested in the
different types of vanadium precursors — namely p-diketonates, alka-
lines, and alkylamides - to the detailed review by Prasadam et al. [7].
Regardless of the precursor used, the majority of ALD processes result in
amorphous materials revealing the need of post-deposition processing of
the materials to obtain crystalline phases. A frequently used method for
crystallization is thermal annealing in controlled atmosphere [7,20]. It
has been reported that the V oxidation state in the precursor compound
predetermines the achievable vanadium oxide phases after ALD depo-
sition and subsequent annealing [7].

Applied ALD process for nanostructured VyOy are summarized in
Table 1. The table is sorted by the final VyOy phase obtained after the
complete fabrication process, i.e., ALD and post-deposition annealing.
Additional to VyOy deposited on nanostructured templates — for instance
carbon nanotubes (CNTs), anodic aluminum oxide (AAO), and powders
— post-deposition annealing of films deposited on planar Si substrates
which resulted in VyOy nanoparticles are also shown. Note, apart from
this VyOy nanoparticle formation, ALD of VyOy thin films on planar
substrates is not included in this manuscript. Further, all other processes
result in thin films on nanostructured templates and this morphology
remains stable upon post-deposition annealing.

The ALD process summary shows that VTOP is the most frequently
used V precursor for nanostructured VyOy. Its evaporation temperature
in the ALD process is varied between room temperature and 110 °C
[25-32,34,35-37,48,49-51,57,58-61,63,64-74]. Also, different oxygen
precursors can be combined with VTOP to result in VyOy deposition
whereby HyO is the most often used as visualized in Fig. 3. The plots
include all VyOy phases obtained after ALD on nanostructures by uti-
lizing different precursor combinations and deposition temperatures.
Since the complex parameter space is multi-dimensional, only parts of it
are depicted in the plots. The symbol size resembles the number of re-
ported ALD processes utilizing the same analyzed parameters. Modifi-
cations of the process parameters, both ALD and post-deposition
annealing, can lead to the generation of nanostructured V,Oy [25-32],
VOH [34], V503 [35], V04 [36,37], VOy [48-51], and V505 [50,57-61,
63,64-74] phases starting from VTOP plus oxidizer.

Although VTOP is widely used, significant differences in the utili-
zation of V precursors are observed for ALD of nanostructured VO,. ALD
of this phase has been intensively studied in planar substrates due to the
interesting electronic and optic properties based on the IMT [2,7].
However, deposition of nanostructured VO, appears to be more chal-
lenging since it is not the thermodynamically most stable phase. Some
studies report on the deposition of thin films on planar substrates fol-
lowed by annealing to form VO, nanoparticles [20,38,41,43,44,48,49].
Nanoparticle formation is reported for TDMAV, TEMAYV, and VTOP as V
precursors in combination with H,0, Os, or O3 plasma as oxygen pre-
cursors. Even though the VO, nanoparticles present IMT properties, such
ALD process cannot be used to conformally coat nanostructured
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Table 1

Summary of ALD processes and post-deposition annealing conditions for nanostructured V,O,. Final VO, phase denotes the resulting crystallographic phase after ALD
and post-deposition annealing. All presented V,Oy ALD processes on nanostructured substrates lead to thin film deposition and the thin film morphology is preserved
during the complete processing. For V,Oy ALD on planar Si included in this table, the thin films transform to nanoparticles in the post-deposition annealing steps.

Final Substrate ALD process Phase after Post-deposition annealing Ref.
V,0, ALD
phase
ALD mode  Vanadium Oxygen Deposition GPC /A Atmosphere Temper- Dwell
precursor precursor temperature ature /°C time
/°C
VxOy Graphene Thermal TDMAV H,0 150 1.2 Amorphous [21]
fibers ALD, flow @ 90 °C VixOy
mode
V,Oy Al,03 or SiOy Thermal VO(acac), air 180 VyOy [22]
particle ALD, flow @ 170 °C
powders mode
VxOy Graphene Thermal VOCl3 H0 60 VyOy 03 150 10 days [23]
oxide ALD, flow
mode
VxOy Si nanowires Thermal VOCl3 H,0 650 V, Oy [24]
ALD, flow
mode
V,Oy AAO Thermal VTOP H,0, V, Oy Air 500 2h [25]
ALD, flow + Hy0
mode
ViOy SiO, and TiOy Thermal VTOP (2 110 (SiO, (o)) 500 11h [26]
particle ALD, flow particles), 90
powders mode (TiO, particles)
V,0y SBA-15 and Thermal VTOP @ 40 H,0 150 Amorphous [27]
FDU-15 ALD °C VxOy
VyOy Activated Thermal VTOP @ 45 H0 180 VyOy [28]
carbon and ALD, flow °C
carbon onions mode
VxOy Al,03 powder Thermal VTOP @ 45 H,0 150 VOy Air 600 6h [29]
ALD, flow °C
mode
V,Oy CNTs Thermal VTOP @ 45 HO0 @100 170-190 1.0 V Oy [30]
ALD, flow °C °C
mode
VxOy Al,03 powder Thermal VTOP @ 50 H,0 @ 25 100 VOy Air 550 4h [31]
ALD, flow °C °C
mode
V,Oy CNTs Thermal VTOP @ 70 H,0 130-170 V, Oy [32]
ALD, °C
exposure
mode
VxOy TiO, and TiO,- Thermal VTOP @ 90 Oqy 90 (2% 500 11h [33]
coated SiOy ALD, flow °C
particle mode
powders
VOH Porous carbon Thermal VTOP @ 70 H,0 150 0.4 V505 Air 1) 900 1) 1 min [34]
ALD, °C 2) RT 2) 30
exposure days
mode
V503 Porous carbon Thermal VTOP @ 70 H,0 150 0.4 V505 Air 900 1 min [35]
ALD, °C
exposure
mode
V504 CNTs Thermal VTOP CH3COOH 200 0.4 Amorphous Air 150-300 [36]
ALD, @80-90°C @40°C V204
exposure
mode
V04 CNTs Thermal VTOP @ 90 CH3;COOH 200 0.4 Amorphous Air 150 [37]1
ALD, °C @ 40°C V204
exposure
mode
VO, Planar Si Thermal TDMAV H50 or O3 50-120 0.3 (H20) Amorphous Ny 800 2h [38]
ALD, flow and 0.45 VyOy
mode (03)
VO, PS opals Thermal TDMAV H,0 95 0.56 V Oy vacuum 390 6h [39]
ALD, @70°C N, with low 425 20 min
exposure O, partial
mode pressure
VO, Si nanowires Thermal TDMAV H,0 150 0.56 VxOy N, with low 450 10 min [40]
ALD, @70°C partial
exposure pressure Oy
mode

(continued on next page)
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Table 1 (continued)

Final Substrate ALD process Phase after Post-deposition annealing Ref.
V,0y ALD
phase
ALD mode Vanadium Oxygen Deposition GPC /A Atmosphere Temper- Dwell
precursor precursor temperature ature /°C time
/°C
VO, SiO5- or Al,Os3- Thermal TEMAV O3 100-150 0.1-0.14 Amorphous N, with low Up to 500 5—40 min [41]
coated planar ALD, flow V505 O, partial
Si mode pressure
VO, Si micropillars Thermal TEMAV O3 150 Amorphous He with low 450 [42]
ALD, VO, partial
exposure pressure Oy
mode
VO, Planar Si Thermal TEMAV O3 150 Amorphous He with low Up to 820 [20]
ALD, flow VO, O, partial
mode pressure
VO, Planar Si Thermal TEMAV H,0 150 0.5 Amorphous N, with low 540 [43]
ALD VO, O, partial
pressure
VO, Planar Si PEALD TEMAV O, plasma 170 VyOy Vacuum 250—-700 1h [44]
@80°C
VO, ITO nanorods Thermal V(amd)3 H>0, + Hy 200 0.31 Hy 350 5h [45]
ALD, flow @ 190 °C
mode
VO, Si nanowires Thermal VOCl; H,0 650 VO, and H, 500 8h [46]
ALD, flow V205
mode
VO, SiO, opals Thermal VOCl3 H,0 490 [471]
ALD, flow
mode
VO, Planar Si Thermal VTOP H,0 150 V, Oy Ar 600 4h [48]
ALD
VO, Planar Si Thermal VTOP H,0 150 Ar 550 4h [49]
ALD
VO, Patterned SiO, ~ Thermal VTOP @ 40 H>0 135 0.3 Amorphous Forming gas 500 1h [50]
ALD, flow °C VxOy
mode
VO, Patterned SiO, Thermal VTOP @ 60 H,0 @ 60 200 0.16 Amorphous Ar 550 4h [51]
ALD, flow °C °C VxOy
mode
V505 TNTs Thermal TDMAV H>0 200 0.68 V705 [52]
ALD, flow
mode
V505 CNTs Thermal TEMAV H,0 100 V, Oy Air 325 1h [53]
ALD, flow
mode
V505 Al,03, TiO,, or VO(acac), Air 170 Air 500 16 h [54]
SiO, powder
V505 P25 powder Thermal VO(acac), Air 180 Air 500 4h [55]
ALD, flow @ 170 °C
mode
V505 Planar Si Thermal VO(thd), O3 215 0.5 V505 [56]
ALD, flow @ 125°C
mode
V205 Graphene Thermal VOCl3 H,0 60 V205 Air 550 6.5h [23]
oxide ALD, flow
mode
V205 AAO Thermal VTOP 03 170 1.0 V205 [571
ALD
V205 AAO Thermal VTOP O3 170 0.33 V305 [58]
ALD
V505 Tobacco Thermal VTOP O3 170 0.3 Crystalline [59]
mosaic virus ALD, flow V505
mode
V505 CNTs Thermal VTOP H,0 150 0.8 Amorphous [60]
ALD, flow V505
mode
V205 CNT sponge VTOP H,0 120 Amorphous [61]
V205
V505 AAO Thermal VTOP H,0, 100 V505 [62]
ALD, flow
mode
V505 Patterned SiO, Thermal VTOP @ 40 H,0 135 0.3 Amorphous Air 500 1h [50]
ALD, flow °C V, Oy
mode

(continued on next page)
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Table 1 (continued)
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Final Substrate ALD process Phase after Post-deposition annealing Ref.
V,0y ALD
phase
ALD mode  Vanadium Oxygen Deposition GPC /A Atmosphere Temper- Dwell
precursor precursor temperature ature /°C time
/°C
V205 Planar Si Thermal VTOP @ 45 H>0 105 0.15 Air 250-600 2h [63]
ALD, flow °C
mode
V505 Mesoporous Thermal VTOP @ 45 H50 or O3 120 (H,0) or 0.2-0.28 0, 200-—-450 60 s [64]
ITO ALD, flow °C 170 (03)
nanocrystal mode
film
V505 Activated Thermal VTOP @ 45 H,0 1.3 V505 [65]
carbon ALD, flow °C
mode
V205 AAO Thermal VTOP @ 45 O3 170-185 0.27 V205 [66]
ALD, flow °C (boost)
mode
V505 Activated Thermal VTOP @ 45 H,0 125-175 0.2-0.3 Amorphous [671
carbon ALD, °C (boost) V505
exposure
mode
V305 Activated Thermal VTOP @ 45 H,0 150 V505 Air 200-300 1h [68]
carbon ALD, °C (boost)
exposure
mode
V205 Mesoporous PEALD VTOP @ 45 O, plasma 180 V,0s [69]
carbon °C (boost)
V205 CNTs Thermal VTOP @ 45 H,0 120 0.17 V305 [70]
ALD, flow °C (boost)
mode
V505 CNTs Thermal VTOP @ 55 H,0 150 0.7 V505 [71]
ALD, flow °C
mode
V505 CNFs Thermal VTOP CH3COOH 200 0.4 Amorphous Air 150-300 [72]
ALD, @ 80-90 °C @ 40 °C V305
exposure
mode
V505 SiO, particle Thermal VTOP O, 90-120 (o) 500 11h [731
powder ALD, flow @ 90-110
mode °C

Abbreviations: tetrakis dimethylaminovanadium (TDMAV), tetrakis ethylmethylaminovanadium (TEMAYV), vanadium oxy-tri-isopropoxide (VTOP), vanadium oxy-

trichloride (VOCIl3), vanadyl acetylacetonate (VO(acac)y),

tris(N,N'-diisopropylacetamidinate)vanadium (V(amd)s), vanadyl bis(2,2,6,6-tetramethyl-3,5-

heptadionate) (VO(thd),), carbon nanotube (CNT), carbon nanofiber (CNF), polystyrene (PS), anodic aluminum oxide (AAO), indium tin oxide (ITO).

substrates with VO,. Upon the phase conversion the structure might
collapse due to the particle formation (in case of templates) or present
discontinuity due to particle formation-induced film breakdown. Thus,
precise tailoring of both, the ALD process and the post-deposition
annealing, is required to maintain the continuous nature of the VO,
coatings on the nanostructured substrates after annealing. Such
continuous and conformal VO, nanostructures — often merely obtained
after post-processing — have been reported for ALD processes with
TDMAV [39,40], TEMAV [42], V(amd)3 [45], VOCl3 [46,47], or VTOP
[50,51,74]. Except for TEMAV and V(amd)s, all V precursors were
combined with H»O as oxygen precursor. The exact annealing conditions
to obtain VO,, namely atmosphere, temperature, and duration, depend
on the utilized ALD parameters and resulting VyOy phases after ALD
deposition. While the TDMAV, TEMAV, V(amd)3 and VTOP processes
are operated at low to moderate deposition temperatures of 95-150 °C,
150 °C, 200 °C, and 135-200 °C, respectively, the VOCl3 based process
uses way higher deposition temperatures between 490 °C and 650 °C
which limits its applicability for some substrates. Continuous coatings
are reported to be retained when post-deposition annealing tempera-
tures are below 500 °C [39,40,42,46,50,74]. Although a publication by
Premkumar et al. in 2012 reported the deposition of amorphous V,05
from TEMAV and O3 on planar substrates [41], later studies demon-
strated that utilization of TEMAV can directly result in amorphous VO,
phase after thermal ALD as confirmed by XPS and XRD measurements
[20,42-44]. The V cation is already present in the V** state in TEMAV

which can be beneficial for the direct deposition of VO3 in the ALD
process. However, there are controversial observations regarding the
oxygen precursor. Peter et al. attributed the direct deposition of VO3 to
their utilization of HyO with less oxidizing strength [43] in contrast to
the study by Premkumar et al. whom used Os resulting in V,Os5 depo-
sition [43]. Nevertheless, studies by Rampelberg et al. and Mattelaer
et al. reported direct VO, deposition for the combination of TEMAV and
O3 [20,42].

Besides the precursor combinations and deposition temperatures,
also the utilized substrate material and nanostructures affect the
resulting V4Oy phases. Fig. 4 represents the correlations between V,Oy
phases after ALD and after annealing and the utilized substrates. For
example, VyOy ALD on carbon nanostructures leads to VyOy or V2Os after
ALD which was usually not exposed to post-deposition annealing. Si-
and SiO,-based substrates can be utilized to fabricate VxOy, VO2, and
V205 nanostructures after ALD and annealing. While most processes
result in VyOy or not specified phases after ALD, the utilization of planar
Si or Si micropillars can lead to direct VO, growth. Here, it has to be
noted that the processes on planar Si substrates result in VO3 nano-
particles after the post-deposition annealing. Al,O3 and TiO, nano-
structures are coated with either V,Oy, V20s, or not specified phases
after ALD which remain as V,Oy or can be transformed into V205 based
on the reported publications.

Moreover, the post-deposition annealing conditions in combination
with the utilized substrate are crucial for determining the final V,Oy
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phase as expected from the phase diagram. V,Oy-coated carbon-based
nanostructures are mostly exposed to air as annealing atmosphere
resulting in V204 or V205 phases as shown in Fig. 5. Annealing in air can
also be used for fabricating V,03 or retaining as-deposited VyOy phases.
Similarly, post-deposition annealing in O results in V,Os coatings on a
porous ITO substrate while films deposited on powders from SiOg, TiO2-
coated SiO», or TiO; transform into V03, VxOy, and VyOy, respectively.
VO, as final phase after annealing is obtained using most different types
of atmospheres, namely, vacuum, Ar, N, Hy, forming gas, He with low
O, partial pressure, and Ny with low Oy partial pressure. In contrast to
the annealing atmosphere, the temperature is less important for deter-
mining the final VyOy phase of ALD-based VyOy nanostructures within
the reported temperature range as depicted in Fig. 5B. Post-deposition
annealing for crystallization of amorphous as-deposited ALD films is in
general sensitive to many different parameters as the crystallization
typically depends on the atmosphere, temperature, surface groups and
binding energies to the substrate material, and deposited material
thickness [75-78]. Especially the latter one is a crucial but also very
complex parameter, because confinement of the film dimensions on the
nanometer scale significantly alters their crystallization behavior.
Moreover, nanostructuring not only leads to confinement effects but also
increases the surface and interface areas of the material to its’

surrounding. Hence, the influence of surface groups of the deposited
VxOy films and binding energies to the underlying substrates increases
and can alter the required annealing. Accordingly, the post-deposition
annealing conditions are strongly dependent on the inherent proper-
ties of ALD-based VxOy films in combination with their nanostructured
substrate.

In summary, nanostructured substrates have been functionalized
with various VyOy phases. Preparation of one specific phase requires
accurate control of the ALD process — including the precursor type (see
Table 1) — and the post-deposition annealing. Hence, several parameter
combinations were explored in literature and different process routes
have been reported to result in the same VyOy phase. This presents an
opportunity in terms of post-processing options, while simultaneously
indicating the variability existing in the ALD-processing and post-
deposition treatments of vanadium oxides’ nanostructures. On the one
hand, carefully choosing the ALD precursor combination and ALD con-
ditions is a prerequisite for successful nanostructure functionalization
with a desired V4Oy phase. On the other hand, the variety of processes
for specific phases allows to select those suitable for the respective
substrate.
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3. Properties and applications of ALD-based vanadium oxide 3.2. VO,
nanostructures

Fundamental studies for the fabrication of ALD-based VO, nano-
Applications of ALD-based VyOy nanostructures are reported in the structures revealed that VyOy thin films deposited on planar Si substrates
following paragraphs. The named VO, phases obtained after post- can be transformed into VO, nanoparticles (NPs) by post-deposition
deposition annealing are at least the dominating phases if multiple annealing [20,38,43,44,48,49]. In situ XRD during thermal annealing
phases are still present after the complete fabrication processes. of V,Oy was investigated by Rampelberg et al. (Fig. 7A), who showed the
Nevertheless, several publications report about phase purity according formation of VO, upon annealing in He atmosphere with a low O, partial
to lab-based X-ray diffraction measurements. pressure at temperatures up to 820 °C [20]. While the film thickness had
no significant effect on the crystallization onset, it was crucial for the
3.1. V504 agglomeration into NPs which occurred for thicknesses below 11 nm at

450 °C. Increasing the annealing temperature in the range of 450 °C to
820 °C led to the NPs agglomeration of films with increased thicknesses
up to 33 nm as schematically summarized in Fig. 7A. Notably, after
annealing of the thin films to 820 °C and subsequent cooling to room

ALD-based V04 nanostructures were reported for NO5 sensing [36,
37]. V204-coated CNTs presented a faster response for NO3 sensing than
their uncoated counterparts while the responses to interfering gases " ] :
such as CO, C;HsOH, and NH; were negligible. A publication by Will- Femperattllre., all structures remained in NP shape as shown in t}.1e SEM
inger et al reports an inverted resistance sensing behavior for Images. Slmﬂarly, Peter et al. obs.erved agglomerathn of VxOy thin I.il.ms
V204-coated CNTs compared to the uncoated CNTs (Fig. 6C) [37]. While with tblcknesses up 'to 6nm into VO, ‘NPS during post'-deposmon
the uncoated structures show a decreasing resistance upon NOy expo- annealing at 5?‘0 O.C in Np atm.osphere with a low 02. parue.ll pressure
sure according to a p-type semiconducting behavior, the resistance of [43]. The NP sizes increased with the ALD-deposnf':d film thicknesses.
V204-coated CNTs increases corresponding to n-type behavior. Further, In 2018, Wang et al. reported thfe presence of minor V20.5 co.ntent at
they reported a slightly higher sensitivity for a 2 nm thick V04 coating the surface' of VO, NPs after Fhelr f(.)rm'?mon by annealu?g—m(.iu(.:ed
compared to a 4.5 nm coating. Another study by Willinger et al. dem- agglomeratlor.l from ALD-deposited thin films E48]. Local. 1rra.1d1aF10n
onstrates that also the post-deposition annealing temperature affects the of the NPs with a 532 nm laser beam resulted in photooxidation into

V,04-CNT sensor response as shown in Fig. 6B [36]. Up to 200 °C the V205 pha.se for which surface adsorbed oxygen wa's required (.Fi.g: ?B). A
consecutive study from the same group investigated possibilities to

suppress the oxidation of VO3 during Raman measurements [49]. Since
oxygen molecules adsorbed at the VO, NP surface are crucial for
photooxidation, performing Raman measurements in Ny atmosphere

V204 coating is likely oxidized to other phases causing an increased
sensor response. Meanwhile, higher annealing temperatures seem to
lead to the oxidation of the CNTs resulting in reduced sensing
performance.
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Fig. 6. (A) TEM image of V,04-coated CNTs. (B) The gas sensor response depends on the annealing temperature for V,04-coated CNTs (stars) compared to uncoated
CNTs (circles). (C) Gas sensing performance improves with V,0,4 coating and the resistance increases for (a) uncoated CNTs while it decreases for (b) V,04-coated
CNTs according to p-type and n-type semiconducting behavior, respectively. In (b), sensing behavior of CNTs coated with 4.5 nm V504 (solid line) and 2 nm V504
(dashed line) are shown. Figures adapted with permission [36,37]. (A) and (C) copyright 2008, American Chemical Society, (B) copyright 2009, Royal Society
of Chemistry.
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could avoid the oxidation. Additionally, overcoating the VO, NPs with a
thin TiOg layer by ALD was another possibility to suppress the VO,
oxidation during laser beam irradiation even in ambient atmosphere
[49]. VO3 nanostructures are of great interest due to their IMT at rela-
tively low temperatures around 68 °C and the associated switching of
optical and electronic properties. The switching behavior of VO, NPs
formed by agglomeration was studied by Peter et al. [43]. The expected
IMT around 68 °C was confirmed for VO, NPs with diameters of
10-20 nm by in situ XRD and spectroscopic ellipsometry, respectively.
Meanwhile, Kapoguzov et al. also investigated the properties of
ALD-based VO3 NPs [44]. They reported the only PEALD process for
subsequent VO, NP formation. With this PEALD process, increasing the
VO, content in the as-deposited thin film via decrease of the oxygen
content during the ALD plasma pulse led to NP size reduction - associ-
ated with an increase in NP density. Voltage-induced resistive switching
was observed for the VO, NPs, but it was hindered by an amorphous
V205 shell on the VO3 NPs. The shell could be removed by crystallization
in a second annealing step at 650 °C for 1 h. Prolonging the second
annealing to 2 h significantly reduced the required threshold voltage for
the resistive switching as shown in Fig. 7C. Further, Kapoguzov et al.
estimated the phase transition time to be below 50 ns and the required
energy to 150 fJ. In addition, switching of the VO, NPs was reproducible
for 10'° cycles which renders them suitable for resistive switching
devices.

Besides VO5 NP formation, conformal coating of previously nano-
structured substrates with VO by ALD is especially interesting for
generating switchable nanostructures. For example, Song et al. fabri-
cated VO, films on patterned SiO; substrates [50]. A 10 nm VO3 film
prepared by ALD and post-deposition annealing in forming gas showed a
stable voltage-induced IMT for 20 cycles. Recently, Peng et al. demon-
strated the coating of AlyOs-functionalized Si nanowires (NWs) with
VO, by ALD and post-deposition annealing for 3D memristor devices as
depicted in Fig. 8A [40]. Voltage-induced resistive switching occurred at
lower threshold voltages than in a non-structured thin film device and it
was very sensitive to the operating temperature.

Since the IMT is also associated with a change of the optical prop-
erties, applications of VO3 nanostructures in optics were reported. Povey
et al. infiltrated SiO5 opals with VyOy by ALD and transformed the phase
into pure VO3 by post-deposition annealing [47]. This photonic crystal
(PhC) featured a photonic stopband (PSB) - a spectral range in which
electromagnetic radiation cannot propagate through the structure — in
the visible region of the electromagnetic spectrum. The PSB of the
VOy-coated SiOy opal shifted towards lower wavelengths with
increasing temperature due to the IMT of VO, that consequently alters
the material intrinsic optical properties. A similar structure was reported
by Peng et al. in 2024, however, coating a polymeric template instead of
a SiO, template. After vapor-phase removal of the polymer template,
VO, inverse opal PhCs were obtained [39]. The VO, PhC showed a PSB
at 1.49 um as depicted in Fig. 8B. The post-deposition annealing process
had to be adapted for the nanostructured substrate compared to a planar
thin film by prolonging the annealing duration demonstrating the
challenges associated to the fabrication of VO, nanostructures in com-
parison to planar thin films. The PSB position of the resulting VO, PhC
switched to a lower wavelength of 1.03 um above the IMT at about
60-70 °C and was reversibly switched back to its original position
during cool down of the PhC structure. In addition, Wang et al. reported
about the antireflective properties of ALD-based VO, coatings onto
patterned SiO5 [51]. The structure featured a lower reflectivity than the
patterned SiO2 without V4Oy coating (Fig. 8C). Furthermore, annealing
of the as-deposited V,Oy film to VO, improved the antireflective prop-
erties to less than 2% reflection in the range from 650 nm to 1335 nm.
The formation of small cracks in the VO3 layer during annealing led to
multiple light scattering in the film which further improved light trap-
ping by the structure.

VO,-coated Si pillars were also tested as 3D electrodes for lithium ion
batteries (LIBs) [42]. The structures demonstrated very high volumetric
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capacities of 130 pA/h whereby the amorphous VO»-coated electrodes
showed higher performances than crystalline VOy-coated electrodes.
Furthermore, the capacity of the 3D structured electrode was signifi-
cantly increased compared to their planar counterparts with the same
VO, film thickness as shown in Fig. 8D.

3.3. V505

Nanoparticle formation during post-deposition annealing of ALD-
deposited thin films was also observed for V,0s. Groult et al. system-
atically investigated the thickness dependence of the NP formation in
thin films already in 2006 [63]. Starting from a continuous thin film,
elongated V205 NPs emerged and grew further with increasing anneal-
ing temperature from 250 °C to 600 °C as shown in Fig. 9A. An initial
film thickness of 15 nm resulted in larger V505 structures than a 5 nm
thick film while the particle density after annealing to 600 °C was almost
the same. Such elongated NPs were not observed for VO, NPs and can be
related to preferential growth of the V,0s phase according to the
orthorhombic crystal structure.

AAO was used as a nanostructured substrate to characterize an Os-
based ALD process resulting in the growth of crystalline V,05 [66]. In
2017, Song et al. reported that nanostructured V,Os prepared by ALD
and post-deposition annealing exhibited instable hysteresis behavior
upon voltage sweeping [50]. No reproducible resistive switching was
observed in contrast to the VOy-based device which was discussed in the
previous subsection. Application of V50Os-coated carbon nanofibers
(CNFs) for NO3 sensing revealed an influence of the annealing temper-
ature on the sensing performance [72]. Additionally, another work from
the same group investigated the sensing performance of V,04-coated
CNTs. In this study, Santangelo et al. figured out that as-deposited films
consisted of V204 and transform into V05 as thermodynamically most
stable phase during storage in air over several days or by post-deposition
annealing in ambient air [72]. The highest sensor response was observed
for structures annealed at 220 °C and the performance decreased at
higher temperatures due to partial oxidation of the CNFs and V3Os is-
land growth. Meanwhile, Baishya et al. explored the effect of ultra-thin
V205 coatings of titanium nanotubes (TNTs) on the growth of MG—63
cells [52]. The cell growth on TNTs with 15 nm diameter was not
affected by the V05 coating (Fig. 9B). However, less cells grew on TNTs
with a larger diameter of 30 nm and 100 nm compared to their
respective uncoated counterparts due to a cytotoxic effect of the V205
coating on the investigated MG—63 cells. This behavior was indepen-
dent of the crystallinity of the TNTs, namely amorphous or crystalline,
for all investigated structures. The TNT’s surface roughness decreases
with increasing diameter which affected cell adhesion and growth.
Further, the reduced cell growth on V,05-coated TNTs was accompanied
by decreased cell elongation. This indicated reduced cell attachment and
adhesion to the surface caused by the V505 coating.

ALD-based V,0s5 nanostructures were also studied for application as
catalysts for the oxidation of cyclohexane [62] and o-xylene [54],
oxidative dehydrogenation of propane [55], and their ammonia
adsorption capabilities [73]. Only few ALD cycles were applied in these
publications to deposit vanadium oxide on the support materials. In this
context, Gervasini et al. conducted only one ALD half-cycle with VO
(acac), as precursor and transformed the chemisorbed molecules to
V205 by calcination in air at 500 °C for 16 h [54]. Kazerooni et al
applied a similar process by performing the VO(acac); half-cycle at 170
°C followed by the air half-cycle at 350 °C [55]. However, they used up
to three ALD cycles and after finishing the VyOy ALD cycles, the samples
were annealed in air at 500 °C for 4 h. It was found by three reports that
ALD-deposited V505 catalysts achieved higher dispersion on the catalyst
support, higher acidity and thus, also higher catalytic activities than
wet-impregnated samples [54,55,73].

The majority of ALD-based V205 nanostructures were applied in the
field of energy storage. CNTs [53,60,61,70,71], AAO [57,58], tobacco
mosaic virus (TMV) [59], and planar Si [56] were used as substrates for



C. Hedrich et al. Applied Materials Today 50 (2026) 103248

mA

Sicore
Al,0; coating
VO, shell

V()
HE 40 JExeerm or:
R = ‘

Tenaio

o
S T 0000 e 0SS A
3
8 T T
=~ 1000 1500 2000
A (nm)
O Heatup
O Cool down
) © EPPRD
L Vo, (M)
s
i 2 °
KE A o VO, (R)
wﬁ (-]
T T T N T =
1000 1500 2000 2500 40 60 80 100
A (nm) T(°C)
(b)VO,@Planar SiO, —Pattern SiO,
301 vo, @pattern si0,
Titonm  140nm] <251 Ve atamse,
[
o 20
s
S 15
(d)VO,@Pattern SiO, =
|7}
o 10}
5¢ - = =<5%
1355nm
<2%
0 1

500 10'00 1500 20'00 2500
wavelength (nm)

m o + 40nn.-| YO, film ~ L
=] | on Si pillars |
o
< 100 -
2 5
> VO, (B) ]
"é | C'V205 A
. 40nm VO, film
8 10 3 T E
c L a-VOz ]
2 ! M’\’ :
b —

S L — g ]
< L VO, (B) ¢ e, ]
g 1L V205 J
: A a sl " " s aaal i " At a sl ]
1 10 100
C-rate

(caption on next page)

13



C. Hedrich et al. Applied Materials Today 50 (2026) 103248

Fig. 8. ALD-based VO, nanostructures applied as switchable structures, antireflective materials, and in lithium ion batteries. (A) The voltage-induced switching of Si-
Al;03-VO;, core-shell nanowires as 3D memristors is sensitive to the operating temperature [79]. Copyright 2025 The Authors, published by Wiley-VCH, licensed
under CC-BY 4.0. (B) VO, inverse opal photonic crystals present reversible switching of their optical properties when the structures are heated above the IMT and
cooled down [39]. Copyright 2024 The Authors, published by American Chemical Society, licensed under CC-BY 4.0. (C) Vanadium oxide coatings on patterned SiO,
reduce the reflectance of the structures. VO, obtained by post-deposition annealing of the as-grown films further improves the antireflective properties [80].
Copyright 2023 The Authors, published by MDPI, licensed under CC-BY 4.0. (D) Enhanced capacity of vanadium oxide coated Si pillars compared to planar
counterparts. Amorphous VO coatings result in higher performances than crystalline VO3 and V,0s coatings. Figure reprinted with permission [42]. Copyright 2017,
émerican Chemical Society.
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Fig. 9. (A) V205 NPs formed by annealing 5 nm thin films at 250 °C, 400 °C, 450 °C, 500 °C, and 600 °C (top to bottom). Figure adapted with permission [63].
Copyright 2006, Elsevier. (B) Influence of V,0s coating (0 ALD cycles or 5 ALD cycles) and TNT templates on cell growth at the structures [81]. Copyright 2025 The
Authors, published by American Chemical Society, licensed under CC-BY 4.0.

V205 batteries. The performance characteristics are summarized in are only comparable to a limited extent due to different measurement
Table 2, although it should be noted that the maximum capacity values techniques. The structures on planar Si substrate utilized VO(thd), as
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Table 2

Overview of V,0s nanostructures applied as battery electrodes.
Template Intercalating (optimal) V.05 thickness Crystallinity =~ Maximum capacity Cycling stability Ref.

species

Planar Si Li 10 nm Crystalline 395 W/gat 960 Cand 141 A/g ~ 80% after 1530 cycles, 30% after 4000 cycles  [56]
TMV Li 60 nm Crystalline 25 pAh/cm? at 5 pAh/cm? 98% after 50 cycles (30 nm coating) [59]
CNTs K 19 nm Amorphous 191 mAh/g at 5 mA/g =~ 80% after 50 cycles [61]
CNTs Li 16 nm Amorphous 818 pA/em?at 1 C ~ 90% after 100 cycles [70]
CNTs Li 10 nm + 20 TiO, ALD cycles Amorphous 400 mAh/g at 100 mA/g ~ 80% after 100 cycles [60]
CNTs Li ~ 15 nm + 25 TiOy ALD cycles ~ Amorphous ~ 460 pAh at1C 99.6% after 100 cycles [53]
CNTs Li 5.5 nm Crystalline 1209 mAh/g at 1675 mA/g 87% after 100 cycles, 73% after 450 cycles [71]

vanadium precursor in the ALD process which resulted in rough films
consisting of plate-like V205 nanocrystallites instead of conformal thin
films. Although the deposition process was denoted as ALD in the pub-
lication, it comprises a CVD component evidenced by the non-conformal
coating of the substrate. Nevertheless, the crystallite size was controlled
by the number of cycles. Such nanostructured electrodes showed V205
thickness dependent properties in a Li-containing electrolyte. The
thinner layers fabricated with 500 ALD cycles featured lower over-
potential for Li* intercalation and deintercalation than thicker layers.
Moreover, the capacity retention at higher current rates (up to 10 C) was
superior for the thinner films due to an increased Li" intercalation based
on the low thickness of these plates along their c-direction and corre-
sponding short Lit intercalation paths. Furthermore, the structures
exhibited a high cycling stability with stable capacity for 650 cycles, and
a decrease to 80% and 30% of their initial performance after 1530 and
4000 cycles, respectively. Conversely, Pomerantseva et al. demonstrated
the utilization of TMV as a biological template for V505 electrodes in
2012 [59]. A nickel layer as current collector was electrodeposited onto
the self-assembled TMV structures prior to the V05 ALD coating. The
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Os-based ALD process resulted in crystalline VoOs without the need for
an additional post-deposition annealing step. Composite electrodes with
30 nm V05 thickness showed high specific capacities of 12 pAh/cm? for
5 uAh/cm? current density and high cycling stabilities over 50 cycles for
application in LIBs that were much higher than for their planar coun-
terparts (Fig. 10A). Further, the specific capacity could be increased to
25 uAh/cm? by increasing the V505 thickness to 60 nm.

Still on batteries-related applications, Carter et al. reported disulfide
shuttling in lithium-sulfur battery cathodes by utilizing V2Os-coated
CNTs that were filled with polysulfide [71]. V205 was chosen as
anchoring layer for the disulfide species based on its high polar binding
to lithium polysulfides without restricting charge transfer in
lithium-sulfur batteries. The performance depended on the V,0s5 thick-
ness with 75 V205 ALD cycles leading to the highest initial capacity of
1209 mA h/g and less decay over 50 charge/discharge cycles than for
the other investigated V505 thicknesses (Fig. 10B). Although 75 ALD
cycles were not sufficient in this report to entirely coat the CNTs, the
incomplete coating was beneficial for charge transfer enabled poly-
sulfide conversion which was crucial for the battery performance.
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Chemical Society.
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For application of a CNT/V205 composite as electrode for a potas-
sium ion battery, amorphous V205 demonstrated a higher capacity than
crystalline V,Os5 from literature, which was associated to faster K™ ion
intercalation and deintercalation in the amorphous material [61]. Usage
of CNTs as nanostructured template also led to improved Li storage
capability and cycling stability compared to planar structures due to the
higher surface area [70]. Although the stability of VoO5/CNT electrodes
was higher than that of planar V505 electrodes, the capacity decreased
with increasing charge-discharge cycles due to destruction of the V05
film by leaching of vanadium atoms into the electrolyte [60]. Over-
coating the structure with a thin TiO5 layer by ALD effectively prevented
such decreasing capacity [53,60]. In this context, Xie et al. reported the
highest discharge capacity of 400 mA h/g at 100 mA/g for Vo05/CNTs
protected by 15 TiOz ALD cycles [60]. Nevertheless, the highest stability
of the composite was observed when 20 TiOy ALD cycles were applied.
Notably, the sequence of binder-free CNT electrode fabrication, V205
ALD, and TiO5 ALD coating was crucial for the obtained performances.
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Higher capacity and rate retention were observed for first preparing the
CNT electrode and subsequent functionalization with V,05 and TiOg
which was related to the electric contacts between individual CNTs.
Likewise, Kurttepeli et al. also investigated the effect of ALD-deposited
TiO4 protective layers on the performance and structural integrity of
V205/CNT electrodes in LIBs [53]. HRTEM characterization revealed
that the VOy ALD coating was not always completely conformal and
some spots remained uncoated. For the TiO»-coated structures, HRTEM
and STEM-EDX visualization showed the layered CNT, V05, TiOg
sequence from the CNT towards the outside (Fig. 10C), where TiO5
coatings with 5 or 25 ALD cycles improved the Li intercalation and
deintercalation kinetics up to medium C-rates of 50 C while the kinetics
for 100 C were slowed down by the TiO, coatings. However, 25 ALD
cycles TiOy coating could significantly stabilize the discharge capacity
over 100 cycles. The unprotected V,05/CNT composite lost 17% of its
initial capacity after 100 cycles. A 5 TiOz ALD cycle protection layer
reduced this loss but could not completely avoid it. In contrast, the 25
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Wiley-VCH. (C) The charge storage capacitance of VoOs ALD-coated activated carbon electrodes is determined by the pore sizes. Mesoporous carbon electrodes (G60)
exhibit the highest performance when functionalized with 75 V,0s ALD cycles while less influence of the V,0s coating thickness is obtained for microporous carbon
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coated with V,Os is applied as Li and Na intercalating supercapacitor electrodes and presents V,Os coating thickness-dependent performances. Figures adapted with

permission [69]. Copyright 2017, American Chemical Society.
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ALD cycles TiO; coating resulted in a capacity increase by ~ 9% based
on less Li accumulation, kinetically faster deintercalation, and a phase
change from crystalline to amorphous V05 during charge/discharge
cycles.

An all-in-one nanopore battery array based on V,05-coated AAO was
fabricated by Liu et al. in 2014 [58]. After characterizing the highly
reversible Li intercalation and deintercalation in the half-cells individ-
ually, the full cell device also demonstrated high reversibility in com-
bination with significantly higher capacity, power density, and cycling
stability than earlier AAO-based full batteries. In detail, the Vo05/AAO
battery exhibited 80 mAh/g at 150 C, about 50% capacity retention at
150 C rate, and over 80% initial capacity after 1000 charge/discharge
cycles. A follow-up study by Liu et al. published in 2017 reported on the
utilization of an asymmetric V205-SnOy nanopore battery where the
prelithiated vanadium oxide anode was replaced with prelithiated SnO,
and platinum was used as current collector instead of ruthenium in the
earlier publication [57]. This asymmetric cell design improved the
battery characteristics to 73% capacity retention at 200 C rate, 98%
initial capacity after 550 charge/discharge cycles, 80% capacity after
1000 cycles, and about 100 mAh/g at 150 C.

Application of ALD-based nanostructured V,Os as capacitors was
highly dependent on the V505 thickness as observed by Chung et al.
[65]. Coating V505 onto activated carbon electrodes could significantly
improve the ion removal in capacitive deionization (CDI) due to the
increased hydrophilicity and specific capacitance. The authors further
reported thickness-dependent NaCl CDI properties with an optimum at
30 V505 ALD cycles corresponding to approximately 3.9 nm (Fig. 11A).

Besides capacitor applications, V,Os nanostructures were also uti-
lized as electrodes in supercapacitors [46,64,67-69,74]. Rauda et al.
coated mesoporous ITO nanocrystal films with V505 thicknesses be-
tween 2 and 7 nm and both, H20 or Os, were used as oxygen precursors
in combination with VTOP as V precursor [64]. Grain growth and loss of
the microstructure occurred for 7 nm film thicknesses resulting in a
normalized capacity decrease as depicted in Fig. 11B. The structure
coated with 2 V,0s featured higher total charge storage of 1700 C/g and
capacitive charge storage of 1200 C/g than the 7 V505 composite.
Moreover, it was shown that the capacitive contribution to the charge
storage decreased with increasing film thickness due to the increasing
diffusion control. Further, it is important to note that Os-based V.05
films exhibited higher charge storage than HyO-based layers. The
highest capacity was obtained for films annealed at 200 °C and the ca-
pacity decreased with increasing annealing duration due to grain growth
and pore blocking.

Pore blocking was also reported as performance limiting issue by
Daubert et al. for functionalizing activated carbon structures with
different pore sizes [67,68]. In 2015, they reported about V,Os
thickness-dependent supercapacitor performance of different porous
activated carbon electrodes [67]. The specific capacitance for Li inter-
calation increased with increasing film thickness up to a maximum value
and decreased for thicker films (Fig. 11C). The highest performances
were achieved with 75 ALD cycles and 200 ALD V,0s cycles for the
mesoporous electrode (G60) and the microporous electrode (Supra),
respectively. Nevertheless, the capacity improvement was much stron-
ger for the mesoporous sample because micropores were easily blocked
by the VTOP precursor resulting in a decreased surface area of the
electrode. The stability over 10000 charge/discharge cycles was similar
to uncoated structures for both electrodes. In a subsequent study, sim-
ulations confirmed that coating of pores with diameters below 1.3 nm
resulted in too small open volume for reactant diffusion [68].
V,0s-coated activated carbon electrodes demonstrated increased pseu-
docapacitive energy storage compared to uncoated electrodes whereby
the V,0s thickness and pore size determined the performance as
depicted in Fig. 11C. While microporous and mesoporous samples
showed only a slight capacity increase due to diffusion limitation, both
macroporous carbon samples exhibited significant capacity improve-
ment up to 83%. However, charge storage in the microporous carbon
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black sample changed to battery-like behavior with increasing V205
thickness in contrast to the capacitive behavior of the activated carbon
samples. Similarly, mesoporous carbon was also applied as template for
V205 PEALD coating by Fleischmann et al. for application in Li and Na
intercalating supercapacitor electrodes [69]. V505 coating increased the
capacity for Li intercalation from 60 mAh/g of the uncoated structure to
210 mAh/g with 200 V205 PEALD cycles as depicted in Fig. 11D.
Nevertheless, the high thickness led to significant capacity decay at high
C rates and the thickness increase was accompanied by a change to
diffusion-limited battery-like charge storage. Thus, a medium coating
thickness of 100 PEALD cycles resulting in a maximum capacity of
170 mAh/g was chosen to balance both effects. In contrast, the V205
loading had only a minor effect on the capacity when the electrodes
were applied in Na electrolytes as a new route for V,Os batteries. Na ions
could not diffuse through the entire V505 layers due to the larger ionic
radius. Hence, intercalation occurred in the vicinity of the surface and
accordingly, increasing the V505 thickness did not benefit the perfor-
mance. Notably, Li intercalation was characterized by a mixture of
pseudocapacitive and battery-like behavior while Na intercalation was
almost completely pseudocapacitive. The structures also presented a
high long-term stability with 116% and 75% of the initial capacities
after 2000 charge/discharge cycles in Li and Na electrolytes, respec-
tively. The combination of nanometer-thin V505 layers and their
confinement in the mesopores enabled the application as Na electrolyte
supercapacitor with the highest stability reported for a V,Os-based
structure until the publishing date of the study in 2017. Lee et al. re-
ported on another carbon/V,0s composite electrode by utilizing
multilayer graphene as template for the ALD coating [74]. Amorphous
V205 resulted in a higher capacity, energy density, and stability than the
crystalline structure due to improved Li intercalation.

3.4. VxOy (Mixed valance)

Application of ALD-based VyOy nanostructures consisting of mixed
valance state was reported for the fields of energy storage [21,28,30,46]
and catalysis [22,23,25,26,27,29,31]. Diingen et al. characterized and
optimized the influence of ALD parameters on the morphology and
composition of VyOy-deposition on CNTs [32]. Although only one ALD
cycle was applied, they revealed that a pretreatment of the CNTs prior to
the ALD coating had a significant effect on the ALD process by creating
functional groups at the CNT surface. Among anhydride and phenol
groups, carboxylic groups were beneficial for the reaction with VTOP as
examined by DFT calculations of VTOP reacting with different func-
tional groups. The ALD process was optimized based on the maximal
carboxylic acid consumption per ALD parameter to obtain the highest
amount of VyOy chemically bound to the CNTs. In detail, the VTOP pulse
time, purging duration between the pulses, and the deposition temper-
ature were studied.

Utilization of only a few ALD cycles was frequently reported for
catalytic applications. Keranen et al. observed in two studies an
improved dispersion of ALD-deposited V4Oy clusters on Aly03, SiO2, or
TiO; particle powders as support material compared to clusters fabri-
cated by wet impregnation [22,26]. Moreover, they detected an
increased acidity and bonding strength of the structures leading to a
higher ammonia uptake. Furthermore, the catalytic activity for oxida-
tive propane dehydrogenation increased by a factor of 1.6-1.8 compared
to the wet impregnated structures [22]. As in the previous example,
ALD-based VyOy nanostructures were applied as catalysts for oxidative
dehydrogenation of different compounds, namely ethanol [23], cyclo-
hexane [25], and ethylbenzene [31]. For instance, Yang et al. func-
tionalized Al2O3 powder with one to twelve VyOy ALD cycles whereby
the VyOy phase changed with increasing cycle number from monomeric
VxOy to polymeric VyOy and crystalline V205 (> 8 ALD cycles) as
schematically depicted in Fig. 12A [31]. For the catalysis tests, the
monomeric VyOy prepared by one ALD cycle presented the highest sta-
bility and featured the highest activity due to the Al-O-V bond. Similar
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Fig. 12. Application of ALD-based V,Oy nanostructures. (A) Schematic of V,Oy ALD on a substrate surface depicting the formation of monomeric and polymeric V,O,
species due to the different V,Oy ALD cycle numbers. Figure reprinted with permission [31]. Copyright 2019, Elsevier. (B) Li storage capacitance of ALD-grown V,0y
nanorods (NRs) branching from SiNWs over multiple charging/discharging cycles. The initial performance and the decay over charging/discharging cycles depend
strongly on the post-deposition annealing atmosphere (without, Hy, or Oy). Figure reprinted with permission [46]. Copyright 2017, Wiley-VCH. (C) Characteristics
and application tests of a VC/V,03 hybrid structure as flexible Li-S battery during bending to different angles. Figures reprinted with permission [35]. Copyright
2022, Elsevier. (D-E) SEM and TEM images, schemes, and Li storage capacities of (D) onion-like carbon (OLC) and (E) activated carbon (AC) structures coated with
V,Oy. The applied number of V,Oy ALD cycles defines their structure and electrochemical energy storage behavior. Figures reprinted with permission [28]. Copyright

2016, American Chemical Society.

results of few ALD cycles V;Oy-coated Al,03 powder were obtained by
Wu et al. who investigated the methanol oxidation to formate [29].
Furthermore, embedding VyOy clusters fabricated by one ALD cycle in
Aly03, SiOy, or TiO, as support material resulted in increased V,Oy
loadings and dispersion compared to conventionally supported clusters
[23]. The VxOy ALD was conducted on a graphene oxide template that
was removed after the embedding material, i.e., the catalyst support
material, was deposited by ALD. Graphene oxide template removal was
either conducted by calcination in air at 550 °C for 6.5 h or by treatment
in Og at 150 °C for 10 days. Interestingly, calcined samples exhibited
higher selectivity in the catalytic oxidative ethanol dehydrogenation
while samples treated in O3 showed higher activity. Raman measure-
ments revealed that the support material determined the phase of the
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VxOy clusters. In detail, amorphous VyOy was observed for Al;03 and
TiOy supports and crystalline V,0s formed in SiOy support. The com-
bination of ALD-deposited VxOy and TiO- films on mesoporous silica
(SBA—15) and mesoporous phenol/formaldehyde resin (FDU—15) sup-
ports as catalysts for cyclohexene epoxidation was additionally studied
by Muylaert et al. in 2012 [27]. The selectivity for epoxidation in the
catalytic reaction increased with increasing Vy,Oy ALD cycles for
SBA—15 support. Contrary, the VyOy on FDU-15 support was not
catalytically active for the cyclohexene epoxidation. Mixed layers of
TiO2 and VyOy could significantly improve the selectivity towards the
epoxidation for SBA—15 support.

Supercapacitor applications were tested with VyOy ALD-coated CNTs
[30], Si NW [46], and graphene fibers [21]. The CNT-based electrodes
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exhibited higher capacitance than commercially available activated
carbon electrodes at the time of publication in 2012 [30]. ALD coating
with 100 V,Oy cycles resulted in the highest capacitance of 1550 F/g at
1 A/g which decreased with increasing ALD cycle numbers due to the
prolonged Li diffusion paths in the VyOy layers. Besides VxOy on CNTs,
ALD-grown V;Oy nanorods (NRs) that branched from Si NWs exhibited
more stable supercapacitor performance for mixed V4Oy phase than for
pure V505 or VO3 over 10000 charge/discharge cycles [46]. Crystalline
V205 and VO, NRs were obtained by annealing the structures in O, and
Ho, respectively. The Hy-treated sample showed the highest specific
capacitance for Li storage of 930 F/g at 1 mV/s scan rate. Although the
Oy-treated sample provided the highest stability of 91.1% after 10000
charge/discharge cycles, the capacity of the as-prepared structure was
significantly higher but a lower stability of 81.3% was observed
(Fig. 12B). Hence, the V4Oy NR structure could be easily tailored for the
desired properties, e.g., specific capacity or stability, by adapting the
post-deposition annealing process. Furthermore, Deshmukh et al
demonstrated the fabrication of a binder-free flexible gel supercapacitor
electrode by depositing V,Oy onto laser-induced graphene fibers [21].
The area capacity could be significantly improved compared to the
uncoated fibers. Specifically, the electrodes featured capacities of 99
mF/cm? at 1 mA/cm? in an aqueous electrolyte and 2 mF/cm? at
0.25 mA/cm? in a gel electrolyte. Further, a stable capacitance of 93% of
the initial value was obtained after 11500 charge/discharge cycles. The
charge storage process was mostly capacitive-controlled but the influ-
ence of diffusion-limitation was also observed. The latter one decreased
with increasing sweep rate. A solid-state flexible gel supercapacitor
showed high long-term stability upon bending independent of the
bending degree.

Energy storage applications of nanostructures based on ALD-
deposited VyOy and other stoichiometric vanadium oxides than previ-
ously discussed included batteries [28,34,35] and supercapacitors [21,
28,30,46]. Nguyen et al. fabricated VC/V503 hybrid structures by
ALD-coating VyOy on porous carbon textile templates followed by
post-deposition annealing in air at 900 °C for 1 min [35]. For application
in Li-S batteries, they could suppress Li dendrite formation in the anode
resulting in a high capacity of 882 mAh/g at 5 C and a very high stability
of 99.98% after 1000 charge/discharge cycles at 1 C. The good perfor-
mance was based on polysulfide trapping by defective V203 in combi-
nation with increased polysulfide fragmentation by the conductive VC
part. Furthermore, the utilization in flexible Li-S batteries was demon-
strated over multiple cycles and under different bending angles as shown
in Fig. 12C. Later in 2022, the same group applied defective hydrated
VxOy-coated porous carbon textile structures as electrodes in Zn ion
batteries (ZIBs) [34]. VOH was formed from the previously reported
structures after storage in ambient air and at room temperature for 30
days. The defective nature of VOH was crucial for the ZIB performance
since it enhanced Zn?* adsorption and intercalation into the electrode
structures. Thus, an increase of the capacity from 352 mAh/g to
416 mAh/g was observed for the change from defect-free VOH to
defective VOH. Moreover, the defective VOH structure retained 85.8%
of its initial capacity after 1000 charge/discharge cycles at 1 A/g and
88% after 2000 cycles at 5 A/g. A flexible ZIB displayed stable perfor-
mance over 50 folding/unfolding cycles.

In 2016, Fleischmann et al. explored the fundamental properties of
VxOy-functionalized endo- and exohedral carbon in lithium-based en-
ergy storage [28]. VxOy coating was present on the inside and outside of
onion-like carbon (OLC) agglomerates as an exohedral template
(Fig. 12D). Porous activated carbon (AC) represented an endohedral
template and was mostly coated within the pores as shown in Fig. 12E.
Raman spectra revealed that the V4Oy coating on OCL templates consists
of a mixture of crystalline V503, VO, and V205 domains while a coated
AC template shows mostly amorphous regions with small crystalline
V205 areas. The template type and VyOy coating thickness determined
the capacitive behavior of the structures. For OCL structures, capacitive
Li storage was observed for uncoated templates. The specific current of
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VxOy coated OLC templates increased significantly with increasing V,Oy
ALD cycle numbers (Fig. 12D) due to a change to battery-like behavior.
The strongest current peaks were observed for 50 V,Oy ALD cycles and
corresponded to a fast Li intercalation. Slower intercalation occurred for
thicker coatings. However, the capacity of the structures increased up to
100 or 150 ALD cycles for high and low specific currents. Coating AC
templates with V4Oy also improved their Li storage capacity compared to
the uncoated counterparts. In contrast to the OLC structures, all AC
structures presented capacitive charge storage behavior. The highest
performance was obtained with 100 V,Oy ALD cycles and it declined
significantly for thicker films caused by the increased Li diffusion paths
in the material. In general, the AC structures performed worse than the
OLC structures for two reasons: first, the electrical conductivity of AC is
approximately one order of magnitude smaller than that of OLC which
limits the performance at high scan rates. Second, the small internal
pores in the AC structures were blocked by coatings above 100 ALD
cycles whereby the available surface area reduced. Nevertheless, both
template types showed good stability of 95% after 3000 charge/di-
scharge cycles applied to the individual half-cells.

4. Challenges and future perspectives

The reviewed literature on VyOy nanostructures demonstrates that
ALD of vanadium oxides offers a variety of options with respect to both,
vanadium and oxygen precursors, to ALD modes, deposition tempera-
ture, and further process conditions. Several publications have shown
that the vanadium precursors and especially the vanadium oxidation
state within the precursor compound is determinant for the phase of the
ALD-deposited VyOy. Similar to planar thin films, post-deposition
annealing is often applied to crystallize the as-deposited VyOy nano-
structures into a certain desired phase. Nevertheless, ALD coating of
nanostructured templates goes along with a plethora of substrates which
can also influence the VyOy crystallization behavior and properties.
Hence, the control of the vanadium oxides’ phases in nanostructures
remains quite challenging and requires precise adjustment and optimi-
zation of the applied process conditions — both during ALD and post-
deposition annealing. It is worth emphasizing that the multiple fabri-
cation steps generate a complex parameter space as visualized in Fig. 13.
Interdependencies in this parameter space are difficult to predict due to
the complexity. Hence, Al-assisted process optimization might be help-
ful in the future for obtaining VyOy nanostructures with certain desired
properties.

On the other hand, the wide range of available process parameters
(see overview in Table 1) allows for utilizing different ALD process to
fabricate ALD-based VxOy nanostructures. For example, the VxOy phase
on a nanostructured substrate could be easily tuned for the desired

ALD process

precursors
deposition temperature
phase after ALD

film thickness
morphology

Substrate /\
material

nanostructure

nanostructured V,0,
with distinct phase

|

post-deposition annealing
atmosphere

temperature
duration
final phase

Fig. 13. Schematic illustrating the dependencies between an utilized substrate,
the ALD process, and applied post-deposition annealing conditions to obtain
ALD-based nanostructured V4O, with distinct phases. Each of the processing
steps requires several parameters which leads to complex interdependencies.
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application by adjusting the post-deposition annealing conditions —
especially the atmosphere - without the need of establishing a
completely new ALD process fabrication route. Moreover, the ALD
process can be chosen to align with inherent limitations from the sub-
strate such as temperature stability for polymeric structures. Owing to
this flexibility in ALD-based VyOy nanostructure fabrication, applica-
tions of different nanostructured V4Oy phases have been demonstrated
in various fields, namely catalysis, energy storage, optics, sensing, and
stimuli-induced properties switching. The improved functional proper-
ties of nanostructured VyOy could be extended to different templates —
both regarding their geometrical nanostructure and the template ma-
terial — to generate new or expand the existing functionalities. However,
it has to be noted that such transfer could potentially require a modifi-
cation of the post-processing conditions. If processing parameters for
fabricating new structures only need to be slightly modified or are ob-
tained fast, this generates high potential for applications of the struc-
tures. On the other hand, the parameter space complexity might prolong
a necessary process optimization with regard to specific properties
which would limit the range of suitable modifications for potential
applications.

ALD not only enables conformal coating of complex 3D substrates,
but also allows to accurately control the deposited film thickness on a
sub-nm scale. Hence, it facilitated thickness-dependent studies of the
VxOy nanostructures’ properties in the aforementioned application
fields. For example, V,Os batteries presented different optimal V;Oy film
thicknesses depending on the nanostructure template, the battery type,
and the operating conditions. Optimization of the film thickness in
various applications for maximizing the performance could further
reduce the material consumption by the need of less material. This
renders the structures and devices not only less costly but also more
sustainable. If multiple process step modifications are necessary, the
large parameter space might require several optimization loops before
the desired sample is obtained as previously discussed. The fact that
amorphous VyOy structures present often better energy storage charac-
teristics than crystalline ones make ALD an excellent method for
depositing V,Oy since most ALD processes inherently lead to amorphous
films.

Selected area crystallization of as-deposited VyOy films on nano-
structured templates might be achieved by photoinduced crystallization.
As it was discussed in Section 3.2, photoinduced oxidation into V205 was
observed when VO, NPs were irradiated with a high-intensity laser
beam in ambient atmosphere [48,49]. Such procedure could be useful
for oxidizing only sub-regions of the V,Oy nanostructure to generate
different functional phases on the same substrate. Further, photoin-
duced oxidation could be an alternative to thermal annealing as
post-deposition processing of the ALD-deposited VyOy thin films.
Nevertheless, up to now this is a hypothetical approach which was re-
ported for other materials [83-85] but necessitates further research for
V,Oy.

Deposition of only one VyOy ALD cycle on AlO3 is often beneficial
for catalytic applications because the VyOy is present in the monomeric
phase. This component provides higher catalytic activity than polymeric
VxOy for certain reactions due to the formation of an Al-O-V bond [31].
Hence, further research in this field may focus on the utilization of
Al-based nanostructure templates for single cycle VyOy ALD. Alterna-
tively, one could also combine an Al precursor with a VyOy ALD process
in a so-called supercycle to introduce Al atoms directly in the V,Oy
coating [11,86-88]. Such supercycle ALD process offers the advantage
to freely choose the nanostructure template material since the catalyti-
cally highly active Al-O-V bond will be created during the material
deposition.

In addition, ALD supercycles also present an option to further tune
the properties of VyOy nanostructures by combining V4Oy with other
materials in the form of doping or as multilayers [11,86-88]. Especially
VO3 is an interesting candidate for doping and multilayering since such
approaches can tailor its IMT — potentially down to room temperature as
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demonstrated for planar thin films synthesized with various methods
[89-98], but not yet for 3D nanostructures. The ALD-based switchable
VO, nanostructures reviewed in this article represent promising com-
ponents for smart windows based on their IMT at comparable low
temperatures around 68 °C. While it was shown that the ALD-based
preparation of VO on nanostructured templates is less trivial than
other phases, it was successfully reported in some publications utilizing
different vanadium precursors and process conditions. Hence, these
fabrication processes could be potentially transferred to further nano-
structures to improve their stimuli-induced property switching.

A critical aspect for VO, nanostructures in general is the low stability
for storing samples since VO, is not the most thermodynamically stable
VxOy phase [2,18]. Accordingly, it tends to transform into other phases,
especially V505, over longer periods when it is exposed to ambient
conditions. Such undesired phase transition could be enhanced in
nanostructures due to their large surface-to-volume ratio, which limits
the practical applicability of VO, structures. An approach to prevent the
phase transition is to overcoat the structure with an ultra-thin protection
layer, also called encapsulation [99-104]. With ALD, protection layers
can be easily deposited on the VO, nanostructures by applying few cy-
cles of a more stable material - e.g., Al;03, TiOy, or ZnO serving as
moisture and oxygen diffusion barrier — are commonly used due to their
robustness, low precursor costs, and well-established ALD processes
[99-103].

5. Conclusion

This review highlighted recent progress in ALD-based fabrication of
functional vanadium oxide nanostructures for application in various
fields. A summary of the applied ALD processes and post-deposition
annealing conditions showed that several vanadium precursors are
suitable for VxOy ALD on nanostructures. Further, our review demon-
strated that the ALD process conditions and post-deposition annealing
parameters need to be carefully chosen based on the nanostructured
substrate and the desired VxOy phase. Especially the phase control re-
mains challenging and requires precise optimization of the individual
processing steps including multiple parameters and complex in-
terdependencies. Nevertheless, ALD features the inherent advantages of
conformal coating complex shapes — such as nanostructured substrates —
combined with film thickness control in the sub-nm range. Film-
thickness dependent studies have shown significant potential for opti-
mizing performances of V,Oy nanostructures in catalysis, sensing, en-
ergy storage, and switchable optoelectronics.

Future directions could target studies of supercycle ALD to combine
VxOy with other materials in nanostructures in order to expand or to
tailor their properties. Nevertheless, the multi-dimensional processing
parameter space could impede such approaches. Moreover, our review
demonstrated that phase control in nanostructures is more challenging
than in planar films, so that special focus needs to be placed on the V,Oy
phase control during ALD and post-deposition annealing to ensure the
fabrication of the desired phase. Application of ultra-thin ALD-grown
protection layers are a promising approach to maintain the V,Oy phase
over long time. “Smart” devices which feature a property change
induced by external stimuli show great potential for the future. Here,
VO, present enormous prospects for devices such as smart windows
based on the materials’ inherent IMT at a relatively low temperature
that leads to reversible switching of the optoelectronic properties.

In conclusion, ALD-based vanadium oxide nanostructures are a
versatile material class according to the variety of V4Oy phases. They
present huge potential in the fields of catalysis, energy storage, optics,
sensing, and stimuli-induced properties switching. Nevertheless, chal-
lenges in controlling the V4Oy phase and maintaining it over a long time
period still hinder their practical capabilities at the moment. Our review
provides an overview of the available ALD V,Oy processes for nano-
structures and the associated challenges to generate each of the phases
of interest. Future research focused on overcoming the phase control and



C. Hedrich et al.

stability limitations might enable the expansion of the functionalities of
VxOy nanostructures by adjusting the nanostructure geometries as well
as the VyOy coating properties. Understanding and controlling the
complex interdependencies of processing parameters presents a pre-
requisite to targeted sample preparation and could benefit from Al-
assisted optimization approaches. Hence, ALD may provide a pathway
toward the development of tailor-made, high-performance V,Oy nano-
structures for sustainable technologies in the future.
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