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Abstract

Over the last two decades, researchers have found many strategies to obtain high surface area
nanostructured titanium dioxide. These nanostructures have recently found application as supports for the
fabrication of electrodes for electrochemical energy conversion and storage devices. The properties that
make titanium dioxide appealing for these applications are: i) stability in a variety of conditions relevant to
electrocatalysis, ii) electronic conductivity, iii) synergistic effects with metal catalysts. The work splits TiO,
nanomaterials into two classes: i) powders and ii) embedded nanoarchitectures (e.g. titania nanotubes on
titanium support). We give an overview of the latest applications, with a special emphasis on fuel cells,
electrolysis, and carbon dioxide electro-reduction. We conclude with a list of the research needs that, in the
opinion of the authors, will support the exploration and consolidation of the use of titania in
electrocatalysis for energy.

Address:

Istituto di Chimica dei Composti OrganoMetallici (ICCOM), Consiglio Nazionale delle Ricerche (CNR), via
Madonna del Piano 10, 50019 Sesto Fiorentino (Firenze) - ITALY

Corresponding author: alessandro.lavacchi@iccom.cnr.it

Keywords: Titanium Dioxide, Electrocatalysis, Energy, Nanotubes, Nanotechnology

Introduction

Titanium dioxide (Titania) has dominated photooatil since the discovery of the phenomenon in
the early 1970s [1]. Since then, researchers haweloped a variety of methods to tune the
nanostructure and the composition to optimize thetqratalytic efficiency [2]. Recently, titania
has generated a consistent interest as a materiadldrk” electrocatalysis for the production and
the conversion of renewable energy. This paperseswn the latter subject and briefly reviews the
properties of titania relevant to its applicationelectrochemical energy conversion and storage: i)
resistance to corrosion, ii) electronic conducyiviti) synergistic effects with active metals. i$h
paper also discusses some of the most recent gesldissifying titania nanomaterials in two
classes: i) powders and i) embedded nanoarchitetuWe believe that embedded

nanoarchitectures will become increasingly moreutapin the future for two significant facts, ease



of handling and reduced risk for humans and theirenment connected to the emission of

nanomaterialgd3]

Material propertiesrelevant to electrocatalysis

Titanium (IV) oxide has three crystalline forms:atase, rutile and brookyte. Anatase is by far the
most exploited in photocatalysis for its electragerties, but rutile and amorphous TiGave
found application in electrocatalysis [4]. Oftene tow-temperature synthesis of oxides leads to the
formation of titanates or amorphous phases. Thdwesgs that can easily be converted into
crystalline phases chemical and/or thermal treatmefitania can easily be fabricated in
nanostructures with high surface area [5]. Thishksathe dispersion of catalysts nanoparticles to
provide high Electrochemically Active Surface Are@SCSA). Table 1 reports some recent
examples of high surface area titania nanomateri®smarkably, Pt ECSAs up to 23Z gion
titania support have been reported.

The conductivity of stoichiometric titanium dioxsles generally low and unpractical for
application in electrocatalysis. The most commaeatsgies to improve the conductivity are: (i) the
use of sub-stoichiometric titanium oxides with falm TiO, [4,6,7]; (i) Doping with metals
having atomic radii similar to T, e.g. NB* or Mo®** [8,9] and (iii) Blending titania with
electronically conductive materials such as carmoRANI. All these strategies have been applied
in the fabrication of electrocatalysts.

Titanium dioxide has a strong promoting effect oranm reactions of interest in
electrochemical energy conversion and storage. &iomis due to the hypo-d-electron character
of that generates strong interactions with hypetedtron character metals, such as platinum [10].
This interaction produces a contraction of the Pteistance, the inhibition of hydroxyl
chemisorption and the shift of the formation offace PtOH toward positive potentials. The
combination of these effects favours the interactisith molecular oxygen in the Oxygen
Reduction Reaction (ORR). The effect of titaniuroxile on the formation of Pt-OH species has
been shown experimentally in [11]. Apart from th&®R) synergistic effects between titanium
oxides and Pt also promote the oxidation of smedlanic molecules [12,13]. The evidence of
Strong Metal to Support Interaction with dramafieets in electrocatalysis have also been reported
[14] (ee).

The synergy between the oxide and catalysts pestialso benefits stabilityt has been
found that for Pt on Ti@a static polarization @ 0.55V led to a 13% deca®RR current density
after 1 h while for a conventional Pt/C the currdensity dropped by 80%1]. Synergistic effects

may also increase the tolerance to poisoning speuth significant CO poisoning of Pt anodes



reduction in direct methanol fuel cells [6,15].heT catalyst stability is also affected much by
corrosion. Titania is relatively stable in many eomments relevant to electrocatalysis. The
Pourbaix diagram of Ti show that titania is stabiem highly oxidizing to mildly reducing
conditions in acids, including potential fields which carbon is not stable. However, titanium
oxides can dissolve in reducing condition in a@dsl practically at any potential in concentrated
alkali. Significant degradation of titania nanostiure at pH 14 has been demonstrated [&6]
Moreover, degradation can happen in the presencemited amount of strongly complexing
agents, even down to 10-15 ppm in the case offfueeide. Remarkably, better durability of the
TiO, catalysts has been achieved by the addition of* NbMc®* [8,9]. Tantalum has also been
proved to enhance the stability of the performasfcBiO, in PEMFCs [17].

Despite of the thermodynamic consideration, titategradation may depend on the nature
of the oxide and the variability of the environmemtd stability can be affected by the complex
environment of real-world devices. Accordingly, emaluation of the long-term stability in the

relevant operating conditions is necessary.

Titania nanomaterials: powders
Figure 1 shows a few examples of titania nanometewith different dimensionality: 0D materials,

e.g. nanospheres, [18] fig. 1a) and 1D materiats (@notubes [19] or nanofibers [8,9] fig 1b).
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Figure 1: (A) 0D titania nanostructures used as cathodegromoting the oxygen reduction reaction; figudajted

from ref [18]. (B) TiQ nanofibers as an example of one-dimensional neuaisted titania employed for promoting



ORR; figure adapted from ref [9]. Multidimensionalaterials based on nanostructured conductive stgpgGuO
nanowires arrays) decorated with zero-dimensiateitm dioxide for promoting hydrogen evolutioracion; figure

adapted from ref [20(e).

These materials show a large surface area thawsaltbe deposition of active phases with high
Electrochemically Active Surface Area (ECSA) to @avigh activity per unit mass or volume of
catalysts [21]. Table 1 shows a brief summary & BECSA and BET reported in the recent

literature.



Table 1: ECSA values reported in the recent literature

Catalyst Application BET area ECSA area Ref.
|r02'Ti02 . . 1
_ Hydrogen Evolution Reaction 278.8 0 2285mCcm  [22]
nanocomposite
Pt-TiO,-PANI Methanol Oxidation Reaction / 41.24 gi'p, [23]
Pt@Nb doped Ti©
'p Oxygen Reduction Reaction 16 git 36 nf g'p [8]
nanofibers
[24]
Pt@TiQ, doped CNTs  Oxygen Reduction Reaction 322 52.1 nf g'p (o)
[ X J
[25]
Pt@TiQ, microspheres  Oxygen Reduction Reaction / 25.9m (o)
[ ]
Pt@ Graphene
nanosheets — T®D  Methanol Oxidation Reaction / 30. 7 i'e; [26]
nanoparticles doped
PtPd@TIQ
_ Methanol Oxidation Reaction / 74.63 0 e [27]
nanoparticles
Pt@TiO, nanoparticles  Methanol Oxidation Reaction / 240° 25, [27]
Pt@CNT-TIQ
_ Oxygen Reduction Reaction 136 gt 31.3ng'y [28]
microspheres
Pt@TiO-C-PANI Methanol Oxidation Reaction / 49.6 o', [23]
Pt@TiQ, Oxygen Reduction Reaction / 27 gty [7]
PtRu@C-Mo doped o _ y 1
] Methanol Oxidation Reaction / 69.2 10 metal [29]
TiO, nanotubes
TiO, nanoparticles Oxygen Reduction Reaction 83 / [18]
Pt@TiO-PANI
_ Oxygen Reduction Reaction / 100.56 gty [30]
core-shell nanowires
] _ Biofilm anodic support for 1
TiO, nanoparticles/C 4352 Mg / [31]

Microbial Fuel Cells




Carbon is frequently mixed with to titania to canfdectronic conductivity. Carbon nanotubes
blended together with titania and platinum nanoglag [28] or coated with thin titania films have
been reported [24¢),32]. In [24](ee) it was also shown that titania containing catalgstperience
significant degradation after 10000 start and stypges, with an unclear degradation mechanism.
Blending titania with graphene, delivered outstagdctivity toward methanol oxidation (3464 mA
mget vs 988 mA meg” for Pt/GNs and 1018 mA mag for Pt/C) [26]. Mixing TiQ with PANI

has also been reported to produce inks that casplead directly onto the surface of Polymer
Exchange Membranes (PEMs). An/8, fed PEMFC working at 70°C equipped with a cathode
based on TiIG@PANI (core@shell) nanotubes arrays decorated Rtittelivered an ASR of 0.071
Q*cm?, with 774 mW crif peak power density compared to 699 mW?dior a Pt/C based fuel
cell [19,27,30,33]. The amino groups in the polymerk as nucleation centers for Pt nanopatrticles
[34], and result in methanol oxidation activity &0 mA mg;' in 0.5M H2SO4 compared to the
430 mA mg: " delivered by a cell equipped with Pt/ G [23]

Methanol oxidation is promoted by the synergistifeads between Ti@and noble metal catalysts.
Titania promotes the conversion of adsorbed COrnmdiates to C@during alcohols oxidation.
[32] shows that in PtY/TiO2-PTP (perylene-3,4,9,&bacarboxylic acid-doped PANI) compound
the ratio of the forward and backward peak intgnsit the CV for methanol oxidation is 2.8
compared to 2.6 for the Pt/PTP benchmark. Rembrkti® korward Ireversefatio remains unchanged

after 100 scans showing a high tolerance to paigpf#7,34].

The photochemical carbon dioxide conversion tod €0, HCOOH, Chand C1-C2 liquid fuels)
exploits photocatalysis with titania [35]. Howevphotocatalysis has limited efficiency and needs
large surface areas to achieve significant prodigti[36] CO, “dark” electroreduction (C®
Reduction Reaction, GBR) overcomes these limitations feeding reactorsh wenewable
electricity; [36,37]. CO2RR has the advantage oflerying electrode architectures, similar to
PEMFCs and water electrolyzers. [37] Titania bassdlysts are promising candidates for,RR
as the synergistic effects enhance;RR activity and selectivity [21][38]e). TisOs outperforms
TiO; in the reduction of carbon dioxide to CO and forenat a PEMFC like cell. The faradic
efficiency for the production of CO @ -2.5V and HOQ@ -2.3V were 7% and 10% forz;0s and
3% and 3% for Ti@ with maximum partial current densities of -1.5 m&vtand -2 mA crif for
CO and HCOOon TiOs and -0.5 mA crif for CO and HCOOon TiO2 all at -2V. [39]

Titania nanomaterials: embedded nanostructures
Embedded titania nanostructures can be obtainatidogtrong anchoring of titania nanopatrticles,
nanotubes, and fibers onto nanostructured condustipports arrays. This is the case of the growth



of amorphous Ti@on CuO nanowire arrays (Fig. 1c) [2®) or of the deposition of titania
guantum dots (0D Ti€) on cobalt nanotubes arrays with a carbon nanofibee [40]. The resulting
catalysts have a 3D open structures that is exddlbe water electrolysis for the limited formation
of bubbles at the catalyst surface. (®310,4%e)]. However, the most spectacular result of JiO
embedded nanostructure fabrication was the inttimluof titania nanotube arrays (TNTA) grown
by anodization. The first TNTAs were reported byiling and co-workers in 1999.[42,43] These
nanotubes, grown from water HF electrolytes, havength up to 500-600 nm. [42,44,45] TiO2
nanotube layers with thicknesses higher than 2 pmbe obtained using NaF or WNH[46-49],
while moving to organic solvents (e.g. ethylenecgly, produced nanotube lengths up to
1000um[50]. Two-step anodization result in hexadlgnardered arrays of TiO2 nanotubes [51]
The control of the diameter of the nanotube is gdessible. High voltage anodization delivers
nanotubes with diameters up to 680-750 nm fromthylene glycol electrolyte, while GJEZOOH/
NH4F electrolytes produce diameters down to 20nm [B&mprehensive analysis of the relation
between such parameters to the geometry and siEtRDAs has been reported.[53-55]. The use of
TNTAs as support in electrocatalysis has delivesatstanding performance in the oxidation of
alcohols in alkaline environments (8.96 A sigCV peak) [55]. Despite the good performance,
TNTAs grown on bulk titanium could not be used abricate membrane electrode assemblies for

fuel cells and electrolyzers.
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Figure 2. Scheme of the Pd/TNTA-web electrode preparatiocgss along with a sample of the structure



To overcome this limitation, a new 3D architectiildTA with dual scale porosity that allows the
flow of solutions through the material has beerppsed. Fig 2 shows the concept of fabrication. A
titanium non-woven web (20um fibers) is the sultetfar the anodization that is followed by the
addition of catalysts nanopatrticles. [56] Accordyndghe system is completely carbon free[57]. The
elimination of carbon is possible because the 3O0ANave good electronic conductivity because
the core of the fibers remains metallic. Membratecttode Assemblies (MEAS) can be fabricated
by sandwiching a membrane between the 3D TNTAssdEAs do not need binders, with high
utilization of the catalyst and excellent mechah&ability for easy handling and resistance to
bubbling in electrolysis. The drawback is the timeks that exceeds that of conventional catalytic
layers (100 um vs. 10 um), a fact that hampersudee in gas-feed fuel cells and electrolytic
systems. A strategy to overcome this limitationwtanclude the surface functionalization of
titania with sulphate or phosphate groups to comfieic surface conductivity and the use of thinner
fibers (e.g. from 20 um to 5 um) with a potentediuction of the thickness of the catalyst layer to
25 um. Functionalization may also be introducedrtdt single site catalyst at the titania surfaxe
provide ultra-low PGM loading as shown in [58,58} €arbon supports. The embedded 3D TNTA
sustain high mass transport rate, generating higieiwt densities. A major result in their
application was the construction of an alkaline roeane electrolyzer that delivered a current
density of 1 Acrif @ 1.76 V and 80°C and 2 A &m@ 2V @ 80°C [60]. The application of the
same material to the electrochemical reforming thiaeol delivering 2 A ch @ 09V @
80°C[60]. A Pd/TNTA anode in alkaline direct etharfael cells produced a power density

exceeding 300 mW cf one of the highest value reported so far. [61]

Conclusions and perspectives

In this short review, we have discussed some ofntbst relevant recent application of titanium
dioxide as a support material for electrocataly$isese applications have shown that the use of
titania in electrocatalysis leads to substantialaathges over the conventional high surface area
carbon supports. These advantages include highiefist, synergistic effects with better energetics
and the possibility of facile synthesis to obtambedded nanostructures with mechanical stability
over large surface areas. We believe that thispaistt deserves much attention as it may lead to a
new paradigm to realize catalytic layers that dbincdude nanomaterials that can be released into
the environment or be potentially hazardous for kems. However, to fully understand the
potential of titania in electrocatalysis and patacly of the most recent self-standing
nanostructures, much research is still needed €T2pblWe believe that titania nanostructure and

especially the recent 3D TNTA may contribute muchbbost the performance of the following



applications: i) alkaline membrane electrolysi3, direct liquid fuel cells, iii) electrochemical

reformers, iv) CQelectroreduction and v) the electrochemical fowtf nitrogen [62].

Table 2 - the research needs to make titania progrededtrecatalysis, together with the potential tatgeachieve

Research Action Expected outcome Target
Assessing long term stability and Define the duration of Provide an accurate
understanding the degradation [TiO, catalysts based on benchmarking with the state-of-
mechanism recognized protocols for each [the-art
Qpplication o Delivering more corrosion
g Understand the cause [resistant materials (e.g. by doping
of degradation and design with other metals)
mitigation strategies
Moving from powders to g Reduce the potential Zero risk of nanomaterials
embedded titania nanomaterials |health and environmental risk |release into the environment
of nanomaterials . Zero risk of nanomaterials
contamination in the workplace
Realization of thin nanomaterials | Carbon- ° Delivery of catalytic layers
structure with embedded titania (free titania supported catalytic pased on embedded or powder
nanostructures layers with a thickness nanostructures that work in gas-fed
comparable to the catalyst fuel cells and electrolytic
layer of state-of-the-art devices (thickness less than 25 um)
PEMFCs
Functionalization of titania surfaces | lonic conductivity of MEAs for fuel cells and

to provide surface ionic conductivityfionomer-free catalytic layer  [electrolyzers with Area Specific
in embedded nanostructures comparable to that of current [resistance of less than 0.07 ohm
carbon-based technologies cm™

Functionalization of titania surfaces | Molecular or ° Application of the
for single site electrocatalysis  |organometallic compounds electrodes in fuel cells and
acting as single site electrolysis outperforming carbon
electrocatalysts supported single site catalysts
Extensive testing of embedded in | Embedded . Beyond 0.5 W cm™in direct
direct liquid fuel cells architectures optimized for the jethanol fuel cells and C3-C4
use in direct liquid fuel cells  Jalcohols fuel cells
Extensive testing of o Assessing the . 2Acm” @1.8 Vin alkaline
titania nanomaterials in electrolytic performance of embedded andmembrane water electrolyzers.
devices non-embedded titania-based | Benchmarking of the novel
electrodes in alkaline electrode architectures with the
electrolysis, CO,RR and state of the art for CO,RR and
nitrogen fixation nitrogen fixation
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