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ABSTRACT: A concerted theoretical and experimental investigation of the silver/

anat?se.hybn.d nanocomposite, a very Promlslng.materlal for adve.mced. sensing TiO, layer |
applications, is presented. We measure its exceptional electrochemical virtues in |
terms of current densities and reproducibility, providing their explanation at the ms

atomic-scale level and demonstrating how and why silver acts as a positive electrode. ﬂ
Using periodic plane-wave DFT calculations, we estimate the overall amount of
electron transfer toward the semiconductor side of the interface at equilibrium.
Suitably designed (photo)electrochemical experiments strictly agree, both
qualitatively and quantitatively, with the theoretical charge transfer estimates. The
unique permanent charge separation occurring in the device is possible because of
the favorable synergy of Ag and TiO,, which exploits in a favorable band alignment, while the electron—hole recombination rate
and carrier mobility decrease when electrons cross the metal—semiconductor interface. Finally, the hybrid material is proven to
be extremely robust against aging, showing complete regeneration, even after 1 year.
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FTO electrode

he use of hybrid nanomaterials, characterized by charge events occurring at the silver/titania interface through a

unprecedented behaviors and features, has now paved concerted theoretical and experimental multidisciplinary
the way toward promising applications in many fields,' > such approach.
as electrocatalysis, photocatalysis, electroanalysis, and environ- Ag nanoparticles (NPs) are immobilized on a fluorine-doped
mental chemistry. Recently, Serpone et al.* suggested that such tin oxide (FTO) support'” and are covered with a thin anatase
a third generation of photoactive devices has the potential to TiO, layer16 (full details on the synthetic procedure are in SI
significantly impact everyday life. Suitably designed nano- section S1). The properties of three different FTO electrodes,
heterojunctions enhance synergistic functionalities and allow prepared with different covering material, were compared: (A)
one to obtain “brave new materials” with physicochemical Ag NPs, (B) composite Ag-TiO, NPs (Figure S1-1a), and (C)
properties that are not simply the addition of the precursors’ TiO, NPs. The first striking difference of the hybrid Ag-TiO,

4 . 5,6

ones’ but are completely new, different, and unexpected. system with respect to the other ones is evident from cyclic
However, research on such devices is most often dominated by voltammetry (CV) in 0.1 M NaClO, (Figure la). The Ag-
trial and error procedures, while a deep atomistic understanding covered electrode (A, red line, Figure 1a) presents the typical
of the 'phegomenafn;lmdg (l)fd the ]_unct_lor} region driving plateau at positive potentials associated with the formation of
appropriate design of the fina evice 15 Missing. 78 . Ag oxides on the metallic Ag surface, which is regenerated in
A central and key nanocomposite is Ag-TiO,, W};I(fgl has the reduction region,” 2 with compatible peak areas. As

. ) , .
lr)nes:e aiecaei)tII us:j ifrolzeieezerfairp ?hoetoZT;ilt}r,::;nElurrigsiesdeterﬁf expected, no faradaic current is detected for the large-gap TiO,
. Yy eng . 11 Ve semiconductor NPs (C, green line, Figure 1a). Instead, the Ag-

nation of relevant neurotrasmitters. It provided the first TiO It (B, blue li Ei 12) ¢
photorenewable sensor device, pushing the limits in terms of 11, voltammogram {5 .ue' 1ne, 1gure. a) presents an
accuracy, sensitivity, detection limits, and photoactivity."” unexpected very sharp oxidation peak, shifted to a more
’ p ' P 4 favorable potential, with an area two times higher than that of

)

Considering that TiO, semiconductors are usually useless in i -
electroanalytical applications and Ag is subject to fouling and the reduction counterpart, even though the quantity and type of
silver deposited is the same for both the A and C modified

oxidation/passivation, such broad outcomes were totally e S ' s
unexpected. Despite the ongoing research,'>'* a quantitative electrodes. To gain insights into this evidence, the hetero-

and comprehensive understanding of the physics behind this

nanocomposite is still missing,” thus preventing its full Received: September 27, 2017
exploitation and the extension of the same paradigm to other Accepted: October 19, 2017
systems and devices. We here aim at explaining the electronic Published: October 19, 2017
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Figure 1. (a) Cyclic voltammograms (0.1 V s™") for the three modified FTO electrodes. (b) Averaged QTAIM (Bader) charge (black circles; see the
text and SI section S2) of Ag atoms in a series of layers parallel to the Ag-TiO, interface (no. 1 is the closest one). Red triangles (green diamonds)
plot the most positive (negative) charges found on Ag anywhere in the same layer.

junction has been investigated using a PW-DFT+U theoretical
approach”"*” with a U Hubbard splitting parameter set to 3.3
eV, in agreement with previous works on anatase.””~*" The
VASP suite of codes”**** was employed throughout. To build
a least-biased model for the interface, Ag atoms were added one
by one on the top surface of a previously optimized (101)
anatase,”* known to be the most stable one®”*° and thus
frequently exposed in NPs grown under thermodynamic
control. A bulk oxygen vacancy was also explicitly considered
in the TiO, phase due to the high defective nature of synthetic
TiO, materials.”' Upon each Ag addition, the whole system was
tully relaxed, with the only exception of the deepest TiO, layer
(i.e., the most distant from the surface), which was kept frozen
at the undistorted bulk TiO, structure. Eventually, five full Ag
layers were grown onto the anatase (101) surface (Figure S1-1b
SI). More details on the whole procedure can be found in the
SI (section S2 and Figure S2-1-3). No appreciable
reconstructions affect the TiO,(101) surface model, with
mesh translation modules a; and 4, undergoing changes no
larger than +0.1 A upon going from the pristine clean surface
to that of the composite junction (Table S2-1). Ag atoms
eventually achieve a fcc packing comparable to that of the
native metal (space group Fm 3m, n° 225, a = 4.085(1) A*?)
and expose the highly stable (111) face® at the interface. It
must be stressed that neither geometry nor symmetry
constraints are imposed while building the Ag phase; therefore,
the final packing is determined just by the metal self-
assembling.

The whole metal—semiconductor interface rearranges to
make the surface translation vectors, 4, and a,, almost exactly
commensurate to each other (3a,[TiO,]/4a,[Ag] = 1.0006,
2a,[Ti0,]/Sa,[Ag] = 1.0170) along the two periodic
directions. At the interface, distances among Ag and surfacial
O, atoms lie in the range of 2.4—2.8 A, slightly longer than
the Ag—O ones in Ag,0 (2.1 A). On the other hand, Ag—Ag
distances approach the typical bulk values (~2.90 A) for layers
far from the surface.

The wave function-derived total charge density, p(r), allows
one to go a step further with respect to the pure geometric
analysis. According to the Quantum Theory of Atoms in
Molecules (QTAIM),*" regions bounded by zero-flux surfaces
of the gradient vector field of p, Vp(r), unequivocally partition
the space into atomic domains, Q. This allows a straightforward
definition of atomic charges as go = Zg — [ p(r) dr, Z, being
the corresponding positive nuclear charge.” Figure 1b shows
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(qag) estimates, ie., layer-by-layer averaged Ag charges upon
going from the interface (n = 1) to the bulk phase (n > 3). The
results are consistent with a neat electron transfer of 9.5 uC
cm™? from the metal to the semiconductor. This estimate was
derived from the Bader integrated charges of the Ag atoms at
the interface (first layer) because their sum is equivalent to the
number of electrons donated to the TiO, phase. To obtain the
specific charge transfer, we divided the total net charge on
interfacial Ag atoms by the total surface of the slab. By looking
at how the donated charge is distributed over the atomic sites
of the semiconductor, it comes out that most of the transferred
charge is located at the exposed oxygen atoms of the anatase
surface, leading to an enhanced ionic behavior of the slab.
However, a non-negligible fraction of the donated charge
(18%) is located at titanium sites, modulating its electron-
withdrawing power and implying a formal partial reduction of
Ti(IV) in the neighborhood (d < 3 A) of the interface. On
average, (qr;) of the most exposed Ti layer decreases from
+2.000(6) lel in the isolated anatase slab to 1.968(2) lel in the
composite TiO,/Ag system. On the contrary, Ag atoms in close
contact with the interfacial Og,s atoms are neatly positive
(Figure 1b, red triangles),*® while the other ones are neutral or
slightly negative (Figure 1b, green diamonds). In any case, the
magnitude of the charge transfer quickly fades away at
increasing distances from the interface. The bulk properties
of the metallic phase prevail from the fourth layer, ~7 A apart
from the interface. The effect of possible surface oxygen defects,
though less favorable on anatase (101),”” imply just a slight
reduction (—18%) of the overall charge transfer, which
becomes as large as 7.8 uC cm™> (see SI section S2). We
also tested the robustness of these proposed theoretical
predictions against a strongly different model for the TiO,/
Ag interface,"* where anatase (001) is used as a crystallization
seed for building the metallic phase. The (001) face is much
less stable and bears very different properties.””****~*
However, also in this case, a stable interface is obtained,
implying a charge transfer of 9.4 4C cm™ from Ag to TiO,,
very close to the (101)/(111) estimate of 9.5 uC cm™ We can
thus safely conclude that our predictions hold true irrespective
of the specific interface model chosen to simulate the TiO,—Ag
junction. A full discussion can be found in SI section S2. Here,
we remark that, even though the scenario is more complex in
real samples (see below), an electron transfer process across the
metal—semiconductor junction is invariably predicted to occur,
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Figure 2. (a) Bode plots at —0.1 V and (b) corresponding equivalent circuits of the three tested electrodes. (c) Decay of oxidation and reduction
peak areas for consecutive voltammetric cycles. Inset: cyclic voltammograms of Ag-TiO, for different consecutive cycles.
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Figure 3. (a) Cyclic voltammograms of the Ag-TiO, electrode freshly prepared, after 1 day, or after 1 year of storage. CVs of the rested electrode,
before UV recovery in dotted lines; (b) photocurrent on the Ag and Ag-TiO, electrodes with a UV iron halogenide lamp emitting in the 280—400
nm range with an effective power density of 23 mW cm ™% and (c) computed DOS of the Ag-TiO, optimized structure (violet line) relative to the
Fermi energy (E = 0 eV). Other curves represent the atom-projected partial DOS (PDOS). Gray: silver atoms; magenta: Ti atoms of the first layer,
the one closest to Ag; turquoise: inner layer of Ti atoms; orange: Ti atoms closest to the bulk oxygen vacancy.

where the metal spontaneously oxidizes and leads to an increase
of partially reduced Ti centers in the semiconductor phase.

Theoretical predictions are also supported by electrochemical
impedance spectroscopy (EIS) data, whose interpretation and
fitting were performed using equivalent circuits (Figure 2b)
designed according to the theoretical outcomes. Complete
results are reported in Table S3-1 (SI section S3). Bode (Figure
2a) and complex plane plots (SI, Figure S3-1) show that the
Ag-TiO, profile is more similar to that of titania, suggesting that
silver adapts to titania, in agreement with DFT calculations.
The measured R, and R, resistance values for the Ag-TiO,
device lie between those determined for Ag and TiO,, while the
Ag-TiO, interface resistance (R;) presents lower values,
suggesting a charge transfer characterized by good conduction
due to the close contact of the two materials. Finally, high
capacitance values (SI, Table S3-1) of the Ag-TiO, interface
confirm the short-range character of the interaction region, as
predicted by DFT calculations in Figure 1b.

The combined theoretical and impedance spectroscopy
outcomes aid in providing an explanation of the voltammetric
findings. In the hybrid material, Ag atoms closer to the interface
are oxidized during the anodic scan, becoming positive ions
stabilized by the presence of TiO, and increasing the width of
the charged metal region. This process, more favorable than the
formation of the oxide," shifts the oxidation peak potential
toward more favorable values. Moreover, because no insulating
oxide is involved, electrons can move faster and a sharp peak
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instead of a plateau is registered. The reduction peak at +0.04 V
(vs SCE, Figure la) can be instead associated with the
reduction of Ag” ions and to the consequent narrowing of the
charged metal region. In this case, the peak potential is less
favorable with respect to the Ag oxide dissolution peak,
indicating higher stability of the positive Ag ions.*” The smaller
area of the reduction peak, at least 2 times lower than the
oxidation one, suggests that only part of positive Ag ions return
to a metallic state. For sequential cycles, the oxidation and
reduction peaks decrease rapidly and reach asymptotically a
similar value (Figure 2c). This implies that a dynamic
equilibrium is set up, involving the part of the metal layer far
from the interface, which keeps oxidizing and reducing itself.
The decrease of the peaks has been also attributed to the
dissolution (stripping) of silver during the voltammetric
cycling,'®"” but in our case, Ag NPs are entrapped between
the FTO support and the titania layer, being thus prevented
from diffusion, aggregation, and coalescence. This complies well
with the regenerating photochemical properties discussed later.
On the other hand, the part of Ag layer closer to titania remains
oxidized. Therefore, as theoretically predicted, the composite
device presents a partial positive charge, which is due to Ag"
ions close to the interface and is fixed during the voltammetric
cycling. In other words, a sort of nanocomposite “positive silver
electrode” is created. The transferred charge, as estimated from
the areas under the voltammetric peaks (see SI section S3),
amounts to 110 #C cm™ The corresponding theoretical limits
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for the total transferable charge, representing the maximum
charge that can be extracted from the interface Ag layer (see SI
section S2), are comparable but slightly higher, namely, 203
and 185 uC cm™ for the anatase (101) and (001) models.
Considering the unavoidable charge dispersion in real systems
and approximations in quantum models, experiment and theory
provide a remarkable conformity of views, even bearing in mind
that the peak currents of independent silver NPs are more than
1 order of magnitude lower. Once again, this suggests that the
charge transfer responsible for the CV unexpected behavior is
located at the interface.

Regenerating properties of the device due to the TiO,
photoactivity yield interesting electroanalytical advantages in
sensor applications.'”'> This can be explained in terms of our
“positive silver electrode” model. Irradiating with UV-A light,
electrons transferring from the TiO, valence band (VB) to the
conduction band (CB) are localized on Ag" ions, causing their
reduction to the metallic state and restoring the initial thickness
of the uncharged metal. This is mirrored (i) in the complete
regeneration of the sharp oxidation peak in CV experiments
with current densities comparable with those of the freshly
prepared device (Figure 3a) and (ii) in the photocurrent
findings (Figure 3b). Figure 3a shows that the composite
electrode provides very robust regenerating performances
compared to bare Ag NPs. Actually, it restores its original
properties even after a very long (1 year) rest time (Figure 3a
and SI section S3). Specifically, the amount of charge
transferred from TiO, to Ag depends on the quantity of Ag"
to be regenerated. Working at +0.12 V, where Ago is preserved,
the photocurrent values presented by TiO, and Ag-TiO,
systems are comparable (black and red curves in Figure 3b),
slightly lower in the Ag-TiO, case, because a small quantity of
photoelectrons are probably used to reduce naturally oxidized
Ag atoms (foreseen by theoretical calculations) while the others
can efliciently close the electrochemical circuit contributing to
the measured photocurrent. Setting the potential at +1 V,
where Ag atoms are also electrochemically oxidized in a large
quantity and stabilized by TiO,, a significant number of
photoelectrons are used for Ag” regeneration. This produces in
the nanocomposite a lower value of photocurrent (green curve
in Figure 3b) with respect to TiO, (blue curve in Figure 3b).
Moreover, further evidence is provided by the increase in the
electron—hole recombination time (ie., less probable charge
recombination) for the composite system as the metal acts as
an electron scavenger toward the charge carriers coming from
anatase (see also SI section S3). The described regenerating
phenomenon is due to the materials’ intimate contact, which
leads to the density of states (DOS) reported in Figure 3c. The
VB and CB arising from TiO, are clearly recognizable
(compare magenta, turquoise, and orange lines with the violet
one). Ag states mainly contribute in the VB region, while they
are less dense in the band gap.'* The tiny enhanced formal
Ti(Ill)-like behavior of exposed titanium atoms (magenta line)
is also appreciable as their contribution to the total DOS very
slightly shifts from that due to formal Ti(IV) ions of bulk
anatase (turquoise line). On the other hand, bulk oxygen
vacancies produce the expected tzrpical shallow midgap states
close to the CB (orange line).”"*

In conclusion, a synergistic electrochemical and quantum
investigation of the Ag-TiO, nanocomposite electrode shed
light on the peculiar electronic properties of the heterojunction
region, related to the intimate contact of Ag NPs with TiO,. A
solid explanatory model, able to account for several unexpected
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(photo)electrochemical findings, has been developed and used
to elucidate how and why the Ag-TiO, device bears unique
emerging physicochemical properties. A quantitative agreement
between theory and experiment in terms of charge transfer
toward the semiconductor strongly supports the present
interpretative framework. Future developments see exploitation
of the unique virtues of the Ag-TiO, electrode for electro-
analytical determination and photocatalytic removal of
emerging contaminants in the liquid and gas phases. Engineer-
ing of the nanocomposite will be aimed at enhancing its
sensitivity to solar li§ht, e.g., by providing proper bulk dopants
in the TiO, phase.””** This also will pave the way to the
application of experimental and theoretical spectroscopy tools**
for identification of the interaction mechanism of the
contaminants with the device.

Finally, this approach might be applied to other cases where
the heterojunction contribution is crucial. Previous studies
already observed that charge transfer could take place across
Ag-TiO, interfaces, but it was believed to provide negligible
contributions to any measurable property. This is clearly not
the case here. Our strict and quantitative comparison between
experiment and theory can in principle be employed to reveal
whether novel hybrid nanocomposites might bear macroscopic
innovative physical properties.
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