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n of charge carriers in ionic and
electronic semiconductor b-AgIVVO3 and b-
AgIVVO3@VV

1.6V
IV
0.4O4.8 composite xerogels†

Roberto Fernández de Luis, *a Edurne S. Larrea, b Joseba Orive, c

Luis Lezama,ad C. M. Costa, e S. Lanceros-Méndezaf and Maŕıa I. Arriortuaab

Silver vanadium oxide (SVO) and Silver Vanadium Oxide/Vanadium Oxide (SVO@VO) composite hydrogels

are formed from the self-entanglement of b-AgVO3 nanoribbons and slightly reduced vanadium oxide (VO)

(VV
1.6V

IV
0.4O4.8) nanoribbons; respectively. Starting from randomly distributed nanoribbons within

hydrogels, and after a controlled drying process, a homogeneous xerogel system containing tuneable

SVO : VO ratios from 1 : 0 to 1 : 1 can be obtained. The precise nanoribbons compositional control of

these composite system can serve as a tool to tune the electrical properties of the xerogels, as it has

been demonstrated in this work by impedance spectroscopy (IS) experiments. Indeed, depending on the

composition and temperature conditions, composite xerogels can behave as electronic, protonic or high

temperature ionic conductors. In addition, the electric and protonic conductivity of the composite

xerogels can be enhanced (until a critical irreversible point), through the temperature triggered charge

carrier creation. As concluded from thermogravimetry, IR, UV-Vis and EPR spectroscopy studies, besides

the SVO : VO ratio, the thermal induced oxidation/reduction of V5+ to V4+, and thermally triggered

release of strongly bonded water molecules at the nanoribbon surface are the two key variables that

control the electric and ionic conduction processes within the SVO and composite SVO/VO xerogels.
1. Introduction

The rich crystal chemistry of vanadium oxides (VO) and silver
vanadium oxides (SVO) is one of the key factors that govern their
physical and chemical properties. Due to their labile nature,
these complex oxides have been applied with outstanding
performances as cathode materials for batteries,2–4 photo-cata-
lysts,1,5–12 antibacterial agents,13–17 photochromic devices18–20 or
as active components of sensing devices, just to mention some
examples.21–23 In addition, the size-reduction of VO and SVO
down to the nano-scale increases the surface area and modies
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their surface chemistry, improving even more their perfor-
mance in the above mentioned applications.24

More concretely, from their electronic structure point of
view, SVO are p-type semiconductors, and their electric prop-
erties has been studied both in bulk and single nanoparticles.
The electric response of a single SVO nanoribbon shows ohmic
electric transport, Schottky emission, and Pool–Frenkel mech-
anisms at low, medium and high electric elds, respectively. In
view of their electric properties, the b-AgVO3 nanoribbons have
been assembled in nanostructured electronic devices such as
nano-Schottky barrier diodes and nano-eld effect transistors.25

In bulk samples, the electric response changes, because the
disorientation of the b-AgVO3 nanoribbons induces an ohmic
electrical transport in all the electric eld range.26

Ionic and electronic conduction processes in nano vanadium
oxides have been also deeply studied. V2O5 undergoes V4+/V5+

oxidation/reduction reactions coupled to the loss or uptake of
oxygen atoms.27–29 VO nanotubes are able to adapt the vanadium
interlayer space and vanadium oxidation state to the amine and
ionic interlayer species, and these parameter have a drastic
inuence on their electric properties.30–34 These layered struc-
tural architectures are repeated in other mixed valence vana-
dium oxides such as V2O5$H2O xerogels,27 BaV3O7, TMAV3O7,
just to mention some of the multiple examples found in the
literature. In general, the electron conduction of mixed valence
vanadium oxides is governed by the electron hopping
RSC Adv., 2019, 9, 42439–42449 | 42439
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Table 1 Samples codes and chemical formulas
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mechanism. Therefore, V4+/V5+ distribution within the structure
has a great impact on the activation energy and electron
migration on these layered materials. Last but not least, oxygen
vacancies in V2O5, especially in anisotropic nano-particles, also
play a crucial role on the electric and ionic conduction
processes within these layered structures.35

Despite the interesting electron/ionic conduction properties
reported for VO and SVO,26 impedance spectroscopy (IS) studies
are scarcely reported for these types of materials.

Recently, our research team reported a room temperature
synthesis methodology to generate inorganic composite
hydrogels formed from the self-entanglement of b-AgVO3, and
AgIVVO3@VV

1.6V
IV
0.4O4.8 nanoribbons.24 This easy and highly

reproducible synthesis strategy allows a high degree of
compositional control of the SVO : VO nanoribbon ratio within
the hydrogels. Therefore, aer a controlled drying process,
a homogenous distribution of both types of nanoribbon is
present the nal xerogel materials; offering a potential tool to
tune the electric properties of the composite SVO@VO xerogels
through the combination of semiconductor (AgIVVO3) and
electric conductor (VV

1.6V
IV
0.4O4.8) anisotropic nanoribbons in

the same system.
Herein, the goal of this work is to conrm if the electric

properties of composite xerogels can be tuned through the
variation of SVO : VO ratio within the nal xerogels. To this end
temperature andmoisture dependence of the electric properties
of the bulk b-AgVO3 (SVO) and AgIVVO3@VV

1.6V
IV
0.4O4.8

(SVO@VO) composite xerogels have been studied by impedance
spectroscopy. In addition, in order to gain a further insight into
the the underlying mechanisms governing the temperature
dependent electrical properties, the samples have been char-
acterized by powder X-ray diffraction (XRD), thermal analyses,
Electron Paramagnetic Resonance (EPR), Fourier-transform
infrared spectroscopy (FTIR) and Ultraviolet-Visible (UV-Vis)
spectroscopies before and aer different stages of the heating
and cooling cycles.
2. Experimental
2.1. Materials and methods

Commercially available reagent grade chemicals AgNO3

(99.99%), NaVO3 (99.9%), HNO3 (70% v/v), ethanol (99.8% v/v),
gallium (99%) and indium (99%) metals, were purchased from
Sigma-Aldrich.
Sample code Chemical formula

H0A10 AgIVVO3

H1A9 0.90(AgIVVO3)0.10(V
V
1.6V

IV
0.4O4.8)

H1A10 0.92(AgIVVO3)0.08(V
V
1.6V

IV
0.4O4.8)

H2A8 0.82(AgIVVO3)0.18(V
V
1.6V

IV
0.4O4.8)

H3A7 0.75(AgIVVO3)0.25(V
V
1.6V

IV
0.4O4.8)

H4A4 0.70(AgIVVO3)0.30(V
V
1.6V

IV
0.4O4.8)

H4A6 0.65(AgIVVO3)0.35(V
V
1.6V

IV
0.4O4.8)
2.2. Synthesis procedure of SVO hydrogels and
compositional characterization

Synthesis and compositional characterization of the hydrogel
and xerogel samples were performed based on ref. 24. Briey
described, SVO hydrogels are formed at room temperature aer
mixing silver nitrate and sodium vanadate solutions of specic
concentrations. Immediately aer the mixture of both solution
an orange suspension is generated. Aerwards, the system is
maintained undisturbed until the gel is stabilized approxi-
mately one hour later. The synthesis of composite hydrogels
formed from the entanglement of SVO and VO nanoribbons is
42440 | RSC Adv., 2019, 9, 42439–42449
similar; but a sodium vanadate solution acidied with diluted
HCl solution is used. Compositional ratio of b-AgVO3 and
V(V)1.6V(IV)0.4O4.8 nanoribbons within the hydrogel depends on
the acidication degree of sodium vanadate solution. Based on
this methodology, seven xerogels with increasing amounts of
V(V)1.6V(IV)0.4O4.8 nanoribbons were synthesized (Table 1). The
nal composition of the xerogels was determined combining
chemical analysis, and vanadium double titrationmethodology,
as described in our previous work.24

In order to identify the xerogels studied in this work,
simplied codes will be used to during the following sections.
According to the synthesis conditions a HnAm code has been
assigned to the xerogels, where n¼ milliliters of HNO3 added
�10 and m ¼ grams of AgNO3 added �10. Table 1 summarizes
the code of each xerogel and its composition, aer the washing,
drying and grinding the hydrogels. H0A0 and H4A4 samples,
studied by thermal dependence impedance spectroscopy, were
characterized also aer heating them to 100 �C, 200 �C, 300 �C
and 400 �C.

2.3. Structural and thermal characterization of the xerogels

The samples were characterized using powder X-ray diffraction.
The patterns were recorded on a Philips X'Pert PRO diffrac-
tometer (CuKa radiation) (2q range ¼ 5–60�, step size ¼ 0.02�,
exposure time ¼ 1 s per step). A full pattern matching analyses
of the patterns were carried out with the cell parameters and
symmetry previously reported for b-AgVO3 (Fig. S1†). Thermal
analyses were performed in air and nitrogen atmospheres, up to
This journal is © The Royal Society of Chemistry 2019
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150 and 400 �C, with a heating rate of 5 �Cmin�1 on a NETZSCH
STA Simultaneous DSC-TGA. Average formulas of the composite
xerogels were obtained by a combinatorial analysis approach, by
ICP, EDX and XPS (Ag : V molar ratio at the materials), and
vanadium oxidation quantication through double titration
and EPR spectroscopy, as described in our previous work.
2.4. Spectroscopic characterization of the xerogels

Infrared spectra were obtained on a Jasco FT/IR-6100 spec-
trometer with pressed KBr pellets. UV-Vis diffuse reectance
spectra were obtained at room temperature on a Varian Cary
5000 spectrophotometer in the 50 000–4000 cm�1 range. A
Bruker ESP 300 spectrometer was used to obtain the EPR poly-
crystalline spectra. The magnetic eld was measured using
a Bruker BNM 200 gaussmeter and the frequency inside the
cavity was determined using a Hewlett-Packard 5352B micro-
wave frequency counter. The measurements were carried out at
room temperature. To qualitatively compare the V4+ concen-
tration, the samples were carefully prepared with the samemass
and similar packing index of the powders within the quartz
sample holders.
2.5. Morphological characterization of the xerogels

Transmission electron microscopy studies were conducted
using a Philips Supertwin CM200 transmission microscope
operated at 200 kV and equipped with a LaB6 lament and
EDAX-DX-4 micro-analysis system. To avoid sample damage,
the micrographs were acquired in the TEM low dose mode
using a 100 nm C2 condenser aperture and a probe size of
25 nm. All samples were prepared by adding to the grids with
a few drops of manually dispersed hydrogels, followed by drying
at room temperature and plasma cleaning. It is very important
to disperse the hydrogels/xerogels manually and not by ultra-
sonication, to avoid Ag(0) nanoparticle formation.
Table 2 Experimental conditions for the IS measurements carried out
on different samples

Analyzers Sample
1st cycle
(�C)

2nd cycle
(�C)

3rd cycle
(�C)

aLCR H0A10@InGa 22–150–22 22–154–22 —
H1A10@Au 22–306 — —
H2A8@InGa 22–138–22 22–146–22 —
H4A4@InGa 22–145–22 22–157–22 —
H4A4@Au 22–96–22 22–125–22 22–123–22

bS. Mod H0A10@InGa 22–137 — —
H1A10@InGa 22–144 — —

cS. SI H0A10@InGa Dry / wet 22-65 —

a LCR Agilent. b Solartron Modulab. c Solartron SI.
2.6. Impedance spectroscopy measurements

Electrodes were fabricated on opposite pellet faces from Au and
InGa alloy. Samples were ground in an agate mortar and
pressed under 2 tons for 5 minutes to obtain 8 mm radius
pellets. Impedance spectroscopy (IS) spectra of all the synthe-
sized composites were acquired at RT. Temperature and mois-
ture dependent IS measurements were carried out with selected
xerogels (H0A10 and H4A4). For successive heating–cooling
cycles, the InGa electrode was removed from the pellets, and
a fresh one added to perform the new heating–cooling cycle.
Samples with electrodes attached were placed in a conductivity
jig and measured using LCR Agilent (10 Hz to 106 Hz), Solartron
SI 1260 and Solartron Modulab Xm (10�2 Hz to 106 Hz)
analyzers. Impedance data were corrected for overall pellet
geometry and are reported in units of specic resistance (U cm)
and capacitance (F cm�1). The data were not corrected for the
geometry of the regions such as grain boundaries and sample
porosity. Table 2 summarizes the measurements carried out in
each equipment.
This journal is © The Royal Society of Chemistry 2019
3. Results and discussion

Prior to the temperature dependent electric behavior descrip-
tion, a full structural, thermal and spectroscopic characteriza-
tion of samples heated at different temperatures was carried
out. The impact of the temperature treatments on the (i) crystal
domain sizes and nanoribbon morphology, (ii) loss of water
species (weakly or strongly) adsorbed at the surface of the
nanoparticles, or (iii) temperature dependent vanadium
oxidation/reduction processes is described. These variables are
considered in the dielectric properties section of the paper,
since they help to understand the underlying process behind
the electric responses of the composite xerogels.
3.1. Structural and thermal properties

In agreement with our previous results, both for H0A10 and
H4A4, the samples show the typical X-ray diffraction pattern of
the monoclinic C2/m b-AgVO3 phase. (JCPDS card 29-1154)
(Fig. 1).36 Furthermore, for both samples, no diffraction peaks
related to impurity phases were observed. Due to the synthesis
conditions, a more pronounced peak broadening is observed
for H4A4, in comparison with H010, indicative of the existence
of smaller crystalline domains within the nanoribbons (Fig. 1).

It is difficult to acquire any quantitative information from
the low crystalline diffraction patterns exhibiting broad peaks
derived from nano-sized materials, but no additional phase
formation, neither peak intensity loss is observed during heat-
ing. On the contrary, a crystallinity increase is detected in the
xerogels cured at 300 and 400 �C (Fig. 1). In order to quantify the
crystalline domains growth during the temperature curing of
the samples, full pattern matching analyses of the patterns
obtained at different temperatures were carried out (Fig. S1†).
As concluded from the data obtained aer the analysis,
temperature has a negligible effect on the cell parameters of the
compounds, but has a strong impact on the half-width of the
diffraction maxima, a parameter that is directly related with the
crystalline domain size of the materials. From RT to 300 �C,
a slight decrease of the diffraction maxima width is observed,
indicative of a slight increase of the crystal domain size of the
SVO phase, a tendency that is highly enhanced from 300 �C to
400 �C (Fig. S2†)
RSC Adv., 2019, 9, 42439–42449 | 42441
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Fig. 1 XRD pattern of the H0A10 (a) and H4A4 (b) samples.
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Despite X-ray diffraction studies point towards the presence
of b-AgVO3 anhydrous phase as the unique component of the
composite hydrogels, the crystallization of the gel components
as high surface/bulk ratio nanoribbons could favor the prece-
dence of adsorbed or chemisorbed species, such as water, at the
surface. In addition, the presence of VO type layered
compounds in the composite samples, could contain also
interlayer water species. In order to quantify and identify these
surface chemistry features of the xerogels, thermogravimetric
and IR spectroscopy techniques were applied.

Fig. 2 shows the TGA and DSC curves for the H4A4 (with 30%
of VV

1.6V
IV
0.4O4.8) and H0A10 (pristine of AgIVVO3) samples

(Table 1). The thermal behaviour of samples with intermediate
compositions is intermedaite between this shown in the Fig. 2
for H0A10 and H4A4 samples.

Thermogravimetric measurements show two weight losses
associated to the release of: (i) weakly bonded water molecules
between room temperature and 100 �C, and (ii) strongly inter-
acting water or hydroxyl groups occurring between 175 �C and
250 �C. Hydrogels containing slightly reduced vanadium oxide
nanoribbons (H4A4) exhibit a more pronounced weight loss
ascribed to the weakly bonded water molecules (2.5%) in
comparison with the pure b-AgVO3 hydrogels (H0A10 (0.75%)).
The weight loss associated to the release of strongly bonded
Fig. 2 Thermogravimetric and DSC curves for H0A10 and H4A4
xerogels.

42442 | RSC Adv., 2019, 9, 42439–42449
species is similar for both samples. It is worth mentioning that
no weight gain ascribed to oxidation of V4+ species is observed
in the TGA curves (Fig. 1).

Infrared spectra recorded aer heating H0A10 and H4A4 to
80 �C, 150 �C and 200 �C evidenced the presence of O–H
stretching vibrational mode associated to water molecules or
hydroxyl groups. The O–H stretching vibrational modes are still
observed even when the xerogels are heated up to 250 �C
(Fig. S3†). This evidence further conrms that the second
weight loss observed by TGA (175–250 �C) is associated to the
loss of strongly interacting surface H2O or OH species.

During the rst heating treatment up to 80 �C there is an
evident position shi and absorbance reduction of IR band
related with the V–O–V vibrational modes (900–800 cm�1) and
V–O bonds (500 cm�1). This evidence suggests possible V–H2O
and V–OH binding motifs at the surface of b-AgVO3 and vana-
dium oxide nanoribbons. Once the water molecules were
released from the nanoribbons surface, the IR ngerprint
became more similar to that of bulk b-AgVO3 and vanadium
oxides.

Thus, from the IR, TGA and XRD results, we can assume that
the water molecules or hydroxyl groups are generated at the
surface of the nanoribbons during the synthesis, and their
release does not affect the inner crystal structure or crystal
ordering of the silver vanadium oxide phase.
3.2. Temperature induced silver migration

In order to disclose the thermal effect on the nanoribbons
morphology, transmission electron microscopy (TEM) images
of H0A10 (Fig. 1) and H4A4, previously annealed at different
thermal conditions, were acquired. For sake of simplicity, the
results for H0A10 sample are described, since the thermal effect
on the morphology was similar for both compounds.

In a rst stage between RT and 300 �C, the migration of Ag+

ions from the AgVO3 nanoribbons inner to the surface occurs,
crystallizing as Ag2O or Ag(0) nanoparticles (Fig. 3 H0A10-RT,
H0A10-160, H0A10-200 micrographs). From RT to 300 �C SVO
nanoribbon are poorly crystalline, since any attempt to obtain
the electron diffraction pattern was unsuccessful, giving rise to
the degradation of the nanoribbons as silver particles aer their
exposure to the beam. The electron diffraction patterns of
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM micrographs of H0A10 heated at 160, 300 and 400 �C.
H0A10-400 inset: electron microscopy diffraction pattern of single b-
AgVO3 nanoribbon.
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thermally generated silver nanoparticles conrm their Ag(0)
nature, but we cannot asses whether a Ag2O to Ag(0) trans-
formation occurs during the electron beam exposure. Even
more interesting is that Ag2O/Ag(0) nanoparticles are re-
absorbed by the SVO nanoribbons when heated up to 400 �C.
A side effect observed at high temperatures is that adjacent
nanoribbons are fused forming platelets at 400 �C (Fig. 3
H0A10-300 and H0A10-400 micrographs). Crystallinity gain
during temperature curing is also conrmed, since b-AgVO3

nanoplatelets formed at 400 �C present a well-dened diffrac-
tion pattern coincident with the theoretical one calculated for
the [102] zone axis. The result obtained from TEM images
agrees with the XRD data, since the main peak width sharp-
ening is observed between 300 �C to 400 �C, the same temper-
ature range as for the nanoribbon fusing forming nanoplatelet.

Temperature driven silver migration, and nanoplatelet
formation can be described based on the reaction (1) and the
process summarized in Scheme 1.
Scheme 1 Thermally-induced silver migration in b-AgVO3 nanoribbons

This journal is © The Royal Society of Chemistry 2019
(a) b-AgVO3 / (b) and (c) 1
2
Ag2O + 1

2
V2O5 / Ag(0) + 1

4
O2 +

1
2

V2O5 / (c) and (d) b-AgVO3

3.3. Thermally-induced vanadium oxidation/reduction

The complexity of the SVO and composite SVO@VO systems goes
beyond the temperature induced chemical and morphological
changes, since vanadium is also likely to exhibit oxidation/
reduction processes. Therefore, vanadium speciation within the
compounds was studied by EPR and UV-Vis spectroscopies.

Fig. 4 shows the EPR spectra for the as-synthesized H0A10
(Fig. 4(a)) and H4A4 (Fig. 3(b)) xerogels and aer heating them
at 120, 200, 300 and 400 �C. V4+ species formation can be fol-
lowed by EPR spectroscopy, because the intensity of the axial
signals centered at 3400 G in the EPR spectra can be correlated
semi-quantitatively with the V4+ content.24

As expected, the initial EPR signal for H0A10 is less intense
than this for H4A4, due to the higher content of V4+ arising from
slightly reduced VO in H4O4 xerogels. Even without the addi-
tion of nitric acid, during the gelication of H0A10 xerogels
some proportion of V4+ is detected.

The thermal dependence of the EPR signal clearly shows that
a V5+ to V4+ reduction occurs when H0A10 and H4A4 are heated
at 120 �C and 200 �C, respectively. Above these temperatures, an
EPR intensity loss is observed, indicative of an oxidation of the
V4+ species to V5+. The oxidation of V4+ species occurs within the
same temperature range that the covalently attached water
molecules are released from the nanoribbons' surface and the
silver segregation is observed by TEM.

3.4. Thermal dependence of UV-Vis absorbance

The generation of mixed valence vanadium species within the
H0A10 and H4A4 hydrogels and xerogels can be followed by UV-
Vis spectroscopy, since it is well known that mixed valence
vanadium oxides have darker colors, due to the charge transfer
between different vanadium species.37,38 Thus, an absorbance
increase due to the generation of V4+ species within the xerogels
is expected.

A red shi of the absorption edge and an increase of the
absorption in all the spectral range are induced by the increasing
incorporation of slightly reduced vanadium oxide nanoribbons
into the b-AgVO3 hydrogels and xerogels (Fig. S4 and S5†).

Vanadium oxidation and reduction due to thermal anneal-
ing affects the optical properties of SVO and composite SVO/VO
xerogels. For both samples, the vanadium reduction stage
.

RSC Adv., 2019, 9, 42439–42449 | 42443
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Fig. 4 EPR spectra for H0A10 (a) and H4A4 (b) xerogels treated at different temperatures.
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between RT and 120–200 �C induces an increase in the back-
ground absorbance, whilst the opposite effect occurs during
oxidation between 200 and 400 �C. In addition, for b-AgVO3

a subtle slight red shi of the band gap is observed during
vanadium reduction and a blue shi during oxidation. This
trend is not so clear for the composite samples, and only a red
shi of the absorbance edge is appreciated aer the thermal
curing. The close correlation between the optical properties and
electronic structure of the materials suggest that the thermal
induced variation of the vanadium average oxidation state will
affect the electronic structure, and hence the electric properties
of the studied xerogels.

As main conclusions of the above results, temperature
induce a couple dehydration, reduction/oxidation, optical and
morphological changes on H0A10 and H4A4 xerogels, that need
to taken into consideration when describing the electric prop-
erties of these complex materials in the next section.
3.5. Electrical properties

3.5.1. Xerogels compositional impact on the electric
properties. First at all, the effect on the electric properties of the
VO content in the composite xerogels was studied. To this end,
room temperature complex impedance spectra of the pure SVO
(H0A10) and of SVO@VO composite xerogels with increasingly
Fig. 5 (a) Impedance complex plots for b-AgVO3 and composite xero
complex impedance spectra we have opted to use different scales at th
highly depressed, as described in themain text. (b) Resistivity values vs. sli
values were taken from Table 3.

42444 | RSC Adv., 2019, 9, 42439–42449
molar content of slightly reduced vanadium oxide nanoribbons
(H1A9 < H1A10 < H2A8 < H3A7 < H4A6 < H4A4) were acquired.
The results are shown in the Fig. 5. Further, the inset of Fig. 5
shows the equivalent circuit composed by two semi-circular arcs
of R-CPE (resistor, capacitor) elements in a series and/or parallel
arrangement in which the rst R-CPE elements that has been
used to t the experimental data. Depending on the sample, the
capacitance values of R-CPE elements indicates electrical
processes ocurring between the bulk and nanoribbons interphase
boundaries,39 where each depressed semicircle indicates the type
of relaxation mechanism.40 The CPE element is dened as41

ZCPE ¼ 1

ðiuÞnC (1)

where u is the angular frequency, C is capacitor, and n (0# n#

1) relates to the energy dissipation, i.e., for n ¼ 0, CPE behaves
as a resistor and for n ¼ 1, the CPE behaves as a capacitor.

Impedance complex planes for all the samples (Fig. 5(a))
exhibit a highly depressed arc at high frequencies, followed by
an inclined spike with some curvature at low frequencies.
Capacitance values of high frequency region varies depending
on the sample, being within 10�10 F cm�1 order for silver
vanadim oxide samples, and from 10�10 to 10�9 F cm�1 for
composite samples (�10�11 F cm�1). These values are between
gels. In order to visualize more easily the main characteristics of the
e x Z0 and Z00 axis. Take into consideration that the impedance arcs are
ghtly reduced vanadium oxide molar content of the xerogels. Resistivity

This journal is © The Royal Society of Chemistry 2019
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Table 3 Values obtained for the different fitting parameters of the equivalent circuit

Parameters

Samples

H0A10 H1A9 H1A10 H2A8 H3A7 H4A4 H4A6

R1/kU 19.2 281.9 2.0 4.0 18.2 5.0 5.1
R2/kU 83.4 247.6 10.0 13.3 24.5 8.1 8.2
C1/F 4.7 � 10�10 1.6 � 10�10 3.3 � 10�10 2.0 � 10�9 2.0 � 10�9 6.2 � 10�9 5.0 � 10�9

n1 0.71 0.79 0.79 0.70 0.70 0.66 0.67
C2/F 6.1 � 10�7 2.0 � 10�8 8.6 � 10�6 4.4 � 10�6 8.6 � 10�7 8.9 � 10�6 1.2 � 10�5

n2 0.45 0.58 0.33 0.38 0.44 0.35 0.32
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bulk to grain boundary responses; and they have been ascribed
to the electric response of the bulk materials; but futher IS
measurements at low temperature would be needed to fully
conrm this hyphothesis; since they could be associated to
electronic or ionic transport occuring at the surface of the
nanoribbons too. With decreasing frequency, C0 rapidly
increase to reach �10�5 F cm�1 at 0.01 Hz; a value within the
typical ranges found for sample/electrode interphase
phenomena.42,43 Table 3 shows the parameters obtained by the
best ttings of the impedance spectra with the equivalent
circuit for b-AgVO3 and composite xerogels, showing a good
agreement between the experimental data and ttings
(Fig. 5(a)).

Table 3 shows an initial high frequency capacitive response
of �10�10 to 10�9 F dependent of the amount of VO nano-
ribbons. The capacitive element related to the response of the
interfaces shows values in the range 10�8–10�5 F, associated to
a double layer at the electrode-material interface where the
electrons are trapped in grain boundaries for all samples.44

Further, the resistance value decreases for the composites
except for H1A9 in comparison to pristine b-AgVO3 xerogels due
to the amount of the transported electrons at the system
through the addition of different amount of VO nanoribbons.
This fact is also demonstrated by the decrease of C2 in
composite xerogels.

The n1 values are similar for all samples, being tentatively
ascribed both to the resistive and capacitive behavior of the bulk
region or nanoparticles surface.

The n2 values indicate that the dependence of the capaci-
tance with frequency is different for the regions at the grain
boundary, with a resistor-like behavior. These values obtained
for pristine b-AgVO3 xerogels are similar to the ones reported in
the literature for this material.45

Three are the consequences of incorporating slightly
reduced vanadium oxide nanoribbons within b-AgVO3 xerogels.

� A further depression of the semi-arc.
� A global resistivity decreases.
� Length and inclination reduction of the Warburg spike.
The electrical inhomogeneity of the samples is the most

plausible origin of the semi-arc depression in the impedance
complex planes, being directly related with the existence of two
nanoribbon types with different electric properties within the
composite xerogels. Nevertheless the pristine b-AgVO3 xerogels
(H0A10) also exhibit a depressed complex impedance semi-arc,
This journal is © The Royal Society of Chemistry 2019
revealing some electrical inhomogeneity inherent to AgVO3

nanoribbons.
For H0A10, formed from AgVO3 nanoribbons, the ion

blocking at the sample electrode interface, arising from proton
mobility within the xerogels is the most plausible origin for the
Warburg spike, interpreted as a double capacitance from the
electronic circuit point of view. In composite xerogels, the
competition between the proton conduction at the AgVO3

nanoribbons, and the electric conduction ascribed to the VO
nanoribbons, induces the progressive horizontalization of the
Warburg spike as the content of VO component increase. In
these SVO@VO composite electronic conductors, the resistance
obtained from the semicircle and spike intercept with the Z0 axis
is associated to the energy difference between the electronic
conduction levels of composite xerogels and the electrodes.

The content of slightly reduced vanadium oxide nano-
ribbons of the xerogels, versus the resistivity plot (Fig. 5(b)),
shows a jump in the conductivity of the samples containing
more than 0.1 moles of slightly reduced vanadium oxide
component. This conductivity jump from proton conductor to
electric conductor xerogels can be explained based on the
percolation threshold. When a critical ratio of slightly reduced
V(V)1.6V(IV)0.4O4.8 nanoribbons are included in the composite
xerogels, effective electron conduction pathways are stablished
between them, and the migration of electron through the
composite xerogels becomes possible (Scheme 2).

3.5.2. Protonic and high temperature ionic conductivity in
AgVO3 xerogels. In a second step of our investigation, we opted
to study the thermal dependence of the electrical properties for
H0A10 and H1A10 xerogels. These samples are mainly formed
by b-AgVO3 nanoribbons; so the thermal response will be
related with the semiconductor behavior of this silver vanadium
oxide phase. A typical temperature dependence impedance data
set for H0A10 is shown in Fig. 6.

As it has been abovementioned, the inclined spike at low
frequencies is attributed to the proton conduction towards and
away from sample–electrode interface. Three stages can be
distinguished during the heating process:

� At room temperature, protonic conduction of H0A10
xerogels was conrmed by moisture dependent IS measure-
ments (Fig. S6(a)†) since a continuous increase on the
conductivity, from 1.46 � 10�5 S cm�1 (100 Hz) to 2.69
10�5 S cm�1 aer the exposure of H0A10 to a wet atmosphere, is
observed (Fig. S6(b)†). Aer reaching the water uptake
RSC Adv., 2019, 9, 42439–42449 | 42445
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Scheme 2 Percolation threshold in composite xerogels. (a) Proton conductor b-AgVO3 xerogels, (b) mixed proton and electric conductor
composite xerogels, and (c) electron conductor composite xerogels.
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equilibrium, the temperature dependence of the electric prop-
erties follows the same tendency described before for H0A10 in
the Fig. 6.

� A continuous resistivity increases between RT and 100 �C
along with the appearance of a second depressed arc in the
impedance complex plane associated to an inhomogeneous
dehydration of the pellet during the water release process
(Fig. 6(a)).

� A conductivity enhancement between 100 �C and 137 �C,
once the sample is partially dehydrated (as derived from TGA
results). Aer the loss of weakly bonded water molecules, the
second arc in the impedance complex spectra disappears, and
the Warburg spike at low frequencies gains again inclination,
indicating that a new ion-blocking phenomenon is occurring at
the electrode sample interphase at high temperature. There-
fore, the high temperature impedance complex spectra suggest
that H0A10 samples are high temperature ion (more probably
silver ion) conductors.

In order to further understand the thermal dependence of
the electric behaviour of H010 and H1A10 samples, total sample
resistances were obtained from intercepts of either the arc or
the Warburg spike on the Z0 axis and are shown as conductivity
Arrhenius plots as a function of the reciprocal temperature in
Fig. 7. Total resistance values for the samples were obtained
Fig. 6 (a) Impedance complex (b) and Y0 spectroscopic plots for H0A1
consideration that the scale of real and imaginary components of Z is diffe
process.

42446 | RSC Adv., 2019, 9, 42439–42449
from different impedance spectroscopy experiments specically
designed to unravel different points:

� A more complete set of data were acquired to dene more
precisely the conductivity dependence on the sample dehydra-
tion (H1A10@InGa) (Fig. 7(a)).

� Experiments with samples prepared from gold electrodes
(H1A10@Au – Fig. 7) were developed to acquire a more accurate
data at higher temperatures (up to 300 �C) than with InGa
electrodes (150 �C) (Fig. 7(a)).

� In a third a heating–cooling cycle was performed to
conrm the reversibility of the electric properties
(H1A10@InGa) (Fig. 7(b)).

Both for H0A10 and H1A10, the above-described stages
(proton conduction enhancement, dehydration and ionic
conduction) are clearly distinguished in conductivity Arrhenius
plots (Fig. 7(a)). There are slight differences in the conductivity
values obtained for H1A10 samples prepared with InGa and Au
electrodes, suggesting that both the dehydration of the sample
and the proton conduction process is electrode dependent.

Aer the dehydration (above 100 �C), activation energies Ea
close to 0.3 eV are obtained for the ionic conduction process
occurring at the high temperature regime of the experiments
(Table 3). This value was conrmed more accurately in the high
temperature experiment developed with gold electrode until
0 xerogel during the 1st heating cycle. The readers need to take into
rent with the end to highlight the changes occuring during the heating

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Arrhenius plot for H0A10 and H1A10 xerogels during the 1st heating treatment and (b) Arrhenius plot for H0A10 xerogel in two heating
and cooling cycles.

Table 4 Activation energies for high temperature ion conduction in
H0A10 and H1A10 and electric conduction in H4A4 xerogels

Sample Ea (eV)

H1A10@InGa cycle 0.279(14)
H1A10@Au 0.315(13)
H1A10@InGa 0.281(24)
H0A10@InGa 0.272(—)
H4A4@InGa 1st cycle 0.1225(37)
H4A4@InGa 2nd cycle 0.1081(13)
H4A4@Au 1st cycle 0.074(24)
H4A4@Au 3rd cycle 0.0632(30)
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300 �C. It is worthy to mention that above 300 �C the H0A10
sample becomes insulator, which conrms that aer the loss of
strongly bonded hydroxyl and water molecules anchored to the
surface of the nanoribbons the high temperature ion migration
is blocked.

In order to gain further insights about the possible nature of
the high temperature ion conduction mechanisms, a compar-
ison between previously reported activation energy values for
proton conductors and silver conductors with the studied
compounds have been stablished. It is well known that Ea
strongly depends on the ion transport mechanisms. For pure
protonic conductors, Ea values from 0.8 to 0.4 eV are usually
ascribed to a Grotthuss mechanism46 in which the proton
donors and acceptors are anchored to a surface, and hence, the
proton exchange occurs between adjacent proton carriers.
Below 0.4 eV Ea, a vehicle transport mechanism is assumed to
govern the proton mobility, which involves the existence of
mobile proton carriers. Considering that at high temperatures
the potential proton carrier species in the studied xerogels are
water or hydroxyl groups anchored to the nanoribbons surface,
a Grotthuss type proton mobility would be expected, but the
obtained experimental activation energies (Table 3) are below
the expected ones for this type of proton transport mechanisms.

If the specic case of silver ion conduction scenario is
considered, the activation energy would be determined by the
energy needed for an ion hopping to an empty position within
the nanoribbons. The silver ionic conduction Ea found in silver
superconductors depends strongly on the considered material,
ranging from 0.1 to 0.5 eV in different AgXM2O5 ((X ¼ Cl�,Br�,
I�; M ¼ P, V, Mo) amorphous glasses, silver defective perov-
skites and silver phosphates, just to mention some examples.
These values are closer to the 0.3 eV activation energy obtained
for the studied xerogels. Therefore, obtained experimental Ea
match better with a silver ionic conduction process, but without
forgetting that the water or hydroxyl groups attached to the
nanoribbons' surface also play a crucial role as charge carriers,
since their release blocks the ionic conductivity at temperatures
higher than 300 �C (Table 4).
This journal is © The Royal Society of Chemistry 2019
The reversibility of the electrical behavior was studied by
Impedance measurements upon heating and cooling. The
Arrhenius plots Fig. 7(b) conrm some degree irreversibility on
the conductivity when samples are heated above 100 �C.
Conductivity values for rst and second heating/cooling cycles
show a meaningful reduction ascribed to the non-complete
rehydration of the sample, which reduces the number of
proton carriers, and hence the conductivity.

3.5.3. Electronic conduction in b-(AgIVVO3)@(VV
1.6V

IV
0.4-

O4.8) composite xerogels. Typical impedance complex spectra
for the composite xerogels behaving as electronic conductors
are shown in the Fig. 5. A depressed semi-arc associated to the
grain boundary electrical response, and a completely horizontal
spike at low frequencies ascribed to the electronic conduction at
the electrode interphase are the main characteristics of the
composite xerogels impedance complex plots.

Temperature dependence on electronic conductor composite
xerogels was also studied. Arrhenius plots as a function of the
reciprocal temperature for b-(AgIVVO3)0.7@(VV1.6V

IV
0.4O4.8)0.3

composite xerogel's pellets prepared with InGa and gold elec-
trodes are shown in Fig. 8(a). For sake of comparison samples
were studied with InGa and gold electrodes.

A reduction of the resistivity of the sample and a shortening
of the low frequency spike is induced by an increase of
temperature, independent of the electrode type (Au or InGa)
RSC Adv., 2019, 9, 42439–42449 | 42447
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Fig. 8 (a) Arrhenius plots for H4A4 samples prepared with InGa and Au electrodes. (b) Room temperature impedance complex plots applying 1 V
and 3 V bias for H4A4 after the first heating/cooling cycle (sampled prepared with InGa electrode).
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used in the measurements. Impedance complex data were
recorded for successive heating/cooling cycles; which show
some irreversibility during cooling. In fact, the thermal varia-
tion of the conductivity during heating does not follow
a completely linear tendency, being higher the deviation from
the linearity at higher temperatures. Once the maximum
temperature is reached, during cooling the thermal response of
the log(s) follows a linear tendency. A qualitative t of the data
obtained during cooling indicates that the activation energy is
similar for Au and InGa electrodes, and for the rst, second and
third cycles (Table 3). The generation of new electron carriers
during the heating process could explain the positive deviation
from the linear tendency, and more probably is closely related
with the V5+ to V4+ reduction between RT and 200 �C. If fact, the
higher the temperature is reached during the heating cycle, the
more is the deviation from the linear tendency, and therefore,
the more the V4+ charge carriers that are generated. This
thermal activation of charge carriers has a critic temperature,
since H4A4 samples heated up at 400 �C are insulators, because
the complete oxidation of V4+ species suppresses the electron
carrier species, disrupting the electric conduction.

Aer the rst heating/cooling cycle, a Schottky barrier is
stablished between the sample and the InGa electrodes. The
vias increase induces an immediate resistivity decrease related
with the reduction of the Schottky barrier height due to the
approaching of vanadium oxide nanoribbons and InGa elec-
trode Fermi levels (Fig. 8(b)).47

4. Conclusions

Control of the silver vanadium oxide (SVO) and vanadium oxide
(VO) nanoribbons ratio content of the composite SVO@VO
xerogels can be used as an effective tool to modify their electric
properties from protonic/ionic conductor systems to electron
conductor composite materials.

Structural, textural and compositional complexity of these
nanoribbon based materials induce complex thermal depen-
dence changes at morphological, surface adsorbed species and
42448 | RSC Adv., 2019, 9, 42439–42449
vanadium oxidation average state levels. Considered jointly,
these thermal induced changes can help us to understand the
underlying processes giving rise to the thermal dependent
electric response reported in this study.

SVO nanoribbons behave as a proton conductor at room
temperature, being the proton conductivity dependent on the
moisture degree. Aer the removal of weakly adsorbed water
species (>100 �C), SVO xerogels begin to behave as a high ionic
conductor (100–300 �C). Considering the activation energies of
the process, this high temperature ionic process is ascribed to
silver ion mobility. Nevertheless, the role of strongly bonded
surface water species is undoubted; since aer their loss, the
ionic conduction is completely blocked.

For composite SVO@VO xerogels, their electronic conduc-
tivity is ascribed to themixed vanadium V5+/V4+ oxidation, being
the electronic conductivity enhanced during the thermal V5+ to
V4+ reduction between RT and 250 �C; and completely blocked
at higher temperatures, when the V4+ species are completely
oxidized to V5+.
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